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Abstract: The  rating  of  tonal content  is not  just a  prevalent issue in the context  of  sound  design but

alse  in annoyance!noise  problems. Two  physical parameters influencing the evaluated  tonal content

are  tone  length and  SfN-ratio. In order  to integrate these  parameters into a  reliable,  objective  measure

of  the perceived tonal content  of  interior car  noises  the following experiments  were  conducted:

Realistic 
"howling,"

 i,e, the tonal content,  in interior car noise  were  presented with  variations in tone
length and  SIN  ratio. Thirteen stimuli were  judged by 41 subjects  in a  complete  pair comparison.  It
was  shown  that subjective  judgments can  be modeled  by probabilistic choice  models  quite well. An
one-dimensional  choice  model,  i.e. the  BTL  model,  must  be rejected  in favor of  a more  gcncral
elimination-by-aspect  model,  The  rcsults  are  thc  following: (l) The  gubject's  decision aspects  are

identified by modeling  the choiee  behavior: A  non-how]ing  aspect  describes the sound  evoking  a

sensation  not  described by the howling 
'adjective

 and  a  piteh-salience aspect  indieates the  equivalent

S!N-ratio of  a  tonal  component,  No subjective  duration uspect  was  fOund. (2) The iog-ratio scale

obtained  yields a constant  factor for doubling the length in an  interval from 250ms  te 2,OOO ms  with

equal  level as  well  as  a  constant  factor for each  increase by 3dB.  Furthermore, thc tonul contcnt

conccption  ttnd  implicatfo]s thereof arc  introduccd and  discussed.
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             1. INTRODUCTION

   This study  is concerned  with  the  investigation of

scaling  tonal content  during a short  ucoustical  setting with

interior car  noise.  Tonal content  is understood  as  the

magnitude  of  a  salient  pitch extending  within  a  sound

sample.  Therefore, the physical characteristics  tone length
and  S/N  ratio  are two  obvious  rnoderating  factors. The

fo11owing two  aims  are  pursued in this study:  ( t) to develop
a ratio scale  for tonal content  and  (2) to determine the
decision aspects  concerning  the tonal content,  These steps

are necessary  to validate  an  objective  parameter with  the

potential to estimate  the perceived tQnal centent  of a given
sample,

   Using  the  sound  quality definition given by  Jekosch [1],
tonal content  can  be regarded  as a qua]ity featurei, i.e. it is
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 recognizable  characteristic  ef  an  entity  that can  be
nated."  [11

denomi-

a part of  the perceived nature  of an  entity and  has to be
modified  in order  to change  the sound  quality.2 These

quality features are  subjected  to inodifying  factors [2,3]
such  as memories,  product information, or  situational

factors, which  have been investigated by, for instance,
Vaestijaell I41.
   In various  contexts  the perceived pitches, i.e. the tonal

phenomena,  are described by numerous  onomatopoeic

terms. More specifically, in car  interior acoustics  several

diffbrent tonal phenomena occur.  They are al1 related  to

diiiferent sources,  most  notabiy  to the gears, the engine,  and

the tires and  they are described by words  such  as hQwling
or whining,  Nonnally,  these tonal phenQmena  Qccur  during
specific driving cenditions,  e,g, when  the engine  is running
at  a  specific  RPM,  or  in the  case  of  the  tire-torus-resonance

at a specific car  velocity,  They  emerge  out  of  the

background noise  and  after the driving condition  is

2"Result
 ef  an  assessmcnt  of  the perceived auditor},  natut'c  of  a

sound  with  rcspcct  to its desired nature."  [1i
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continuously  altered  they  descent again.  TherefOre, the
tonal phenomena  can  be considered  to be embedded  within

the remaining  car interjor noisc, The authors  decide to
evaluate  the  tonal  content  within  the  approprjate  context.  In

this way,  the authors  cmphasize  that the gtimuli  are  to be
ecologically  valid  and  could  be  encountered  in actual  cars.

   A  tonal content  description in terms of  a ratio scale is
capable  of  describing the sound  character  quantitatively,
This is one  step  further describing the most  common

quality features of  sound  samples  with  a quantitative
description, An  adequate  description enables  the determi-

nation  of  the perceptual distance between the defined tona]
content  of  a  target sound  and  the actual  sound  in order

to take appropriate  countermeasures.  This is a  paradigm
which  is commonly  used  in soLmd  design [5],
   The  tonal phenomenon under  invcstigation is described

as howling. In order  to investigate the SfN  ratio and  tone

length dependency or  their perceptual equivalent  pitch

salience  and  subjective  duration dependency on  the tonal

content  a  paired comparison  experiment  was  conducted.

Aetual car noise  was  filtered te .gain  realistic stimuli  with
"howling"

 content  of  various  magnitude.

   The paired comparison  data was  modeled  by proba-

bilistic choice  models  (Sec. 3.) in order  to model  the actual

choice  behavior shown  by the test participants F6]. This

methQd  was  introduced by Ziminer et aL  [7] into acoustics
and  was  applied  to investigate the  auditory  unpleasantness

of  diffCrcnt sound  sourccs,  Most  reccntly,  it has been

applied  to the evaluation  of  multichannel  reproduced

sounds  [81. Using these classcs  of  models  a  scaling  of

thc underlying  evaluation  attributes  can  be achieved.  The

results of  an  interview after the cxperiment  enhance  these

findings. This combination  of  indirect quantitative and

qualitative methods  has the advantage  of  giving a nearly
coinplete  picture of  the  sound  perception investigated.

   In suin. the study  investigates the aspects  of  the quality
feature of  tonal  content  within  interior car  noise  and  aims

to construct  a ratio scale  which  is based on  a  sound

methodological  basis. This is to be achieved  by using

realistic  environmental  stimuli,  an  intuitive, onomatopoeic

description of the quality feature, and  requiring  no

assumption  about  the actual  scaling  ability shown  by test

partlclpants.

         2. RATINGANDSCALING
             TONAL  CONTENTS

   The tonal content  as a quality feature is affected  by
various  factors. This study  expands  the tonal content

concept  beyond a  sole  pitch salience  approach.  The  pitch

salience  becemes only  afi attribute  uf  the quality feature,
i.e. it is not  satisfactory  to calculate  a  measure  of  tonal

energy  and  rclate  it to the  amount  of  noise  in a  stationary  or

quasi-stationary nojse  alone,  The contents  concept  expands

to the tone length or sub.1'ective duration. Therefore, a  tone

is considered  te be embedded  in two  dimensions: (1) within

the noise  acro$s  the spectrum  and  (2) within  a  noisy  context

which  encempasses  the tonal feature before and  after its

occurrence,  The  tonal  content  has more  attributes  than  just
pitch salience  and  subjective  duration within  a sample.

Further attributes would  be modulation!fiuctuation  or  the

occurrence  ot' severa]  distinct tonal fcatures in different

auditory  streams  at once.

   This study  investigates the  dependency  of  a  specific

tonal  content  on  tone  length and  SfN  ratio in a short

acoustical  scene.  In more  detai1, a  howling component

within  a  car  interior noise  will be evaluated.  There are

different solutions  within  different fields which  cover  the

scaling  problem of  the subjective  evaluation  of  pitch

salience,  e.g.  L9-l2], Tbese parameters do not  assess  the

tonal content  of  an  acoustic  scene  in tQtal, but they describe
the pitch salience  in a stationary  or  quasi-stationary noise,

   Figures 1(a) and  1(b) show  an  analysis  of  tonal  content

using  DIN  45681 [10], a norm  to detect tonal components
in noise  and  to determine a  

`tone

 adjustment'  for the

assessment  of  noise  immissions. The norm  uses  basically
the level above  masked  threshold  within  the neighbering

critical band (CB), Originally, however, it excluded  every

other  tonal  energy  within  the  CB. Therefbre, DIN  45681

was  modified  and  the masked  threshold was  corrected  by

calculating  the excitation  of  the tonal components  [13].
   Regarding  low frequency componcnts  within  car

interior noise,  Hansen  et  al. [ibid] stated  that a  booming

sensation  is not  connected  to a  distinct tonal feature. The

authors  have shown  that onomatopoeiq  description for a

tonal feature refiecting a specific souTce,  e,g. howling or

whining  can  be related  te the  overall  description tonal

content,  Therefore, in the presemt experim ¢ nt  the descrip-

tion howling  is used  though  in order  to jncrease eco]ogical

validity  of  the evaluation  procedure,
   There seems  to be at least two  ma;lor  physicaL
dimensions  affecting  tonal content:  duration and  SIN  ratio.

The S!N  ratio can  be identified with  the saliency  problem
while  the duration refers to the duration of  the salient signal

within  the given noisy  context.  In front of  the background,

the scaling  of  a  single  sinusoid  is no  1onger a valid  question
as  there is not  a  backgroundfcontext which  this stimulus

contents,  This experiment  aims  to analyze  the trade-off

relationship  between duration and  SIN  ratio  the decision
aspects  which  underly  the judgment about  this specific

tonal  content.

  3. PAIREDCOMPARISONMETHODAND
     PROBABILISTIC  CHOICE  MODELS
        FOR  SCALE  CONSTRUCTION

   In order  to generate a  ratio  scale  of  noises  according

to their tonal content,  the paired comparison  as an  indirect
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Fig. 1 Analysis uccording  to the modified  DIN  4568i L131. Thc diagrarns show  the extracted  tonal components  which

 exceed  masked  threshold  at their  appropriate  critical bandwidth. As a  measure  of  excess  the ratie  of  tonal energ}'  and  the

 noisc  encrgy  cDrrected  by masked  threshold Lin dB] are  given, The tonal encrg},  at the specifie  frequency at the unalyzed

 point in time of  the extracted  tonal componen[s  is characterized  yia  differently shaded  dots, Note, frequencies below

 200Hz  are  not  considered  as  tonal components  as  such  and  are  more  related  to booming sounds  [ibidl.

scaling  method  is used  [14]. It is indirect in the sense

that the tesL participant does not apply  any  rating  value  to

the stimuli.  Afterwards, the  scale  values  are  calculated

from the  test participant's response.  Compared  to direct
scaling  methods  such  as  categorical  scaTing  or magnitude

estimation,  the indireet approach  has two  major  advan-

tagesi (1) The participant can  focus on  the stimuli's

perceptual propenies, because  it is not  directly involved
in the actual  scaling.  (2) At test paLrticipant's capability

of  scaling  is not  required  [15]. Furthermore, the actual

decision strategies  can  be medeled  by using  probabilistic
choice  models,

   The fo11owing steps  are  necessary  in order  te finally

generate a  ratio  scale,  a  paradigm used  by Zimmer  et  al, [7]
or  recently  by Choisel and  Wickelmaier [8]:
Pair Comparison  Test Presentation of  two  stimuli  in a

   raridom  order,  the test participant chooses  one  stimulus

   with  respect  to a  specific  criterion.

Cumulatiye Pair Comparison  Matrix  Generating a

   cumulative  pair comparison  matrix,  i.e. summing  up

   all preference matrices  of all tegt participants.
Decision Model  Modeling  the decision by assigning

   common  aspects  to the  stimuli  (Sect. 3.1.).
Model  Choice Testing thc respective  mode]  by not  only

   using  a  goodness-of-fit test but also by  checking  the

   respective  prerequisites (Sect. 3.2.),

3.1. Decision Models

   In the following subsection  two decision models  will  be
briefiy compared  regarding  their capability  of  coping  with

perceptual aspects:  the  Bradley-Terry-Luce  (BTL) [16] and
the Elimination-By-Aspect  (EBA) [6] model,3

3.1.1. The BTL  rnodel

   The  choice  axiom  underlying  the BTL  model  is given
by:

                         v(x)
                                           (1)              Pn',BTL ==

                       v(x) + v(y)

p.v･,BTL is the preference probability, i.e. the probability of

choosing  stimulus  x  over  y, while  v(x)  and  v(y)  are  the

stimulus'  scale  value  of  the attribute  in question, The  scale

values,  are  obtained  out of  the preference probability
matrix,  i,e, the results in Table 2 divided by rest panicipant
number.  Though a  simple  approach  in the sense  that every
stimulus  is modeled  by a single  parameter it has a major
drawback, There has to be context  independence, i.e. the

perceptual aspect  has to be the same  in any  single  trial of

the paired comparison  test. The  context  independence is at
stake  if the perceptual aspect  under  investigation is highly
similar  within  a  given pair, because other  discriminatory

aspects  are used  for comparison  as the actual  aspects  turns

out  to be almost  equal,  Please refer to Sect, 3.2.2. for a
formal prerequisite's fbrmulation,
3.1.2. TheEBAmodel

   One  possibility to overcome  the dithculties of multi-

dimensional decision criteria  and  context  dependencies  is

to choose  a  more  general decision model  as the Elimi-
nation-By-Aspects  (EBA) model  [6J. This model  assumes

the 
"elimination"

 of  equal  aspects  o{' stimu]i  as a  decisien
basis, i.e. if two stimuli  have the same  attribute (aspect)
this common  attribute is e]iminated  in the preference
decision. The  preference probability ̀p.,,EBA for choosingx

over  .v, is given by:

]Netation
 through  this section  as  in [17] 40nly

 binary choice  prebabilities are  analyzed.
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                       E  ,,(.)

          pn',EBA=  E'liftE.Tilt/ z  .(fi) 
(2)

                  aEx'1.V  fiq"1.V

where  or and  rs are  the aspects  of  the stimulix  and  y. The

set of  aspects  belonging to x and  .v. is denoted b}, x'

(M =  {cr : cr aspect  ofx})  and  .V (y' ==  {or : a  aspect  of  ),}).
The set x'Ly' contains  all aspects  of  x  that are  no  aspects  of

.v･ and  the contrar)' holds for:Ylx', The functien tt(i) assigns
a  scale  value  for each  stimulus'  aspect.  In the general EBA

case  the sum  is taken over  the set x' 1})' of  aspects.  Here is

x'  iy' the set  which  includes all aspects  describing stirnu]us x

but not  .y. The values  u(cr) arc  the  model's  parameters. The

model  parameters u(cr)  are  calculated  by solving  the

Eq. (2) numerically.  p.y,EBA are  determincd by the prefer-
ence  matrix.  In such  a way,  it is possible to investigate the

decision strategies  used  by the test participants, even  if

more  than one  attribute ls driving the decision process.

   In the case  of  the BTL  model,  there is only  one  aspect

per stiniulus  und  in this case  the equation  2 reduces  to

equation  1, Hence, the BTL  model  is a special  cuse  of  the

EBA  model  in which  the decision is only  based on  one

attributefaspect  of  every  stimulus,

3.2. Model  Choice and  Stochastic Transitivities

   An  advantage  in using  probabilistic choice  medels  is

tbat  models  which  have been  generated a  priori cannet

only  be tested  by a  goodness-ef-fit test, but also  have

defined prerequisites which  have  to be met.

3.2.1. Goodness-of-Fittest

   The  goodness-of-fit test is realized  by testing the ]og-

likelihood ratio. This ratio, which  is approximately  x2

distributed, is based upon  the ratio of  the model  likelihood

L  and  saturated  solution  likelihood Lsat:

               x2 ==  -21og(L{I.,) (3)

The 1ikelihood function L  is determined by the  fact that the

pajred cornpaTison  matrix  can  be seen  as (1') binomially

distributed random  variables  is given by:

              L=  ll JvijO (1--i,)Nu (4)
                  i'j

where  i and  j are the row  and  column  indices of  the paired
comparison  matrix  (SecL 5.1); IVti being its elements.  The

"ij, the estimates  of  the preference probability, are  obtained

by solving  equation  1 or 2 numerically.  The  likelihoed

function L,,t of  the saturated  model  is estimated  by setting

      Nij
Xij

 
=

 Ne+rv}t"

   Usually a minimum  solution  fbr L cannot  be obtained

analytically  as  the configuration  of  u(or),u(P),...  that

minimizes  L has to be fOund. In this study  this is

numerically  done with  a MatZab script by Wickehnaier

and  Schmid L17].
3.2.2. Difforent stochastic  transitivities as  models'  pre-

      requlsltes

   As the prerequisites of both models,  BTL  and  EBA,  are

known they can  be checked  to suggest  modeling  ap-

proaches. An important prerequisitc is the stochastic

transitivity, The weak  stochastic  transitiviO),

       ((p.., )  O.5)A(p,, }r O.5)) #  p., )  O.5 (5)

p.}･ being the probability of  cheosing  x  over  .y, is the

condition  for ordering  the stimuli  in a one  dimensional,

ordinal  way  wjth  respect  to, fOr instance, 
`howling,'

 as  in

thc present paper. Thus the preference probability matrix

should  not  violate  this principle.
The medittm  stochastic  transitivity,

    ((p,. )  O.5)A(py, )  O.5)) =>  p.,, ) min p.,/,py,.. (6)

is a  prerequisite for the EBA  modeling  approach.  The BTL

model  implies an  even  more  restrictivc regime:  the strong

stochastic  ttansitivit},,
                                      i

    ((pay ) O,5)A (py, )  O.5)) =>  p., )  max  p,",,py,, (7)

and  it is therefbrc necessary  to check  the  preference matrix

whether  a  BTL  approach  is viable  [18].
   Thus, it is possible to evaluate  the  models  not  only  by  a

statistical  test, but also  by checking  the prerequisites which

should  be met.

        4. EXPERIMENTALDESIGN

4.1. Stimuli

   In order  to maintain  ecologicat  validity,  a realistic

interior car  noise  in a "coasting"

 condition  was  chosen  as

the basic sound.  A  howling  component  (19th engine  order,

about  570Hz, see  Figure 1) is clearly  audible.  This sound

was  binaurally recorded  using  an  artificial head  at  the front

right  position.5

   All stimuli  yersions  were  obtained  through digital

filtering of  the original  recorded  sound  sample,  i.e. the

howling  component  was  either  removed  completely,  or

remoyed  and  afterwards  the component  was  blended in

again  but modified  in its tone length and  SIN  ratio, In this

way,  the background  noise  was  held constant  with  a level

of  54.0157.0dB(A) (Ieftfright). The  overall  level did not

change  significantly  by adding  the weak  tonal component,

The maximum  for stimu]us  10 is 54.2/57.1dB(A) (leftf

 right).  The four ditiferent tone lengths are: 250 ms,  500 ms,

 1s, and  2s. The howling component  was  presented at

the original  level and  at  reduced  levels (-3dB, -6dB).

 Combining these parameters yi¢ lds 12 stimuli  (see

SRecordcd
 by Akustikstudio of  the Mercedes  Benz  Tlechnology

 Center in Sindclfingen, Gerrnany.
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Tablel  Experimental  Stimuli. The diff}irent tone

 lengths and  S!N ratios  ot' the tonal contcnt  (howlins,)
 are  shown  for each  stimulus  used  in the experiTnent.

 The stimutus  13 (indicated by a  .)  does not  contain  any

 howling.

Stimulus Si
Tone length

  rms]

 S!N  ratio

modificatjons

   [clBl

 123456789101112  250
 250
 250
 500

 500

 5001,OOO1,OOO1,OOO2,OOO2.0002,OOO

-e-3-6-()-3-6-o-3-6-o-3-6

13t na L.･oo

Table 1). As  the 13th stimulus  a condition  without  any

howling  component  is included.

   Figure 1 shows  human-related analyses  of  the  prorn-
inent tonal  content  using  a rnedified  German Industry
Norm  DIN  4S681  fbr extracting  tonal components  [1O], By

setting the tonal contents  in relation  to its background the

graphical representation  intends to fit the actual  perception
ln  an  approprlate  way,

4.2. TestProcedure

   For  a  complete  paired comparison  test the participants
have to be instructed to choose  one  stirnu]us  over  the other

with  regard  to the specific criteriQn, i.e, howling. The

question asked  is "Which

 sound  is more  howling?". In
order  to be close  to the  participant's own  onornatopoeic

description howling is chosen  instead of  a more  abstract

question concerning  tonal content.  In a  semantic  differ-
entiaL study,  Hansen et  al. [13] have shown  that howling
can  be regarded  as a  more  specific  form of  the  adjective

pair tonallnot tonal. More  precisely, the two  adjective

scales  in this study  referring  to specific  tona] content,  i.e.
howling and  whining,  span  a plane in the perceptual space
where  the adJ'ective scale  tonalfnot tonal  is the bisecting
line between both.

   The  entire  experiment  has three distinct phases: a

training  and  orientation  phase, a main  test phase, fo11owed
by a cencluding  interview.
Orientation Phase  At  the start the investigator instructed

   the participant to read  the instruction presented on  a

   screen.  The participant listened to five stimuli  (Sg, Si3,

   Ss, Si, Si2) for erientation.  As  thc experiment  is

   designed as an  analytical  listening experiment,  the

160
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   investigator made  sure  that the stimuli  wcre  perceived
   in a  way  that  thc howling was  correctly  identified,
Training Phase The  training  experiment  started  with

   stimuli:  Si, Ss, Sio, and  Si3. The participant then hacl

   to press buttons on  a screen  in order  to start  the  stimuli

   presentation, The particlpants were  allowed  to choose

   the listening order  of  the stimulus  pair and  coulcl repeat

   listening to the stimuli as  rnany  times  as  they  needed

   to. After this training phase the investigator answered

   further questions with  regard  to the stimuli  apart  from

   a  direct description of  the niodifications.

Main  Test Phase  This phase was  identical to the training

   phase, but all stimuli  were  used  thus  resulting  in 78

   paired comparisons.

Concluding Interyiew The paiticLpants were  interviewed

   in order  to gain an  overview  about  the decision aspects

   and  first ideas about  a  modeling  of  the  decision                               -

   aspeets.  In this way,  the participant may  freely

   describe any  thought crossing  their minds  during the

   experiment,  If the participant did not  directly describe

   some  strategy, the investigator will lead the interview

   to a strategy  description.
The whole  experiment  lasted about  45 min  per participant.

4.3. Experimental  Set-Up

   The  experiment  was  performed in a  sound-proof  room

at Oldenburg University. The  stimuli  were  presented via
headphones  (Sennheiser HE  60 &  Preamplifier SennheiseT
HE  70). The DAT  recorder  Sony 57ES  was  used  as  the D/A

converter  connected  to a  PC.  The  PC  was  also  used  to run  a

matlab  paired comparison  developed in the acoustic  group,

4.4. Participants

   Four  female  and  38 male  participants participate in this

experiment.  The mean  age  was  (30,9± 8.2) years. All

participants did not  have  ariy  reported  history of  hcaring
loss.

                5. RESULTS

   The  resulting  cumulative  paired comparison  matrix  is

shown  in Sect. 5.1., cf. Table 2, and  the  eutcome  of  the

interviews arc  summarized  in Sect. S.2. Reliability tests

concerning  inter- and  intra-subject reliability are  performed
to exclude  unreliably  answering  participants and  to check

the experimental  results'  internal consistency,  Thereafter,
the stochastic  intransitivity and  the probabi]istic choice

model  approach  are  evaluated.  After choosing  an  appro-

priate decision model  the ratio scale  is constructed.

5.1. The  Cumulative Paired Comparison Matrix

   The individual responses  were  pooled in a cumulative

paired comparison  matrix  (Table 2). This matrix  is the

basis for further analysis.  The cel] entries are the number  of
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    Table 2 Cumulativc paircd coinparison  matrix.  The cc]] entries  are  the number  of  participants who  judged a stSmu]us  ln a

      column  less howling than a stimulus  in the corresponding  row.  o.g.  stimu]us  1 tisjudged  ]ess howling  than  stimulus  7 by 9

      participants. The inaximum  number  is 41, the number  of  reliablc  participants,

Stimulus si l 2 3 4 5-".-.  .g.. .7  .-.8 9 [O li 12 ..
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participants who  judged a  stimulus  in a  column  less

howling than stimulus  in the corresponding  row.  If divlded
by the maximum  number  41, the number  of  reliable

participants, the prebabilities of  choosing  x  over  .), are

obtained,  Also a  number  of  vacancies  occur,  i.e. frequen-

cies in Table  2 being O or  41. (One test panicipant had to

be excluded  due to low reliability (Sect. 5.3).)

5.2. Intervie-'Summarv                    v

   The paired comparison  test was  followed by a short

interyiew whiuh  was  ¢ onducted  in an  open  inanner

(Sect, 4,2,), The  results  can  be sumrnarized  as  i'ollows:

Duration 25!41 participants mentioned  duration as the

   first decision criterion  especially  when  confronted  with

   a trade-off scenario  bet",een duration and  SIN  ratio,

SIN  ratio  Only 5141 panieipants are  mentioned  the

   saliency  of  the  tonal  content  as  their main  criterion.

Recognizing Variations 41/41 participants reported  the

   two  dimensions in which  the stimuli  vary.

Equai  Pair  ]O141 participants insist that there are some

   pairs which  are  perceived as  totally equal,

No rational  strategy  5/41 participants reported  a strategy

   butjudging  according  to their 
"gut

 feclin.a,"

Short how]ing  A  few  participants did not  consider  the

   short  howling as real  howling, i,e. they  did not

   consider  the  term  howling  appropriate  to describe the

   differenccs of  some  of  the stimuli.

5.3. Inter- and  Intra-subject Reliability

   A  common  method  in evatuating  paircd comparison
data with  regard  to intra-subject reliability is to rclate the

number  of  circular  triads participants obtained  in their

process of  judgment to the number  of  possiblc circular

triads [141. A  circular  triad is defined as the fbllowing: Let
x, y, z be binary decisions with  regards  to three  objectives.

If the panicipants judge in the fo11owing manner

(x >  y) A  (y >  .7)  A  (z <  x),  It can  be regarded  as incon-

sistent.  The  ratio  e between actual and  possible circular

triads is approximately  x2 distributed. In this actual  test

participants have to be rejected, if they have more  than 59

actual  cireular  triads (p =O.05).  As a  result  only  one

participant is cxcludcd  from further investigation. The

median  of  g is 0.022, i.e. 2 circular  triads.

   Kendall' s accordance  coelricient  constitutes  the level of
inter-subject re[iability.  It measures  whether  the concordant

judgments are within  the scope  of  chance  (for a  detailed

derivation ple-ase refer  to [19]). The accerdancc  coecacient

of  the matrix  fbund in Table 2 is O,71 [x2(84) ==  2409,

p  <  O.OOI], which  means  that the cencordant  judgments
are  not  a result  of  chance.

   The hishly concordant  juclgment is in line with  the

pDst-experiment interview, in which  most  of  the persons

expressed  the ease  of most  decisions. As the circular  triads

are  very  low in rnost  cases,  the person tcndcd to judge in
a  transitive  way.  Both  the good inter- and  intra-subject

reliability amd  the data from  the  post-experiment interview

are a good foundation for further analysis.

5A. Stochastic Transitivities

   In Sect. 3.2. the condition  ef  stochastic  transitivity was

introduced, Applying  this･ to the preference probability
matrix,  i.e. the cumulative  paired comparison  matrix

divided by the participant number,  yields the fullowing
results:

  e  The weak  stochastic' transitivity･ is never  violated.

    Therefore, all stimuli  can  be ordered  in a one-

    dimensional way  (cf. Eq, (5)),
  -  The medium  stochastic  transitivity is violated  6 out  of

    286  possible times. This suggests  a possible modeling

    using  the  EBA  approach.

  e The ,gtrong stochastic  transitivit)) is violated  76 out

    of  286 possible times casting  doubt on  possible
    BTL  solutions  as thjs transitivity is a  BTL  model's

    prerequ]slte,
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Fig. 2 Elimination-by-Aspect model  (I). The figurc illustrates the sets  of  aspects  Sl･ of  the  stirnuli Si, i -- 1,..., 13. As  a  first

 approach,  the decision aspects  are  modeled  along  thc varying  physical parameters. At first, an  uspect  is introduced for

 every stimulus  cri,...,13. Seccmd]y, uspects  at'c introduced which  have an  equal  tone length the dccLsion aspect  subjective

 duratioii fii,,,,.4 and  an  equal  SIN ratio  the decision aspect  pitch salience  yi,.,..3 (Refer to Tablc 1 for the comrnon  physical
 paramctcrs). Stimulus Si3 does  not  have  additional  aspeets  as  it has  no  howting. The EBA  model  can  be explained  by

 looking  at the  comparison  bctwccn  stimulus  Si and  S2. The model  states  that Sl and  S2 have u cummon  aspect  Bi, This
 aspect  is "eliminated" and  not  used  for the decision.

5.5. Modeling Paired Comparison  Data by BTL  and

     EBA  Models

   Now  different decjsion models  are  fitted to the content

of the paired comparison  matrix,  The  parameter estimation

is done numerically  as  outlined  in Sect, 3,1,
5.5.1. BTLmodel

   The most  simple  approach  is te assume  one  decisien

attribute  ai  for each  stimulus,  i.e. the  BTL  modeling

appToach.  Yet a goodness-of-fit test shows  (See, 3,2.1.),
that the fit is not  significant [x2(66) =  155,7, p <  O,OOIJ,S
This corresponds  to the violation  ef  the strong  stochastic

transitivity reported  in Sect. 5.4.
5.5.2. EBA  model  (I)
   Apart from the BTL  approach  several  models  can  be
derived a  priori by knowing the stimuli's  physical
parameterfattribute variations  and  by analyzing  the inter-
view,  Assigning similar perceptual aspects  such  as the

same  subjective  duration or  the same  pitch salience  to

corrcsponding  equal  physical parameters leads to several
medels  tested  as  these aspects  w ¢ rc  mentioned  by  all

participants in the  interview,

   In order  to give a reasonablc  and  suenciently  generul
example,  one  could  model  every  stimulus  by a  single

parameter cri,..,,r3 and  then add  additiQnal  paraineters for
equal  subjective  duration 6i,....4 and  pitch salience  yi ,,,.,3,  In

Fig, 2 a  sketch  of  the decision aspects  is drawn  and  the

aspect  assignment  is documented in Table 3,
5.5.3. EBA  model  (IIa +  b)

   The  EBA  model  (I), though  a  first reasonable  EBA

approach,  did not suihce  the goodness-oifit criterion. Only
after stimuli Si.3,s,6,i3 are modeled  with  a  common  aspect  6,

the  fit gets significantly  better, This decision agpect  is hinted
by the interview results in which  a couple  of  participants
report  that some  sthnuli  are  not  considered  as  howling

(Sect. 5.2.). The  models  which  include these aspects  are

Table3  EBA  I and  EBA  IIa model's  decision aspects.

 Thc model  EBA  I is a  medel  closely  connected  to the

 stimuli's  physical variation  (cE Table  1). The  EBA  II

 models  introduces an  aspectS  which  is connecLed  to a

 nen-howling  perception. The  model  EBA  IIa includes

 the aspect  subjective  duratien fii.

Stimulus Sidecision
 aspects

   EBAI

dccision aspeets
  EBA  IIa

12345678910111213alev2a3cr4orsor6or7orscrgcrlecrILcr12ev13fi1fi1fitfi2rs2S2fi3fi3fi3e4fi4P4YlltveYlY2nYlY2Y3YlY2tscr1[Y2cr3or4or5or6or7cr8ev9cr10crTlaT']or13

fi2fi2fi2fi3fi3fl3fi4B,fi4

tiss

6s

6

6The
 null  hypothesis as that the model  under  scrutiny  holds, in this

case  the  BTL  medel.

considered  as the EBA  (II) model  throughout  this paper.

   Now,  two specific  models  are  directly compared:

EBA  IIa-subjective duration In this model  only  the

   common  decision aspect  subjective  duration fi24 is

   introduced to the stimuli  including the 3 longest tone

   lengths, i.e, stimulus  number  1arger than 3. Table 3

   intreduces the models'  decision aspects.  The  common

   decision aspect  S24 improves  the  fit even  more

   [x2(62) =  105,2, p <  O.OOI].
EBA  IIb-pitch salience  A different approach,  which

   turned out  to be the  best, is to model  only  the  decision

   aspect  pitch salience  yt-3. Table 4 shows  the structure

   ef  the  decision aspects  within  this model,  The  fit is

   significant  on  a  p  =  O.Ol level [x2(62) =  90.9, p =

   O,Ol]. In this way,  the EBA  IIb model  is chosen  in

   order  to generate a ratio seale.
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Table4  The final EBA  IIb model's  decision aspects  &

 normalized  log-scale-values tbr each  stimulus.  As in

 the EBA  TTa modcl  thc non-howling  aspect  6 of

 perception is modeled.  The model  includes the pitch
 salience  aspect  M･ as  well.  As a  result  ef  this final,

 signilicant  EBA  model  log-ratio scale  values  are

 caleulated  for each  stimulus  (cf. Fig. 3).

Stirnu]us Si
Decision aspects
  EBA  IIb

 ].2345678910'1

 11213

or1evo.or･]cr4cr.5crficr7orscr9or10or]1or12al/l

Log-scale value

  howling

              6. DISCUSSION

   After an  appropriate  decision modcl  has been  found  the

implications of the decision-model aspects  are discussed
in the  light ef  general scaling  issues for tonal  content.

Furthermore, the how]ing sca]e  which  actually  resulted  is
considered.

YlhY37172Y371Y2ks

666

66

6

O.86O.31O.031.57O.87O.132.141.51O.693.192.49L60o.eo

5.6. Ratio Scale Construction

   The model  EBA  IIb including the aspects  7i..3 model-

ing the S!N  ratio is chosen  according  to Sec. S.5. as  this

model  yields a  satisfactory  fit. Since the solution  is a  ratio-

scale, one  scale value  can  be chosen  arbitrarily.  The  scale

value  of  stimuli  St3 is set  to 1. Furtherrnore, the  logto-

function is applied  to the scale  values  resulting  in a valu ¢  of

O in the case  of  stimuli  Si3. 0nly ditferences are  mean-

ingfu1 on  this log-transformed scale.  Figure 3 shows  a  p]ot

of  the logarithmic scale  yalues  including the calculated
standard  errors  for easy  comparison.

6.1. DecisionAspects

   In order  to dcterrnine the  relevant  decision aspects  in a

valid  model  several  approaches  are  tested, Concerning the
experiment  eonducted,  the BTL  approach,  a  commen

paradigm, does not lead to a  valid  decision aspect

modeling.  At first, the decision aspecLs  were  modeled  only

in concordance  to the physical parameters, i.e. tone length
and  S/N  ratio.  This approach  had  to be abandoned  in favor

of  models  which  take the test participants' description of

the stimuli  into consideration.

   In this way,  a satisfactory  fit could  be reached  with  the
EBA  IIb rnodel  approach  (p :=  O.Ol) by introducing a non-

howling  aspect  5 and  a  pitch salience  aspect  n.3 as

additional  decision aspects  (cC Table 4). The first aspect  is
labeled as  a  result  of  the  intervie-'s as non  how]ing. The

stimuli  which  are described by the additional  aspect  non-

howling include an  identifiable pitch, but the onomatopoeic
description of  how]ing  does not  fit here with  these  rather

short  sub.jective durations in the 5s noisy  context.  Never-
theless, the  transitjon  to fu11y howling might  be continuous

as  stimulus  Sg has a  smaller  scale  value  than  some  of  the

stimuli  within  the non-howling  group, but lt is considered
rather  faintly howling. The nen-howling  aspect  stresses the

-250ms  -sOOms  -ls  "t
3,513'm

 2.5E-l.0

 2'o.8

 1.stt

 
rie,so

        1234567B9  10 11 12
                     stimul[

(a) The  figure shows  the  log-scale values  of  Table 4 along  with

the  standard  error  of  mean.  A  similar  decrease on  the  howling
scale  ean  be observed  by reducing  the SM  ratio  within  each

tene  length group,

 S,5

  3lg

 
2,s..g2g

 i,5tt

 e,s

tone  length [s]O.5 educiion[de]

(b) Here the  log-scale values  are  plotted along  the  4x3 ex-

periment  design setting,  The  3D-bar  plot shows  a  trade-

otl' between 3 dB  increase of  StN  ratio  and  aoubling the
tone-length. The  independent physical parameters do not
neeessarily  t･ranslate into independent  perceptual  paTarne-
ters (Sect. 6,1).

Fig. 3 Log-scale  values  of  howling. The scale  values  are  generated by fitting a probabilistic choice  model  EBA  IIb (cf.
 Tab]e  4) to the paired comparison  matrix  (cf. Table 2) in order  le generate a  ratio  scale.  The decision aspects  are  listed in

 Table  4. Stimulus  Si3 is arbitrarity  set  to O.
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Therefore, there is no  aspect  
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Fig.4 Symbolic skctch  of  deeision aspects.  In order  Lo

 Mustrate the decision aspects  which  are  obtained  by

 using  prebabilistic choice  models  two  exemplary

 decisions are  sketched.  The  physical parameters are

 dtawn in the boxes (physical layer), while  the circles

 hold the resulting  decision aspects  (decision aspect

 layer) as  introduced in Tuble 4.

difkrcncc between piteh salience  and  scaling  of  tonal

contcnt  in a  given ecological  context,  in this case  a driving
situation,  Although  the pitch salience  is known to reach  its
maximum  at about  200ms  the scaling  of  the tonal  content

does  not  saturate  [20], Even  more,  in this environmental

situatien  the stimuli  having a rather  short  duration, i.e.
250ms  or 500ms, evoke  more  a  sensation  of  a  

"peep"

 than

of  howling  or a distinct tone,

   The second  aspect  is the aspect  of  similar  SfN  ratios. In
order  to illuminate the aspect's  meaning  in the decision

process, two  cases  are  discussed (Please refer  to Fig. 4 for
sketches):

  e  Figure 4(a) shows  the excmplary  comparison  between

    stimuli  S7･ and  Sie. These  stimu]i  feature thc same  S/N

    ratio, 
-OdB,

 but have difforent tonc  lengths, ts and

    2s. In this case  the  common  SfN  ratio  aspect  is

    
"eliminated"

 froTn the decision. The test participant
    chooses  the stimulus  only  according  to its remaining

    diflbrences, in this case  the  subjective  duratioll, There-

    fore, the decision is based on  an  extractable  dimension.

  .  In a second  excmplary  cusc  (cf. Fig. 4(b)), twe  stimuli

    featuring the same  tonc  length, 2s, but different SfN

I64
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    ratios,  
-OdB

 and  
-3dB

 are  cemparcd.  In this case

    the similar  subjective  duration is not  
"eliminated"

    as  it is not  regarded  as  a  distinct aspect  by the  test

    participants. The decision is dene in comparison  te the

    overall  similarity,

This leads to the conclusion  that either selely  the subjective

duration or the combin"tion  of subjective  duration and

pitch salience  is used  jn this judgment. Turk and  Sawusch

[21] predicted a dependency of  solely  length or  length and
levet in prominence cues  within  speech  perception. They

state an  as.vmmetric  integrality of thc two  yaried  dimen-
sions  in the sense  of  Garncr  [22],
   Following the argumentation  in Figure 4, these could
be the  case  for the judgment of  tonal content  as  well.

Nevertheless, according  to Ashby and  Townsend  [23], a

difitbrence between perceptual and  decisional independence
has to be  made.  The  mQdeting  of  the decision aspects  does
not  al]ow  differentiating these kinds of  independences.
Although  out  of  logical reasons  no  such  inferences can  be

made,  the integrality stated  would  have to be allowed  for
indices describing tonal  phenomena.

6.2. Howling Ratio Scale Construction

   Analyzing the log-ratio scale  values  in Fig. 3 in more
detail, The reduction  of  the S/N  ratio  by 3dB  leads to

a constant  reduction  of  the howling value  of about  O.6

(factor of  4) across  all tone length. Or in other  words,

the differencc between the  highest S/N  ratio  and  the lowest

S!N  ratio of  a specific tone length seems  to be constant.  An
exception  is the shortest  tone length.

   A  trade-off  between 3dB  increase of  SIN ratio  and

doubling the tone length becornes apparent.  The stimuli

Si.s.g, S4,g.i2, and  Szii have similaT  Tatings  Qn  the ratio

scale. The same  holds for the  diffeTences betwee- a  tone

length of  O.5s and  a  tone  length of  2s  and  specific  SIN
ratios. Figure 3(b) displays this behavior in a "step-like"

structure  accordingly.  The  constant  trade-off  suggests  a

linear correlation  between  the  tonal  energy  and  the log-

ratio scale  of  the tonal content.  This ]eads to a preliminary
conclusien  that the tonal  energy  can  formally predict the

judgement of  the  tonal  content  in this experiment,  as

depicted in Fig. 4(b). The contents  in Fig. 4(a) shows

something  different. Lf the pitch salience  is perceived as

equal,  it will  be "eliminated"

 from the decision. Regarding
this decision, the tonal energy  is not  decisive as solely  the

tone  length is used,  The  non-howling  aspect  6 emphasizes

the limit of a tenal energy  approach  even  further as it
induces a quality change,  which  is not  covered  by this sole

quantlta"ve measure,

   Nevertheless, there are some  inherent limitations which

are not  in the scope  of this experiment.  The specific

loudness of  a  tone  within  a  noise  masker  shows  a  linear

relationship  between log-leudness and  tone level in noise
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for high SIN  ratios  (cf, Moore et  al.  [24]). In thc present
experiment  thc SIN  ratio is on  the ene  hand rather low, but

on  the  other  hand only  varied  by 6 dB in total. In this way,

the constant  increase between SIN ratio  and  the log-ratio

scale  is assumed  to be a linear approximation  of  this

particular S!N  ratio  level.

   Furthennore, the experiinent  cannot  determine whether
the absolute  or  relatis,c  duratjon of  the tonal cornponent

is used  in order  to determine the tona] energy  as they

covariate,  This question will  be investi.eated in further

expemments,

   The span  between stimulus  Si] and  Sio, the extrcme

values,  is about  3. i.e. a factor 1,00e. Such high factors
are typically observed  above  masked  threshold where  the

loudness ef  a  partially masked  tune in noise  increases

rapidly  w{th  the level of  the tone [ibid.]. This drastically
illustrated the enormous  perceptual distances of  tonal

perceptlon.
   The howling pcrception increases within  the range  of

O,25s and  2s. It has to bc stated  that this refers net  to the

pitch salience  at  a  specific  point in time, but rather  to the

tonal content  perception of  the  stimuli  as  a  whole,  The
maximum  pitch salience  is reached  after  approximateLy

200ms  [20], i,e, in this experiment  coneerning  the tone

length the maxjmum  of  relative  pitch salience  is reached

and  it js therefore only  varied  by different S!N  ratios.  In

this way,  the  200 ms  is a  lower limit fbr the constant  trade-

off,  between  the  tone  lengLh and  the  SIN  ratio  as  the  former

wil] additionally  influence the latter. As  sho-'n  in Sect. 6.1,

the non-howting  aspect  6 cvcn  sets the limit for the howling

perception in the  rcgion  of  250ms-500  ms  as  the sound

does not  fit th¢  onomatopocic  description anymore.

   Kuwano  and  Namba  [25] and  Namba  et  al. r26]
investigate the relationship  between  overall  and  continuous

judgment of  sounds.  This is related  to thc question how

the instantaneous pitch salience  is reLated  to the overall

judgment of  tonal content,  More  specificalJy,  Kuwano  and

Namba  [25] found in the case  or  loudness a  2.5s time

constant,  which  relates to the psychological present. In this
way,  all tone  lengths used  in this present experiment  can  be
regarded  as 

"within

 the present," i.e. the pitch salience

within  the total tone  lcngth shuuld  contribute  to the overall

juds,ment. Hence, 2.5s is expect ¢ d to be an  upper  time

limit for the constunt  trade-ofL Moreover, it is yet to be

investigated how  different pitch salience  levejs of a tenal

percept contribute  te this overall  judgment,
   It can  be concluded  that the perception of tonal content,

i.e. referred  to as  howling in this context,  has a  huge

dynamic  range  and  might  include several  phenomena  at

oncei  the  non-howling  components,  the  distinct compo-

nents  clearly  distinguishable from backs,round ]oise, and

tenal  phenomena  which  seem  to be part of  the noise,  but
are  rather  weak  (e.g. stimulus  9). Another  limit can  be set

at the border between (1) a noise  containing  a  tone and  (2)
a  tone with  added  background noise.  Frorn the conception

explicated  in Sect, 2 the  clefinition of  tonal content  would

render  useless  in the lattercase (2) as there is nothing  to be

contained.  The limits of these perceptual classes  within  the

perception znd  evaluation  ef  tones in noise  can be a basis

for a sustainable  index of  tonal content,

7. CONCLUSION

 The foLlowing conclusion  ean  be stated:
e  A  definition ol' tonal  content  is given, expanding  the

  concept  of  a stationary  pitch salience  toward  the

  embedding  within  two  dimensions: (1) the noise

  across  the  spectrum  and  (2) a noisy  context  which

  encompasses  the tonal  feature before and  after  its

  occurrence  within  a  given sound  sample.

-  The test participants' cholce  behavior can  be modeled,

  when  thc more  general EBA  modeling  approach  is

  used.  Apart from a  distinct subjective  duration aspect

  a  non-howling  aspect  is discovered, which  is also

  reported  by  the test participants in a post-experimental

  intervie",. This result might  hint at  an  as}'mmetri.c

  integratity of  subjective  duration and  pitch salience

  as feund by Turk  and  Sawusch  in speech  perceptien

  along thesc dimensions L21]. The exact  levei, i.e.

  perceptual er  decisiona], ut  which  this 
"integrality"

 is

  located is yet to be determined.
e  As  thc tone  ]ength doubles within  thc range  between

  O,25-2,OO s, the perception of  tonal content  is incrcas-

  ed  by a constant  factor. The  longer the tone duration,

  the highcr the tonal  content  is judged. This constant

  factor is limited by  two  boundaries: A  tone length

  shorter  than 200ms  has an  impact On  pitch salience

  [20], i.e, interaction between the tone length and  the

  S!N  ratio  is detected in this low duration region.

  Although the howling  perccption, accessed  by a

  specific onomatopoeic  descriptien, might  be evoked

  between 250-500ms, a  non-howling  aspect  is djs-

  covered.  The duration upper  limit for the constant

  factor could  be 2.5 s, the psychological present, which

  according  to [251 plays a major  role  in the overa]1

  loudness judgment of  sounds  fluctuating in level, The

  specific  loudness of a tone within  a noise  masker

  characterized  by a  his.h SfN  ratio can  be described by

  a linear relationship  betwecn leg-leudness and  tone

  level (cf. Moore et al, [241). For noise  characterized

  by low  S/N  ratio leve]s, the relationship  between log-

  loudness and  tone  level is even  highly non-linear.  The

  constant  factor obtained  by decreasing tonal  contents

  via an  SfN  ratio reduction  is thercforc assumed  to be a

  linear approximation  Qf  the  respective  function as the

  level is only  varied  by 6dB.

-  By  reducing  either  the tone lengLh or the SIN  ratio, the

165

NII-Electronic  



The Acoustical Society of Japan (ASJ)

NII-Electronic Library Service

TheAcousticalSociety  of  Japan  {ASJ)

howling perception, i,e, the  tonal  content,  is decreascd
by a constant  factor. The  notion  of  a  spccific relation  to

tonal  energy  is a formal one.  In cornparing  two  stimuli

of  equal  S/N  ratios,  an  intuitive counter-example  was

demonstrated. As the pitch salience  is "elirninated"

from the decision process, a  simple  comparison

between the different subjective  durations provides a
new  decision basis, Also, the non-howling  aspect

modeled  for low tonal content  irradiates the limitatio]
of  a  exclusive  tone energy  approach  for tone lengths
between 250-500ms,
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