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It is well-known that the level fluctuations appearing in the road traffic noise environ-
ment are brought on by various type causes and can be roughly classified into two great
divisions on the road traffic flow pattern and the surrounding sound field. Accordingly,
if the equivalent models for the above two divisions—traffic flow and its surrounding
field are well established in a flexible form of reflecting the complex situation of actual
road traffic noise field, it will be possible to predict precisely and/or to control effec-
tively the road traffic noise. In this paper, from the above point of view, a stochastic
model of road traffic noise with a generalized Poisson type flow is first introduced with
many informations of actual situation. Next, an equivalent type sound propagation
model is newly proposed in a form of mixing of two idealized sound propagation environ-
ments—a free sound field and a diffused sound field. Furthermore, a methodological
trial to estimate the above equivalent sound propagation characteristics of the com-
pound environment by measuring the actual road traffic noise data is derived from
the system-theoretical point of view. In this case of estimation, the well-known stochas-
tic approximation method is used in order to overcome the difficulty of non-Gaussian
and non-linear characteristics existing in the actual environmental noise phenomena.
Finally, the legitimacy of this estimation method is confirmed by applying it to the
traffic noise data actually observed in a big city.

PACS number: 43. 28. Fp, 43. 28. Hr, 43. 50. Lj, 43. 50. Vt, 43. 60. Cg

ditionally to the surrounding effect of the noise

1. INTRODUCTION propagation characteristics. It is definitely necessary

Recently, an environmental noise pollution prob-
lem caused by road traffic flow has been aggravated
with the consolidation and expansion of roadway
systems. Furthermore, the level fluctuation appear-
ing in the actual environment of road traffic noise is
brought on by various type causes of fluctuation.
It is obvious that the ultimate causes of fluctuation
are originated to a variety of noise sources, i.e.,
uncertain behavior of individual vehicles, and ad-

for engineers to obtain a better knowledge about
future nuisance situation caused by road traffic noise
before improving the traffic control system. For
purpose of predicting precisely and controlling effec-
tively the road traffic noise, the effectively equivalent
models for traffic flow and sound propagation field
must be first established. Especially, in almost of
the previous studies on road traffic noise, it is very
often assumed that the sound wave diverges hemi-
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spherically in a free sound field. Conversely, the road
traffic noise under the actual complex sound propa-
gation environment is not yet sufficiently studied.
Accordingly, even if it is in an equivalent or ap-
proximate form of study, the actual noise propaga-
tion characteristics in road traffic noise system must
" be studied more positively. In general, the actual
noise propagation paths between noise sources and
an observer are too complex to be expressed in the
form of an artificially simplified model or a pure
physical model constructed from the base on the
internal mechanism of sound propagation environ-
ment. Furthermore, because there are various types
of actual sound propagation environment, a lot of
models for them must be established individually in
order to investigate each of them in detail only
from the physical viewpoint. Therefore, a unified
investigation or a systematic classification for the
actual sound propagation environment can not be
expected only from the above approach. On the
other hand, the practical method of introducing an
equivalent model which has the same characteristics
as the actual sound propagation between the noise
sources and an observation point is a powerful
method in order to investigate the actual sound
propagation environment especially from the system-
atical view point of study. As one of equivalent
models, the actual surrounding sound field can be
expressed to consist of mixed environment of two
typically idealized fields with a free sound field and
a diffused sound field.

In this paper, an effectively equivalent model
which is applicable commonly to arbitrary sound
propagation environment on the above mixed
environment of road traffic noise system is proposed
by considering two idealized geometrical situations
of surrounding sound propagation—a series of
buildings in a city and a rural area without any
kind of building. Furthermore, a methodological
trial for estimating the actual sound propagation
characteristics by measuring the road traffic noise
data is proposed. '

More concretely, first, after generalizing the well-
known road traffic noise model with a Poisson
distribution type traffic flow in a free sound field,
a new model for noise evaluation due to the road
traffic under an arbitrary sound propagation
environment is introduced. Especially, considering
that the actual sound propagation does not take an
idealized field such as a free sound field in a rural
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area and/or some diffused sound field in a series of
tall building and mostly takes an intermediate
propagation character between these two idealized
sound fields, two models of new equivalent type on
sound propagation are introduced. One is an addi-
tive compound propagation model which is assumed
that the above two idealized sound field are mixed
with an additive property, and another is a multi-
plicative compound propagation model which is
modeled an intermediate propagation field by mixing
the above two idealized sound fields with a multi-
plicative property. In the above two compound type
sound propagation models, the mixed rate of two ide-
alized sound fields is recognized as a proper param- '
eter characterizing the actual complex sound field.

Moreover, by combining the above compound
type sound propagation model with the generalized
Poisson type traffic noise model (which is newly
introduced in this paper), a systematical method to
estimate this characteristic parameter of sound
propagation by use of the statistical information
obtained from the measurement data of the actual
road traffic noise is proposed. In this case, both of
non-Gaussian and non-linear characteristics of road
traffic noise system must be considered, because the
level fluctuations of road traffic noise exhibit various
kinds of probability distribution form apart from the
usual Gaussian distribution. Also the road traffic
noise is in a complex, non-linear relation with a traffic
flow and its propagation surrounding. Therefore,
the stochastic approximation method is used in order
to overcome the difficulty of such non-Gaussian and
non-linear characteristics in case of parameter esti-
mation. After all, a new type of on-line estimation
method for the sound propagation parameter is
derived with help of the above stochastic approxi-
mation method based on the sequential observation
of actual road traffic noise.

" Finally, though the main point of this paper is
focussed on new establishment of methodology
since it is in an earlier stage of study, the validity of
this estimation method is basically confirmed by
applying it on trial to the actual road traffic noise
data experimentally observed in a big city.

2. ESTABLISHMENT OF PROBLEM

As shown in Fig. 1, the road under consideration
is first divided into a suitable number of blocks P.
Furthermore, two variables ¢# and K are introduced
as two kinds of time parameters, where K denotes
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Fig. 1 Traffic noise model with straight
road divided into P blocks.

the Kth time interval of observation and ¢ indicates
an instantaneous time in its interval. Then, by using
the additive property of sound intensity, the instan-
taneous sound intensity at the fixed observation
point O is

P
I(t;a,K)= > I(t;a,K)+v(t; K) ,
p=1

J npitiK)

I(t;a,K)= 21 >y Wpu(t; K)
j=1 1i=1

- f(xpse(t; K); @) ,

(1)

where npj(¢; K) is the number of the jth type of
vehicles observed in the Pth block at time ¢ of the
Kth time interval and f(x,;(¢; K);a) denotes an
propagation factor at the observation point O con-
nected with an acoustic power W,;(¢; K) generated
by the ith vehicle with the jth type located at a posi-
tion x,,:(¢; K) in the pth block along the road. Thus,
I,(t; a, K) denotes the instantaneous sound intensity
generated by all types of vehicles in the pth block,
and v(¢; K) denotes the background noise. Further-
more, vector a denotes a parameter characterizing
the actual sound propagation and will be concretely
evaluated by some explicit expressions in the next
section.

3. MODELING OF A ROAD TRAFFIC
NOISE SYSTEM

In order to establish a mathematical model for
the actual road traffic noise system, the following
assumptions for basic parameters and statistics
characterizing this traffic pattern are now introduced.

(i) The width of road with straight line con-
sidered here is B.

(ii) The vehicles which give a noise effect to the
observation point O are located at arbitrary point in
the road segment [— L, L]. Furthermore, this road

segment is divided into P blocks and the pth block
occupies a line segment [/, lp,1], and hereupon
the length /p,1—1I, is enough long so that the road
traffic noise in the pth block is statistically in-
dependent of the noise in other blocks.

(iii) The traffic flowing on the road is formed by
J different types of vehicles.

(iv) The average number of vehicles flowing on
the pth block in the Kth time interval of observation
is N,(K) per unit time interval, where the average
number of the jth type of vehicles is N,;(K) (j=1, 2,
ey ).

(v) n,(¢t; K) is the random variable expressing
the number of vehicles in the line road segment
[/, lp+1] at time ¢ in the Kth time interval and its
probability distribution shows the Poisson type!’
as employed very often in the traffic model;

P(np(t; K)) =———

Wa—Nop(K) {N,(K)}K)
$ AU :

(2)

where N,,(K)=(l,.;— )N, (K)/V,(K) and also V,(K)
denotes the average speed of vehicles flowing on the
pth block.

(vi) The probability that n,,(¢; K) vehicles with
the jth type occupy in n,(¢; K) vehicles is governed
by the well-known multi-nomial distribution:

P(ny:(t; K), npa(t; K), -+, nps(t; K)|no(t; K))

_J.M ﬁ {0p5(K) o1 K |

TI nos(; K)! 7=
i=1

where 0,,(K) denotes the mixture ratio of the jth
type of vehicles defined by

(3)

0,/(K)2N,(K)/NK) .
(N(K) is sufficiently large)

(4)

(vii) The location x,,;(¢; K) of the ith vehicle
with the jth type in the pth block is governed by the
probability density function P(x,;;(¢; K)).

On the basis of the above assumptions, the mo-
ment generating function of the total noise intensity
I(t; a, K) can be easily expressed as follows:

P
00, 0= (TG0 D]o60, (5
where ¢,(s; a, K) and g.,(s; K) denote the moment
generating functions of I(z; a, K) and v(¢; K) respec-
tively. Equation (5) is based on the natural assump-
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tion that the road traffic noise I,(¢; a, K) in the pth
block (p=1,2,---, P) and the background noise
v(¢; K) are statistically independent. Thus the nth
order cumulant of I(¢; a, K) observed in the Kth
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nth order cumulants of I,(¢; a, K) and v(¢; K) observ-
ed in the Kth time interval. ‘

Next, let us derive concretely the above A, (a, K)
in an explicit form of expression reflecting the effect

of internal mechanism of the traffic flow and the
complex sound propagation. By using the well-
known fundamental property of conditional prob-
ability distribution, the moment generating function
9.(s; a, K) can be shown as follows:

time interval is given by
P
An(a, K)= 2] Apn(a, K)+rn(K) , (6)
=1

where A,.(a, K) and ¢.(K) respectively denote the

go(s; a, K) 2 (exp {s- L(t; a, K)})1,¢t; 0, K)

J 'npj(t;K) .
<<<exp {SZ. S Wm(t;K)f(xm-(t;K);a)}> > >
j=1 1i=1 Woyi(t; K), %p5e(t; KD npg (6 K), np (4, K) ) 1p3 (8 K) \np (8 K) / np(t; K)

npy(t; K)

Wasi(t; K), xp5e(t; K) | nps(¢;K), np(t;K)>npj(t;K)Inp(t;K)>np(t;K) ’
(7)

where ¢ - >y denotes the averaging operation with respect to X, and { - )y denotes the conditional

averaging operation with respect to X when Y is set as a constant value. Moreover, by considering Eq. (3),
the following equation can be obtained.

j=1

(1 {ex €5 W3 K0S ot K03 1))

J npy(¢;K)
<TT <exp {sWpiit; K) f(x,;(t; K); a)}> >
j=1 Wosi(t;K), xp3(t: K) | nps (6 K), np(tK)/ nps 6 K) np(t;K)

no(t; K)! 2L nps (£ K)
N —

11 {ﬁpj(K )}

Enos i) =np(t0 T[lnpj(t; K)! 7=t
2 I

npj(t; K)

J )
. ]T <eXp {sWpn(t; K) f (x,p5:(8; K) a)}>

J=1 Woii(8;K), xpe(¢; K)

J np(t; K)
= {E 0p3(K )<exp {s Wps(t; K) f (xp:(t; K) a)}> } .

(8)

Wpii(t; K), xp3i(t; K)
After all, by taking Eq. (2) into consideration, ¢,(s; @, K) can be derived as follows:

2 1

——— e~ Nop(K){N, (K)}ns(t: K)
np(z;ZK)=onp(t;K)! {Nox(KOY

go(s; a, K)=

}np(t;K)
Wosi(8;K), xp31(t; K)

: { ,é opj(K)<exp L Woset K)f Geppe(t; KO; a)}>
=exp {—N,(K)}

J
- eXp [Nop(K ) { ;,-L; Opi(K )<exp {s Wpst; K) f (xp;:(¢; K); a)}> S xm(t;m} }

=€&xXp {_Nop(K)}

J oo ”n
« €Xp {NOP(K) _fgl 0PJ(K) HZ:O%T' < Wpﬂn(t; K)>iji(i; K) y <fn,(xﬁji(t; K); a)>xpji(t;K)}

J [ n .
=exp [NosK) 2 0000 3] S (5 KDy 10 <TG RR O} - (9)
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Thus, the nth order cumulant A, (a, K) is given by

J
/\Im(a’ K) =Nop(K) jz=1 0PJ(K)
y (Wpﬂ"(’; K)> Wpai(t; K) 'ijn(a) , (10)
F,;.(a) = M (xpp(t; KD a)>xpji(t;K)

lp+1
— S Fr G (63K); @)

p

* P(x,,(2; K)) dx, (25 K) (11

The sound propagation characteristics is concretely
reflected in this F,;(a). Thus, in order to express
the function F,;,(a) in an explicit form as a function
of parameter vector a, consider the sound propaga-
tion function f(x,,:(¢; K); @) in more detail.

Now consider the following two extremely ideal-
ized situations as typical models of sound propaga-
tion field. One is a free sound field (modelling rural
situation in which there exists no building in both
sides of road):

Jo(x; @)=1/2m(x*+d?) , (12)
where d is the shortest distance between the obser-
vation point and the straight road (cf. Fig. 2(a)).

no buildings

" x
m‘[\wm

d no buildings

Observation v
point [ 8

Flowing
path of vehicles

(b)

Fig. 2 Sound environmental model in two
extremely idealized situations:
(@) a free sound field, (b) some diffused
sound field.

Another is some diffused sound field® (modelling
a typical city closely surrounded by the series of
tall buildings in both sides of road):

fi(x;a)=(1/2BH)exp {— |x|/H} , (13)

where B is the width of the straight road and H
denotes the height of tall buildings close to both
sides of the road (cf. Fig. 2(b)). Of course, the
actual sound field shows an intermediate situation
between the above two extremely idealized ones.
Therefore, it is practically reasonable to express
equivalently the actual propagation characteristics
by combining successfully the above two idealized
models. By combining Egs. (12) and (13) in two
fundamental forms, the compound type models of
sound propagation field in the pth block can be
expressed as follows as the first stage of this study:
(I) For the case of an additively mixed propaga-
tion model, it is assumed that the actual sound
propagation field in the pth block occupies respec-
tively the above two idealized models with a weight- -
ing rate o, and 1—a, (0<a,<1). Accordingly,
one can obtain '

fi(xpjt(t; K); a)=apfﬂ(xpji(t;K) ; a)

F+(A—ay) fo(x,5:(2; K); @)
Ap
= 2m{x,,2(t; K)+d°)
1—a

35E. P {— %ot OV H,Y -

+ (14)

(II) For the case of a multiplicatively mixed
propagation model, it is formed as an intermediate
propagation field by mixing the above two idealized
models in a multiplication form with power rate «,
and 1—o, (0<«,<1). Accordingly, one obtain

SuCxpsi(t; K); @)={fa(xp5:(2; K); @) }»

¢ {fb(xpji(t; K); a)}l'””p
— 1 1
T {27 (%, (8 K)+dY)y e {2BH,}'r

cexp{—(—ay)|x,(t; K)I/H,} . (15)

Of course, in a case with o,=1, Egs. (14) and (15)
express a free sound field, and in a case when «,=0,
those equations express some diffused sound field.
Therefore, in a case when O<a,<1, the above
models can express the actual situation with inter-
mediate sound propagation between a free sound
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field and a diffused sound field.
Thus, the conclusion of the above consideration
can be summed up as follows:

Ana, K)=Z)§1Apn(a, K+pa®, 19

J
Apn(@, K)= 23 Qos(K) W™ (85 KD Wpsu ;5
J=1
ijn(a) ’ (17)
0,i(K) £ 18)

Furthermore, by assuming that the location of
vehicles in the pth block is governed by the uniform
distribution in its block of road [/,, I,+1] (P(x,;:(t; K))
=1/(l,s1—1,)), the function F,;,(a) in Eq. (17) can
be expressed concretely from Egs. (11), (14) and
(15), as follows:

(I) For the case of an additively mixed propaga-
tion model, one obtain (cf. Appendix 1)

N, op(K )0 pj(K ) .

Fym(a)
1 (n2 @n—3)1 @n—2r =D
=@nay2L’ [“ {% n—2r—D11 2n—2)1!

| b )
Al A+l

2n—3)!!
Ez—n_—zg—”—(tan—l lp+1l—"tan—1 lp,)}

- sgn (Ipy1 )—‘(1 —e—nll'VHY) sgn (Ip")}
+2 < ) 7 " (1—ap)”

Blr ler
Ip+1’ e—rlyl/Hp’
. i, 19
Sz,,' A+ ] (19)
where
BABld, H/2H,d,
L' &(lp1—1p)/2d , L1p/d,
lp.[..l’élp_}l/d ’ (20)
1 (x>0
sgn(x2{ 0  (x=0) .
-1 (x<0)

(1) For the case of a multiplicatively mixed
propagation model, by substituting Eq. (15) into
Eq. (11), one obtain
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. 1 Vii n(l——ap)
Fom(@=rayar <B’Hp’>

Ip+1" e—[n(l—ap)/Hp'lly| -
dy . 21
S lp ’ ‘ (1 + yZ)nap y ( )

In the above equations, a is the unknown parameter
to be estimated. Hereupon, o, and H,(p=1,2,---, P)
are chosen as parameters characterizing the sound
propagation functions (14) and (15). That is, we
can anew set a2[a,, Hi/d, as, Hz/d, -+, ar, Hp[d}.
In Egs. (16)~(18), the average number, Q,;(K), of
the jth type vehicles following on the pth block in
the Kth time interval and the nth order moment,
{W,;(t; K))w, of acoustic power can be obtained
experimentally from the measured data. Further-
more several order cumulants of the noise intensity
at the observation point can be obtained by two
ways. One is to calculate theoretically by using Egs.
(16)~(21), and another is to evaluate experimentally
from the noise level data measured by sound level
An estimation algorithm of the parameter
selected by minimizing the difference between the
theoretical value and the experimental value on the
several order cumulants of noise intensity will be
derived in the next section.

4. ESTIMATION OF SOUND
PROPAGATION PARAMETER
BY USE OF STOCHASTIC
APPROXIMATION METHOD

The estimation algorithm used in this section is
based on the stochastic approximation method
proposed by Robbins and Monro.? The stochastic
approximation method is expected to have a con-
sistent estimation in any cases with arbitrary non-
Gaussian and non-linear characteristics appearing
usually in the actual phenomena of road traffic
noise. First, as a criterion for estimating the param-
cter a, let us consider the difference between the
probability density function established theoretically
with use of the nth order cumulant in Egs. (16)~
(21) and the probability density function obtained
experimentally from the actually observed data of
noise intensity in a short time interval. Next,
let us take the average of some weighting type in-
tegration of this difference in a long time interval as
follows:

T@) £ 5T K lade @)
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Ji(a; K)= S:so(l; A(a, K) P 5 p(K))

—P,(I; A(a, K))y"dl , (23)

where p(K) (£[1:1(K), p(K), -+, px(K)IF) is a set of
cumulants based on the actual noise intensity data
observed experimentally in the Kth time interval,
and A(a, K) (£[A(a, K), Ax(a, K), -+, Ax(a, K)F) de-
notes a set of cumulants given theoretically by Egs.
(16)~(21) reflecting the parameter @. Furthermore
o(I; A(a, K)) and m denote an arbitrary type weight-
ing function and a weighting constant parameter
respectively, which operate as the weight in the
performance index (23). The intensity of the actual
road traffic noise exhibits various types of probability
distribution form apart from the usual Gaussian
distribution, while the probability distribution of
noise level can be often approximate to the Gaussian
distribution. Therefore, we can express the proba-
bility density function Pi(I; #(K)) and Px(I; A(a, K))
of noise intensity in a non-Guassian distribution
form of Gram-charlier A type series expansion®’
which is universally applicable to arbitrary type
distribution form:

P(L; p(K))
~ o™~ T )|

- {1+ SRS 1K) )} e

V&)
P,(I;A(a, K))
: {1+ ggsa(a,K»Hs(!:/%(%??)} ’

(25)

where H,(-) denotes the Hermite polynomial. Tak-
ing the importance on the end of probability distribu-
tion curve like Ly (x=10, 90 etc.) in the actual noise
evaluation and the facilities of analytical procedure
into consideration, the following weighting func-
tion in Eq. (23) can be adopted as an example:

I_Al(as K)

. &5 am(
oI a, K)) = 23 A.H,\ -5ty

) . (6

Hereupon, it must be noticed that the above weight-
ing function is affected predominantly by the higher

order statistics like 10 or 90 percentile points of
noise level distribution in a case with high order of
r, since the Hermite polynomial H,(x) takes some
predominant value for large values of x. Further-
more, owing to the fact that when mean and variance
of the probability density function Pi(; p(K)) take
near values to those of P:(I; A(a, K)), the difference
{P,(I; (K))— P,(I; 2(a, K))} in Eq. (23) shows
very often an odd function, it is reasonable to adopt
only odd number order of the Hermite polynomial
as the weighting function in Eq. (26) (i.e., R’ £2R+1,
where R is a positive integer).

Next, by using Egs. (24), (25) and (26), Eq. (23)
in a special case with m=1 can be calculated con-
cretely as follows (cf. Appendix 2):

Jl(aa K)
2R+1

=B,(a,K)+ g_,; B.(a, K)&.((K)) (v 12(K))" !

R
+21A27+1g21‘+1(2(a, K))(2r+1)! s (27)
B.(a,K)
. i y <2r + 1)(,661(1() —A(a, K))r+i—
T (v 2:a, K))r+
S (2’ * _”>(2t —DN
t=c 2t

- (p(K)—As(a, K))~* - (oK) — As(a, K)Y

(n=0, 3,4, ---, 2R+1) . (28)

As estimate @ is selected by minimizing the criterion
function J in Eq. (22). Then, the following regres-
sion function M(a) can be adopted to derive a recur-
rence algorithm based on the stochastic approxima-
tion method:

0 o(a,
M(a) 2 g ia) =< J.(a, K)_ig’;_K) I a>=0 .

(29)

In above equation, the partial differentiation of
Ji(a, K) in terms of the unknown parameter a can
be calculated as follows:

WL _ p@105@K), (30)
a
where
N 047 (a, K)
Aa, )2 220 G1)
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oJ,(a, K)
0A(a,K)

_ OB,,(a, K) 2E41 aBn(a, K)
~ 02(a,K) > di(a,K)

« (W (K))n!

Z 02r41(A(a, K))
+ EAzr-H GZ(a, K)

fla,K)&

& ((K))

Qr+1)!. (32

Moreover, by using Eq. (28), the elements of
0B,(a, K)/0X(a, K) (n=0, 3, 4, .-, 2R+1) are re-
spectively given by

0B,(a,K) 1
oAa,K)  (pu(K)—Aa, K))

) B 2r +1\ (i (K)—Ai(a, K))*r

73#/2:’1”“( ) (v Aola, K)yer+
[(@r+1—n)/2] 2r+1_n

T < 2t

. 2r +1—n—28)(u(K)—As(a, K))~2

* (ﬂz(K)_Az(aQ K))t ’

0B,(a,K) 1
0Aa,K)~ (uu(K)—As(a, K))*

>(2t-—-l)!!

t=0

(33)

L 2r +1\ (:(K)—Au(a, K))2r+t
r%ﬂ“’z'*‘( ) (v 2:(a, K))r+s
[Q@r+1-n)/21 /Dp +1—n

DS ( i >(2t-—-1)!!

« (p(K)—As(a, K)) -2 (po(K)—Ao(at, K))

. {:Az(a, ,K)+2’2+ ! )~ e, K))} ,
(34

0B.(a,K) _ . ) )

m_o (] _'3’ 43 °* N) . (35)

Thus, the estimation algorithm can be obtained from
the above regression function as follows:

aK+D=aK)—-I'(K)-A@a(K),K)

. - Ji(@(K), K)- f(a(K), K) 36)
with

I'(K) £ diag (y:(K), y:(K), -+, Vp(K)).

The estimate @ is determined from a solution of this
estimation algorithm by Eq. (36) in a sequential form
of random variable, which hopefully converges to
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a solution of the regression function. Nevertheless,
it can not show a uniqueness of the solution obtained
from the regression function, because of difficulty
due to the complexity of the function. However, it
is reasonable to select a proper solution from various
types of possible solutions calculated by using various
initial values of @ under our consideration of its
physical meaning. In the estimation algorithm
given by Eq. (36), y.(K) is a sequence of real numbers
which must satisfy certain conditions with respect
to the regression function in order to ensure a con-
vergence of the algorithm. The contribution by
Robbins and Monro showed previously that this
convergence can be recognized under the following
three constraint conditions:

YiK)>0, S1y(K)—»oo, S1yHK)<oo.
K=1 K=1

(i=1,2, -, P+1) (37)

As well known, one of simple sequence of gain
{v:(K)} satisfying these three conditions is G:/K
(Gs: arbitrary constant).

5. EXPERIMENTAL CONSIDERATION

The estimation method proposed in section 4 is
firstly applied on trial to the traffic noise data
actually observed at the highway with almost free
sound propagation characteristics. The situation
for the measurement of actual road traffic noise is
shown in Fig. 3. Road traffic noise data are measured
at every five second by use of sound level meter of
digital type with microphone located at the observa-
tion point O. The measured noise level data (dB
value) are transformed into the noise intensity by
use of the inverse logarithm transformation. Based
on these noise intensity data, cumulants of noise
intensity in the Kth time interval (this time interval
is arbitrarily set to 250 s in our experiment) can be
obtained. At the same time, the scope of traffic flow
is continuously filmed by use of automatic camera
synchronized with the sound level meter, and the
average number of vehicles flowing on road in each
short time interval is counted. Since the number of
blocks P is originally arbitrary in the general theory
in the previous sections, let us now consider only
one block (i.e., P=1) in this section. Furthermore,
for the purpose of obtaining the estimation of sound
propagation with a high degree of accuracy, the
data in a case when only light commercial vehicles
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Fig. 3 Situation for the measurement of
actual road traffic noise under free sound
field.

flow are selected from total observation data on
- traffic flow.

As a convergence condition of the recurrence
estimation algorithm, the following error function
is used

e(K) £ laK)—a(K —-D|/laK —-D] (38)

K=0

where || - | denotes the norm with respect to a vector.
A flow chart on the proposed estimation algorithm
and the disposal of measurement data is shown in
Fig. 4.

The estimated results of unknown parameter a
are shown in Table 1 with several of initial values.
In three cases with I-1, I-2 and I-3, the estimated
results in the additive compound propagation model
are shown, and three cases with II-1, II-2 and 1I-3
show the estimated results in the multiplicative
compound propagation model. The initial value in
the estimation of parameter « is tentatively set to 0.5
as the middle point in the possible existence region of
a value « (i.e., 0<ax<1), and the initial value of
parameter H/d is arbitrarily set to one-tenth of &(0)
as a trial. In a case with I-2, the final estimation
values of the case I-1 are used especially as an initial
values of estimation in this case. Furthermore, the
cases with I-3 and II-2 show the estimation results
when H/d is set to a constant value. The estimation
result in the case when the road width B is set to
15 (m) by taking the distance from road edge to

‘ Initial Value: @(0)=[2Y(0), ﬁ(O)/d]T

Calculation of J;(@(K), K)
by using Eqs.(27) and (28),

and

7:(K)=G; /K

Calculation of f(a(K), K)
(32) ~(35)

by using Egs.

Observation of
noise level

[Transformation Observation of
into nqise ij (K) and
intensity (Wpjit(t ;KN
Calculation of in Bq. (17)

cumulants u(K)

—
Calculation of

cumulants A(@(K),K)
by using Eqs. (16)
~(18)

Calculation of
4(a(K), K)
by using Eq. (31)

[

by using Eq. (36)

Calculation of a new estimated value

K=K+1

e(K)<e
Eq. (38)

yes

Estimation result: a(K)=[a(K), HK)7d)T

Fig. 4 A flow chart on estimation algorithm and the disposal of measurement data.

197

NI | -El ectronic Library Service



The Acoustical Society of Japan

A
o(K) H(K)/d
1.0 4 = 020
/'/
f
'l
0.3 4 #
: e £ 0.15
¢”
O"’
0.6 1 ,—""' e § ot TS . s #°
el
" 0.10
0.4 4 .
oK) (Case I-2)
----- A(K) (Case 1-3)
—— H(K) (Case I-2) £ 0.05
0.2 4
0 Fi 2 e A A o
0 100 200 300 400 500 600

K

Fig. 5 Estimation process of parameter
a(K) based on the additive compound
propagation model.
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Fig. 6 Estimation process of parameter
4(K) based on the multiplicative com-
pound propagation model.

Table 1 Estimated results of sound propagation characteristics by use of stochastic

approximation method.

Sound propagation Initial values

Estimated results

Case

model a0) Ao &K)  HE)
11 Additive model 0.5 0.05 527 0.89 0.138
I-2  Additive model 0.9 0.09 560 1.01 0.117
I3 Additive model 0.5 0.05 529 1.00 H gf};g;(g)
II1  Multiplicative model 0.5 0.05 562 0.99 - 0.140
II-2  Multiplicative model 0.5 0.05 223 1.00 H gf}:s‘gég)
I3  Multiplicative model 0.5 0.05 1091 0.99 0.194  B=15(m)

the observation point O into consideration is shown
in case II-3. The estimation processes of parameter
a in the additive compound propagation model and
the multiplicative compound propagation model are
shown in Figs. 5§ and 6, respectively. These experi-
mental results show that several estimation values of
parameter « converge finally to an identical value
near 1.0 as a proper value, because the actual sound
field of noise measurement can obviously be regarded
with almost free sound propagation characteristics.

Next, the estimation method is applied to another
road traffic noise data measured in the actual case
with semi-diffused sound field. The situation for
the measurement of actual road traffic noise is shown
in Fig. 7. Both sides of road are highly heaped up
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the soil and their tall walls are constructed by con-
crete. This environment seems to have the inter-
mediate situation between a free sound field and a
diffused sound field. Parameters a, and H are
estimated simultaneously by the same estimation
algorithm of Eq. (36) (i.e., a=[a,, H]"). Figure 8
shows some estimation- processes of parameter «,
by use of multiplicative compound propagation
model in cases when initial values are set to be
several values. Estimation values tend to converge
to a value around 0.4~0.5 in spite of employing
arbitrarily several initial values. This estimation
result doesn’t seem to be unreasonable judging from
the situation of noise measurement shown in Fig. 7.
Especially, Fig. 9 shows an estimation process of
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Fig. 7 Situation for the measurement of
actual road traffic noise under semi-

diffused sound field.
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Fig. 8 Estimation process of parameter
@(K) based on the arbitrary choice of
initial values (the multiplicative com-
pound propagation model).

parameter H based on the multiplicative compound
propagation model. Its estimation result H=7.5m
shows a good agreement with the actually measured
value H=7.6 m calculated from the geographical
situation shown in Fig. 7.

The above results show the legitimacy and the
usefulness of the proposed estimation method.

fwy/sa
1.2 T ¥

cee=q1.17
(A=7.5m,
d=6.40m)

0.8+ |-

0 500 1000 1500

K
Fig. 9 Estimation process of parameter .
H (K) based on the multiplicative com-
pound propagation model (&(0)=0.1,
H(©0)=1.0).

6. CONCLUSION

First, a new model of road traffic noise which is
applicable to the traffic flow with an arbitrary fluc-
tuation pattern has been introduced by generaliz-
ing a well-known traffic noise model. And also, two
kinds of models for the actual sound propagation
field consisting of the intermediate environment
between the high-rise buildings in a big city and the
fields and gardens in a rural country have been
introduced in the expression of functional form.
Next, the cumulant of noise intensity at an observa-
tion point has been derived in the unified expression
form with a sound propagation parameter charac-
terizing the actual complex situation of the above
intermediate environment. Furthermore, a new
evaluation criterion for this parameter estimation
has been established especially from a methodo-
logical viewpoint by newly introducing the differ-
ence idea between theoretical distribution form and
experimental distribution form on the noise inten-
sity, and then an algorithm to estimate the actual
sound propagation parameter has been also derived
concretely by use of the well-known stochastic
approximation method under our newly introduced
criterion. The legitimacy of the proposed estimation
method has been experimentally confirmed on
trial by applying it to the traffic noise data actually
observed in a big city.

Though the main point of the present study is
focussed on proposing a new trial of parameter
estimation of the sound propagation especially
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from a methodological viewpoint since it is in an
early stage of study, there remain many kinds of
future researches of applying it to many other actual
engineering cases, deriving a simplified estimation
method for practical use based on this general
theoretical approach, finding an appropriate values
of gain parameter for speed convergency in stochas-
tic approximation method and setting the optimum
method of dividing the present road into a suitable
number of blocks.
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APPENDIX 1

By substituting Eq. (14) into Eq. (11), one can
obtain

1
FP/“(a)z: l

pi1—Ip

S " 7ot KD @) (3 K)

1 Slpu { ot
T lpya—Ip )1, 27(x,53(t5 K)+d)

1—oa, Ixm(t;K)l]}" E
—I——~——2BHp exp[ H, dx,;(t; K)
_ 1 Sbﬂ'! Ay m(1—op)
~ @nd¥-2L’ L (142 B'H)/

n
e—y/Hp'} dy

— 1 — [(x 7 Slp+1 dy
- (27Td2)”'2L, » Iy’ (1 _I__yz)n

(1 ——ocp)]" Slpn' o/ Er
— 77 —ny/Hj
+{ B'H, Iy ¢ oy

n\ ™ o "(1—a,)"
5 ()5
Slpﬂ' e—rlyl/Hy 4 ]
L A4+ 4
where B’, H,/, L', I,/ and ,,,” are defined by Eq. (20).

(A-1)
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In Eq. (A-1), by adopting an integral formula®:

dx __ "I @n=3)(n—r—1)!
S(x2+c)" TZJ[(Z:: —2r—DN(n—1)!
x Qn—3)!
’ (26)’(x2+c)"“r:l+ (n—1D!
1

1 X
. NS tan—! \/? (c>0),
(A-2)

T Qo

Eq. (19) can be derived.

APPENDIX 2

First, let us show the following theorem.
Theorem: The following formula on Hermite poly-
nomial can be concluded:

n [(n—8)/2] —
H,(ax+5)=3] (;’>aSH,(x) sy (”2,S>

r=0

s @r=DibTe@ -1, (A-3)

where Gauss’ notation [ /] denotes the greatest integer
less than /.

Proof: By use of the generating function on Hermite
polynomial, first H,(x) can be expressed as follows*:

n

d tr—t2/2
H,(x)= [ Froaa N (A-4)

Thus, H,(ax+ b) can be expressed as follows:

H, (ax+b) — {_aa;; e“f“”‘r {;)_%2/2

t=0

7
a —a2:2 ol t—a2ys2
- etaw a“t /2-ebt —a)t /2:|

2
(.
B

Sl 7

§=0

t=0""

tb (1—a2)t2/2]
t=0

eth— (1—a,2)t2/2]
t=0

(A-5)

where the following Leibniz formula® is used. in
the derivation of Eq. (A-5):

Seeuen=3 () (55 r00)

: (;Fg(x)> . (A-6)

Now, consider the last term of Eq. (A-5) in three
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cases with a<1, a>1 and a=1.
i) When a<1, one can obtain

o eto—a- 2)t2/2
atn—s £=0

an—s I
= [-a?;_—s—exp{Jl —a’t

1—a?
— t2
2 Hz=o

—(WT=ayH,

b
J1=a*

=

[(n—s)/2]

—wr=ar 5y (")

- 2r—ni (~/1 — >n_ s—2r
[(n 8)/2]
( >(2r_1)' ! bn—s—zf(az 1)7' s

(A-T)

where, in the derivation of the above equation, the
following definition of Hermite polynomial is used

7=0

[n/2] n
H,(x)= > (—1)@2r—1!! <2r)x"“2’ . (A-8)
r=0
ii) When a>1, one can obtain
an—s
['a?:e
o
=[ P exp{j Jai—1t——— Jaz

at—1
tz
+t3 Ht=o

=(j~/@—=1)yH,_, <T/‘3—z—:—*>

8 (")

b n—8=27r
i a*—1 )
[(n—s)/z]

= 2] ( >(2r—1)”bﬂ—-s—2'r(az .

7=0

zb—(l—az)ﬂ/z:l
t=0

=i a*—1

. (2r——1)!!<

(A-9)
iii) When a=1, Eq. (A-5) can be expressed as
~ follows:

0
HG+b)=| 5

— _?_i_ew—zz/z et
ot t=0

2
et(a:+ b)~t /2:]
t=0

L

o cx—t2/2i| [an—s bt:]
< )[atse t=0 at"—se £=0

< >H x) b= .

}f"_, (A-10)

Thus, the theorem is established from Egs. (A-5),
(A-7), (A-9) and (A-10).
Next, in Eq. (A-3), by setting

a=4\///laz(K)/~//\2(a, K),
x=I—p(K)) [ p(K) ,

(A-11)
and

. b =(/,L1(K)'—'A1(a, K))/‘V Az(aa K) s

the following relation can be derived.

H< NuK)  I—p(K) m(K)—Al(a,K))
~2AAa, K)  pa(K) ~ Az(a, K)

20 ) ()

. [(n—zsm ( )(2r _pn

r=0

(ﬂl(«lji\z(zl(z)l()y -

(e

-~y ot ) ()
(V)Y (Ei:m( s)(zr—l)!!

» ((K)— (@, K)) = (pa(K)— Ao(@, K))Y
(A-12)

Adopting Eq. (A-12) ‘to the weighting function
¢(I; A(a, K)), and using the orthogonal condition
of Hermite polynomial, Eq. (23) in a special case

with m=1 can be expressed as Eq. (27).
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