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ABSTRACT

Industrial growth carries with it an increasing environmental
noise pollution problem. In order to evaluate quantitatively
environmental random noise, many statistical noise descriptors (i.e.,
noise evaluation indices) are now being used. Percentile noise level
Ly, equivalent noise level Legg, traffic noise index TNI and perceived
noise 1level PNL are some examples. Almost all these statistical
indices are obtained in relationship with the whole probability dis-
tribution of environmental random noise. Noise surveys have indicated
that road traffic noise is a major component of environmental random
noise. In this doctoral thesis, a statistipal method for prediction
of road traffic noise generated by actual traffic flow of an arbitrary
non-Poisson type is first discussed for practical application. Paying
attention to the fact that sound insulation barriers are very often
constructed to produce attenuation of environmental random noise, a
method for predicting the stochastic insulation effect of a sound in-
sulation barrier is then discussed for the case of arbitrary probabil-
ity distribution of random noise incident on the barrier. In addition,
the mutual relationships between various types of statistical noise
evaluation indices in relation to Ly and Leq, which play an important
role in the field of noise evaluation and regulation problems, are
discussed for the purpose of evaluating systematically real random
noise. More specifically, a method for estimating an Leq evaluation

index is proposed using the moment statistics of random noise fluctua-
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tion. Next, a method for estimation of Leq is presented, using the
known values of several specific Ly. A new trial estimating the orig-
inal distribution form of random noise fluctuation is then presented
using the known values of Leq and several specific Ly, and a specific
on-line measurement system based on the above-mentioned estimation
theory for Ly and Leq is constructed with the aid of a microcomputer
by introducing an iterative process for extracting the moment statis-
tics of random noise fluctuation. The theoretical approaches in this
study are generally applicable to any kind of random phenomena. The
theoretical results are experimentally confirmed by applying them to

actually observed noise data.
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Introduction

In recent years, problems resulting from environmental noise
generated by various forms of transformation and industry have become
more critical. In order to quantitatively assess real random noises,
it is essential that a precise method for evaluation of these random
noises taking human responses to these stochastic phenomena into con-
sideration be found. When the problem of statistical evaluation of
such stochastic phenomena is discussed, the following problems appear
to be primary importance from the methodological viewpoint :

(1) Many kinds of statistical noise evaluation indices, such as Leq,
TNI, Lyp and Ly (x=5, 10,... ; i.e., (100-x) percentage point of
noise level distribution) have been proposed, almost all o% which
can be obtained in close relation to the entire probability dis-
tribution.

(2) Environmetal random noises encountered in daily life give various
kinds of probability distribution form other than the well-known
Gaussian distribution, owing to the diversity of causes of fluctu-
ation.

(3) Two of the many noise evaluation indices, Ly and Leq, play an
important role in the field of noise evaluation and regulation.

(4) In order to evaluate environmental random noise accurately, meth-
ods of prediction other than the well-known conventional methods
derived from simplified models or standard probability expressions

must be employed because of various factors. Not only physical



factors but also other more complicated factors related to envi-
ronmental conditions, individual psychologic response, etc., must
be taken into account.

These practical points are dealt with in this doctoral thesis in
a statistical method for prediction of noise level distribution and
the mutual relationships between various kinds of evaluation indices
in close relation to Ly and Leg-

This thesis is divided into an Introduction, Parts I and 1II,
consisting of Chapters 1-3 and Chapters 1-4 respectively the Conclu-
sion and References. The outline of each part and chapter is given
below.

In Part I, a general method for predicting the probability dis-
tribution form of environmental random noise is considered. In the
problem of environmental noise control, a method for systematic pre-
diction of the statistical properties of environmental noise is natu-
rally of great importance. Furthermore, attention must be paid to the
fact that environmental noise pollution is caused primarily by road
traffic noise.

Chapter 1 discusses a statistical method for prediction of road
traffic noise generated from an arbitrary non-Poisson type traffic
flow. Until now, various approaches for predicting road traffic noise
have been proposed from various points of view. These prediction
methods can essentially be divided into the following two groups.
One group comprises structural methods based on physical models. The

other comprises functional methods based on mathematical models. The
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former is constructed by accounting for various types of physical
mechanisms such as traffic flow, propagation characteristics, etc.
Thus, the more such physical mechanisms are taken into account in
detail, the more complex the prediction method itself becomes. The
latter is constructed by pre-establishing a mathematical model for
the actual noise fluctuation itself. If only the latter method is
used, quantitative inference of physical clues to practical noise
control is not possible. Accordingly, a kind of hybrid method com-
bining the latent advantages of the two prediction groups was proposed
in a previous study. In order to establish a prediction method of this
kind for road traffic noise generated from actual traffic flow of an
arbitrary non-Poisson type, a new approach for practical use equiva-
lent to the approach used for idealized Poisson type traffic flow is
proposed in this chapter. The proposed method is applicable to treat
any kind of road traffic noise fluctuation generated from actual non-
Poisson type traffic flow, once information on the elementary response
wave form of the level time pattern observed when one vehicle passes
directly in front of an observation point has been obtained. The
effectiveness of the proposed prediction method is experimentally con-
firmed by applying it to actually observed road traffic noise data.
Chapter 2 discusses a practical method for prediction of road
traffic noise at a T-type road intersection based on the image method.
In the previous chapter, a general method for prediction of road traf-
fic noise generated from an arbitrary non-Poisson type traffic flow

based on information on the elementary response wave form observed



experimentally is proposed. In order to establish a more effective
method of prediction, a theoretical method for estimating the above-
mentioned elementary response wave form, especially in a complex real-
istic acoustical environment must be found. In this chapter, a new
approach for theoretical estimation of this elementary response wave
form is proposed for a T-type road intersection with sound insulation
barriers, using a well-known image method. The effectiveness of the
proposed method 1is confirmed experimentally by applying it to road
traffic noise data obtained at a T-type road intersection in a city
area.

Chapter 3 describes a study on the probabilistic response of a
sound insulation barrier. In the practical engineering field of noise
control, sound insulation barriers are often constructed to produce
attenuation of environmental random noise such as the road traffic
noise discussed in the previous chapters. The acoustical design and
evaluation problems of barriers have already been considered by many
researchers. Almost all of these studies, however, were confined only
to the effects on deterministic signals or the gross average evalua-
tion of shielding effects. In this chapter, a method for prediction of
the stochastic insulation effect of a sound insulation barrier in the
case of arbitrary probability distribution of random noise incident on
the barrier is proposed. The emphasis in this chapter is on how the
output noise distribution form may be predicted using information on
the statistical properties of random input noise and the frequency

characteristics of the sound insulation barrier. The effectiveness of
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the proposed prediction method is experimentally confirmed using actu-
al noise data.

In Part II, the relationships between various statistical evalua-
tion indices in relation to Lx and Leq for precise evaluation of real
environmental random noise are considered. As previously mentioned,
two of these indices, Lx and Leq, are very important in the field of
noise evaluation and regulation. The establishment of a general theory
of mutual relationship for these indices is of primary importance for
systematic evaluation of environmental random noise. Studies for es-
tablishing mutual relationships of this kind have been carried out by
many researchers. All most all these studies, however, have been lim-
ited to approximate methods derived from the assumption of an ordinary
Gaussian distribution and/or practical methods derived by applying the
conventional linear regression analysis method to actually observed
data. Part II establishes a general theory for mutual relationship
between various noise evaluation indices with emphasis on Ly and Leq,
taking the previously mentioned practical points into consideration.

Chapter 1 deals with a method for estimation of Leq using the
moment statistics of noise level fluctuation of an arbitrary non-
Gaussian distribution type. To estimate the value of Leq for an
arbitrary non-Gaussian type random noise fluctuation, a new approach
for practical application equivalent to that used for an ordinary
Gaussian type is here proposed for the first time. The proposed esti-
mation method is given in a generalized form universally applicable to

any kind of random phenomena of a non-Gaussian property, including a
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well-known simplified expression derived under assumption of ordinary
Gaussian distribution. Finally, in order to confirm the effectiveness
of this method, it is applied to actual road traffic noise data.

Chapter 2 describes the mutual relationships between several sta-
tistical indices connected with Ly and Leqg- A method for estimation
of Leq is presented using the known values of several specific Ly
with the use of the mean and variance of the random noise fluctuation.
The proposed estimation formula is also given in a generalized form
and includes the well-known simplified expression mentioned above.
Next, a new trial for estimation of the original distribution form of
the random noise fluctuation 1is presented using the known values of
Leq and several specific Lyx. The effectiveness of the proposed method
is experimentally confirmed by applying it to actual road traffic
noise data.

Chapter 3 also describes a method for estimation of the original
distribution form of the random noise fluctuation, as discussed in
Chapter 2. In ﬁhis case, a more suitable expression of the probability
distribution form is newly introduced in a form matched to the acous-
tic measurement on a decibel scale. The effectiveness of the proposed
method is experimentally confirmed by applying it to actual road traf-
fic noise data, and through comparisons of estimation accuracy between
the proposed method and the method described in Chapter 2.

Chapter 4 discusses a precise method for calculation of Ly and
Leq noise evaluation indices using information on noise level fluctua-

tion (moment statistics or cumulant statistics), based on the previous
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discussion in Chapter 2. Furthermore, a specific on-line measurement
system based on this method is constructed with the aid of a microcom-
puter by intfoducing an iterativg process for extracting moment sta-
tistics of random noise fluctuation on a decibel scale. The effective-
ness of the proposed method is experimentally confirmed by applying it
to actual measurement of road traffic noise.

The conclusion summarizes the results obtained in this study, and
future research works on statistical prediction and evaluation of this
kind are described. References are given and a list of the author's

publications is provided.
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Chapter 1 A Method for Prediction of Road Traffic Noise Generated

from Non-Poisson Type Traffic Flow

1.1 Introduction

Various methods for prediction of road traffic noise have been
proposed.(”—(g) From the methodological point of view, they can be
divided into two basic groups, with one group comprising structural
methods based on physical models and the other functional methods
based on mathematical models. The former is designed to account for
various types of physical mechanisms such as traffic flow, propagation
characteristic, the geometrical structure of the road, etc. The more
such physical mechanisms are taken into account, and the more detailed
tﬁey are, the more complex the prediction method itself becomes. The
latter, however, 1is constructed by pre-establishing a mathematical
model for the actual noise fluctuation pattern itself. If only the
latter method is used in the prediction of road traffic noise, it is
not possible to infer quantitatively physical clues to practical noise
control improvement. Accordingly, it would be effective to introduce
some kind of hybrid method combining the latent advantages of both
methods of predictionﬂs)

In actual traffic flow, a general, arbitrary non-Poisson type
flow distribution is more often seen than the idealized Poisson type,

since traffic conditions are rarely ideal. Furthermore, actual road
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traffic noises exhibit various types of probability distributions, due
to the diversified causes of the noise fluctuations.

In this chapter, a practical method for prediction of road
traffic noise generated from an arbitrary non-Poisson type traffic
flow is proposed. The method 1is based on an approach equivalent to
that used for an idealized Poisson type traffic flow. It allows for
treatment of any kind of road traffic noise fluctuation, provided that
information on the actual response wave form generated by the sur-
rounding sound propagation environment of a level time pattern
observed when one vehicle passes directly in front of an observation
point can first be obtained.

The effectiveness of the proposed prediction method has been ex-
perimentally confirmed by applying it to observed road traffic noise

data.

1.2 Theoretical consideration

1.2.1 Description of problem

Considering the wave form of noise level fluctuation at an

observation point, as shown in Fig.1.1.1, 1let w(gj)(g;at-t5) be the

normalized response wave form w(0)=1 observed when one vehicle passes

directly in front of an observation point during a specific time
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Fig.1.1.1 Time pattern of the noise level fluctuation
generated by vehicles passing directly in front of an
observation point.
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interval, T. It is supposed that the ith vehicle generates the noise
intensity Yi at a time t=r7j. At this time, - based on the additive
property of energy quantities, the total noise intensity, x(t), at a

time t is directly expressed as
X(t)=EY.W<t—r1), AL

where N denotes the number of vehicles passing directly in front of
an observation point during the time interval T. It is quite natural
to assume that the random variable Y; is mutually independent of the
random variable T;.

The problem 1is how to establish a practical hybrid method for
predicting the noise level probability distribution by estimating
the statistics of this noise intensity fluctuation, as related to the

AT

actual traffic flow and the elementary response wave form w(El

1.2.2 Arbitrary non-linear function type statistics for an arbi-

trary non-Poisson type traffic flow

The main purpose of this section is to present an explicit deri-
vation of an expression for an arbitrary non-linear function type
expectation value which is equivalent to that for a well-known Poisson
type probability function. This will provide the advantage of being
able to use the technical properties of Poisson's law. Let zi(e[zL,

ZM]) be the ith quantized amplitude with an amplitude difference in-
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terval h. According to the previous work,“o)

the probability function
P(zi) for a quantized random variable z; can be generally expressed in

a statistical series expansion form, as

o« d -
P v 2 ) =an( ) VEPp T 34) (1.1.2)

with

N
b ——((zi—x1) & 41 , (1038

where Px(xi) is the basic probability function for a quantized random
variable Xi with an amplitude difference interval h, which can be,
artificially or arbitrarily, established in advance from the opera-

tional viewpoint. Tnufg s, 4.2) s ~27 denotes an expectation opera-

4l

' n
tion with respect to z; and (.) denotes the factorial function

it
defined by
fg(n)éfi<¥1—h>"'[Ei—<n—1)h] (R &L r,
a3 (1.1.4)

V denotes the backward difference operator :

Vf(Z)é(l/d)[f(z)—f(z-h)] (1.1.5)
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with two arbitrary constants, d and h. In Eq.(1.1.5), the constant d
is introduced for the purpose of relating the discrete amplitude type
expression (d=1), and the continuous amplitude type expression (d=h
»0). Thus, after introducing an arbitrary non-linear function g(.)
with respect to zj, its expectation value is directly given by using

Eq.(l.1:2); ‘as

M o« d 5 M
Zg(zx>1><zl>=zbn(——) S (2 VPL(z )
1=L

n=0 h =1,
-] d 1 M
=an(*) (—U"ZA‘g(zi)Px(zl). (1.1.6)
n=0 h i=L

Hereupon, the relationship

G Tz VR (2 4) =A{G 24y P (21—1)}

(Al Slesyal
o (Zi)AG (Zg)
and a new type forward difference operation :
Kt Cg) 8¢1 Ay [t Cz+n) — ¢t (z) ] (1.1.8)

(4 is the forward difference operator) have been used.
Upon employing, respectively, a quantized random variable z;, the
basic probability function Py(,), with the number of vehicles being

denoted by N(G[O,M]) and a Poisson type probability function(llh(lﬂ

PELCNL ) = o R (i s al
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with

A =GN, (3500

Eq.(1.1.6) can easily be rewritten as

M
L4 LN P o éZg (N) P (N)
N=0
o M
=S ba(-1) D> arg (N) Pa(N)
n=0 N=0
= an(—l) IA g (N) ! e Ly o108
n=0 x

for traffic flow with an arbitrary type probability function P(N).
Here, the two arbitrary constants are taken to be h=d=1 and <.>y de-

notes an expectation based on a Poisson type probability function

Py (N). The expansion coefficient bp is given by (10)
(- 1) = -1 i I
e (N(n” N_EE «_1) k bkln—k
n ! k=0 Cfy o
W ot (N0

From Eq.(1.1.11), it should be noticed that the expectation value
<g(N)>y in terms of an arbitrary non-Poisson type probability function
can be equivalently calculated based on an expectation operation in

terms of an ordinary Poisson type probability function.

da=



1.2.3 Prediction of road traffic noise by use of moment statistics

for the noise intensity fluctuation

The conditional moment generating function <eexlN>x with respect
to the noise intensity fluctuation x(t) can be regarded as an arbi-
trary non-linear function form g(N,®). That is, all the characteristics
of the non-Poisson distributions can be related to the conditional
moment generating function <eex|N>x thus producing the moment statis-

tics <xm>
g (N, 0) 2 {(e?™N) s 1. 333)

The moment generating function m(8)(A<exp(6x)>) can be directly de-
rived by use of a relation equivalent to an ordinary Poisson type in
Eq.(1.1.11), as follows

m(8) = ((e®|N) o

© o 1

Wiy 2 Y S iy

n=0 N=0 N !

e -ag n (1.1.14)

By substituting the difference calculation based on Eq.(1.1.1)

AT Le PR IN) 2=A" (™) v

(SIRCHTe T 5

9Yw>

= (e Y.wN<<eayw>Y.w—1)n

into Eq.(1.1.14), one can subsequently obtain
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m(6) =D ba(=1)2((e®™ y ~1)7"

n=0 @« 1

SN Z_<anw> v WNA N, (4, P 260)

N=0 N !

Furthermore, by using two calculation procedures based on a Taylor

series expansion :

o o s n
( ¢ e ovm Y,,—1>n=<z (v (wm ),

m=1 m !
- 1
ety —— (e ?™) y.uM2"
N=0 N ! -
T (0 7
=exp{kz R (W”)}, ( ;
m=1 m !

the moment generating function m(®) can be consequently obtained as

follows :

'~ o a = n
m<e>=mo<e>zbn<—1>n<z (Y m) <w"=>>
n=0 m=1 m !

- o
=an<‘1>“ Wt 8.3 (1.1.18)
n=0 a).n
with
moe (6 ) £2e x pY 14 Z LYR AW (1.1.19)
m=1 m !

Needless to say, mp(6) denotes the moment generating function in the

case of an idealized Poisson type traffic flow. Thus, the objective
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moment generating function m(8) can be given by simply differentiating
mo(e) by the parameter A. From the above equation, the mth order mo-

ment of x(t) can easily be obtained as

a 5 «© a n
(x %) & ———m (0 ) = ZE: bp(—1) 8-
gonm =0 1n=0 g Le

(X™ o (1208

’

where <x™>3 is the mth order moment of x for the case of an idealized
Poisson type traffic flow. Furthermore, since the mth order cumulant

of x for the case of an idealized Poisson type traffic flow is given

by

kKmo=2x (Y® (w=2(E)) (2.1.21)

with

1 T/2
(W“‘(E))T-—j. w®(E) dE,

4 -T/2

(2Ti: uniform distribution)

{1:1.22)
the following two conditions are derived :

(B3 4> Bao="CY™ (W CE) ),

(82/8 A" Kumo=0 ATy (3.1.28)

By considering these two conditions and using the mathematical rela-
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tionship between the moment statistics and the cumulant statistics,

Eq.(1.1.20) can be expressed explicitly as

d
A (5, ) W S o el L
a A
a d a 2z
Gx 2=k A o= b S 2o 2 CX N o o aol ot 20bi2 K 10 -
) a i Ak
a a 1o}
(x3) = (x3 o- b2 k30t 3 (X) o £ 20t 3 (x2) o K 10
a A d A AL
a a a 2
+6 ‘Dz K 10 Tizoll S e K 10
a i oA a A
a 3
~ 6 b3 X 10 |»
a i
a a
(x4 = (x* a—b174 (x? o x 10+ 6 (x?% o K 20
a i a x
a a
$0.d wExXxD g ket Kdo
a i a i

a 2 ad a
+b2{12(x2)0( x1.> +24(x)o< Ku;( "2°>
8 A a i o x
8 2 5, a
+6< Nzo) +8< K-xo)(——"‘ 30)}
8 A a i a i

-]l8



a 4
024 by K 10 o ( e .04

In these equations, the expansion coefficient bn (n=1,2,...) is ex-
plicitly expressed from its definition, as
bo=1, b1=‘<N>N+l,

b z= (1/2!){(1\1‘2’) §— 2 CI ) NA+AZ},

s

(1/3 !){— (N B)) y+38 (N@) g2 -3 (N) NA’-+A3}

b 4= <1/4:>{<N“’> N—4 (NS ya1+6 (N@2) 12

-4 (N) NA3 424} ..., (1.1.25)
By using the additive property of cumulant statistics with respect to
the independent random variables, one can extend the above theory to
cases in which several types of vehicle pass on a multi-laned road.
Therefore, by using the above estimated values for moment
statistics <x™ (m=1,2,...), the cumulative distribution function Q(x)
with respect to x(t) can be expressed in the form of a statistical
Laguerre series expansion universally applicable to arbitrary distri-

bution types, as“3)

e

b



X

o o
ma S e A | AL oy (@ [— (2 226
with
(x>2 ((x_<x>)2>
0l ’ s
FCR={x1)® x5 ’
(n—=1) !'T (m+1) X
jodi L, ==
' (m+n) s
2;: g gy S (n—=1) {'T (m+1) & M
k=0 k! F'(n—k+1)T (m+k) s K e

where Pr(u;m) is the well-known Gamma distribution defined by

Pr{uit tm)R[1/T (m) ] e "%pm2, (1.1.28)

Each order of the moment statistics <x™> (m=1,2,...,n) is thus first
obtained by Eq.(1.1.24) with the use of the expansion coefficients bp
(m=1,2,...,n) which characterize the non-Poisson properties. The esti-
mated values based on each of these moment statistics <x™> (m=1,2,...,
n) thus influence each expansion coefficient Ay (m=1,2,...,n), as
shown in Eq.(1.1.27). Therefore, each expansion coefficient

A, in the statistical Laguerre series expansion, Eq.(1.1.26) corre-
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sponds to the non-Poisson distribution expansion coefficient, bj
(Aici<m) inaba (11 SP5):

To sum up, the moment statistics <«x™> closely related to the non-
Poisson properties influence each expansion coefficient Ap in the
cumulative distribution function Q(x), expressed in the form of a sta-

tistical Laguerre series expansion, Eq.(1.1.26).

1.3 Experimental consideration

1.3.1 Simplification of an elementary response wave form by use of

triangular shape approximation“4)

The experimental procedures can be simplified by using a triangu-
lar shape to approximate an elementary response wave form due to the
surrounding sound propagation environment when one vehicle passes di-
rectly in front of an observation point during the time interval T.
For the purpose of determining <x™>, it is not necessary to accurately
determine w(&) itself. Only the resultant value of the definite
integral f_%;gwm(i)dﬁ need be obtained. The values of the cumulant
statistics of the noise intensity fluctuation are not particularly
sensitive to the exact wave form of w(£), due to the effects of
various types of smoothing operations.

The approximation method based on a triangular shape is as fol-

lows

(1) The elementary response wave form of the actual time pattern is
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first approximated by a triangular shape with the inclination a
(dB/second) so that the total intensity of the approximated wave
form is equal to that of the actual one, as shown in Fig.1.1.2.

(2) After this approximation procedure, the approximated wave form on
a decibel scale is transformed into a normalized wave form on
an intensity scale, as shown in Fig.1.1.3, the approximated

wave form w(€) of the actual response wave thus given beeing

w (E) =¢ealeirn (M21 0/1 oty (1.1.29)

1.3.2 Predicted results based on the proposed method

The proposed prediction method has been applied to road traf-
fic noise data observed near a national main road with two lanes (an
up-lane and a down-lane). The arrangements for measuring road traffic
noise at an observation point is shown in Fig.1.1.4. In this experi-
ment, the passing vehicles are classified 1into two categories : heavy
and light. The numbers of vehicles in each lane passing directly in
front of an observation point within time intervals of 5 minutes were
counted. The parameter X was directly obtained by averaging the
number of vehicles. The values of the moment statistics <Y"> were ob-
tained by averaging peak values of observed elementary response wave
forms of noise intensities generated from light and heavy vehi-

cles.
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Fig.1.1.2 Simplified treatment of the actual wave form on a
decibel scale by use of the triangular approximation.
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Fig.1.1.3 Transformation of an approximated response
form on a decibel scale into a normalized response
form on an intensity scale.
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Fig.1.1.4 Arrangements for measuring road traffic noise at
an observation point.
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Figure 1.1.5, from up-lane traffic flow data, shows a com—
parison between the theoretically estimated curves and the experi-
mentally sampled points for the cumulative distribution form of the
number of passing vehicles. In this figure, the two theoretical curves
presented are obtained using only the well-known Poisson type proba-
bility function as the first expansion term, and the arbitrary
non-Poisson type probability function in Eq. (1.1.2). These
theoretically estimated curves obtained by use of Eq.(1.1.9) and
the second approximation of Eq.(1.1.2) are shown by the full and
dashed lines, respectively. The estimated results for the down-lane
are shown in Fig.1.1.6. From these results, it can be seen that the
curves estimated with only an idealized Poisson type probability func-
tion do not agree well with the experimentally sampled points : that
is, the traffic flows in both lanes clearly display statistical pro-
perties of non-Poisson type.

The observed noise data and two sets of traffic flow data (up-
and down lanes) were used to obtain the results shown in Fig.1.1.7.
This is a comparison between the theoretical curves predicted under
the approximate assumption of an idealized Poisson type traffic flow
and that obtained from the experimentally sampled points, for the cu-
mulative distribution form of the A-weighted noise level fluctua-
tion. A comparison between the theoretically predicted curves
obtained by use of the proposed method based on the non-Poisson type
traffic flow and that obtained from experimentally sampled points for

the cumulative distribution form of the A-weighted noise level fluctu-
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Filg il 155 A comparison between experimentally sampled
points and theoretically estimated curves obtained by using
the unified series expansion expression(see Eq.(1.1.2)) for
the cumulative distribution form of the number of passing
vehicles on the up-lane of the road. Experimentally sampled
points are marked by @ and theoretically estimated curves

are respectively shown as , the first approximation
corresponding to an idealized Poisson type probability
function ; ———-—, the third approximation.
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Er il 6 A comparison between experimentally sampled
points and theoretically estimated curves obtained by using
the unified series expansion expression(see Eq.(1.1.2)) for
the cumulative distribution form of the number of passing
vehicles on the down-lane of the road., Experimentally sam-
pled points are marked by ® and theoretically estimated

curves are respectively shown as y, the first. approxi-
mation corresponding to an idealized Poisson type probabil-
ity function ; ——~——, the third approximation.
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Batpaide, Lo A comparison between experimentally sampled
points and theoretically predicted curves obtained by using
only an idealized Poisson type traffic flow for the cumula-
tive distribution form of the noise level fluctuation.
Experimentally sampled points are marked by e and theoreti-
cally predicted curves are respectively shown as , the
first approximation of Eq.(1.1.26) ; -———, the second ap-
proximation (and the third approximation).
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ation is shown in Fig.1.1.8. It is obvious that the successive
addition of higher order expansion terms moves the theoretically pre-
dicted curves closer to the experimentally sampled points. However,
as shown in Fig.1.1.7, the theoretically predicted curves based
only on an idealized Poisson type traffic flow do not agree well with
the experimentally sampled points, even when the number of correction
terms is increased. These figures show clearly that the predic-
tion accuracy of the proposed method is much better than that of
simplified prediction methods in which only idealized Poisson type
traffic flow is used. It should be noted that the prediction errors of
the evaluation indices Lg, Ljg and Lgg usually used in noise eval-
uation and regulation problems are mostly within *1 dB for the pro-

posed prediction method.

1.4 Conclusion

This study has focussed on the establishment of a hybrid method
for prediction of road traffic noise generated from an arbitrary
non-Poisson type traffic flow, with emphasis on the methodological
point of view.

Firstly, expressions for the statistical moments, of an arbitrary
non-linear function type, for this arbitrary non-Poisson type traffic
flow have been presented, as obtained by an approach equivalent to
that used for an idealized Poisson type traffic flow. A unified ex-

plicit expression of series expansion type was then introduced
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Fig:1.1.8 A comparison between experimentally sampled
points and the theoretically predicted curves obtained by
using the proposed method based on arbitrary non-Poisson
type traffic flow for the cumulative distribution form of
the noise level fluctuation. Experimentally sampled points
are marked by e and theoretically predicted curves are re-
spectively shown as , the first approximation of Eq.
(1.1.26) ;-——-—, the second approximation ;—-—, the
third approximation.
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for vehicle number distribution in an arbitrary non-Poisson type
traffic flow. Next, a unified statistical prediction method for
road traffic noise, based on introduction of an elementary response
wave form, as influenced by the surrounding sound propagation environ-
ment when one vehicle passes directly in front of an observation
point, was proposed 1in a general explicit expression form of series
expansion type. Finally, the effectiveness of the proposed prediction
method has been experimentally confirmed by applying it to observed
road traffic noise data. |

This research is still in the early stages and the work reported
here has focussed on principally on methodological aspects. Problems
remain in the application of the proposed prediction method to other

actual engineering situations.
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Chapter 2 A Method for Prediction of Road Traffic Noise at a T-Type

Road Intersection Based on the Image Method

218 Fntroduction

In Chapter 1, a general method for prediction of road traffic
noise generated from an arbitrary non-Poisson type traffic flow was
proposed, based on information on the elementary response wave form
when one vehicle passes directly in front of an observation point. 1In
order to establish a more effective prediction method, a theoretical
method for estimating the above-mentioned elementary response wave
form in complicated realistic acoustical environments must be found.
In this chapter, a new approach for estimating theoretically this ele-
mentary response wave form at a T-type road intersecfion with sound
insulation barriers is proposed, using a well-known image methodglsh(lﬁ)
The effectiveness of the proposed method has been experimentally con-

firmed by applying it to the road traffic noise data observed at a T-

type road intersection in a city area.

2.2 Theoretical consideration

2.2.1 Outline of prediction theory

Let us consider the wave form of the noise intensity fluctuation

x(t) at an observation point, as stated in Chapter 1. By substituting
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Eq.(1.1.25) into Eq.(1.1.24) in Chapter 1, the moment statistics of

x(t) can be resultantly expressed as

(x) = (N) (YY) (w (F)),
(RIS XRUNSLTL P S0 w8y ¥ 235 Wl Y 1w i) ),
(R0 AN CN=LY TN~ L3 Lo {F)y e {8 AN~
LY B AERr ATY PR CEY Y AW EE) ¥ ANE Y
» W R LED D
(2% = (N (N-3) (Nr@8) (N~8)F (V% (wdE)) *
1B AR AP 1)y (AES3) ) LS AW 2wt lpy)
¢ AW CED F %4 (N IN=L) 3 (Y™ &%) Xw¥E2y
(W LED LG (N (NG b 4387 TEp* o )3 23N
FREE B OEE S AR (1.2.1)

Based on the additive property of cumulant statistics with re-
spect to the independent random variables, one can extend this theory

to cases 1in which several types of vehicle pass on a multi-laned
road, as mentioned in Chapter 1. The above moment statistics <x™ on
an intensity scale can be transformed into the cumulant statistics Ky,

(8) .

on a decibel scale by using the following relationship

1

(x™) =ex p-{ ;z; :j:-( vl )K L1 } R

X()’Il M

) (1.2.2)
{ X o2l O 3W /" m*, M21 0,/ 1n10)
Thus, after regarding the cumulant statistics ki as unknown parame-

ters and by solving the simultaneous equations derived from Eq.(1.2.

2) (i,m=1,2,...,M), the cumulant statistics ki (i=1,2,...,M) on a
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decibel scale can be obtained. For example, the transformation for-

mula for the cumulant statistics up to the fourth order is explicitly

expressed by

(x) L 4 £ )
/cL1=M{4ln —-31ln —+—1n —
X o X o2 8 y Ao
1 £ %)
— et I }
4 Xo4 4
26 (x) 19 (2% 14 £% 2
K L2==N11{—- I'n - = — l n
3 X o 2 on 3 x03
R Cae ™)
5= 1 n }
1 2 X04
(x) % N F R 3 F
/cL3=M3{91n -121n +71n -—=1n }
Xa X o3 Xo® 2 X g% "
g (%) fok ¥ L% % { 6%
KLa=M*—41n =ty Py = 49 h il (7| }.
Sk r e Xio
{1.2.3)
In order to evaluate the Ly noise evaluation indices (e.g., Ls,L1Q,

Lsp and Lgg), the cumulative distribution function Q(L) of the noise
level fluctuation L can be expressed in an orthonormal series expan-

sion, as a statistical Hermite series expansion universally applicable

(14)

to an arbitrary non-Gaussian distribution form, as follows

L=K L1 2
=

1 K L2
Q(L)=__j g* dE
27T — o

~i8n(x1,) ——l—exp{(L—fcx_x)z/ZKLz}
n=3 A/2—7r—
S S

e (1.2.9)

X 1.2
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with
1 b —
Bn(xL)é—<Hn(“L—l)> y {1.2.%)
e

where Hp(.) denotes the nth order Hermite polynomial.

2.2.2 Estimation of the elementary response wave form using the image

method

Let us consider the sound propagation characteristic of a T-type
road intersection as shown in Fig.1l.2.1. There are homogeneous sound
insulation barriers made of concrete material along both sides of the
road. It is assumed that each vehicle drives in the middle of each
lane with a proper constant speed, and the area across the river is
regarded as a free field of sound. Figure 1.2.2 shows the geomet-
rical construction of the T-type road intersection under considera-
tion. First, an explicit expression for the sound propagation
characteristic at each vehicle position can be derived by using a

(15),(16)
well-known image method. The elementary response wave form
in the time domain can then be evaluated by taking this sound pro-
pagation characteristic into consideration, together with the average
speed of the passing vehicles. In this case, it was possible to
assume that diffraction effects from high sound insulation barriers is

negligibly small, through the well-known evaluation of sound insu-

lation barriers using Maekawa's chart with a Fresnel number. Let
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Fig.1.2.1 Arrangements for measuring road traffic noise at
an observation point.
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w(z) be the sound propagation characteristic at an arbitrary vehicle
position z. Here, w(z) is classified into the following three
categories (corresponding to each vehicle position Sd’ Sh and Sk TR

Fig.l.2.8)«

[A] Sound propagation characteristic wd(z) due to the direct sound

and the sound reflected from the road surface

Let wd(z) be the sound propagation characteristic due to the
direct sound and the sound reflected from the road surface, related to
a vehicle position Sy 1in Fig.1.2.2. Figure 1.2.3 shows its schematic
analysis for the sound propagation characteristic wd(z). Based on the
geometrical relationship among the sound source Sd (vehicle position),
the receiver O (observation point) and the image receiver 0', with the

aid of the additive property of energy quantities, wy(z) is given by

Wa (2) =D~ D e~ 7241

. 4 ’
41 “X?+ (z—a) 2+h? X2+ (z—a) 2+ (2h;—h) 2
({1 26

where D(.) is the truncation function defined as

M g B (1.2.7)

A
SR {o Crady.

In Eq.(1.2.6), h denotes the difference in height between the sound

source and the receiver O, and R; denotes the reflection coefficient
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b) Schematic analysis of sound reflection
from the road surface.

Fig.1.2.3 Schematic analysis for the sound propagation
characteristic wqy(z).
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of the road surface. b SEHD ST B 237 and z4, denote

respectively the minimum and maximum values of" =z At which

direct sound and reflected sound from the road surface can be

received :

k). X
e LN
200 X X,
I g X X
Zodi = =t N a ( == ) A
2 Xy Ky (E258)

[B] Sound propagation characteristic wy(z) based on the sounds re-

flected from the barriers on both sides of the road

In this case, one can apply a well-known image method to two
specific cases when the first reflection occurs on the barriers either
near to or away from the observation point. In the former
case, the sound propagation characteristic due to reflections from
the barriers is denoted by whl(z,n). That of the 1latter case is
denoted by wpo(z,n). Figure 1.2.4 shows a schematic analysis of
sound reflections from the barriers. Based on a geometrical analysis
of n reflections from the barriers (denoted by o) through image re-
ceivers, one can easily obtain

wan(Cz) =Z[wh1(z, oy Fwaelza k]

n=1

z{D(Zhlz_z)D(Z+Zhll>

n=1
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Fig.1.2.4 Schematic analysis of sound reflections from the
sound insulation barriers.
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R 2"

=}
4 « x2+<nL,+(—1)°a+z)2+h2]
+D<Zh22_Z)D(Z+n21)

1[ R ;°
4 n X2+(1'1L,,+(—1)“a+z)2+h2]}’(1.2.9)

where R2 denotes the reflection coefficient of the barriers. Moreover,
Zh1ls Zh12s Zh21 and zpoo are the minimum and maximum values of =z

at which reflected sounds for wp;(z,n) and wp,(z,n) can be re-

ceived :
X . X
2wy m B geal =V F Saty (‘__ -3 )—— ( + b )‘_“,
Xo 2 XO
X | D 4
Zh12=“(ﬂLz+(—1)na)(——l)+ A
X o 2 Xy
X IR X
Zh21=(an+(—1>na)(——l)_— i
X o 2 X 4

X Lo X
thzz(ﬂLz+(—l)na)(_—l)+( +b)_.

[c] Sound propagation characteristic wi(z) due to sound reflection

from the corner of the road intersection
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Let wkl(z,n) be the sound propagation characteristic for a case
in which the second reflection occurs at the barrier near the observa-
tion point after the first reflection at the corner, then, n
reflections occur on the barriers. Alternatively, 1let wy,(z,n) be
the sound propagation characteristic for a case in which the second
reflection occurs at the barrier away from the same observation

point. By consideration of both the image receivers and the image

sources as shown in Fig.1.2.5 (SQZl and SQZZ)' one can obtain :

W (2) =Z[wk1(z, n) +Wegz¢z, n) ]

n=1

=Z{D <Zk12"‘z) d (2+Zk11)

n=1

ll: R2n+1 ]
4 r Lol A B e iR SRRy i Rl S Sy R Ty A

=1 1) (szz—Z) D(Z+Zk21)

1 R2l+1 ]}
47r|:(X+z—x-z)z—-(Xg+nL,+ Rap 13 SA0 AN E
(e me)
where 2,11, 212, 2Zk21 and zyipp denote the minimum and maximum values
of z at which reflected sounds for wy;(z,n) and wy,(z,n) can be re-

ceived :
o DS SAR (=0 (T R (RS TR (08
ZhaaT X otl & X,
o3 (o A A (R B I R U N R BT SR

i rogets G = 4 s At X 5
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Fig.1.2.5 Schematic analysis of sound reflections from the
corner of the road intersection.
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The objective total sound propagation characteristic w(z) is ob-
tained by summing up each sound propagation characteristic, wd(z), Wy

(z) and wy(z) (the peak value of w(z) is normalized in advance).

2.3 Experimental consideration

In the -experimental considerations, the passing vehicles are
classified into three categories, i.e., heavy vehicles, light vehicles
and motorcycles. Table 1.2.1 shows the number of vehicles in each lane
passing directly in front of the observation point during the
measurement time interval of 30 minutes. The values of moment
statisticsy, <Yy were obtained by averaging peak values of the
observed elementary response wave forms of the noise intensities
generated from each type vehicle. Figure 1.2.6 shows an example of the
estimated sound propagation characteristic w(z) for the up-lane (the
values of R; and R, are selected to 0.98). Based on the estimated
sound propagation characteristics, Fig.1.2.7 shows a comparison be-
tween the theoretically predicted curves using the proposed method and

the experimentally sampled points for the cumulative distribution form

AA-



Table 1.2.1 Number of vehicles passing directly in front of the
observation point during the measurement time in-

terval.
Up-Lane Down-Lane
Heavy vehicle 4 13
Light vehicle 48 145
Motorcycle 7 15
w(z)
1.0 -
0.5 F
=30 =20 -10 0 l:) 20 43:)
z (m)

Fig.1.2.6 An example of the estimated sound propagation
characteristic (Up-Lane).
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L (dB)

Ee 15207 A comparison between experimentally sampled
points and theoretically predicted curvesusing the proposed
method for the cumulative distribution form above the level

value of 53 dB. Experimentally sampled points are marked
by ® and theoretically predicted curves are respectively
shown as , the first approximation of Eq.(1.2.4) ;

— - —, the second approximation (and the third approxima-
Ealon) e

—46-



of the noise level fluctuation L. With consideration to the existence
of background noises, a conditional cumulative distribution function
with a restricted range above 53 dB has been predicted.(g) Moreover,
by introducing the convolution integral for two statistically inde-
pendent noise intensities as another method of considering the exist-
ence of background noises, a comparison between the theoretically
predicted curve and the experimentally sampled points is shown in
Fip .1 2 088 From these figures, the theoretically predicted results

agree well with the experimentally observed values.

2.4 Conclusion

In this chapter, a general method for prediction of road traffic
noise generated from the arbitrary traffic flow passing through a T-
type road intersection with sound insulation barriers on both sides of
the road based on theoretical estimation of the sound propagation
characteristic with the introduction of a well-known image method has
been proposed. The effectiveness of the proposed prediction method has
been experimentally confirmed by applying it to observed road traffic
noise data.

This research is still in the early stages and the work reported
here has focussed mainly on its methodological aspects. Accordingly,
problems remain, e.g., application of the proposed method to the other
actual engineering situations, such as other types of road inter-

sections and/or the non-stationary traffic flow, etc.
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Bire, P58 A comparison between experimentally sampled
points and theoretically predicted curve using the convolu-
tion integral for the cumulative distribution form of the
noise level distribution. Experimentally sampled points are
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Chapter 3 A Statistical Method for Prediction of the Sound Insulation

Effect of Barriers

3.1 Introduction

Sound insulation barriers are often constructed to produce atten-
uation of environmental noise such as the road traffic noise discussed
in the previous chapters. The acoustical design and/or evaluation pro-
blems of such typical noise control systems have already been con-

sidered by many Sakuhtenmid 1= t28)

Almost all these studies have been
confined to the deterministic or average evaluation of the shielding
effects. In an actual noise environment, however, the noise fluctua-
tion emitted from sound sources often shows an irregular time pattern
with intricate ups and downs, and various probability distribution
forms other than the well-known Gaussian distribution form. Further-
more, statistics such as median, Ly noise level and Lgq evaluation
index are of considerable importance for actual noise evaluation and
regulation problems. It is necessary therefore that an explicit
expression of the output noise level or noise intensity distribution
form be established in close relation to the frequency characteristic
of the input random noise fluctuation and the sound insulation bar-
rier.

From the methodological point of view, there are two approaches

for prediction of the above probability distribution. One approach

would be construction of a unified prediction method by reinforcement
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of the existing sound insulation barrier, with due consideration of
acoustic characteristic change. An alternative approach would be con-
sideration of the resultant probability distribution due to a newly-
constructed sound insulation barrier, rather than reinforcing or
changing the existing system. In this chapter, a simplified and
unified statistical evaluation method for predicting output noise
level (or noise intensity) distribution based on the latter approach
is theoretically proposed. The effectiveness of the proposed predic-
tion method has been experimentally confirmed by applying it to

actually observed noise data.

3.2 Theoretical consideration

3.2.1 General expression for noise intensity distribution

In order to predict the noise evaluation index, Lx, to find a
general explicit expression of the probability density function with
respect to the noise level or noise intensity fluctuations must first
be found. As shown in Chapter 1, the generally applicable expression
on the above-mentioned probability density function for noise intensi-
ty fluctuation is of a series expansion type taking a Gamma distribu-
tion as the first expansion term. More specifically, paying special
attention to the fact that the noise intensity, x, always fluctuates
in a non-negative region [0,2), the probability density function P(x)

can be generally expressed in the form of a statistical Laguerre
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(Gamma distribution)
At this time, the cumulative distribution function, Q(x)(A!gP(c)dc),

for the noise intensity fluctuation, which 1is very important for the

purpose of finding any Ly noise level, is expressed as
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3.2.2 Relationship between frequency characteristics of a barrier and

parameters contained in the cumulative distribution function

Let X; (i=1,2,...,N) be the input noise intensity fluctuation
existing in the ith frequency band-width of the noise fluctuation wave
emitted from the sound source. And let the transfer coefficient a;
(i=1,2,...,N) reflect the intensity frequency characteristic of the
sound insulation barrier at the center frequency, f;i, of the ith
octave band (or one-third-octave band). From the additive property of

energy quantities, the over-all noise intensity, x, attenuated by the

G-



sound insulation barrier at an observation point is given explicitly

by
N
X=23|X1. (1.3.8)
i=1

Based on information on the statistical property of X; and the in-
tensity frequency characteristic aj (i=2,2,...,N), the pth order

moment, <xp>, for x can be easily estimated as
p!

ExXU2y. =
1+4+  +m=p i ! j !, ..n!
(1 8 )

'R % B o LR R PR VRIS,
Therefore, based on these lower and higher order moments, many values
of parameters m, s and Ap can be calculated by use of Egs.(1.3.2) and
ksl er2ie The cumulative distribution function of the output noise
intensity fluctuation can be evaluated by use of Eg.(1.3.5). The
effect of the intensity frequency characteristic and the moment
statistics of the incident random noise on the cumulative distribution

function is explicitly reflected in each parameter m, s and Ap.

3.2.3 Estimation of the frequency characteristic of a sound insulation

barrier

Let us consider the sound insulation barrier as shown in Fig.1.3.
18 Assuming that the fixed sound source can be regarded as a point

source and that the barrier is sufficiently long in the horizontal
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Fig.1.3.1 Location of sound insulation barrier.
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Fig.1.3.2 Layout of sound source, barrier and two observa-
tion points.
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direction, the Fresnel number, N;j, at the center frequency, f.;, of
the ith octave band (or one-third-octave band) can be determined as
i3l

Nej =20yt o Gh d=dabda— d;

where C is the speed of sound. Based on the value of N;, after calcu-
lating the sound attenuation, ALy, of the barrier on Maekawa's

(17)

acoustical evaluation chart for barriers, the intensity frequency

characteristic is explicitly evaluated by

a,=1 ( -ALi/10 (i=1, 2, ..., N). (i g)

In this case, X; (i=1,2,...,N) in Eq.(1.3.8) is the noise intensity
fluctuation existing in the ith frequency band-width of the observed
noise intensity fluctuation at the observation point O (see Fig.1l.3.

1), before the barrier is constructed.

3.3. Experimental consideration

The experiment was done at night (20.00 P.M.-03.00 A.M.) in a
playground to avoid the effect of surrounding background noises. The
layout of the sound source, the barrier and two observation points is
shown in Fig.1.3.2. A barrier made of plywood panel (height : 1.79m,
width : 6.32m, thickness : 13.5mm) was used.

A road traffic noise wave was used as one example of actual envi-
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ronmental random noise. Using two sound level meters, two kinds of
A-weighted over-all noise intensity fluctuation waves, x and x', were
recorded on a data recorder before and after construction of the
barrier. For simplification of experimental procedures, the noise
intensity fluctuation wave was observed by use of the octave band
analysis.

The 1intensity frequency characteristic, a of the barrier

g
estimated using Maekawa's evaluation chart for a barrier 1is shown
in Table 1.3.1. The effect of reflection from the ground has been
taken into consideration.

Figure 1.3.3 shows a comparison between the theoretically pre-
dicted curves using the proposed method and the experimentally sampled
points obtained from the observed data x, for the cumulative distribu-
tion form of the noise intensity fluctuation in a case in which the
height of the observation point was 0.8 m. In another case in which
the height of the observation point was 1.3 m, a comparison between
theory and experiment is shown in Fig.1.3.4.

In each case, it can be seen that the theoretical curves come

closer to the experimentally sampled points as the number of cor-

rection terms increases.

3.4 Conclusion

In this chapter, a statistical prediction method for output

random noise fluctuation has been proposed in a unified type of
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Table 1.3.1 The estimated values of intensity frequency character-
istic, a;, for a sound insulation barrier.

Center frequency

of octave band h=0. 8 (n) h=1.3(m)
(Hz)

250 0.07771 0.19498

500 0.04023 0.05370

1000 0.01943 0.04897

2000 0.00996 0.02754

4000 0.00479 0.01479
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probability distribution form, when a general distribution type
stationary random noise has been attenuated by a sound insulation
barrier.

Research on the statistical evaluation of sound insulation
barriers is still in the early stages. This study has only focussed
on some fundamental aspects. Many problems still remain for applica-

tion to actual case which will be the subject of future studies.
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Chapter 1 A Method for Estimation of Leq Noise Evaluation Index by

Use of Moment Statistics

1.1 Introduction

The following sampling method is often employed with the aid of a

digital measurement technique to evaluate an Leq noise evaluation

index :

Lea=101o0g ,01—i1 o (2.1.1)
NEr=T1

where N denotes the total number of the noise 1level L; (i=1,2,...,N)
sampled over a measurement time interval. Many instruments employ this
evaluation method by using a usual digital sound level meter with
quantized levels. From the viewpoint of signal processing, however,

the following fundamental problems remain :
(1) It is necessary to obtain many level data with a fairly fine sam-
pling period, since the noise intensity fluctuation after the

anti-logarithmic transformation of the sampled level datum :

% 1% pe 1,0 LIVI0 (xo : reference noise intensity) (2.1.2)
fluctuates with large excursions, as compared with the original

decibel-scaled 1level fluctuation.

(2) In principle, the mean value of the noise intensity fluctuation
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should be given by the sample mean operation based on the noise
intensity data especially with an equally quantized intensity am-
plitude. If one uses the noise intensity fluctuation after trans—
forming the measured noise 1level fluctuation with an equally
quantized level amplitude into the intensity scale through the
anti-logarithmic transformation, a calculation error of the inten-
sity mean will occur because of the above level quantization.

When the noise evaluation index, Leq’ is calculated by the
usual method (see Eq.(2.1.1)) based on its original definition with
the use of actually measured data with digitalization, one can not
avoid essentially the above two fundamental problems. Since this
evaluation index is originally in the form of statistical information,
a probabilistic relationship between this Leq and the reliable and
stable statistical information on noise 1level fluctuation should
exist. If this relationship can be found theoretically and the objec-
tive Leq from the statistical information on a decibel scale can be
obtained by this theory, the above-mentioned fundamental problems can
be avoided. That is, it is convenient to utilize explicitly the sta-
tistical information on the decibel-scaled level fluctuation itself
with the aid of the theory for evaluating Leq, since the above infor-
mation is fairly stable and reliable, being based on the averaging
operation supported by a large amount of datafzs) In this case, it
would seem to be appropriate to derive first a general estimation
method by using a unified expression on the noise 1level distribu-

tion. Furthermore, the actual environmental noise level fluctua-
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tions encountered in daily life exhibit various types of probabil-
ity distributions, due to the diversified types of noise fluctua-
tion.

In consideration of these practical points, a general explicit
expression for estimating Ley using the moment statistics of the noise
level fluctuation is proposed in this chapter after introduction of
a general explicit expression on the arbitrary type noise level
distribution form. More specifically, an expression for an
arbitrary non-linear type expectation value 1is first derived based
on an approach equivalent to that used for the well-known Gaussian
distribution (this approach is quite similar to that discussed
in Chapter 1, Part: T). Next, an estimation method for the objective
Leq based on this expression is newly derived in a hierarchical
form containing a well-known simplified estimation method derived
under the assumption of ordinary Gaussian distribution as a special
case.(27)'(28)

Finally, the effectiveness of the proposed estimation method has

been experimentally confirmed by applying it to actually observed road

traffic noise data.

1.2 Theoretical consideration

1.2.1 General theory for estimation of mean value of arbitrary non-

linear function type random variables

LED=



To begin the analysis, let us introduce a statistical Hermite
: : 1 oo - : :
series expan31on(3) as a probability density function universally

applicable to arbitrary non-Gaussian distribution forms of the noise

level fluctuation L, as follows

= S
F (L) =N (L ¢ py 01.2){1+ZB.,H., (——)} tal.5)

n=3 T 1
with
iR FLY FiB L IL =gy Y
1 L—-—u.L
n ! Gt ; feniq)

where N(L ; M, ULZ) denotes the well-known Gaussian distribution with

the mean PL and the variance OLZ s

1
N (httiy 08 m—oxp [IL=-2) ¥/ 20,7 . (1.5

-027Z0'[_

By using the relationship between the Gaussian distribution and the

13)

Hermite polynomial(

1=
WALl e, ot Bl == (=11 %"
0L
d= ety
N (L ;gL oL?

(o ] R

Eq.(2.1.3) can be rewritten as
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P (L) =N (L ; gy, o.L%

ol (2.1.7)

+> Ba(—1) "¢ .® N (L;uw 0.2 .
n=3

@ HE;

Based on the above relationship, after introducing an arbitrary non-
linear function g(.) with respect to L, its expectation value is given

by

<g(L)>éS gLy PLLY 2L

—o0

=_Y 8-y Noll e o wi

+> Ba(—1) "oL"S K

n=3 —c0
d!l
NCL du v4% dL
n
e {2.1.8)
Furthermore, by introducing the following notation :
<g(L)>a.u..éX g (E)Y W {4 2z e o5 dL (2.1.9)

and carrying out the n-time integration by parts in the second term of

Eq.(2.1.8), the following relationship can be obtained :

o« dﬂ
(g (L)) = (g (L)) c.u..+angLn <___g (L)>.(2.1.1o)

= aL*® Gauss

The probabilistic boundary condition due to the reasonable limit-

ing property given by
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INTRE ity 0'[_2) =0 (sl

L=—w or L=w

Qg

has been used for deriving the above relationship.

By using Eq.(2.1.10), the expectation value <g(L)> in terms of an
arbitrary non-Gaussian distribution can be equivalently calculated
based on an expectation operation in terms of an ordinary Gaussian
distribution. The advantage of using Eq.(2.1.10) is that the well-
known mathematical properties for Gaussian distribution can be uti-
lized, since this probability distribution function plays an important
role in the field of statistics and many related properties have

already been investigated.

1.2.2 Estimation method of Leq noise evaluation index

Consider an Leq noise evaluation index defined as

(x)

Leq<21010g10 >:1010g10(10'-/1°). (2.1.12)

Xo

After employing the following function form :

B LY = 10 {2.1.138)

as a non-linear function g(x) in Eg.(2.1.10), the following relation-

ship can be derived by using the expectation operation in terms of a
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well-known Gaussian distribution :

. 1 {L=mp) 2
(g (L) ) Glulléj‘—ml OL/]'O 27[0 exp[:_ ; : ] dL
v L T 1,

=exp (g 'M+0.2/2M2) (M210/1n10),

(2.0 14)

dn
< g (L) =eXp (gL / M+0. 2/72M2 /M=, (2.1.15)

d Ln Gaussn

Through substitution of Egs.(2.1.14) and (2.1.15) into Eq.(2.1.10),
the expectation value of the non-linear function, g(x), based on the
expectation operation in terms of an arbitrary non-Gaussian distribu-

tion can be expressed in a hierarchical form, as follows :

(g (L)) =exp (po/M+o.2/2M3?

‘[} +—;§;E§na'L“//N1”] :

(RN )

Since the expansion coefficient Bp (n=1,2,...) is expressed in a

specific form using its definition, as follows :

i’ o == i
il H3<———>>=—— oo Tl A,

2L g L 60'L,3
1 L=t 1
B g= — H4(—>>=———— G EL —wmad *) =~ b o810
4 ! gL 24(7[.4
1 E = 1 '
SR T e AL
5 1 ar. 1 20 u”
1 (2.1.17)
e o 4 S 5 M RL SR S
1204t
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Eq.(2.1.16) can consequently be expressed as

1
(g (L)) =exp (uL/M+0L2/2M2)l:1+*—( (L~ w3 . %
; 6 M3
(2.1.18)
e R RS 4 - % ; ']
o PR B e B .

After substitution of Eq.(2.1.18) into Egs.(2.1.12) and (2.1.13), the
objective explicit expression of hierarchically estimating Leq can be

obtained as

1
Leq=ﬂL+0L2/2M+MlnE+ <(L_/1L.) 3>
6 M3
1
+———(<(L—u,_)4)—3g,_4)+...]_ (2.1.19)
24M*

That is, from Eq.(2.%.19), Leq can be given by the lower and higher
order moment statistics for the noise level fluctuation of an arbi-
trary non-Gaussian distribution type. It should be noticed that the
above estimation formula agrees completely with a well-known simpli-
fied estimation formula, derived under assumption of an ordinary

Gaussian distribution as the first approximation(27h(28):

Leq=u1+0.1150,.2 (2.1.20)

since the higher order expansion terms become zero for this case.
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1.3 Experimental consideration

For the purpose of confirming the effectiveness of the proposed

estimation method, two kinds of road traffic noise data measured

using a digital sound level meter were employed. The first was
measured near a national main road in a large «city. At that time,
the volume of traffic was 244 vehicles per 10 minutes. The second

was measured near a country road in a rural district with a
traffic volume of 19 vehicles per 10 minutes. The time
interval for measurement and its sampling period were selected
to be 10 minutes and 1 second, respectively. In addition, the
values of Leq in each case were simultaneously measured by a
precision integrating sound level meter for Leq. To simplify
the notation of" these cases, let us define the former case as
" Case A " and the latter as " Case B '". Figure 2.1.1 shows the
arrangements for measuring road traffic noise at an observation
point for Case A. Figure 2.1.2 shows the arrangements for measuring
road traffic noise at an observation point for Case B.

Figure 2.1.3 shows a comparison between the theoretically esti-
mated curve using only the Gaussian distribution and the experimental-
ly sampled points in the cumulative distribution form of the noise
level fluctuation for Case A. From this figure, the theoretically
estimated curve using only the Gaussian distribution agrees approx-

imately with the experimentally sampled points. Thus, the data for

Case A exhibits approximately the Gaussian distribution form. More-
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over, a comparison between the theoretically estimated curve using
only the Gaussian distribution and the experimentally sampled points
for Case B is shown in Fig.2.1.4. From this figure, the theoretically
estimated curve using only the Gaussian distribution does not agree
well with the experimentally sampled points. The data for Case B
therefore strongly exhibits the non-Gaussian distribution form. After
applying the proposed estimation method to these two kinds of actual
road traffic noise data, the estimated results of Leq can be obtained.
Table 2.1.1 shows the estimated results of Leq for Case A using
the proposed estimation method. The expansion expression of Eq.(2.1.
19) from the first expansion term corresponding to the well-
known simplified estimation method, EQ.(2.1.20), is defined to the
nth order expansion term, as the (n-1)th approximation of the esti-
mated Lgq. According to these estimated results, the estimated value,
using a well-known simplified estimation method derived under the
assumption of an ordinary Gaussian distribution, agrees approximately
with the measured value, since this data exhibits approximately the
Gaussian distribution. More precisely, however, the estimated val-
ues using the proposed method tend agree well with the successive
addition of higher order expansion terms. Table 2.1.2 shows
the estimated results for Case B. According to these estimated
results, the estimation accuracy using the well-known simplified esti-
mation method is not sufficient for evaluation, since this data
exhibits strongly the non-Gaussian distribution form. On the other

hand, it is clear that the successive addition of higher order
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Table 2.1.1 The estimated results of Lo.q using the
proposed method (Cased).

Measured value Estimated values using the
0f Leq (dB) proposed method (dB)

86. 0 86.3(the first approximation)
86.2(the second approximation)
86.2(the third approximation)
86.1(the fourth approximation)

Table 2.1.2 The estimated results of Leq using the
proposed method (CaseB)

Measured value Estimated values using the
0f Leq (dB) proposed method (dB)
76. 4 72.9(the first approximation

78.6(the third approximation

J
77.8(the second approximation)
J
76.2(the fourth approximation)
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expansion terms moves the values estimated theoretically using the
proposed method closer to the value measured experimentally. In
each case, the estimated results agree well with the experimental

results.

1.4 Conclusion

In this chapter, a new trial for estimating an Leq noise evalua-
tion index using the moment statistics of the noise level fluctuation
has been proposed. More specifically, an explicit expression for an
arbitrary non-linear function type expectation value which is equiva-
lent to that for an ordinary Gaussian distribution has been first
derived. Next, based on this convenient expression, a new trial of es-
timating Leq using the moment statistics of the noise level fluctua-
tion has been proposed, especially in a hierarchical form. Finally,
the effectiveness of the proposed method has been experimentally con-
firmed by applying it to actual road traffic noise data.

This study is in the early stages and has therefore focussed only
on the introduction of some methodological aspects. Accordingly, many
future problems still remain. First, this method must be applied to
many other actual cases to broaden and confirm its practical effec-
tiveness. In addition, based on this method, a specific on-line
measurement system for the sequential measurement of Legq should be

constructed for practical use.
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Chapter 2 Mutual Relationship between Several Noise Evaluation
Indices Connected with Ly and Leq

2.1 Introduction

As 1is well-known, two noise evaluation indices, Ly and Leq, play
an important role in the field of noise evaluation and regulation
problems. It is very important to find a general theory for the mutual
relationships between several noise evaluation indices connected with
Ly and Leqr in order to grasp the systematical evaluation of environ-
mental random noise. Up to now, various studies for the mutual rela-
tionship of this kind have already been investigated by many research-

(27)-(34)
ers. Almost all these studies, however, were confined only to
practical methods derived by applying directly the well-known linear
regression analysis method to actually observed data or approximate
methods derived under the assumption of a well-known Gaussian distri-
bution. If a universally and objectively more precise relationship
between these statistical evaluation indices is to be found, these
conventional methods can not be used.

In this chapter, a general theory for the mutual relationship
between several types of noise evaluation indices in relation to two
typical indices, Ly and Lgq is proposed. More specifically, a general
method for estimation of Leq using several specific L, is proposed in

a general form including a simplified estimation method derived under

the assumption of an ordinary Gaussian distribution as a spe-
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ciall ‘case. Next, a new trial estimating the original noise
level distribution wusing the measured values of Leq and several
specific Ly is proposed. The effectiveness of the proposed method
has been expéfimentally confirmed by applying it to actual road

traffic noise data.
2.2 Theoretical consideration

2.2.1 Method for estimation of Ly, noise evaluation index by use of

q

several specific Ly

Let us introduce the moment generating function My (6) with re-
spect to the noise level fluctuation L (AlOloglox/xo), exhibiting an

arbitrary non-Gaussian distribution form, as follows

ML (68) = (exp (ML nx,// Xx,) ) (Mal0/1nl10) . (2.2.1)

The mathematical relationship between the arbitrary order cumulant Kpp
(n=1,2,...) with respect to L and the moment generating function Mj,

(6) is given by

54 K Ln
ML<6)=exp(Z 9“). (2000

n=1 7 !

By replacing 6 with 1/M in Egs.(2.2.1) and (2.2.2), the following re-

lationship can easily be obtained as
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A substitution of Eq.(2.2.3) into the definition of Leq thus yields a

general expression of a series expansion type for estimating Leq, as

follows

(x)

Leq_é_lologlo

X o
K L2 K L3 K La K Ls
=K L1t St o Bt L &
2 M G NI2L S2NA M SSTEoN (UM

II

ﬂL+0.1150’L2+8.84x10—3KL3

.5 -5 el
+5.09X10%xa+2.84%X10 %k st . (2.2.4)

When the noise level fluctuation exhibits an ordinary Gaussian dis-
tribution, Eq.(2.2.4) is reduced to a well-known simplified

estimation method derived under the assumption of a well-known

Gaussian distribution(27%(28):
Las= 2 s+ 0:1180 2= L 50+ 9. 1152 1%, (2.2.5)
since the higher order cumulants Ln (n=3,4,...) in this case are

equal to zero.
A general explicit expression of the cumulative distribution
function for the noise level fluctuation L 1is expressed in a statis-

(13)

tical Hermite series expansion, as follows
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Q (L) = .Y Mak & B, o 123 9

K L3 =15
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240'1_3 a

According to the definition of Ly, the following relationship can

easily be obtained :

X Lx
1 = =XN(E;I-5L;O'L2)CIE
1 00 —w
e L~ 1
A N (Lx; g, 0.2 Hy ——
60L2 0_
L
K La Lo~ ity
- N OCLet e 642 Ha ) - (227
240'1_3 T s
The application of N kinds of specific Lx (Lx1, Lx2,..., LxN) to Eg.

(2.2.7) thus yields the N-dimensional simultaneous equations by regard-
ing the cumulant statistics KLn(n=3,4,...) as unknown parameters. From
the practical point of view, the explicit expressions for estimating

Leq for cases with N=1 and N=2 are shown as

(1) N=1 (reference level Ly1)

L eq /-LL+0-1150' L2+8.84X10_3/€ L3 (2-2.8)

R



with

) e &L

K e3a= . 7 1%
4 2.2.9
N {2150, b} BolZy) Py R

where F(z) is defined as
? X
F(Z)éj- NG 29, vt g gy -1, (2.2.10)
ey 1 0 6

(2) N=2 (reference levels : Lyj and Lyo) :

Lea=uo+0.1150 L2+ 8.84X1073k L3+ 5. 09X107 %« La (2.2.11)

with

bo L2 [N(ZZ;O.I}HB{ZZ)F{ZL}‘N(ZliO.1)H3(21)F(Zz)]

K 1.3

N(Zy;0, 1}N(Z2;0, 1) [Hz2(Z:1} H5{Z2) -H2 (Z2} H5(Z.)]

240 0.2 [N(Z1;0. 1) H2{Z,)F(Z2)-N(Z2;0, 1)H2(Z2) F(Z,)]
N{Z1;0,1} {Z2;0.1) [Hz(ZI)H3{Zz}‘H2(Zz)H3(Zl}]

1L S = J L xz2— 1L
Fa e M B T Ie———— (2.2.12)

2.2.2 Method for estimation of noise probability distribution by use
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of Leq and several specific Lx

In this section, let us consider a general method for estimation

of the original noise 1level distribution by using the measured

values of Leq and several specific Lyk. To begin the analysis,
a statistical Laguerre series expansion(13)can be employed as a
general expression of the noise intensity distribution. The

cumulative distribution function of this expression is given after

introducing a dimensionless variable, n(=x/s), as follows

Q(n)=§Pr(¥;m)dE

o]

n
b S Saeesaaansnt B S SR ER B FRSTS
Bt )
nm
A a e X p E—~g) 2alH) + ¢
204 S G
(2.2.13)
with
m:uxz/o.xz, S=0x2/ﬂx:
i1 o R X
Alw 2 Loy P83 (—) ¥ (2.2.14)

' ({m+ n) s

where fy(n) and f,(n) are respectively defined as
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fa(n) &n?-2m+2)p+{m+2){(m+1}),
f2(7) 4-22+3(m+3)72-3(m+3)(m+2)y

+{m+3){m+2)(m+1). (2.2.15)

Moreover, Hy and °x2 are the mean value of x and its variance, respec-
tively. The distribution parameters, m and s, can be rewritten by

using Leq, as follows :

(@; ZLeag+21apgiexe—10 o N T )

=0, VP eaq =10 8Retr L odigerst) (s2PTIG )

From Eg.(2.2.13) and the definition of Ly, the following relationship

can easily be obtained :

X # 5
1—————=§ PplE tm) 4 &
1 <00 0
7
Ry g R bl =g T8 )
6 " (m)
gl
+A'qg——— exp (—nx) f2(nx) + -
2 4 (m)
X o
7 x2 LR g (2.2.17)
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Thus, the application of N kinds of specific Ly (Lxl' Lypseees LxN)
to Eq.(2.2.17) yields N-dimensional simultaneous equations, by re-
garding the expansion coefficients, A'n (n=3,4,...,N+2), as unknown
parameters. After estimating the distribution parameters, m , s and
A'y, using the known values of Lgq and several specific Ly, one can
evaluate the original noise level distribution by substituting the es-
timated values of A', into Eg.(2.2.13). At this time, the cumulative
distribution function Q(L) with respect to L can be evaluated using
the probability measure preserving transformation. From the practical
point of view, the explicit expressions for estimating A';, for cases

with N=1 and N=2 are shown as

(1) N=1 (reference level : Ly1)

P dm) G (% 4)
TR (22,180

attuadn e 2R B L=99

with
X o
A BX1/10
71 = 10 ; (2.2.19)
S
where G(x) is defined as
X n
SRS —XPT(E;””GE- (2.2.20)
G0 0
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(2) N=2 (reference levels : Ly; and Ly,)

6r(m){ﬂ 2"f2{n 2)exp(-7 2} G(x 1}-n 1"f2(n 1}exp (-7 1)G(X2}}
A’3= s
n1"n 2m€XP{‘(77 117 2}}[f1(77 iz (n 2}‘f1(77 2} f2{7 1}]

24T (@} 7 112 (7 2y exp(-n 1)G{xa) -7 2™f2{n 2} exp{-7 2)G(x 1)}

A '4'_—
/908 2m€XP{ -{n1tn 2)}[f1(ﬂ iz(n 2)-f1{n 2)f2(7n 1)]
(22521 )
with
X g 8
n . 4 101"‘1/10, Ninn ¥ 10Lx2/10‘
% S (ke el

2.3 Experimental consideration

For the purpose of confirming the effectiveness of the proposed
estimation method,two kinds of road traffic noise data have been used.
Road traffic noise was measured near a national main road in a large
city, where the traffic volume was more than 3000 vehicles per
hour, and near a national main road in a rural district with
a traffic volume of about 1000 vehicles per hour. The measurement
time interval and its sampling period were selected to be 1 hour and 1
second, respectively. To simplify the notation of these cases, let us

define the former case as " Case A " and the latter as " Case B ".
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Figure 2.2.1 shows the arrangements for measuring road traf-
fic noise at an observation point for Case A, and TFig. 2.2.2
shows the arrangements for measuring road ftraffic noise at an
observation point for Case B.

Figure 2.2.3 shows a comparison between the theoretically esti-
mated curves using the statistical Hermite series expansion, Eq.(2.2.
6), and the experimentally sampled points in the cumulative distribu-
tion form of the noise level fluctuation for Case A. From this figure,
the theoretically estimated curve using only the first expansion term
(i.e., Gaussian distribution) agrees approximately with the experimen-
tally sampled points. Thus, the data for Case A exhibits approximately
the Gaussian distribution form. Figure 2.2.4 shows a comparison be-
tween the theoretically estimated curves and the experimentally sam-
pled points for Case B. From this figure, the theoretically estimated
curve using only the first expansion term (i.e.,Gaussian distribution)
does not agree well with the experimentally sampled points. Thus, the
data for Case B exhibits the non-Gaussian distribution form. Figure 2.
2.5 shows a comparison between the theoretically estimated curves
using the statistical Laguerre series expansion and the experimentally
sampled points in the cumulative distribution form for the noise
intensity fluctuation for Case A. From this figure, the theoretically
estimated curve using only the first expansion term (i.e., Gamma dis-
tribution) does not agree well with the experimentally sampled points.
The data for Case A exhibits the non-Gamma distribution form. A com-

parison between the theoretically estimated curves and the experimen-
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P1g. .23 A comparison between experimentally sampled
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for the cumulative distribution form of the noise level
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marked by @ and theoretically estimated curves are respec-—
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iyl s, A comparison between experimentally sampled
points and theoretically estimated curves using Eq.(2.2.13)
for the cumulative distribution form of the noise intensity
fluctuation (Case A). Experimentally sampled points are
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tively shown as -—--, the first approximation of Eg.(2.2.
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tally sampled points for Case B is shown in Biighido2. 6. The theoreti-
cally estimated curve using only the first expansion term (i.e., Gamma
distribution) agrees approximately with the experimentally sampled
points. The data for Case B exhibits approximately the Gamma dis-
tribution.

Table 2.2.1 shows the estimated results of Leq for Case A using
the estimation method proposed in Section 2.2.1. According to these
estimated results, the estimated value, using a well-known simplified
estimation method derived under assumption of an ordinary Gaussian
distribution, agrees approximately with the measured value, since
this data exhibits approximately the Gaussian distribution form. More
precisely, however, the estimated values using the proposed method
tend to agree well with the successive addition due to other reference
levels of Lg. Table 2.2.2 shows the estimated results for
Case B. According to these estimated results, the accuracy
of the well-known simplified estimation method is not sufficient
for evaluation, since this data exhibits the non-Gaussian distri-
bution form. The values estimated theoretically using the pro-
posed method agree well with the measured value of Leq, compared
with the values estimated by the well-known simplified estimation
method.

Figure 2.2.7 shows a comparison between the theoretically estima-
ted curves using the method proposed in Section 2.2.2 and the experi-
mentally sampled points in the cumulative distribution form of the

noise level fluctuation for Case A. Moreover, Fig.2.2.8 shows the es-
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Brio 2 206 A comparison between experimentally sampled
points and theoretically estimated curves using Eq.(2.2.13)
for the cumulative distribution form of the noise intensity
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tively shown as ----, the first approximation of Eg.(2.2.
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BRI O A comparison between experimentally sampled
points and theoretically estimated curves using the pro-
posed method for the cumulative distribution form of the

noise level fluctuation (Case A). Experimentally sampled
points are marked by @ and theoretically estimated curves
are respectively shown as----, the first approximation
using Leq and ox2 ; —-—, the second approximation using
Leq» °x2 and Lgg ;———, the third approximation using
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Table 2.2.1 The estimated results of Leq using the proposed
method {CaseA).

Measured value Estimated value Estimated values Lx levels used
8f Los using Eq. (2.2.5) using the proposed in the proposed
(dB) {dB) method (dB) method
75.0 74.8 74. 8 Lio
74.9 Lso
75.0 Lio,Lso
7 .9 L50gL90

Table 2.2.2 The estimated results of L. using the proposed
method (CaseB).

Measured value Egtimated value Estimated values Lx levels used
£ ST using Eq. (2.2.5) using the proposed 1in the proposed
{(dB) {dB) method (dB) method
731 75.% 74. 6 Lio
74. 7 Lso
74. 4 Lio, Lso
74.3 Ls , Lio
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timated results for Case B. From these figures, it is obvious that the
successive addition of higher expansion terms due to the reference
levels of Ly moves the values estimated theoretically using the pro-
posed method closer to the values measured experimentally.

To confirm the effectiveness of the proposed estimation meth-
od, road traffic noise data was also measured near an expressway
in a rural district where the traffic volume was about 300 ve-
hicles per hour. Table 2.2.3 shows the estimated results using
the estimation method proposed in Section 2.2.1. Furthermore, in
consideration of the effect of background noises, the estimated
results for the original noise level distribution above Lgg for
Case B using the estimation method proposed in Section 2.2.2 are

shown in Fig.2.2.9.

2.4 Conclusion

In this chapter, a general theory for the mutual relationship
between several types of noise evaluation indices in relation to two
typical indices, Lx and Leq, has been proposed for the purpose of sys-
tematic evaluation of environmental noise. More specifically, a gener-
al method for estimation of Leq using several specific Ly has been
first proposed in a generalized form with inclusion of a well-known
simplified estimation method derived under the assumption of an ordi-
nary Gaussian distribution as a special case. Next, a new trial esti-

mating the original noise level distribution using the measured values
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Flg.2.2.8 A comparison between experimentally sampled
points and theoretically estimated curves using the pro-
posed method for the cumulative distribution form of the

noise level fluctuation (Case B). Experimentally sampled
points are marked by ® and theoretically estimated curves
are respectively shown as-—-—-—, the first approximation
using L q and °x2 ge—=——— "the Seconcd' approximdbion  WsSLng
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Table 2.2.3 The estimated results of L.q using the proposed

method.
Measured value Estimated value Estimated values Lx levels used
§f Gol sy using Eq. (2.2.5) using the proposed in the proposed
{dB) {dB) method (dB) method
2.5 68. 4 15 & Lio
5 Lso
T3 Ls ,Lio
o I I 1P
-1r" -—

Q(L)

S =

(=

5 1 1 iy
50 60 70 80

L (dB)

Fig.2.2.9 A comparison between experimentally sampled
points and theoretically estimated curves using the pro-
posed method for the cumulative distribution form above
the level value of Lgg (Case B) by considering the effect

of background noises. Experimentally sampled points are
marked by e and theoretically estimated curves are respec-—
tively shown as ———-—, the first approximation using Laa
and oxz ; — -— ,the second approximation using Leg, oxz and
Lgg ; ———, the third approximation using Leq, %%, Lig
and L5O »

o -



of Leq and several specific Ly has been proposed. The effectiveness of

the proposed method has been experimentally confirmed by applying it

to actual road traffic noise data. The following points remain for
future studies. First, this method must be applied to many other
actual cases to broaden and confirm its practical effectiveness. Lt

is necessary that similar mutual relationships be found with other

noise evaluation indices such as Lyp, TNI, WECPNL, etc.
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Chapter 3 Further Investigation of Method for Estimation of Noise

Probability Distribution by Use of Leq and Several Specific

Lx

3.1 Introduction

In order to grasp quantitatively the mutual relationship between
two noise evaluation indices, Leq and Ly, somewhat systematical
studies have already been considered in Chapter 2, and a method for
estimation of Legq was proposed using several specific Ly, with atten-
tion paid to the noise probability expression on a decibel scale. In
addition, a new trial for estimation of the original noise level dis-
tribution using the measured values of Lggq and several specific- Ly was
also proposed with attention paid to the noise probability expression
on an intensity scale (i.e., statistical Laguerre series expansion).
This method would appear to be principally applicable to any kind of
random phenomena. From the viewpoint of noise evaluation, however,
such a probability expression on an intensity scale should be recon-
sidered at the first stage of study, especially in the form matched to
the acoustic measurement on a decibel scale.

In this chapter, a further investigation in the statistical anal-
ysis for generally estimating the original noise level distribution
on a decibel scale is proposed by first introducing a statistical
orthonormal series expansion on an intensity scale taking the lognor-

mal distribution as the first expansion term. The effectiveness of

~g5=



the proposed method has been experimentally confirmed by applying
it to actual road traffic noise data. The results estimated using
the proposed method agree very well with the experimental values

compared with the results estimated using the previous method.

3.2 Theoretical consideration

As touched on in the introduction, let us first introduce a sta-
tistical orthonormal series expansion, for the purpose of emplying the
noise probability expression on an intensity scale in the form matched
to the acoustic measurement on a decibel scale, taking the lognormal
distribution as the first expansion term. The above expression is

shown as

3 i e emalsgl I
-l:1+gcn¢n(x)], (2.3.1)

where two distribution parameters, u and 02, are given by the mean and

(35)

variance of the noise intensity fluctuation x, as follows

(%Y 90 o
ln —— g AL {4, 2]

of 1% % ’ {x %)

>

y7A

and the expansion coefficient Cpn is given by the orthonormal polynomi-

al, ¢,(x), as follows

OB~



CaB {dalxny) ({2.3.3)

The orthonormal polynomial ¢,(x) is determined

36) )

by Schmidt's ortho-

gonalization procedure(

n

$utx) =3 Al (2.3.4)

Jj=o0

where the orthogonalization coefficient Anj is defined as

ln.j= & B Py it

(PTG
((n+1, j+1) cofactor of d, (x) )
with
R N~k R A e e v BE R T
Qo fnd 1P Wa® &Y s gt 29
%% % (x%aml) o (g2 %)
(x® 5% Eae B Vinri v G o5d )k i+ S 5D
Gyl ol Lo 1Y) Cak w3y e (RFT, Y e (RN 2%
(xn;l’ X0> (Xn;l, X1>'(Xn—;’, X")"(Xn_l, xu)
X X x4 i
(2.3.86)
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Here, each element of the above matrices is given by

(xt xiy 4 Sm(i (x) xix¥dx
o

1 1 e =Sy
xl+J_—___ exp{-— — e e dX
0 N 2O O 2 o

1
=€XD{(i+j)u+—%i+j)%2} G2L 229
2
with
d {XP.2 e p-{-— -—( __________) }__ i
V2 o x 2 . (2.8.:8)

Since Leq is originally evaluated from the averaged noise intensity,

two distribution parameters, H and 02 can be rewritten using L

eq
and 0,2 (variance of x), as follows
T miEl 1 Leg
u=21nxﬁ-————LN———ln{aﬁ+xﬁ-105},
5 2
Lsig 1n1lo0 (2.3.9)
T {ax2+xoz-105 }—Zlnxo— = ———— [V q

5

The cumulative distribution function Q(x) connected directly with an

arbitrary Ly, is formulated from Eq.(2.3.1) and its definition, as

follows : lnx—u
Q(x)éjP(E)d¥=S i, A g O SRR v g
o —o
+§:§:cnl” X D i 2 1 R=I20T]
A3 %0 I Rae—=jre
2 (2.3.10)
-j[ TSIMEG a5
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with

B CF 58, 1) 8 o= ay el i g A o3 (2.3.11)

From the definition of Ly and Eq.(2.3.10), the following relationship

can be easily obtained :

1nXxX -,

X o
1—%=5 MO S TP
100 —=
o0 n
i R N el e P
n=3]J=0

1nXx~u—J02

o (2:.8.12)
S A E e T el -

where xx denotes the intensity value corresponding to Ly, as follows

X x= X o+ 1 0 Lx/10 (2.3.13)
Let xxn (n=1,2,...,N) be the intensity values corresponding to the
specific layn (n=1,2,...,0). After applying these xyp(n=1,2,...,N)

values to Eq.(2.3.12), the N-dimensional simultaneous equations can be
constructed by regarding the expansion coefficient PR T S
N+2) as unknown parameters. From the estimated values of u,02 and Cp
through the above procedures, one can estimate the original cumulative
distribution function after substituting these values into Eq.(2.3.

10). The objective cumulative distribution form Q(L) on a decibel

scale can of course be evaluated using the probability measure pre-

~99:.



serving transformation :

Q (L) =Q (x) (2.3.14)

X = e 1 R

From the practical point of view, the explicit expressions for esti-

mating Cp for cases with N=1 and N=2 are shown as

(1) N=1 (reference level : Lyi)

G il B & W - T (2.3.15)

C3=
F el R iy 37800 4 2)

(2) N=2 (reference levels : Lyx1 and Lyp)

; Go(Xx1:, 02} Fa{xxz;tt, 02) — Gz (Xxz; i, 02} Fz(Xx1;u, 02)
-

Fol{xxaih, 02} Fa{xazi, 02) = Fu(Xuzi, 62} P2 (Xn1:, ¢2)

Gz (Xx2;8, 02} Fo(xxa;pt, 02} -Ga{xx1;t, 0%)F2{xx2;8,0%)
C4=

Fo{Ber it 02k PalRes i @att®l = BadZowa ity 82 ) Rad v il 02}

(2.3.16)
where F(E;u,02), Fp(E;u,0%), Gy (&;u,0%) and G,(£;u,02) are respec-
tively defined as

3
Fa 'ty TR, o E 1% ety ot U 2V R R

J=o0
I o ¥ =lg =902

’ j' BCE 0. 13 B& 5
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I @0 -
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G 2 0P v e e ‘—S M praeg T eaE
1 00 — i

(2.8.17)

3.3 Experimental consideration

In this section, the proposed method is applied to actual road
traffic noise data to confirm its effectiveness. The arrangements
for measuring road traffic noise at an observation point is shown
UGl NI 2l The road traffic noise data was recorded in
advance using a data recorder in a measurement time interval of
2 hours. The data naturally exhibited non-stationary properties
and has therefore been divided into two data groups with dif-
ferent fluctuation patterns of 1 hour, with sampling periods of
1 second. Let the first measurement interval be " Case A " and
the second " Case B ".

Figures 2.3.2 and 2.3.3 show the estimated results for the

-101-
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Fig.2.3.1 Arrangements for measuring road traffic noise at
an observation point.
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original noise level distribution for Case A. They show the
comparisons between the experimentally sampled points and the
theoretically estimated curves using both the proposed method and
the previous one in the form of a cumulative distribution form
on a decibel scale. From these estimated results, it can be
seen that the results estimated using the proposed method agree
well with the experimental values, as compared with the results
estimated wusing the previous method. Moreover, the comparisons
between the experimentally sampled points and the theoretically esti-
mated curves for Case B are shown in Figs.2.3.4 and 2.3.5. Similarly,
the results estimated using the proposed method agree well with the

experimental values.

3.4 Conclusion

In this chapter, a new trial for estimation of noise level dis-
tribution has been proposed using the measured values of Leq and
several specific Ly, especially in close connection with the practical
situation of actual acoustical measurement on a decibel scale. More
specifically, a statistical orthonormal series expansion taking a
lognormal distribution as the first expansion term has been first
introduced for the purpose of employing the noise probability expres-
sion on an intensity scale especially in relation to the actual acous-
tic measurement on a decibel scale. The effect of the sta-

tistical properties of Leq and several specific Ly, on the above noise
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Fig.2.8.3 A comparison between experimentally sampled
points and theoretically estimated curves wusing the pro-
posed method for the cumulative distribution form of the
noise level fluctuation (Case A).
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posed method for the cumulative distribution form of the

noise level fluctuation (Case B).
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probability expression has been reflected in two distribution parame-
ters, ¥ and 02, and the expansion coefficient Cp- Finally, the
effectiveness of the proposed method has been experimentally confirmed
by applying it to two kinds of actual road traffic noise data through
comparisons of estimation accuracy between the proposed method and
the previous one.

This research is still in the early stages so the work reported
here has only focussed on 1its methodological aspects. According-
ly, several future problems remain. This method must be
applied to many other actual problems to broaden and confirm its
practical effectiveness. Furthermore, the variance on an intensity
scale used here should be estimated from the other evaluation indices
such as Ly and Leq, as it is not wusually employed in actual noise

evaluation and regulation problems.
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Chapter 4 Calculation of Ly and Leq Noise Evaluation Indices by Use

of Moment Statistics and Their Microcomputer-Aided On-Line

Measurement

4.1 Introduction

As stated in the previous chapters, two noise evaluation indices,
Ly and Leq, play an important role in the field of noise evaluation
and regulation problems. In order to evaluate these two indices, the
usual measurement methods are given according to the original defini-
tion‘ofiweachs That is, an Ly noise evaluation index is defined
as the noise level exceeded by x percent throughout a total measure-
ment time interval. In contrast, an Legq noise evaluation index is
defined as a constant noise 1level with a noise intensity value
equal to the averaged intensity of the noise level fluctuation
over a measurement time interval. The noise 1level fluctuation
is generally measﬁred these days in a quantized amplitude form at
every discrete time period with a digital-type instrument. In cases
in which this data is wused to evaluate Ly and Leq evaluation indices,
the following fundamental problems still remain as seen from the view-
point of signal processing :
(1) In order to evaluate Leqs, 1t is necessary that many level data
with a fairly fine sampling period be obtained, since the noise
intensity fluctuation after anti-logarithmic transformation of the

sampled level datum fluctuates with large excursions, as compared
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with the original decibel-scaled level fluctuation.

(2) In principle, the mean value of the noise intensity fluctuation
should be given by the sample mean operation based on the noise
intensity data, especially with an equally quantized intensity
amplitude. If noise intensity fluctuation after transforma-
tion of the measured noise level fluctuation with an equally quan-
tized level amplitude into the intensity scale through the anti-
logarithmic transformation is used, a calculation error of the
intensity mean will occur because of the above level quantization.

(3) In order to evaluate Ly, a sampling period of an appropriate small
value must be selected. The errors in Lx due to this sampling
period have already been investigated by many researchers (e.g.,
see Refs.(37) and (38)). Furthermore, the value of Ly when x is
small (e.g., L; and L5) is statistically unstable in comparison
with that of the median, since the amount of data exceeding x per-

cent is small}39%(4m

In relation to the above problems, according to current meas-
urement techniques, the sampling period may greatly influence the
accuracy of the measurement result. In the case of the accuracy of Leq
especially, a fine sampling period related to the time constant of
the integration giving the noise level will generally give a good ap-

proximation of the results obtained with true integration. I

a measurement system is constructed therefore with the use of a

microcomputer according to current practice, a huge memory capacity is

necessary for long-term measurement with such a fine sampling period.
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As mentioned in Chapter 2, explicit utilization of the statistical
information on the decibel-scaled level fluctuation itself with the
aid of the theory for estimating L, and Leq noise evaluation indices
is very convenient (e.g., see Ref.(26)). The above statistical in-
formation is fairly stable and reliable, being based on the averaging
operation supported by a large amount of data. In order to extract
the statistical information, the sampling period of the noise level
fluctuation can be greater than in current practice, refered to
above. At the same time, each order moment statistics can be ob-
tained successively by introducing an iterative calculation process.
The problem of a huge memory capacity can therefore be solved by using
this procedure.

In this chapter, a unified method for measuring two noise evalua-
tion indices, Ly and Leqs based on the theoretical study of Chapter 2
is proposed, using statistical information on the decibel-scaled
level fluctuation under consideration. Based on this estimation
method, a specific on-line measurement system for sequential meas-
urement 1is constructed by use of a digital sound level meter
and a microcomputer. Finally, the effectiveness of the proposed
method has been experimentally confirmed by applying it to actual road

traffic noise.

4.2 Theoretical consideration

4.2.1 General algorithm for estimating Leq
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Let us consider the noise level fluctuation L of an arbitrary
non-Gaussian distribution type. According to the previous study in
Chapter 2, a generalized expansion type expression for estimating Leq

is given by using the cumulant statistics of L, as follows

Leqa (8101 0g10(xX) /xo)

(2% 4. 18)
=2t 0.1150 L2+ 8. 84X1073 ¢ L5+ 5. 09X107 %k Lot » - -

From Eq.(2.4.1), it is possible to generally estimate an Leq noise
evaluation index by reflecting not only lower order cumulants but also
higher order cumulants in a hierarchical form.

To establish an evaluation algorithm with the aid of a micro-
computer, the cumulant «; (n=1,2,...) must be obtained by spending a
small amount of its memory. To achieve this, the mth order moment
of L can first be calculated by means of the following iterative
process

INE=— 1

(Lm> N—1+— LNm_ (2.4.2)
N N

(L™ n=

From Eq.(2.4.2), the mth order moment <Lm>N at the Nth measurement

time based on the memorized past value of the mth order moment,

m

S
2 N-1"

at the (N-1)th measurement time and the present datum,
Ly, at the Nth measurement time can be obtained in an iterative form.
After the mth order moment within the specific measurement time

interval using the above procedure has been obtained, the resultant

moment, <L™> (n=1,2,...,m), can be transformed into the cumulant th
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e YT g, e

(2.4.3)

The objective Leq can thus be estimated by substituting the calcu-

lated value of cumulant statistics into Eq.(2.4.1).

4.2.2 General algorithm for estimating Ly

In order to estimate the arbitrary Lx noise evaluation indices
(e.g., Lg, L1g, Lgg, Lgo» ...), let us introduce a statistical Hermite
series expansion as the cumulative distribution function universally

applicable to the noise level fluctuation L of an arbitary non-

153
Gaussian distribution type, as follows( ):
L 53
Q LI =S R R ST S R e e s i 1A B U S
—00 6 O.LZ
D= K L4 b3 — e
A gl pes o e
g 2 4o [,3 O
{215 19 =801
—esmwse——— il TL S g oa’) H4l.<_ = )‘
1 2 0o L4 o
(25 454)
The value of the nth order Hermite polynomial, Hp(.), can be
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calculated by the following recursive formula suitable for computer

42
process;.ng

HelE) =EH i LE) =~ {n=1)Y Heea CE) . (2.4.5)

In addition, the calculation of the first expansion term of Eq.(2.4.4)
can easily be performed by using the well-known error function, as

follows :

L 1 g=zdizipi)
SN(E;ML,ULZ)GE=1— ErfC( ) (2.4.6)

/4 EO’L

where Erfc(.) denotes the error function defined as
Erfc(?)é_r g C~ 8% 4 4. (2.4.7)
¢

At this time, the value of Erfc(.) can be accurately calculated by

the following approximation(ha):
2
Erfc (€) =1/ [1+0.0705230784¢ +0.0422820123¢ 2
/4
+0. 0092705272 >+ 0.0001520143¢
(2.4.8)
+0.0002765672& °+0.0000430638¢ ] e,
Since the relationship between Q(L) and Ly is given by
%
i A i v R APy (2.4.9)
1080
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and Q(L) 1is a monotone-increasing function, the objective Ly can be
directly evaluated from the estimated curve of Q(L) using the linear
interpolation, even for measurement with a fairly large discrete
level amplitude. This procedure is quite convenient for economizing
calculation time, compared to the wusual numerical integration.
Consequently, after statistical information on the noise level fluctu-
ation has been obtained in the manner described in the previous
section, an arbitrary Ly can be calculated by this method. Further-
more, based on this estimation method, all the data of the noise level
fluctuation need not be memorized and problem can be solved with a
small amount of memory capacity when using a microcomputer for the

measurement system.

4.3 Experimental consideration

4.3.1 Confirmation of effectiveness of the proposed estimation method

For the purpose of confirming the effectiveness of the proposed
estimation method, a measurement system has been constructed using a
digital sound 1level meter and a portable microcomputer. The block
diagram of this measurement system is shown in Fig.2.4.1.

Two kinds of road traffic noise have been measured as typical
examples of environmental noise. One was measured near a national
main road in a large city with a traffic volume of 244 vehicles per 10

minutes, and the other near a country road in a rural district with a
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Fig.2.4.1 Block diagram of measurement system with the aid
of a portable microcomputer.
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traffic wvolume of 33 vehicles per 10 minutes. The measurement
time interval and 1its sampling period were selected to be 10
minutes and 1 second, respectively. Here, let us define the former
case as " Case A " and the latter as " Case B '". Figure 2.4.2
shows the arrangements for measuring road traffic noise at an
observation point for Case A, and Fig.2.4.3 the arrangements for
Case B.

Table 2.4.1 shows the estimated results of Leq for Case A using
the proposed estimation method. Here, let us define the expansion ex-
pression of Eq.(2.4.1) from the first expansion term corresponding to
the well-known simplified estimation method to the term due to
the nth order cumulant, as the (n-1)th approximation of the esti-
mated Leq- In addition, the measured value of Leq in this table
shows the value measured by a precision integrating sound level meter
for Leq- According to these results, the calculated value, using a
well-known simplified estimation method derived under assumption
of a well-known Gaussian distribution, agrees approximately with
the measured value. More specifically, however, the estimated
values using the proposed method tend to agree well with the
successive addition of higher order expansion terms. Table 2.4.2
shows the estimated results for Case B. According to these results,
the estimation accuracy using the well-known simplified estimation
method is not sufficient for evaluation. It is clear, though,
that the successive addition of higher order expansion terms moves

the values estimated theoretically using the proposed method closer
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Table 2.4.1 The estimated results of Leq using the
proposed method ({CaseA).

Measured value Estimated values using the
0f Lea (dB) proposed method (dB)
85. 9 86.4(the first approximatien

)
86.0(the second approximation)
86.1(the third approximation)
86.1(the fourth approximation)

Table 2.4.2 The estimated results of Leq using the
proposed method {CaseB).

Measured value Estimated values using the
of Lea (dB) proposed method (dB)

80.7 77.7(the first approximation)
82.0(the second approximation)
82.8(the third approximation)
81.0(the fourth approximation)
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to the values measured experimentally.

Figure 2.4.4 shows a comparison between the theoretically estima-
ted curves using the proposed method and the experimentally sampled
points in the cumulative distribution form of the noise level
fluctuation for Case A (arbitrary Ly noise levels are directly
extracted by this distribution form). From this figure, the
theoretically estimated curve due to the first approximation (i.e.,
Gaussian distribution) agrees approximately with the experimentally
sampled points. More precisely, however, the estimated values using
the proposed method tend to agree well with the measured values,
with the successive addition of higher order expansion terms. Figure
2.4.5 shows the estimated results for Case B. In this figure, it can
be seen that curve theoretically estimated by using only the first ex-
pansion term corresponding to the Gaussian distribution does not agree
well with the experimentally sampled points. It is clear that the suc-
cessive addition of higher order expansion terms moves the values es-
timated theoretically using the proposed method closer to the values
measured experimentally. In each case, the estimation accuracy for
both Ly and Leq noise evaluation indices using the proposed estimation

method is clearly sufficient.

4.3.2 Construction of an on-line measurement system for sequential

measurement

In this section, an on-line measurement system for the sequential
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Fig. 244 A comparison between experimentally sampled
points and theoretically estimated curves using the pro-
posed method for the cumulative distribution form of the
noise level fluctuation (Case A). Experimentally sampled
points are marked by @ and theoretically estimated curves
are respectively shown as ---—-, the first approximation of
Eq. (2.4 4) 3 , the second approximation (and the third
and fourth approximations).
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Eip. 2. 405 A comparison between experimentally sampled
points and theoretically estimated curves using the pro-
posed method for the cumulative distribution form of the
noise level fluctuation (Case B). Experimentally sampled
points are marked by @ and theoretically estimated curves
are respectively shown as ———-, the first approximation of
Eq.(2.4.4) ; —-—, the second approximation (and the third
approximation) ; , the fourth approximation.
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measurement of two noise evaluation indices, Lx and Leq, based
on the proposed estimation method 1is constructed. According to
the estimated results shown above, in the actual estimation, the
estimated values due to the fourth approximation have been employ-
ed. Since calculation time is needed for estimation of the
two indices, concurrent processing by two microcomputers can be
used. A block diagram of this measurement system 1is shown in
Fig.2.4.6:. Microcomputer A is used for the iterative process for
extracting the moment statistics within each measurement time interval
using Eq.(2.4.2) and the control system for the communication lines
between the digital sound level meter and Microcomputer B with an
RS-232C type interface. Microcomputer B 1is used for calculation
of Ly and Leq using the proposed estimation method after transforming
the moment statistics <L™ into the cﬁmulant statistics k. Each
measurement time interval can be arbitrarily selected using the clock
signal generator in Microcomputer A. In this measurement, each meas-
urement time interval has been selected at 10 minutes. Two noise eval-
uation indices, Ly and Leq, for the road traffic noise (Case A) have
been measured for 24 hours. Figure 2.4.7 shows the actual location at
which road traffic noise was measured with the proposed on-line meas-
urement system. Figure 2.4.8 shows the estimated results of Lg, Ljq,
Lsp, Lgp and Lgq using the proposed measurement system. The proposed
system performed well for long-term measurement in each measurement

time interval.
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Fig.2.4.6 Block diagram of on-line measurement system for
Ly and Leq using the proposed method.
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Fig.2.4.7 Actual scene of road traffic noise measurements
using the proposed on-line measurement system.
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Fig.2.4.8 The estimated results of Ly and Lgq using the
proposed on-line measurement system.
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4.4 Conclusion

Based on the previous study in Chapter 2, a unified method for
measuring two noise evaluation indices, Lx and Leq has been proposed
in this chapter using statistical information on noise level fluctua-
Blon. The proposed method is generally applicable to any kind
of random phenomena of a non-Gaussian property. It has been derived
in a generalized form including a well-known simplified estimation
method derived wunder the assumption of a well-known Gaussian dis-
tribution. The statistical information used in the proposed method
could be extracted successively by introducing an iterative calcula-
tion process, making it possible to economize microcomputer memory. In
the proposed method, only a small amount of memory 1is required even
when changing the measurement time interval. By wusing this wunified
theory, an on-line measurement system for sequential measurement
through a long-term measurement time interval has been constructed
using a digital sound level meter and a portable microcomputer.

Of course, this study is still in its early stage and has
focussed only on its fundamental aspects. Problems remain in its

application to other situations.
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CONCLUSION

The main results of this doctoral thesis are here summarized.

As titled in this study, a statistical prediction method for the
noise level distribution and the mutual relationship between various
kinds of noise evaluation indices in close relation to Ly and Leq have
been discussed.

In Part I, a general method for prediction of the probability
distribution form of environmental random noises has been considered.

In Chapter 1, a statistical method for prediction of road traffic
noise generated from an arbitrary non-Poisson type traffic flow has
been proposed. Previously, various approaches for predicting road
traffic noise have been proposed from various points of view. These
prediction methods can essentially be divided into the following two
groups. One group comprises structural methods based on physical
models. The other comprises functional methods based on mathematical
models. Accordingly, in the previous study, some kind of hybrid method
combining the advantages latent in both prediction groups was pro-
posed. In order to establish this kind of prediction method, a new
approach equivalent to that wused for an idealized Poisson type traf-
fic flow has been proposed in this chapter for practical wuse. The
proposed prediction method can treat any kind of road traffic noise
fluctuation generated from actual non-Poisson type traffic flow, once
information has been obtained on the elementary response wave form of

the level time pattern observed when one vehicle passes directly in
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front of an observation point. The effectiveness of the proposed pre-
diction method has been experimentally confirmed by applying it to
actually observed road traffic noise data.

In Chapter 2, a practical method for prediction of road traffic
noise at a T-type road intersection has been proposed based on the im-
age method. In Chapter 1, a general method for prediction of road
traffic noise generated from an arbitrary non-Poisson type traffic
flow was proposed based on the information on the elementary response
wave form observed experimentally. In order to establish a more effec-
tive prediction method, a theoretical method for estimating the
above elementary response wave form must be found, especially in
a complicated realistic acoustical environment. In this chapter, a new
approach for estimating theoretically this elementary response wave
form has been proposed for the case of a T-type road intersection with
sound insulation barriers, using a well-known image method. The effec-
tiveness of the proposed method has been experimentally confirmed by
applying it to the road traffic noise data observed at a T-type road
intersection in a city area.

In Chapter 3, a study on the stochastic response of a sound insu-
lation barrier has been discussed. In the practical engineering field
of noise control, a sound insulation barrier is very often constructed
to produce attenuation of environmental random noises such as the road
traffic noise discussed in the previous chapters. The acoustical
design and/or the evaluation problem of barriers have already been

considered by many researchers. Almost all these studies, however,
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were confined only to the effects on deterministic signals or the
gross average evaluation of shielding effects. In this chapter, a
prediction method of the stochastic insulation effect of a sound insu-
lation barrier has been proposed for the case of an arbitrary proba-
bility distribution for the random noise incident on the barrier. The
emphasis in this chapter has been focussed on how the output noise
distribution form using information on the statistical properties of
the random input noise and the frequency characteristics of the sound
insulation barrier can be predicted. The effectiveness of the proposgd
prediction method has been experimentally confirmed using actual noise
data.

In Part II, in order to evaluate precisely complicated real
environmental random noise, the mutual relationship between various
kinds of statistical evaluation indices in relation to Lx and Leq has
been considered. In the field of noise evaluation and regulation
problems, two noise evaluation indices, Ly and Leq, play an important
role. Accordingly, the establishment of a general theory for the
above mutual relationship is of basic importance to obtain system-
atical evaluation of actual environmental random noises. Previously,
various studies for finding mutual relationships of this kind have
already been considered by many researchers. Almost all of these
studies, however, were confined to approximate methods derived
under the assumption of an ordinary Gaussian distribution and/or
practical methods derived by applying the conventional linear re-

gression analysis method to actually observed data. From the above
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practical points of view, a general theory for mutual relationships
between various noise evaluation indices in close relation to L, and
Leq has been presented in Part II.

In Chapter 1, a method for estimation of an Leq noise evaluation
index has been proposed by use of moment statistics of the noise
level fluctuation of arbitrary non-Gaussian distribution type. To
estimate the value of Leq for an arbitrary non-Gaussian type random
noise fluctuation, a new approach equivalent to that used for the
Gaussian type has been first proposed for practical application.
The proposed estimation method was given in a generalized form univer-
sally applicable to any kind of random phenomena of a non-Gaussian
property, including a well-known simplified expression derived under
assumption of an ordinary Gaussian distribution. Finally, it has been
applied to actual noise data to confirm its effectiveness.

In Chapter 2, the mutual relationship between several statistical
indices connected with Ly and Leq has been described. An esti-
mation method of Leq is presented using the known values of several
specific Lx with the use of the mean and variance of the random noise
fluctuation. The proposed estimation formula was also given in a gen-
eralized form including the well-known simplified expression mentioned
above. Next, a new trial estimating the original distribution form
of the random noise fluctuation has been presented using the known
values of Leq and several specific Lyg. The effectiveness of the pro-
posed method has been experimentally confirmed by applying it to

actual road traffic noise data.
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In Chapter 3, a method for estimation of the original distribu-
tion form of the random noise fluctuation has been also proposed. In
this case, a more suitable expression of noise probability distribu-
tion on an intensity scale has been newly introduced in a form matched
to acoustic measurement on a decibel scale. The effectiveness of the
proposed method has been experimentally confirmed by applying it to
actual road traffic noise data, and through comparisons of estima-
tion accuracy between the proposed method and the previous one derived
in Chapter 2.

In Chapter 4, based on the previous discussion in Chapter 2, a
precise calculation method of L, and Leq noise evaluation indices has
been proposed by use of information on the noise 1level fluctuation
(i.e., moment statistics or cumulant statistics). Based on this
estimation method, a specific on-line measurement system has been
constructed with the aid of a microcomputer by introducing an
iterative process for extracting the moment statistics of random
noise fluctuation on a decibel scale. The effectiveness of the pro-
posed method has been experimentally confirmed by applying it to
actual measurement of road traffic noise.

This study is still 1in its early stages and the work presented
here has focussed primarily on fundamental aspects. Many problems
remain for future research. The following studies, for example, are
left for the future
(1) A reasonable evaluation method for complex situations in which

environmental noise consists of various sound sources such as the
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(4)

road traffic noise, the aircraft noise, the construction noise,
etc. is required.

A systematical evaluation method for various types of noise
reduction systems in a room, such as sound absorbing materials,
sound insulation walls, etc. must be considered.

It is also necessary that a reasonable method for evaluating more
complicated real environmental noise attenuated by various reduc-
tion systems acoustically coupled each other be established.

More general probability expressions must be introduced by con-
sidering more severe actual phenomena in a form matched to
acoustic measurements : i.e., non-stationary random processes,
restricted fluctuation range, etc.

Based on the discussion described in this study, practical meth-
ods must be established for concrete countermeasures to noise
pollution using actual noise reduction systems (sound absorbing
materials, sound insulation walls, signal control systems for

traffic flow, etc.).
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