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ABSTRACT 

Industrial growth carries with it an i ncreasing environmental 

noise pollution problem. In order to eval uate quantitatively 

environmental random noise, many statistical noise des c r iptors (i . e ., 

noise evaluation indices) are now being used. Percent i l e noi se level 

Lx, equivalent noise level Leq , traffi c noise index TNI and p erc eived 

noise level PNL are some examples. Almost all these stat i st i cal 

indices are obtained in relationship with the whole probability d i s­

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 statistical method for predict i on 

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 no ise, a 

method for predicting the stochastic insulation effect of a sound i n­

sulation barrier is then discussed for the case of arbitrary probab i l­

ity distribution of random noise incident on the barrier. In add i t i on, 

the mutual relationships between various types of stat i st i cal no ise 

evaluation indices in relation to Lx and Leq , which play an important 

role in the field of noise evaluation and regulation prob l ems , are 

discussed for the purpose of evaluating systematically real r andom 

noise. More specifically, a method for estimating a n Leq evaluation 

index is proposed using the moment stati stics of random no i s e fluctua-
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tion. Next, a method for e s timation of Leq is presented, using the 

known values of several spec ific Lx . A new trial estimating the orig­

i nal distr i bution form o f random no i se fl uctua tion is then presented 

using the known values of Leq and several specific Lx, and a specific 

on-line measurement system based on the above-mentioned estimation 

theory for Lx 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 t hem t o 

actually observed noise data. 
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INTRODUCTION 



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, LNP and Lx (x=5, 10, ... ; i.e., (lOO-x) percentage point of 

noise level distribution) have been proposed, almost all of which 

can be obtained in close relation to the entire probability dis­

tribution. 

(2) Environmetal random noises encountere~ d 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, Lx 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 
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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 Lx and Leq. 

This thesis is divided into an Introduction, Parts I and II, 

consisting of Chapters 1-3 and Chapters 1-4 respectively the Conclu-

sion and References. 

below. 

The outline of each part and chapter is given 

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 n.on-Poisson type traffic flow 

based on information on the elementary response wave form observed 
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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 is 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 Lx 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 Lx and Leq. A method for estimation 

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 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 is presented using the known values of 

Leq and several specific Lx. 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 
I 

Chapter 2. In this 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 Lx 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 introducing an iterative 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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PART I 

STATISTICAL METHOD FOR PREDICTION OF RANDOM NOISE FLUCTUATION 



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 

(1)-(9) 
proposed. 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 

they are, the more complex the prediction method itself becomes. The 

latter, however, is 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 prediction.(8) 

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 t ypes of p r obab ility distribu t ions, due 

to the diversified causes of the no i s e fluc t uat i ons . 

In this chapter, a practical met hod for pr edi ction of road 

traffic noise generated from an arb i trary non-Po i sson type traffic 

flow is proposed. The method is based on an approach equivalent t o 

that used for an idealized Poisson type traffi c flow . It allows f or 

treatment of any kind of road traffic noise fluctuation, provided t hat 

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 no ise 

data. 

1.2 Theoretical consideration 

1.2.1 Description of problem 

Considering the wave form of noise level fluctuat i on at an 

observation point, as shown in Fig.1.1.1, let w(~ i) (~~t-T i) be the 

normalized response wave form w(O)=l observed when one veh i c l e passes 

directly in front of an observation po i nt dur i ng a spec ific time 
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interval, T. It is supposed that the ith vehicle generates the noise 

intensity Yi at a time t=Ti. 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 C t ) 

N 

LY1wCt-r t ), 

1=1 

(1.1.1) 

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 Yi is mutually independent of the 

random variable Ti. 

The problem is 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 

actual traffic flow and the elementary response wave form w(t,;i). 

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. 

ZM]) be the ith quantized amplitude with an amplitude difference in-

-11-



terval h. According to the previous work,(lO) the probability function 

P ( Zi ) for a quantized random variable zi c an be g enera lly expressed in 

a statistical series expansion form, as 

= ~b n( 
d 

) n p ( z i) V D p X ( Z I ) 

h 

(1.1.2) 

with 

( - I ) D 

b 6- ( ( Z x i) 
(n) ) 

n= z i (1.1 . 3 ) 
n ! 

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. In Eq . (1.1.2), <·>z< denotes an expectation opera-
1 

(n) 
tion with respect to zi and (.) denotes the factorial func tion 

defined by 

t i (n)~t i (t i h ) [ t i (n - I ) h J 

(1.1.4) 

~ denotes the backward difference operator 

V f (z) ~(I/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=l), and the continuous amplitude type expression (d=h 

.0). Thus, after introducing an arbitrary non-linear function g(.) 

with respect to zi' its expectation value is directly given by using 

Eq. ( 1 . 1 . 2), as 

i~ g (z t) P (z t) = t> · ( : r ~~ g (z t) \7' P x ( Z t) 

= i> .( _d_). (- 1 ) · fL'.' g (z t) P x ( z t) . 

u"'O h i=-L 

(1.1.6) 

Hereupon, the relationship 

(1.1.7) 

and a new type forward difference operation 

6 f (z) ~(l/d) [ f (z+h) - f (z) ] (1.1.8) 

( t:. is the forward difference operator) have been used. 

Upon employing, respectively, a quantized random variable zi' the 

basic probability function px (.), with the number of vehicles being 

denoted by N(E[O,M]) and a Poisson type probability function(11),(12) 

1 
e -).. A N (1 . 1 . 9) 

N! 
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with 

(1 . 1.10) 

Eq.(1.1.6) can easily be rewritten as 

( g C N) ) N(~t,g(N) P (N)) 
II! 

= Ib nC-l) n IL~ng C N ) P x C N ) 
n=O N=O 

= \ ~ b • (- 1 ) "6." g (N)) x • 
(1.1.11) 

for traffic flow with an arbitrary type probability function P(N). 

Here, the two arbitrary constants are taken to be h=d=l and <.>x de-

notes an expectation based on a Poisson type probability function 

b n 

(10) 
The expansion coefficient b n is given by 

C - 1 ) n { 

( N (n» 

n ! 

n-l n ! 

N- I C - 1 ) k -

k=O C n - k ) 

b 0= 1 . 
(1.1.12) 

From Eq.(1.1.11), it should be noticed that the expectation value 

<g(N»N 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. 
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1.2.3 Prediction of road traffic noise by use of moment statistics 

for the noise intensity fluctuation 

The conditional moment generating function <eexIN>x with respect 

to the noise intensity fluctuation x(t) can be regarded as an arbi-

trary non-linear function form g(N,e). That is, all the characteristics 

of the non-Poisson distributions can be related to the conditional 

moment generating function <eexIN>x thus producing the moment statis-

g (N, e) ~ < e 8X\ N) x. (1.1.13) 

The moment generating function m(e)(~<exp(ex») can be directly de-

rived by use of a relation equivalent to an ordinary Poisson type in 

Eq.(1.1.11), as follows: 

m ( e ) < < e 8x IN) x) N 

1 

= Ib n ( - 1 ) n I fl n < e 8x \ N ) x-- e - A. A. N 

n=O N=O N! 

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

6. n < e (] x IN) x = 6. n < e 8YW) N 
Y.W 

N 
Y.w 

into Eq.(1.1.14), one can subsequently obtain 
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00 

m (e) = L: b n ( - 1 ) n ( (e fJYW) Y.~' 1) n 

n=O 00 1 

.e -).. L:-- (e fJYW) v.w N ).. N 

N=O N ! 

(1.1.16) 

Furthermore, by using two calculation procedures based on a Taylor 

series expansion 

Y.W 1) n-(f~ 
m=l m ! 

n 

N=O N ! e m 
(1.1.17) 

e x 

m! 

the moment generating function m(8) can be consequently obtained as 

follows : 

(- e" 
(w m) ) 

n 

m ( e ) = m 0 ( e ) Ib n ( - 1 ) n I-- ( y m) 

n=O m=l m ! 

an 

= Ib n (- 1 ) n m 0 ( e ) 
(1.1.18) 

n=O a ).. n 

with 

(1.1.19) 

Needless to say, mO(e) 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(8) by the parameter A. From the above equation, the mth order mo-

ment of x(t) can easily be obtained as 

am a D 

( X m) ~ m ( e ) = Ib D ( - 1 ) D --- ( X m) (1.1.20) 
0, 

a e m 9=0 D=O a A D 

where <xm>O 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 

IC mO= A (ym) (w m (f» (1.1.21) 

with 

T/2 

w m ( f ) d f , 
-T/2 

(.: "[ i: uniform distribution) 

(1.1.22) 

the following two conditions are derived 

( a / a A) IC mO = (y m) ( w m ( f) ) , 

( n ~ 2) . 
(1.1.23) 

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 

a 
( x ) ( x ) 0 - b 1--1\, 10, 

a A 

0- b 1 { ~ ~ 20+ 2 

a 
( x 2) ( X ) 0 I\, 

a A a A 

<. x 3) 0- b 1 {_a_~ 30+ 3 (x) o~ ~ 20+ 3 (x 2) 

a A a A 

a 
( X 4) 0 -- 1\, :10 

a A 

+ 4 
a a } 

(x) 0--1\,30+--1\,40 

a A a A 
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- 1 2 b 3 { 3 ( 88
l 

" 10) 2 (88
l 

" 20 ) - 4 ( X ) 0 ~ 88
l 

" 10) 3} 

+ 2 4 b. { ( 88
l 

" 10) '} .... ( 1 . 1 . 24) 

In these equations, the expansion coefficient b n (n=1,2, . . . ) i s ex-

plicitly expressed from its definition, as 

b 0= 1 , b 1= - < N ) N+ A , 

b 2= ( 1 /2 ) { < N (2) ) N- 2 < N ) N A + A 2} 

b 3= ( 1 /3 ) {- < N (3» N+ 3 < N (2» NA - 3 < N ) N A 2 + A 3} , 

b 4= ( 1 /4 ) { < N (4» N- 4 < N (3) ) 
N A + 6 ( N (2» N A 2 

(1.1.25) 

By using the additive property of cumulant statistics wi th respect t o 

the independent random variables, one can extend the above theory t o 

cases in which several types of vehicle pass on a multi-laned road . 

Therefore, by using the above estimated values for moment 

statistics <xm> (m=1,2, ... ), the cumulative distributi on funct i on Q( x ) 

with respect to x(t) can be expressed in the form of a statisti cal 

Laguerre series expansion universally applicable to arbitrary distri-

bution types, as(13) 

Q (x) 
rX

/

B 

J 0 P r ( U 
m) dl u 
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(1.1.26) 

with 

( X) 2 
( (X - (X) ) 2) 

m s 
( (X - (X) ) 2) 

( X ) 

( n - 1 ) ! r (m + 1 ) 

(L ~: 1) A ~ (m-l) n= n 

r (m + n ) 

n (- 1 ) lc ( n - 1 ) r (m + 1 ) ( X k) 

=L 
k=O k r (n-k+l) r (m+k) s k 

(1.1.27) 

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

P r ( U (1.1.28) 

Each order of the moment statistics <iffi> (m=1,2, ... ,n) is thus first 

obtained by Eq.(1.1.24) with the use of the expamsion coefficients bm 

(m=1,2, ... ,n) which characterize the non-Poisson properties. The esti-

mated values based on each of these moment statistics <xm> (m=1,2, ... , 

n) thus influence each expansion coefficient Am (m=1,2, ... ,n), as 

shown in Eq.(1.1.27). Therefore, each expansion coefficient 

Am in the statistical Laguerre series expansion, Eq.(1.1.26) corre-
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sponds to the non-Poisson distribution expansion coefficient, 

(l~i~m) in Eq.(1.1.25). 

b· l 

To sum up, the moment statistics <xm> closely related to the non-

Poisson properties influence each expansion coefficient Am 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(14) 

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 <xm>, it is not necessary to accurately 

determine w(~) itself. Only the resultant value of the definite 

integral f T/2wm(~)d~ need be obtained. 
-T/2 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 wi th the i nclinat i on 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.l. l .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.l.l.3, the approx i mated 

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

w (f) e -a I t I/M (M~lO/lnlO) . (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.l.1.4. In this exper i -

ment, the passing vehicles are classified into two categories : heavy 

and light. The numbers of vehicles in each lane pass i ng directly i n 

front of an observation point within time intervals of 5 minutes wer e 

counted. The parameter A was directly obtained by averaging t he 

number of vehicles. The values of the moment statist i cs <ym> were ob­

tained by averaging peak values of observed elementary response wave 

forms of noise intensities generated from light and heavy veh i ­

c l es. 
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Triangular 
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L (dB) 
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Fig.I.I.2 Simplified treatment of the actual wave form on a 
decibel scale by use of the triangular approximation. 

(dB) Transfonna tion 
into Intensity Scale 

(dB/s) 

~=O 

. 
--------~--------~-

~=O 

Fig.I.I.3 Transformation of an approximated response wave 
form on a decibel scale into a normalized response wave 
form on an intensity scale. 
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Okayama City 
(Up-Lane) 

Route 2 

7.35 m 

~Hiroshima City 
(Down-Lane) 

• 0 (Observation Point) 

Fig.l.l.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.1.1.5. 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 fluc t u-
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Fig . l.l.5 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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Fig.l.l.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. I Experimentally sam­
pled points are marked by • and theoretically estimated 
curves are respectively shown as , the first approxi­
mation corresponding to an idealized Poisson type probab il ­
i ty function ; - - - -, the third approximation. 
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Fig.l.l.7 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 • 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.l.I.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.l.l.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 L5, LI0 and L50 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.S 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. 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 in a general explicit expression form of series 

expansion type. Finally, the effectiveness of t:he 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 aT-Type 

Road Intersection Based on the Image Method 

2.1 Introduction 

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. In 

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 intersection with sound 

. (15) (16) 
insulation barriers is proposed, using a well-k]~own lmage method. ' 

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) (Y) (w (f), 

( X 2) 

( X 3) 

(N (N - I ) ) ( Y) 2 (w ( f ) ) 2+ (N) ( Y 2) (w 2 ( f ) 

( N (N - I ) ( N - 2) ) ( Y 3) (w (f) ) 3+ 3 ( N (N-

I ) ) ( Y 2) ( Y) (w 2 (f) (w(f) + (N) ( Y 3) 

( w 3 (f) 

(N (N - I ) (N - 2 ) ( N - 3) ) ( Y 4) (w(f)4 

+ 6 (N (N-I) ( N - 2) ) ( Y 2) ( Y ) 2(w 2 (f) 

(w (f) 2 + 4 (N (N - 1 ) ( Y 3) ( Y) (w 3 ( f ) 

) , 

(w (f) ) + 3 (N (N - I ) ( Y 2) 2 (w 2 ( f) ) 2 + (N) 

( Y 4) ( W 4 ( f) ) , (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 in which several types of vehicle pass on a multi-laned 

road, as mentioned in Chapter 1. The above moment statistics <xm> on 

an intensity scale can be transformed into the cumulant statistics KLm 

on a decibel scale by using the following relationship(8) : 

I 
( X m) = e x P { i: -. I (~) Ie LI } 

1=1 I! M 

M~ 1 0 / 1 n 1 0 ) 
(1.2.2) 

Thus, after regarding the cumulant statistics KLi as unknown parame-

ters and by solving the simultaneous equations derived from Eq. (1 .2. 

2) (i,m=1,2, ... ,M), the cumulant statistics KLi (i=1,2, ... ,M ) on a 
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decibel scale can be obtained. For example, the t rans f orma tion for-

mula for the cumulant statistics up to the fourth order i s explicitly 

expressed by 

Ie Ll=M{4 
< x ) < X 2) 

1 n - 3 1 n 
x 0 x 0 

2 

1 (x 4) } 
1 n 

4 x 0
4 

< x ) 1 9 
IC L2 = M 2{ -~ 1 n 

3 
--+ --1 n 

1 1 
+ --1 n 

1 2 

x 0 2 
< X 4)} 
X 0

4 

4 < X 3 ) 
+ -- 1 n 

3 x 0 
3 

1 4 
1 n---

3 

{
<x) < X 2) < X 3) 

Ie L3 = M 3 9 1 n - 1 2 1 n ---+ 7 1 n 
x 0 x 02 X 0 3 

3 

2 

{ <x) < X 2) < X 3) _< X 4 ) } .. 
Ie L4 = M 4 - 4 1 n --+ 6 1 n --- 4 1 n + 1 n 

x 0 x 0
2 

X 0
3 

X 0
4 

(1.2.3) 

In order to evaluate the Lx noise evaluation indices (e.g., L5,L10, 

L50 and L90), the cumulative distribution function Q(L) of the no i se 

level fluctuation L can be expressed in an orthonormal series expan-

sion, as a statistical Hermite series expansion un i versally applicable 

(14 ) 
to an arbitrary non-Gaussian distribution form, as follows : 

Q ( L ) 

2 , L-Ie Ll 

__ 1_ S ./ IC L2 
;-:;-; -(0 

e 2 d f 

~B n (" L) 
n=3 

1 
e x p {( L - IC L 1 ) 2 / 2 IC L 2} rz-;;-

(1. 2.4 ) 
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with 

( 1.2 . 5 ) 

where Hn (.) 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 aT-type 

road intersection as shown in Fig.1.2.1. 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 poss i ble to 

assume that diffraction effects from high sound insulation barr i ers is 

negligibly small, through the well-known evaluation of sound i nsu-

lation barriers using Maekawa's chart with a Fresnel number. Le t 
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Fig.l.2.1 Arrangements for measuring road traffic noise at 
an observation point. 
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Fig.l.2.2 Geometrical construction of the T-type road 
intersection under consideration. 
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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 in 

Fig.l.2.2). 

[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 Sd in Fig.l.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 0 (observation point) and the image receiver 0', with the 

aid of the additive property of energy quantities" wd(z) is given by 

W d ( z) = D (z d2- z) D (z - z dl) 

1 {I Rl} 0-- + 
4 l[ X 2+ (z a) 2+ h 2 X 2+ (z - a) 2+ (2 h 1 - h) 2 ' 

where D(.) is the truncation function defined as 

D(n~ {~ 
((>0) , 

( ( ~ 0 ) 

(1.2.6) 

(1.2.7) 

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

Source and the receiver 0, and Rl denotes the reflection coefficient 

-37-



o 

z=o 

o 

a) Schematic analysis of the direct sound. 

Road 
Surface 

b) Schematic analysis of sound reflection 

from the road surface. 

z 

Fig.l.2.3 Schematic analysis for the sound propagation 
characteristic wd(z). 
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of the road surface. In Fig.1.2.3, zd1 and zd2 denote 

respectively the minimum and maximum values of z at which 

direct sound and reflected sound from the road surface can be 

received : 

L z X 

2 X 1 

L z X 

2 X 1 (1.2.8) 

[B] Sound propagation characteristic wh(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 t o reflections from 

the barriers is denoted by wh1(z,n). That of the latter case is 

denoted by wh2(z,n). Figure 1.2.4 shows a schematic analys is of 

sound reflections from the barriers. Based on a geometrical analys is 

of n reflections from the barriers (denoted by On) through image re-

ceivers, one can easily obtain 

~[Whl(Z n) + W h2 (z, n) ] 

n=l 

( Z h 12 Z ) D (Z+Zhll) 
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Fig.l.2.4 Schematic analysis of sound reflections from the 
sound insulation barriers. 
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4 1 7t [X 2 + 

R n 
2 

2+ h J ( n L ~+ ( - 1 ) n a + z ) 

+ D ( Z h22- Z ) D ( z + h21) 

• 4

1

7t[X 2 + 

R 2 
n 

2+ h J} , 
(1.2.9) ( n L ~+ ( - 1 ) n a + z ) 

where R2 denotes the reflection coefficient of the barriers. Moreover, 

Zh11, zh12, zh21 and zh22 are the minimum and maximum values of z 

at which reflected sounds for wh1(z,n) and wh2(z,n) can be re-

ceived 

( n L • + (- 1 ) • a ) (~ - 1 )- (~ + b ) ~ , 
X 0 2 X 0 

( n L • + (- 1 ) • a ) (~ - 1 )+ 
X 0 

Z h 21 = (n L • + (- 1 ) • a +~ -1 )­
X a 

Zh22= (nL.+ (-1) 'a)( X 

X 0 

L ~ X 

2 X 1 

L:r; X 

2 X 1 

(1.2.10) 

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

from the corner of the road intersection 
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Let wk1(z,n) be the sound propagation characteristic for a c ase 

i n which the second reflection occurs at the barr i er near the observa-

tion point after the first reflection at the corner, then, n 

reflections occur on the barriers. Alternatively, let wk2(z,n ) b e 

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 (S~21 and S~22)' one can obtain 

at 

W k ( Z ) ~ [Wkl(Z, n ) +Wk2(Z, n ) ] 
n-l 

~{D ( Z 11: 1 2 Z ) d ( Z + Z 11: 1 1) 

1 R 0+1 

2 + h 2 J [ 
2 

.--
4 7! ( X + Z - X 2) 2+ ( X 2 + n L :r; + ( - 1 ) n a ) 

+ D ( Z ~22- z) D (z + z 11:21) 

( X + z - X - 2) 2 

(1.2. 11) 

where zk11' zk12, zk21 and zk22 denote the minimum and maximum values 

of z at which reflected sounds for wk1(z,n) and wk2(z,n ) can be r e-

ceived : 

n L 2, + ( 
X a + X - X 2, 

1 ) n a + L 7. / 2 + b 

n L 2, + ( - 1 ) n a + X 2 

Z k12 = Xl + X -X 2, 

n L 2, + ( - 1 ) n a + L 2, / 2 
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Fig.l.2.5 Schematic analysis of sound reflections from the 
corner of the road intersection. 
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n L %. 

----------------X 1 - X + X 2, 

n L %. + (- 1 ) n a + L z/ 2 

n L z ( 1 ) n a + X 2 

Z k 22 = X a X 
n L z+ ( - 1 ) n a + L z/ 2 + b 

(1.2 .12) 
+ X 2 • 

The objective total sound propagation characteristic w(z) is ob­

tained by summing up each sound propagation characteristic, wd(z), w
h 

(z) and wk(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 

statistics, <ym> , 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 R1 and R2 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 
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Table 1. 2.1 Number of vehicles passing directly in front of the 
observation point during the measurement time in-
terval. 

Heavy vehicle 
Light vehicle 
Motorcycle 

-)0 -20 -10 

Up-Lane 

4 
48 

7 

w(z) 

1.0 

o 10 

Down-Lane 

13 
145 

15 

20 

z (m) 

)0 

Fig.l.2.6 An example of the estimated sound propagation 
characteristic (Up-Lane). 
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L (dB) 

Fig.l.2.7 A comparison between experimentally sampled 
points and theoretically predicted curves using 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
tion) . 
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of the noise level fluctuation L. With c ons i der ation t o the e x i s tence 

of background noises, a conditional cumulative distribution f unction 

wi th a restricted range above 53 dB has been predi cted. (8) Mor eover, 

by introducing the convolution integral for two statistica l l y 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 i n 

Fig.l.2.8. 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 propagat i on 

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 traffi c 

noise data. 

This research is still in the early stages and the work reported 

here has focussed mainly on its methodological aspects. Accord i ngl y, 

problems remain, e.g., application of the propos ed method to the o t h e r 

actual engineering situations, such as other types of road int er­

sections and/or the non-stationary traffic flow, etc. 
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Fig.l.2.8 A comparison between experimentally samp l ed 
points and theoretically predicted curve using the convolu­
tion integral for the cumulative distribut i on form of the 
noise level distribution. Experimentally samp l ed points are 
marked by • and theoretically predicted curve is shown as 
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Chapter 3 A Statistical Method for Prediction o f 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-

. (17)-(25) 
s~dered by many researchers. 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, Lx noise level and Leq 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 i.ntensity 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 insulat i on barrier, wi th due cons i deration of 

acoustic characteristic change. An alternative approach would be c on­

s i deration of the resultant probability distribut i on due to a newly­

constructed sound insulation barrier, rather than reinforc i ng or 

changing the existing system. In this chapter, a simpl i f i ed and 

unified statistical evaluation method for predicting output no i se 

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 fluctuat i ons mus t f i rs t 

be found. As shown in Chapter 1, the generally applicable express i on 

on the above-mentioned probability density function for noise intensi­

ty fluctuation is of a series expansion type taking a Gamma d i s t ribu-

t i on as the first expansion term. More specifically, paying spec i al 

attention to the fact that the noise intensity, x, always fluctuat es 

in a non-negative region [0,00), the probability density funct i on p ( x ) 

can be generally expressed in the form of a statistical Laguerre 
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· . (13) ser1es expans10n 

with 

m= 

s = 

( X) 2 

( X - (X) ) 2) 

( X - (X) ) 2) 

( X ) 

r (m) n ! < L n (m+O (~ ) ) b'-n-
r (m + n) s 

D (- 1 ) k r (m) n ! 
=L 

k=O k ! r (n-k+l) r 

and 

1 
Pr(X m, s) 

(Gamma distribution) 

( X k) 

(m + k ) S k 

-x/. m-l ex. 

( 1.3.1) 

(1.3.2) 

(1.3.3) 

(1. 3 . 4) 

At this time, the cumulative distribution function, Q ( x)(£.f~P ( Z: ) dZ: ), 

for the noise intensity fluctuation, which is very important for t he 

purpose of finding any Lx noise level, is expressed as 
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with 

and 

Q 

A n~ 

r/o C x ) = P r C f m) d f 
0 

+ Pc(~ m + 1 ) i:A.L '-1 1>&)( ~) 
s n=3 S 

1 
P r C f m) ~ e -t f m-l 

r C m) 

(standard Gamma distribution) 

Cn-I) ! r Cm+I) 

r Cm + n) 

= ~ _C_-_I_)_k __ C_n_-_I_) _! _r_C_m_+_I_) 

k=O k! r C n - k + 1) r C m + k ) S Ie 

(1 . 3.5) 

(1 . 3.6) 

(1.3.7) 

3.2.2 Relationship between frequency characteristics of a barrier and 

parameters contained in the cumulative distribution function 

Let Xi (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 

( i=1,2, ... ,N) reflect the intensity frequency characteristic of the 

sound insulation barrier at the center frequency, fci, 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 
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sound insulation barrier at an observation point is given explicitly 

by 

N 

X = L a IX 1. 
1=1 

(1.3.8) 

Based on information on the statistical property of Xi and the in-

tensity frequency characteristic ai (i=1,2, ... ,N), the pth order 

moment, <xP> , for x can be easily estimated as 

L 
p ! 

I+J+ ... +n~p j n 
(1.3.9) 

Therefore, based on these lower and higher order moments, many values 

of parameters m, s and An can be calculated by use of Eqs.(1.3.2) and 

(1.3.7). The cumulative distribution function of the output noise 

intensity fluctuation can be evaluated by use of Eq.(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 An. 

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. 

1. 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.l.3.1 Location of sound insulation barrier. 
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o 01 

) °2 

Fig.l.3.2 Layout of sound source, barrier and two observa­

tion points. 
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direction, the Fresne l number , Ni, at the center f r e quency, fci' of 

t he ith octave band (or one-third-octave band) cru~ be determi ned as 

N i = 2 0 f C i / C , 

where C is the speed of sound. 

lating the sound attenuation, 

acoustical evaluation chart(17) 

(1.3.10) 

Based on the value of Ni, after calcu-

~Li' of the barrier on Maekawa's 

for barriers, the intensity frequency 

characteristic is explicitly evaluated by 

a 1- 1 0 -ALi/IO ( 1,2, ... , N) . (1.3 . 1 1 ) 

In this case, Xi (i=1,2, ... ,N) in Eq.(1.3.8) is the noise i ntens i ty 

fluctuation existing in the ith frequency band-width of the observed 

noise intensity fluctuation at the observation point 0 (see Fi g .l. 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 ba ckground noises. The 

l ayout of the sound source, the barrier and two observation points is 

shown in Fig.l.3.2. A barrier made of plywood pane l (height : 1 .79m , 

width: 6.32m, thickness: 13.5mm) was used. 

A road traffic noise wave was used as one examp l e o f ac tual 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 intensity frequency characteristic, ai' of the barrier 

estimated using Maekawa's evaluation chart for a barrier is 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, ai, for a sound insulation barrier. 

Center frequency 
of octave band h=O. 8 {m} h=1.3{m} 

{Hz} 

250 0.07771 O. 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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Fig.l.3.3 A comparison between experimentally sampled 
points and theoretically predicted curves using the pro­
posed method for the cumulative distribution form of the 
noise intensity fluctuation (height of observation point : 
0.8 m). Experimentally sampled points are marked by • and 
theoretically predicted curves are respectively shown as 
----, the first approximation of Eq. ( 1 .3.5) ; - - - -, the 
second approximation ;-----, the third approximation. 
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Fig.l.3.4 A comp~rison between experimentally sampled 
points and theoretically predicted curves using the pro­
posed method for the cumulative distribution form of the 
noise intensity· fluctuation (height of observation point : 
1.3 m). Experimentally sampled points are marked by • and 
theoretically predicted curves are respectively shown as 

the first approximation of Eq.(1.3.5) ; ----, 
the second approximation ; -- -. the third approximation. 
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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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PART II 

MUTUAL RELATIONSHIP BETWEEN VARIOUS TYPES OF NOISE EVALUATION 

INDICES CONNECTED WITH Lx AND Leq 



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 : 

1 N 
L e q 1 0 log 1 o-L: 1 0 L 1 /1 01 , (2.1.1) 

N 1=1 

where N denotes the total number of the noise level Li (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-

pIing period, since the noise intensity fluctuation after the 

anti-logarithmic transformation of the sampled level datum 

X 1 = X o· 1 0 L 1/10 (Xo reference noise intensity) (2.1.2) 

fluctuates with large excursions, as compared with the original 

decibel-scaled level 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 level 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 level 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 

(26) 
operation supported by a large amount of data. In this case, it 

would seem to be appropriate to derive first a general estimation 

method by using a unified expression on the noise level 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 Leq 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 is 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 I) . 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 

(27), (28) 
case . 

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 
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To begin the analysis, let us introduce a statistical Hermite 

series 
. (13) 

expans10n as a probability density function universally 

applicable to arbitrary non-Gaussian distribution forms of the noise 

level fluctuation L, as follows : 

P (L) =N (L (2.1.3) 

with 

IJ. L~ ( L) , (J L 2~ ( (L - IJ. L) ~~) , 

1 
B n~ 

n ! (2.1.4) 

where N(L ; ~L' 0L2) denotes the well-known Gaussian distribution with 

the mean ~L and the variance °L2 

N (L ., IJ. L, 

1 
e X P [ (L - IJ. L) 2/ 2 (J L 2J . 

rz-;; (J L 

(2.1.5) 

By using the relationship between the Gaussian distribution and the 

H · 1 . 1 (13) erm1te po ynom1a 

N (L ; j.L L, a L 2) H n ( L - j.L L) = (- 1 ) n a L n 

(J L 

Eq.(2.1.3) can be rewritten as 

d n 

.-- N (L 
d L n 
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P (L) = N (L ; /.1 L, a L 2) 

aD 

+2:Bn (-1) naLn 
n=3 

d n 

--N (L 
d L n 

(2.1.7) 

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) ) ~ S~ g (L) P (L) d L 
-00 

s~ g (L) N (L ; jJ. L. U L 2) d L 
-00 

00 

+~Bn(-l) nULn S:~g (L) 

d n 

N (L 
d L n 

(2.1.8) 

Furthermore, by introducing the following notation 

(g (L) ) G .... ~ S~ g (L) N (L jJ. L. U L 2) d L 
-00 

(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: 

(g (L) ) (g (L)) 
ex> 

Gau •• +LBnaLn 
n=3 

I d [1 ) 

\ __ g (L) • (2.1.10) 

d L n Gall 1111 

The probabilistic boundary condition due to the reasonable limit-

ing property given by 
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d D 

o ( 2.1. 11) --N (L 
d L n 

L=CID 

has been used for deriving the above relationship. 

By using Eq.(2.1.10), the expectation value <g(L» in terms o f 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) ) 

L eq ~l 0 log 10---

X 0 

1 0 log 10 < 1 0 L / IO ) . (2 .1 . 1 2 ) 

After employing the following function form 

g (L) 1 0 L/IO ( 2 .1.13) 

as a non-linear function g(x) in Eq. ( 2.1.10 ) , the fol l ow i ng re l a tion-

sh i p can be derived by using the expectation operation i n t erms of a 
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well-known Gaussian distribution 

S
eo 1 

< g (L) ) G au •• ~ 1 0 L/l 0 ----- e 
-00 ~a L 

[ 
(L - fJ. L) 2J 

xp -- dL 
2 a L 2 

e x p (fJ. L / M + a L 2 / 2 M 2) ( M~ 1 0 / 1 n 1 0) , 

(2.1.14) 

/ d
n 

g (L») 
\ d L n 

e x p (fJ. L/ M + a L 2 / 2 M 2) / M n. ( 2 . 1 . 15 ) 
Gau •• 

Through substitution of Eqs.(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» e x p (fJ. L/ M + a L 2 / 2 M 2) 

(2.1.16) 

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

specific form using its definition, as follows: 

B 3 = _1_ <H 3 ( L - fJ. L ))= 1 «( L _ fJ. L) 3) , 

3! aL 6aL 3 

B 4 = _1_ <H 4 ( L - J1 L ) )= 1 [ ( (L - J1 L) 4 ) - 3 (J L 4 ] , 

4! aL 24aL4 

B 5= _1 <H 5( L - fJ. L))= _1_ 

5! aL 120 aL 5 

1 (2.1.17) 
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Eq.(2.1.16) can consequently be expressed as 

( g ( L) ) ( fJ. L/ M + a L 2/ 2 M 2) [1 
1 

e x p +--( ( L - /.1 L) 3) 
6 M3 

1 .J. (2.1.18) + ( ( (L - /.1 L) 4) - 3 a L4) +. 
2 4 M4 

After substitution of Eq.(2.1.18) into Eqs.(2.1.12) and (2.1.13), the 

objective explicit expression of hierarchically estimating Leq can be 

obtained as 

(2.1.19) 

That is, from Eq. (2.1.19), 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 at well-known simpli-

fied estimation formula, derived under assumption of an ordinary 

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

L eq= /.1 L+ 0.115 a L2, (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. 

measured near a national main road in a large city. 

The first was 

At that time, 

the volume of traffic was 244 vehicles per 10 minutes. The second 

was measure d 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 fl. 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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Fig.2.1.1 Arrangement~ for measuring road traffic noise at 
an observation point (Case A). 
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Fig.2.1.2 Arrangements for measuring road traffic noise at 
an observation point (Case B). 
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Fig.2.1.3 A comparison between experimentally sampled 
points and theoretically estimated curve us i ng Eq.(2.1 . 5 ) 
for the cumulative distribution form of the noise leve l 
fluctuation (Case A). Experimentally sampled points are 
marked by • and theoretically estimated curve is shown as 
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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 theoretic8lly 

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 Leq. 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 addi.tion of higher order 
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Fig.2.1.4 A comparison between experimentally sampled 
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for the cumulative distribution form of the noise level 
fluctuation (Case B). Experimentally sampled points are 
marked by • and theoretically estimated curve is shown as 
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Table 2.1.1 The estimated results of Leq using the 
proposed method (CaseA). 

Measured value 
of Leq (dB) 

86. 0 

Estimated values using the 
proposed method (dB) 

86.3(the fir s t approximation} 
86.2 (the second approximation) 
86.2 (the t h i r d 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 
of Leq (dB) proposed method (dB) 

76. 4 72.9 (the fir s t approximation) 
77.8(the second approximation} 
78.6 (the t h i r d approximation) 
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 Leq should be 

constructed for practical use. 
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Chapter 2 Mutual Relationship between Several Noise Evaluation 

Indices Connected with Lx and Leq 

2.1 Introduction 

As is well-known, two noise evaluation indices, Lx 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 

Lx and Leq , 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, Lx and Leq is proposed. More specifically, a general 

method for estimation of Leq using several specific Lx is proposed in 

a general form including a simplified estimation method derived under 

the assumption of an ordinary Gaussian distribution as a spe-

-75-



cial case. Next, a new trial estimating the original noise 

level distribution using the measured values of Leq and several 

specific Lx is proposed. The effectiveness of the proposed method 

has been experimentally confirmed by applying it to actual road 

traffic noise data. 

2.2 Theoretical consideration 

2.2.1 Method for estimation of Leq noise evaluation index by use of 

several specific Lx 

Let us introduce the moment generating function ML(e) with re-

spect to the noise level fluctuation L (~lOloglOx/xO)' exhibiting an 

arbitrary non-Gaussian distribution form, as follows : 

< e x p (8 MIn x / x 0) ) (M~LO/lnlO) 0 (2.2.1) 

The mathematical relationship between the arbitrary order cumulant KLn 

(n=1,2, ... ) with respect to L and the moment generating function ML 

(e) is given by 

If, L n 

--8 

n ! 

n) . (2.2.2) 

By replacing e with l/M in Eqs.(2.2.1) and (2.2.2), the following re-

lationship can easily be obtained as 
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< x ) 
1 

~) 
M n! 

(2.2.3) 

n ! 

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 

L e q~ 1 0 log 10 

< x ) 

X a 

/(, L2 /(, L3 /(, L4 /(, L5 

/(, Ll + + + + + 
2M 6 M2 2 4 M3 1 2 0 M4 

= j1 L + 0 1 1 5 a L 2 + 8 . 8 4 x 1 0 -3/(, L3 

+ 5 . 0 9 x 1 0 -4 /(, L4 + 2 . 3 4 x 1 0 - 5 /(, L!; + . . . . 
(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) 

L e q j1 L+ O.115a Lso+O.115a 2 
L , (2.2.5) 

since the higher order cumulants KLn (n=3,4, ... )1 in this case are 

equal to zero. 

A general explicit expression of the cumulative distribution 

function for the noise level fluctuation L is expressed in a statis-

tical Hermite series expansion,(13) as follows: 
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/(. L3 

N (L 

/(. L4 

N (L 

jl. L. U L 2) H 2( L - jl. L) 
(J L 

; jl. L. U L 2) H 3( L - jl. :.) 

(J L 

(2.2.6) 

According to the definition of Lx, the following relationship can 

easily be obtained : 

x 

1 -

100 

/(. L3 

rT' L 2 ) H 2( L x - /..L L) N (L X; /..L L, v 

(J L 

/(. L4 

N (L X; /..L L, 
( 

L X- /..L ) 
(J L 2) H 3 _,L _ • • • . 

(J L 

(2.2.7) 

The application of N kinds of specific Lx (Lxi, Lx2, ... , LxN) to Eq. 

(2.2.7) thus yields the N-dimensional simultaneou!3 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=l and N=2 are shown as 

(1) N=l (reference level Lxi) 

L ~ q 

( 2.2.8 ) 
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with 

6(J L
2 F (2 1 ) 

J(, L3= , Z 1~--

N (2 1; 0, 1) H 2 ( 2 1) (2.2.9) 
(J L 

where F(z) is defined as 

x 
0,1) df+ --1. (2.2.10) 

100 

(2) N=2 (reference levels LxI and Lx2) 

(2.2.11) 

with 

2 1~ 2 2~ (2.2.12) 

(J L (J L 

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 level distribution by using the measured 

values of Leq and several specific Lx. To begin the analysis, 

a statistical Laguerre series 
. (13) 

expans~on 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 (T]) r P r (f 
o 

m) d f 

T] m 

6 r (m) 

T] m 

+ A' 4-----

2 4 (m) 
(2.2.13) 

with 

m 2 
x , 

n ! r (m» \L n (m - 1 ) 

r (m + n 
( : )) (2.2.14) 

where f 1 (n) and f 2 (n) are respectively defined as 
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f 1 ( TJ ) ~TJ 2 2 (m + 2 ) TJ + (m + 2 ) (m + 1 ) , 

f 2 ( TJ ) ~- TJ 3+ 3 (m + 3 ) TJ 2_ 3 (m + 3 ) {m + 2 ) TJ 

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

Moreover, ~x and ax 2 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 : 

m 1 0 
(0. 2 L e q + 2 log lOX 0- log 100" x 2 ) 

(- O. 1 L e q - log lOX 0+ log 100" x
2

) (2.2.16) 

s = 1 0 

From Eq.(2.2.13) and the definition of Lx, the following relationship 

can easily be obtained 

X __ rTJ x 

1---- J Pr(f 

1 0 0 0 

m) d f 

e X P (- TJ x) f 1 ( TJ x) 

6 r (m) 

+ A'4----- e X P (- TJ x) f 2 ( TJ x) + . . . 
2 4 (m) 

X 0 

TJ x~ --1 0 Lx/10 • 
(2.2.17) 

S 
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Thus, the application of N kinds of specific Lx ( LxI' Lx2 '···' LxN ) 

t o Eq . (2.2.17) yields N-dimensional simultaneous equations, by re-

garding the expansion coefficients, A'n (n=3,4, .... ,N+2 ) , a s unknown 

parameters. After estimating the distribution parameters, m , sand 

A'n' using the known values of Leq and several specific Lx , one can 

evaluate the original noise level distribution by substituti ng the es-

timated values of A'n into Eq.(2.2.13). At this time, the cumulat i v e 

distribution function Q(L) with respect to L can be evaluated using 

the probability measure preserving transformation . From the pract i cal 

point of view, the explicit expressions for estimating A'n for cases 

with N=l and N=2 are shown as 

( 1 ) N=l (reference level LxI) 

6 r (m) G (x 1) 
A ' 3 = ( 2.2 . 18 ) 

711 nf 1(711) exp ( - 711) 

with 

x 0 

71 1 11 --1 0 Lxl/IO , 
( 2. 2 . 19) 

s 

where G(x) is defined as 

G (x) ~ 1 - x - ST1 P r ( f 

1 0 0 0 

m ) d f . ( 2. 2 . 20) 

-82-



(2) N=2 (reference levels : LxI and Lx 2) 

(2.2.21) 

with 

x 0 

7J 1 ~ --1 0 Lxl/lO , 
x 0 

7J 2 ~ 1 0 Lx2/10 • 

S s (2.2.22) 

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 " 

-83-



Figure 2.2.1 shows the arrangements for measuring road traf-

fic noise at an observation point for Case A, and Fig. 2.2.2 

shows the arrangements for measuring road traffic 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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Fig.2.2.1 Arrangements for measuring road traffic noise at 
an observation point (Case A). 
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Fig.2.2.2 Arrangements for measuring road traffic noise at 
an observation point (Case B). 
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Fig.2.2.3 A comparison between experimentally sampled 
points and theoretically estimated curves using Eq.(2.2.6) 
for the cumulative distribution form of the noise level 
fluctuation (Case A). Experimentally sampled points are 
marked by • and theoretically estimated curves are respec­
ti vely shown as - - - -, the first approximation of Eq. (2.2. 
6) ; , the second approximation (ruid the third approx­
imation) . 
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Fig.2.2.4 A comparison between experimentally sampled 
points and theoretically estimated curves using Eq.(2.2.6) 
for the cumulative distribution form of the noise level 
fluctuation (Case B). Experimentally sampled points are 
marked by • and theoretically estimated curves are respec­
tively shown as ----, the first approximation of Eq. (2 .2. 
6) ; , the second approximation (and the third approx-

imation. 
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Fig.2.2.5 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 
marked by • and theoretically estimated curves are respec­
tively shown as -- --, the first approximation of Eq. (2.2. 
13) ;------, the second approximation ;------, the third 
approximation. 
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tally sampled points for Case B is shown in Fig.2.2.6. 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 1~ell-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 Lx. 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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Fig.2.2.6 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 B). Experimentally sampled points are 
marked by • and theoretically estimated curves are respec­
tively shown as ----, the first approximation of Eq. (2.2. 
13) ; , the second approximation (and the third ap­
proximation) . 
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Fig.2.2.7 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 , ox2 and L50 ,the third approximation using 
Leq , 0x2 , LIO and L90. 
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Table 2.2.1 The estimated results of Leq using the proposed 
method (CaseA). 

Measured value Estimated value 
of Leq using Eq. {2. 2. 5} 

(dB) {dB} 

75. 0 74.8 

Estimated values 
using the proposed 
method {dB} 

74.8 
74.9 
75. 0 
74. 9 

Lx levels used 
in the proposed 
method 

L10 

L50 

L10 • Lso 

L50 • L90 

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

Measured value 

of Leq 
( dB) 

73. 7 

Estimated value 

using Eq. (2. 2.5) 
{d B} 

75. 5 

Estimated values 
using the proposed 
method {dB} 

74. 6 
74. 7 
74. 4 
74. 3 

-90-

Lx levels used 
in the proposed 
method 

L10 

Lso 

L10 , L50 

L5 ,L 1O 



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 Lx 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 L90 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 Lx 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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Fig.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 approx i mation 
using L~q and 0x2 ; ----- the second approximation using 
Leq , Ox and L50 ,the third approximation us i ng 
Leq , 0x2 , L10 and L90 . 
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Table 2.2.3 The estimated results of Leq using the proposed 
method. 

Measured value Estimated value Estimated values 
using the proposed 
method (dB} 

Lx levels used 
in the proposed 
method 

of Leq using Eq. {2. 2. 5} 
(dB) {dB} 

72. 5 68.4 73.2 
73.7 
73. 3 

o r-------~------~--------~-~ -

Ifl 

o 

o ~ ______ ~ ______ ~ ________ ~ _ _J 

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 L90 (Case B) by consi.dering the effect 
of background noises. Experimentally sampled points are 
marked by • and theoretically estimated curves are respec­
ti ve ly shown as - - - -, the first approxi.mation using Lea 
and ox2 ; - --, the second approximation using Leq , ox2 and 
L50 ,the third approximation using Leq , 0x2 , L10 

and L50 . 
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of Leq and several specific Lx 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. It 

is necessary that similar mutual relationships be found with other 

noise evaluation indices such as LNP, 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 Lx, somewhat systematical 

studies have already been considered in Chapter 2, and a method for 

estimation of Leq was proposed using several specific Lx, with atten­

tion paid to the noise probability expression on a decibel scale. In 

addition, a new trial for estimation of the origi nal noise level dis­

tribution using the measured values of Leq and several specific' Lx was 

also proposed with attention paid to the noise probability express ion 

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 
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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 

1 
p (x) 

(2.3.1) 

where two distribution parameters, ~ and a2, are given by the mean and 

. (35) 
variance of the noise intensity fluctuatlon x, as follows : 

,LL ~ 1 n 
j < x 2) 

< x) 2 < x) 2 

(2.3.2) ()' 2~1 n ----. 

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

al, ¢n(x), as follows: 
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c o~ ( ¢ 0 (x) > . (2 . 3 . 3) 

The orthonormal polynomial ~n(x) is determined by Schmidt ' s or tho­

(36) 
gonalization procedure : 

¢ 0 (x) = i: A. oj X J , 
J==O 

where the orthogonalization coefficient ~nj is defined as 

A. nJ = (d o· d n-1) -1/2 

( (n + 1, j + 1 ) cofactor of d n ( x) ) 

wi th 

( x 0, x 0) (x 0, Xl) 

d n ~ (Xl, XO) (Xl, Xl) 

(x n , XC) (Xn, Xl) 

(X O, XC) 

d n (X) A (X 1, X 0) 

( n-l X , 

x ° 

( n-l X , 

X 1 
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n-l X , 

X J 

(2.3 .4 ) 

(2.3.5) 

( 
0 - 1 X , 

X n 

( 2 .3.6) 



Here, each element of the above matrices is given by 

with 

fo x i + j ___ 1 __ 

~ax 

ex p { (i + j) /.1 + _1_ ( + j) 2(72 } 

2 

d (x) 1::... ___ 1 __ e x p { _ -2
1 

( 1 n aX - j.1 

~ax 

(2.3. 7) 

(2.3.8) 

Since Leq is originally evaluated from the averaged noise intensity , 

two distribution parameters, ~ and cr2 can be rewritten using 

and cr x
2 (variance of x), as follows 

n 1 0 1 

5 2 
n { (J x

2 + X 0
2

• 1 ~} 2 1 n x 0+ 

1 n 1 0 (2.3.9 ) 
---L e q. 

5 

The cumulative distribution function Q(x) connected d i rect l y with an 

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

follows : Inx-.u 

Q (x) A S: p (E) d E 0 , 1) d f 

00 n 

+ ~~ C n A nj e x p {- 2 /.1 - j 2a 2 } 

n=3j=O 2 
Inx-.Il-ja 

N (f 
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with 

1 
N (f 0, 1) a 

J 2 rc 
(2.3.11) 

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

can be easily obtained 

InXx-.Il 

x s _~. N (I: 0, 1) d f 1 -

100 
OCt n 

+ LL C n A nj e x p {- 2 j jJ. - j 2 a 2} 

n=3j=O 

InXx-.Il- j0 2 

a (2.3.12) 

N (f 0, 1) d f 

where Xx denotes the intensity value corresponding to Lx, as follows 

x x x 0 • 1 0 Lx/lO (2.3.13) 

Let Xxn (n=1,2, ... ,N) be the intensity values corresponding to the 

specific Lxn (n=1,2, ... ,N). After applying these xxn(n=1,2, ... ,N) 

values to Eq.(2.3.12), the N-dimensional simultaneous equations can be 

constructed by regarding the expansion coefficient Cn (n=3,4, ... , 

N+2) as unknown parameters. From the 2 estimated values of ~,a and Cn 

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-
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serving transformation 

Q (L) Q (x) (2.3.14) 
x = x o· 1 0 L/l 0 

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

mating en for cases with N=l and N=2 are shown as 

(1) N=l (reference level Lxi) 

G ( x x I (2.3.15) 

F ( x x I /.1 

(2) N=2 (reference levels Lxi and Lx2) 

GI {XXI; Jl" {12} F2 {XX2;Jl" {12} - G2 (XX2;Jl" {12} F2 (XXI ;Jl" {12} 

FI {XXI; Jl" {12} F2 (XX2;Jl" (12) - FI (XX2;Jl" (12) F2 (XXI ;Jl" (12) 

C 4-

FI (XXI; Jl" (12) F2 (Xx2:Jl" (12) - FI (Xx2:Jl" ir2) F2 (XXI :Jl" (12) 

(2.3.16) 

tively defined as 

3 

F ( !:". rT 2) ~ ~ A 3J e x p (- 2 IS ,/.1, v L..... 
J=O 

In,-",,-j0'2 

N (E 0,1) dE, 
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4 

F 2 ( f fl., a 2) a LA e X 4J P ( - 2 j fl. - j 2 a 2 ) 
J-O 

Inf-U-ja2 

5 _~ 
a 

N ( f o , 1 ) d f , 

Inf-u 

X 1 5 _~. G 1 ( f fl. , a 2) ~ 1 - N ( f o , 1 ) d f. 
1 0 0 

Inf-u 

X 2 5 _~. G 2 ( f fl. , a 2) ~ 1 - N ( f o , 1 ) d f . 
1 0 0 

(2.3.17) 

: 

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 

in Fig.2.3.1. 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 
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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 using 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 Lx, 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 Lx on the above noise 
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Fig.2.3.2 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). 
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Fig.2.3.3 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). 
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Fig.2.3.5 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). 
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probability expression has been reflected in two distribution parame-

ters, ~ and cr 2 , and the expansion coefficient en. 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 its 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 Lx and Leq , as it is not usually employed in actual noise 

evaluation and regulation problems. 
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Chapter 4 Calculation of Lx 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, 

Lx 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 of each. That is, an Lx noise evaluation index is defined 

as the noise level exceeded by x percent throughout a total measure-

ment time interval. In contrast, an Leq noise evaluation index is 

defined as a constant noise level with a noise intensity value 

equal to the averaged intensity of the noise level fluctuation 

over a measurement time interval. The noise level fluctuation 

is generally measured these days in a quantized amplitude form at 

every discrete time period with a digital-type instrument. In cases 

in which this data is used to evaluate Lx and Leq evaluation indices, 

the following fundamental problems still remain as seen from the view­

point of signal processing : 

(1) In order to evaluate Leq , it 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 trans forma-

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 Lx, 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 Lx when x is 

small (e.g., L1 and L5 ) is statistically unstable in comparison 

with that of the median, since the amount of data exceeding x per­

cent is small.(39),(40) 

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. If 

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 Lx 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, Lx and Leq , 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 is 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 leve l fluc t uati on L o f a n a rb itr ary 

non-Gaussian distribution type. According to t h e previ ous study i n 

Chapter 2, a generalized expansion type expression f or est imati ng Leq 

i s given by using the cumulant statistics of L, as f ollows : 

L e q (~l 0 log 10 (X) / x 0) 

(2.4. 1) 

= jJ. L+ 0.115(1 L2+ 8. 84X10- 3
!(. L3+ 5. 09X10- 4 !(. L4 + •••• 

From Eq.(2.4.1), it is possible to generally estimate an Leq no i se 

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 KLn (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 : 

N - 1 

N 

From Eq. (2.4.2), the mth order 

1 
( L m) N-l + - L N

m • 
N 

moment <Lm> at 
N 

(2.4.2 ) 

the Nth measurement 

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

m 
<L > , at the (N-1)th measurement time and the present datum, 

N-1 

LN, at the Nth measurement time can be obtained i n an iterat i ve form. 

After the mth order moment within the specific measurement t i me 

i nterval using the above procedure has been obtained, the resu lta n t 

moment, <Ln> ( n=1,2, ... ,m), can be transformed i nto the cumu l an t KLn 
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(41 ) 
(n=1,2, ... ,m), as follows 

/'C Ll- < L ) I(, L2= < L 2) - < L ) I(, Ll , 

I(, L3= < L 3) 2 < L ) I(, L2- < L 2) I(, Ll, 

I(, L4= < L 4) 3 < L ) I(, L3- 3 < L 2) I(, L2- < L 3) I(, 

I(, L5= ( L 5) 4 < L ) I(, L4- 6 < L 2) I(, L3- 4 < L 3) 

- < L 4) I(, Lb 

Ll , 

I(, L2 (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 Lx 

In order to estimate the arbitrary Lx noise evaluation indices 

(e.g., L5, L10' L50' 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

( 13) 
Gaussian distribution type, as follows : 

Q (L) 
I(, L3 

11 L, (J L 2) d f - N (L 

I(, L5 

6 (J L 2 

I(, L4 

N (L 
2 4 (J L 3 

----N (L 

(2.4.4 ) 

The value of the nth order Hermite polynomial, Hn (.), can be 
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calculated by the following recursive formula suitable for computer 

. (42) 
processlng 

H n ( ,) =, H n-l ( ,) - (n - 1) H n --2 ( , ) • (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 

1 (L - .u L ) .u L, (J L 2) d, = 1 - -- E r fe' ~ , 
;:;- .v 2 (J L 

where Erfc(.) denotes the error function defined as 

E rf c ( !.') £:; f. e X p (- t 2) d t . 
t 

(2.4.6) 

(2.4.7) 

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

th f 11 . . t . ( 43 ) e 0 oWlng approxlma lon : 

2 
--Erfc (,) =: 1/ [1+0.0705230784, +0.0422820123,2 
;:;-

+ 0.0092705272, 3+ 0.0001520143,4 

+ 0.0002765672, 5+ 0.0000430638, 6 J 16 

Since the relationship between Q(L) and Lx is given by 

x 
1 - --- = Q (L x) 

100 
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and Q(L) is a monotone-increasing function, the objective Lx 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. 

calculation time, 

This procedure is quite convenient for economizing 

compared to the usual 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 Lx 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 level meter and a portable microcomputer. 

diagram of this measurement system is shown in Fig.2.4.1. 

The block 

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 

-113-



Sound Level Meter 

Interface Unit 

(RS-2)2C) 

Microcomputer 

Fig.2.4.1 Block diagram of measurement system with the aid 
of a portable microcomputer. 
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traffic volume of 33 vehicles per 10 minutes. The measurement 

time interval and its sampling period were selected to be 10 

minutes and 1 second, respectively. Here, let us define the former 

case as II Case A II and the latter as II 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 

Case B. 

arrangements for 

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 
of Leq {dB) 

85. 9 

Estimated values using the 
proposed method .{dB) 

86.4 (the fir s t approximation) 
86.0(the second approximation) 
86.1 (the t h i r d approximation) 
86.1 (the fourth approximation) 

Table 2.4.2 The estimated results of LeQ using the 
proposed method (CaseB). 

Measured value 
of Leq (dB) 

80. 7 

Estimated values using the 
proposed method (dB) 

17.7 (the fir s t approximation) 
82.0 (the second approximation) 
82.8 (the t h i r d approximation) 
81. 0 (the fourth approximation) 
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to the values measured experimentally. 

Figure 2.4.4 shows a comparison between the theoret i c al ly es tima­

ted curves using the proposed method and the exper i mentally samp led 

points in the cumulative distribution form of the noise leve l 

fluctuation for Case A (arbitrary Lx 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. I n this figure, it can 

be seen that curve theoretically estimated by us i ng only the first ex­

pansion term corresponding to the Gaussian distr i bution 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 Lx and Leq noise evaluation indices using the proposed estimat i on 

method is clearly sufficient. 

4.3.2 Construction of an on-line measurement system for sequent i al 

measurement 

In this section, an on-line measurement system for the sequenti a l 
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Fig.2.4.4 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) , the second approximation (and the third 
and fourth approximations). 
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Fig.2.4.5 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 . is 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 is 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 is used for calculation 

of Lx and Leq using the proposed estimation method after transforming 

the moment statistics <Ln> into the cumulant statistics KLn . 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, Lx 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 L5, LIO, 

L50, LgO and Leq 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 
Lx and Leq using the proposed method. 

- 121-



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 Lx and Leq using the 
proposed on-line measurement system. 
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4.4 Conclusion 

Based on the previous study in Chapter 2 , a unifi ed method f or 

meas uring two noise evaluation indices , Lx and Leq has been proposed 

in this chapter using statistical information on noise l eve l fluc t ua-

tion . The proposed method is generally applicable to any kind 

of r andom phenomena of a non-Gaussian property. It has been der i ved 

in a generalized form including a well-known simplified estimation 

method derived under 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 is requ i red even 

when changing the measurement time interval. By using this un i fied 

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 h as 

f ocussed only on its fundamental aspects. 

app l ication to other situations. 
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CONCLUSION 

The main results of this doctoral thesis a~e 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 Lx 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. 

models. 

One group comprises structural methods based on physical 

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 used for an idealized Poisson type traf­

fic flow has been proposed in this chapter for practical use. 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 proposed 

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, Lx 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 r e lationships 

between various noise evaluation indices in c l ose re l a tion t o Lx and 

Leq has been presented in Part II. 

In Chapter 1, a method for estimation of an Leq no i s e e valuation 

i ndex 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 r andom 

noise fluctuation, a new approach equivalent to that used for t he 

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-Gauss i an 

property, including a well-known simplified expression derived under 

assumption of an ordinary Gaussian distribution. Fi nally, i t has bee n 

applied to actual noise data to confirm its effectiveness. 

In Chapter 2, the mutual relationship between several stat i stical 

indices connected with Lx 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 no i se 

fluctuation. The proposed estimation formula was also given in a g e n­

eralized form including the well-known simplified expression ment i oned 

above. Next, a new trial estimating the original distr i bution f orm 

of the random noise fluctuation has been presented using the known 

va l ues of Leq and several specific Lx. The effectiveness of t he pro-

posed method has been experimentally confirmed by app l y i ng it to 

actual road traffic noise data. 
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In Chapter 3, a method for estimation o f t he original distribu­

tion form of the random noise fluctuation has been a l so proposed . In 

this case, a more suitable expression of noise probab ility distribu­

tion on an intensity scale has been newly introduced i n a f orm match e d 

to acoustic measurement on a decibel scale. Th e effecti veness o f the 

proposed method has been experimentally confirmed by apply i ng i t 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 Lx and Leq noise evaluation indices has 

been proposed by use of information on the noise level fluctuat i on 

(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 effect i veness of the pro-

posed method has been experimentally confirmed by app l ying it to 

actual measurement of road traffic noise. 

This study is still in its early stages and the work presented 

here has focussed primarily on fundamental aspects. Many prob l ems 

remain for future research. The following studies, for examp l e, are 

l eft for the future : 

(1) A reasonable evaluation method for complex s i tuat i ons in which 

environmental noise cons i sts of various sound sources s uc h a s the 
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road traffic noise, the aircraft noise , the c ons t r uction noise, 

etc. is required. 

(2) A systematical evaluation method for var i ous types o f n o i s e 

reduction systems in a room, such as sound absorb i ng mat eri a l s , 

sound insulation walls, etc. must be considered. 

(3) It is also necessary that a reasonable method for evaluati ng more 

complicated real environmental noise attenuated by various r educ­

tion systems acoustically coupled each other be established. 

(4) 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. 

(5) 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 f or 

traffic flow, etc.). 
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