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Abstract: In order  to evaluate  thc seattcring ceeencients  of  architectura] surfaces, a numerical

technique  based on  Mornmertz's detinition is developed with  employing  a 3-dimensional boundary
clcmcnt  method.  Numerica] examination  on  the setting  of  puramctcrs in cornputation  and  the

conditions  of  samp]es  is perfo]'med sc) as  to ensure  accurate  calcu]ation  with  this tcchniquc, As a result.

criteria  i'or thc numcrical  parametcrs and  for the test arran.aenient  urc  c]arifiecL  and  additionally,

i]lustrating the behavior of directional and  random-incidcncc  scattcring  coetiicients.  Furthermore. in
comparison  between the v･a]ues  ",lth  thc  prcscnt  i]iethod  and  those  for an  intin"e periodic surt'ace.

genera] correspondence  is confirmed  although  somc  dM'erences appeur  due to the edge  diffraction by

the finite sarnp]e.

Keywords: ScatlerL]ig cocfficicnt  Specular reflection,  Dit!fuser. Periodic surd'acc.  Numerical analysis,

          Beundary  element  method
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             1. INTRODUCTION

   There are many  rcscarchcs  cencerning  sound  scattering

of  surfaccs,  whcrc  several  kinds of  indices ef  scattering

perfoFmance  were  proposed  L1-51. As  one  of  the  indiees.

Ihe scattering  coeflicicnt  is defined as the ratio of  the non-

specularly  rcflcctcd acoustie  energy  to the totally refiected

energy  (see Fig. 1) [5]. which  is simply  represented  h.v

               s(e'.q')=i-Es]'ce,  a]
                            Etoiul

where  Et,,t,t and  E,p,, are  the  total and  the  specularly

rcflectcd  cncrs,y,  rcspectively.  It can  be directly utilized  to

improve the aecuracy  of  Lg.eometric room  acoustic  simu-

lation, and  furthermore. tu cotnpare  the performance  of

diffusing surfaees  in room  acoustic  designing. At the

present, a method  of  measuring  the random-ineidence

scattering  coeencient  is being standardized  blr' ISO L61,
however,  unclear  points on  test arrangement  and  procedure
still rcmain  [7-91.
   On  the  other  hand. nurnericaL  evaluation  of  scattering

eeeencients  ls so  powerfu] as to realize various  parametric
studies  in an  ideal sound  field modeling.  Monimertz  [101
proposed alternative  determination of  scattering  coera-

t//c-mail/e-mail/kosaka@env.arch.t.u-tok>,o.nc,ip

saku]na@'k.u-tukyo.ac,jp

cicnts  from  the reflection  directivity of surfaces  in the t'ree
field, which  is suitable  for numerical  modeling.  Based  on

the determination. Embrechts  et  al. [11] theereticull.v

analyzed  random  ruugh  surfaces  by usins,  Kirchhofif

approximation  mcthed,  and  Gomes  ei aL  [121 calcuiated
the coeficients  under  45 degrees incidence by  u  2-
dirnensional boundary element  method.

   In this paper. a numerical  technique  based on  Mom-

mertz's  definition. -,ith  etnploying  a 3-dimensional boun-
dary element  mcthod.  is presented for evaluating  scattering

perfermance  of  architectural  surfaces  with  arbitrary  shapes,

as a substitute tbr ISO measurement.  Consequently.
numerical  modeling  is intcnded to be comparablc  with

the  sample  an'angement  in the ISO meusurement  ri]ethod,

To ensure  the aecuracy  of this tcchnique. approprialc

criteria  for thc scttins,  ef  compututional  parameters and  the

eonditions  of  samptes  arc  elarified  through  numcrical

examination.  Additiona]]y, numcrical  resu]ts  with  this

technique are coinpared  with  thosc  for an  infinite periedic
surfAcc,

          2. NUMERICALMETHOD

2.1. Catculation of  Scattering CoeMcients

   Considcr  thaL a  plane wave  impins,es on  a  sample  in the

1'ree fie]d us shewn  in Fis,. 2. where  <e'. v') and  (e. q) arc the

incidence and  the rcflcction  ang]cs,  rcspectivcly.  Hcrc. thc
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    2.2. Calculation of  Reflection Directivit-, with  BEM                                            v

    ()n the assuniprion  that the  saniple  und  the ref'erence

   

    plale huve negligible  thickncss.  applying  the boundar.v

          c[cmcnt  method  in thc normul  derivative form on  everv   

    incidenee cundition  giLes the i'o[[o",ing niatnx  eguanen'

    A,.P=  D. (4)

                                              where  tl,v,-,l,T,,,i",l':iiili'd･S'ti･  P=[p'i･PTui-････Pl,････]-

                
roughsurtace

 D"=  :,XII,exp(-.ikr-r,), c,s is thc ,f-th clemcnt.  r, is the

                                              position veclor  of  i-th node.  r- is lhe position x･ector  ot'

Fi

g･ei･:.,j:i,ii
t,1,lli]'sulifili

;
i

s
"il'

lli
'

ilhl,,?:
r

l:,
C

,lgi.Illli,.llibl::i,if,:l
 )gt,kc:,,e:i?:,x.i:,a'tasi,:];.i:"k//(X'l,,e,g?t'1s,lhf,scutl'ti

                                              number  vector  ft)r l-th incidence condition.  and  i)" (the ,i-th
                                              e]ement  of  rhe vector  p'i) is the sound  J)ressure difference en

                   z bolh surfaces  of.rLth  element  for l-lh incidenee condition.

                   t og'  Conseclucnt]y. the sounc]  prcssure clitTercnces for every

           
ipLiC:/idCAni.f.Bondttton

 
arc

 
simultaneousl},

 
culculated

 
hy

            (:onsidering thut the receivin.g  point forex,er}' directien

            is fur fron] the center  of  the san]p]e  atacertain  distance. the           

            

        Fig. 2 GeeTnelry vi' the  nu]nericul  n]c}del.

dirceli(ms in the uppcr  hemisphere are sanipled  at constant

interN'L'L]s of  polar and  uzimuthal  angles  as  follows:

       ff ,, 2.

  
AO,i=

 Ki,･ 
(),i={i-i)Ae,,,

 
(i--

 
1.2,,...,v.).

       ff/2

  
Av)ii

 
:=

 N,,v, 
･
 g;'ii 

=

 ( ,i 
-
 1, )Aq,i･ 

(.i
 
--
 
i.
 
2.
 
....4,,v,.

 
).

w'here  Nf, =  FN,,sinO,i].

   Based  on  ]Ftommertz's deiinition [10]. the incidence-
angle-dependent  scattering  eoefficient  is calcultited  t'roTn

the  two  retlection  direutivities ibr the sample  and  for the
fiat rcfercncc  plate "'ith  the saine  si7e.  which  is rel)resented

blr･

                             ]

               ,,
 RL-

             s(fj.so)=1-  , (2)
                         Ri)e'Rii

xvhere  R,., =  Eitt] E,4i'i p,({Jii, vii)p.l(f)ii･wii)sine,,A(Y"Av,i･

th and  lpo denote thc coniplex  s{}und  pressure for the

samp]e  and  for the reference.  respectively.  and  * indicates
coniplex  cvnju.uute,  Throughout  this paper, surfaces  are

assumed  to be perfectly refiective,  Finally, accordin.o  lo

Paris' formulu 113I. inlegruting the ubove  dircctiona]
values  over  the  upper  hemisphere gives the  random-

incidence scattcring  coefllcient  us  follows

      s =  ; i il) s(o;,, if;, ) sin ";, ces  e;,Aeg,Aof,. {3)

           [-1  1-1

refiected  sound  pressure distribution tbr ever.y incidence
condition  can  be calculated  by the tb]lo"'ing equation.

                 Pr=-A,P.  (5)

whcre  I'r =  [pii .pl. , , , ,p!,. , , ,1, A,,,i =  ,lll',,, 
L'ft}':,fi"U

 dS,,, and

pl.,･ is the reflected  sound  prcssure aL m-Lh  rcccivin.g point
for l-th incidence condition.  Once the  reflection  clireetiv-

ities for the sample  and  the reference  plate are calcu[ated  in
the  above  ",ay. then  the directiona] and  the  randon]-           '
incidence scatterin.g  cocfticienth  are  obtained  by Eqs. t2)
u-d  (3).

3. SETFI'INGOFNUMERICALPARAMETERS

   ln order  to gis,e appropriate  setting  ot' nutnei'ica]

parameters in the present method.  this section  ini'estigates
thc infiucncc ol' lhc parameters on  the  calcu]a{ed  results.  In

the fo]]owing ca]cu]ation.  it' lhure is nu  special  mention,  the

boundary  element  anal>'sis  is pert'ornied utsing  triungle

eonstant  elenients  xvith a ",idth [ess than  ]f.s' of  the

wavelength.  at  ]/'3 octave-batid  center  frequencies. the

distance t'rom the  ccntcr  of  thc sumple  to receivers  is

inlinity, tmd  the directienal parumeter iX,'f, =  30.

3.1. Location  ef  Receiving  Points

   Fer determining refiection directivit>', the distance d'rom
rhe  center  of  the  sample  to the  receiN'ing  points should  be

fixed at u certain  va]ue.  so that the infiuence of  the distance
en  Ihe result is examined  here. Figure 3 illustrates u test                           L
samp]c  of  the diametcr of  3m. with  periodic sinusoida)

surface.  The surface  pcriod L is 0.? m  and  the hei.ghr h is
O.06m,  "'ilh changinE  the distance d. the  rundo-]-                L. L
incidence scattering  ceefilcients  urc  calculuted  bv the               L. i
n]ethod,

              1.{7
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       3m

 FiR, 3 IllusLration of  the  sample  with  sinusoida]  pcriods.

1..---u

g･!
 o,4 

;tl
 [i2 .;/S-

                                        d(m)

   Fig.4 Vuriation ef  the  random-incidencc  scattering

    coeffcients  due to  the rcccivcr  distancc d.

   Figure 4 shows  thc  influence of  the  distance on  the

calculated  coellicicnts,  It is sccn  that largc diffcrcncc

between the values  for near  and  for far receiving  points at
lower frequencies. however, the coetlicienls  sulliciently

converge  at ccrtain valucs  if the distance is more  than  the

diameter of  the sample.  This finding is app]icable  tbr
measuremcnt  sctting,  whilc  it is ceiisistent for numerical
analysis  to give the distance infinity,

32. Directiona] Discretization

   As dcscribed in subsection  2.1. the method  eniploys  the

dircctienul discretization for incidence and  reflection

angles  by means  of the parametcr NL. Changing the

parameter as shown  in Table 1, the influencc of  the

directionul discretization is examined  with  the sarne  sample

      Table  1 CondiTions for dircctional discrctizat.len,

N,, Number  of  directions

 (O 
'
 s  e, v [. goo)

Ae,y {deg.}

915.I83e4S   S6
 150
 214

 5861.310

106532
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                Scn(terin." coetllcienL

   Fig.5  Distribution of  the directional scattering  coern-

    cients  caleuluted  with  Ne  =  9. ]8 and  45/ (a) 1 kHz  and

    (b>: kllz.

as uscd  in the prcvious study.

   Figure 5 illustrates the  disrributLon of  the directionat

scuttering  coeficients  calculated  at 1 kHz  and  2 kHz.  on  the

three conditions  that A[n =9,  18 and  45. Very little
difference among.  the  results  is seen  ut  1kHz.  hewever.

the result with  7VL) =:  9 is remarkab]y  different from the

ether  twe  at  2kHz.

   Ftgure 6 shows  the random-incidence  scattering  coef-

ficients calculated  under  every  condition.  Below  1 kHz,

good  agreeniei]t  is seen  among  all conditions.  whi[e  some

difference gradually arises  at  hi.gher frequencies. Fi.gure 7
shows  the  ditllerences e'd,i between the  random-incidence

values  on  the  two  conditions  fbr directional discretization.

Here. Ed,t is defined as

                       IJyl 
-

 S･21
                cd,l=  . (6)
                        .i 

-
 NfJ.2                      N,t

It is seen  that e,id between  the results  with  NH  =  ]8 ttnd  30

are  sma]ler  than  O.Ol at  all frequencies. Thcrcforc, in the
ran.oc  up  te 2kHz, the conditiun  N}, =  18 {Aeij -- S') is
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Fig. 9 Rundenvineidcnce sL'attorin.y eoeftieientg  ul 1 ,i ]2
 octuvc-bai]d  center  l'reguenuies fur the three  types  c)f

 sa[nples.

/--e
 sL)ol]z-b-  ]IK)ef{z-o-  ]2tt" T]i xlf,OOI[lt))[)UHI

Fig,7 DHTerences between the  ntndom-incidence  val-

 ucs  on  the two  conditions  tbrdircctjena] discre[ization.

 e,i,s is detined as  F.g. (6).

considered  Lo be applieuble.  [Lnd  thc condition  NH =  30

(A"ci=3)  to be reliable,  This result is rough)y  in
tLccordance  with  thc criterion AeY f50.llD  (deg) C.t is
thc  ",avclength  and  D  is thc diniension ol' the tcst sample,

here, D=  3m). -,hich  is fer receiver  samp]ing  in calcu-

lation of  polar patterns on  a  semicircle  in a sin.Lo..le plane,
proposed by Embrcchts  et ctl, [1 1].

3.3. Frequency  lnteryals

   In thc previous studies.  the rcsults  at 113 octave-band
center  frequencies were  prcsented t'or the discussion.
Huwever. Lhe detailed behavior of  the random-ineidence

scuttering  coci'ficients  in lf'3 octave-bunds  should  be
examined  to give appropriate  frequenc>, interwtls in the

pracLical calculation  of  1,/3 octave-band  valucs.  Fi.gure 8

illustrutes three typcs of tcst samples  with  lhe samc  hci..o.ht

(0.06m): ID  sinuseidal  sur['ace  (Typc ]). 2D sinuseidal

surfuce  (Type 2), and  pseudo-random rou.gh surfuce

(Type 3). The nns  heights are  O,03.67in CType b.
O.0225m CT.ype 2). and  O.0242m (Type 3), respective].v.

and  Type  3 ig coniposed  ef  pyrainids (thc density ol'

summits  is 21.93 m-2).

   Figure 9 shows  the  rttndom-ineidence  setttterin.y  eoetl

ficients calcu]ated  at 1 ,/' 1: octave-bund  center  frequencies.
,ALIthou.gh moderate  fluctuation appears  in the  case  with

Tlr'pes 1 2tnd  2. all ]ines are rairl.v smeoth.

   Subsequentl},. the aN'erages  of  the above  vatues  in 113
octus,e-b[tnds.  and  thc values  at [,t'3 octave-band  center

freclucncies are  cempared  in Table2.  ,ALs a result,  the

ditTerence between the  avera.oes  of  lhe  values  at 1f6 and

] 
,i
 12 octave-band  ccnter  t'requencies is considered  to be

neu]igible  in thesc  cuses.  ,ALdditipnally. the diiTerence  LL  '
between the va]ues  at 1,i3 octavv-band  center  i'requencics
unct  the other  uverages  js e.025 at most.  Therefore, it cLLn  bc              L
said  that single  t'requeney analysis  at  lf3 octax,e-band

center  frequencies is practica]ly uset'u]  ft)r rough  eva]uation

of  scattcring  cocrncients,        4

  4. ARRANGEMENTOFTESTSAMPLES

   In this section.  t",o aspects  ef  the arranL-cenient ot' test

gumples  ure  extLmincd  by nurnerica]  una])･sis.  regardin.u the
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Table  2 Rundom-incidencc  scattcring  eocrneicnts  of  1,i3 ocLuve-bands/  (u) tlie valucs  ut the centcr  frcquencies, (h) the

  avevages  of  the va[ues  at I /'6 octave-band  center  frequencies, and  (c) thc avcragcs  ot' the  values  a"  f1 2 octave-band  center

  frequencies.
                                  '                                                                                            t-
            3i5Hz  400Hz  500Hz  630Hz  gOOH7  1,O()OHz 1.250Hz  1.600Hz
-     t tt ttt tt                                                   t tttt t t--
     (a) O,O08 O.O13 O.020 O.034 O.091 O.216 O.446 O.688
                                                   .. ..  .L

Cb) e,oog U,O]3 O.020 O.036 O.090

l.c) 
O.O09

ca) O.(}03

O.O13 O.C)20 O.036 O.089

e.oos .o.oos
O.O12 O,033

O.226

.O. 
.225.0:25

   O.446
     tt
   O.445
-t t    '
   O.291

e.667O.673{),435

Typc  2 cb) {),O03 O.O05 O.O08 O.O13 O.058 0212. O.306 O.430

(c) O.O03 o,oos O.O08 O,O13 O.OS4 0216 O.304 O.433

cto O.O04 O.OOb O.OIO

Type 3  (b)-ic) O.O04 O.O06 O.Ol1

O.023O.025

O.O04 O.O06.
 

O.911-

 thc  number  oi'

  surface.  Basi-
 as used  for the

O.C)25

outlined  shape  of  gcncral samples  and

periods ik)r typical samples  with  peidodLc
cally, thc settinLg tbr numerical  analysis  is
reference  condition  in the prcvious section

4.1. Shape  of  Test Samples

   In the ISO measuretnent  method,  test samp]es  shou]d

have circular  shape,  becausc samplc  rotation  is employed

to extract  the specularly  retlected  component  by synchron-

ized averaging  of  impulse responses.  On  the other  hand,
Monimcrtz's definition has in principle no  rcstriction  on

the shape  of  samples.  If squarc  shape  can  be applicd  as  well

as  circular  shape.  it is very  useful  for numerical  analysis

concerning  mesh  generation and  calculation  ethciency.

Thus, in this subsection.  two  sets of stunples  with  circular

and  square  shape  as  illustrated in Fig. 10. are  testcd to

investigate the in[luence of the shupe,  Here, the diameter is

3m  for circular  samples.  while  the  side  length is 3m  for

 -.a) Typc Le z

         - O.2m

xl
"i'i,i'/'isitt'

.

"i
-

fl
-'

lttL 
3m

 
'
 

-'

 (c)Typc 2t z

lt

I
'

;)Y?k
Z'

.

 

square  ones.  and

w'idth less than
Type ]s,

   Figure !t shews

illustrating thc

coeencients  at  1

square  sarnples  with

between  thern is

any  frequencies

   As  is also  secn

incidcnce yalues,  it was  contlrrned  that the

shape  o(' test sam

method,

I

A

O.067 (].166 O,287 O.434

O.073 O.170 ..L[//12SS .-. 
O.4:7!

[).071-
 .O.1.70 . 

0.2ii7 . . 
{l,433.

       quadrilateral constant  elements  -,ith  a

      l!5 of the wavelength  are emplo},ed  f'or

          an  example  of  calcu]ated  results.

     distributien ef  the directional scattering                                       L.
      kHz  and  2kHz  for the circu]ar  und  the

         2･ D  sinusoidal  periods, The difference

      quite sma]].  and  this tendency  is seen  at

     regardless  of  the sample  type.

       in Fig. 12, which  illustrates the random-

                           influence of  the

      p}cs is negligible  in thc present numerical

(u) lkHz

  /

e2c

(b) !kHz

  L

 2s

 -'

        
r]

             O O,2 O,4 O.6 O.S 1.0

             Scatter[ns, coet'ficient

Fig. 11 Distribution et' thc directional

 ficients for Types 2e and  2s/ {a) 1kHz

]

F;g. Ie Test samp]cs/  (a) clrcular'
 perieds (Type  1u), (b) Kquare  with

 (c) circular  w'ith 2D  ones  (Type

 iN'ith  2D  ones  CType 2s).

with  ID sinusoidal
1 D  ones  (Type 1s).
2c). and  (d) square scalterinE  coef-      L･and

 (b) 2klIz.
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Fig. 12 Random-incidence scaTterlng  coefiicienlH  1'er

 t"･e se[H  oi' circu]ar  antl square  san]ples.

-

TabLc  3 Fc)ur lypes uf  test sa]r]pleh.  L is thc peric)d und  h
 is Lhe  hek,hL.       L

fypeA

･-

fype B

e'H,

 C

'-

BEM

1.b)l.1.".t)lll

    1

/1

e'

'i-lr
 pe 6'-

Type  AType

 B'I'},pe

 C

LCIII)(L167C].200O.300O.600Ji (ITi}o,()i'

U,Ohe.(y)o,]s

Nuinberei'peri{}dg

     lg
     b'.
     10

      5

4.2. Number  ot' Perieds in a  Sample

   In rc)om  acoustic  designing. periodic surfaccs  are oi'tcn

used  for the  purpose ot' acoustic  di ffusion. thus  a  wa[1  "ith

thcm  is ene  of  the  typicul sumples  for evuluating  the

scattering coetlicients. Hoxlt'ever, special attention  in thc

test  is rcquired  regarding  the nuniber  of  periods in a

samp)e.  in order  ro  evaluate  the  representutive  values.  In

this subsection,  four types  uf  samples  wirh  ID sinusoidal

periuds as iisted in Table 3. are tested -ith  changing  the

nutnber  of  periods. where  the  samples  huve the constant

ratio of  the height h to the period L as h/'L=O.3 Csee
Fig. 3).

   Figure 13 ghows  the distribution of  the directional
scattering  coeffieienrs  for Types  A, B  and  C. on  the  two

conditions  that L!.l is constant.  If the stunplc  arca  is

infinite. the results  for the three  types should  peri'ectl>･
agree  with  each  other. however. the  ca]cuLated  va]ues L.bec{}me

 slightl.v  largcr us  thc numbcr  ef  perieds decreases.
It is considered  Lo be due te the edge  diffraction frum the
satnples  ot' different sizes  in the scule  nerma]ized  by

period.
   Figure 14 shows  the  randon)-incidenee  values  in    -relation

 to the  ratio  L!.l, lt is seen  that the line graduall>'
converges  with  increasing the number  of  periods.
Fi.yure 15 shuws  the differences E.p bet"'een the ubeye

results on  the twe  cenditions  of  number  of periods. Here.

e',v, is expressed  by the followinL-u equution  as  defined in

subsection  3.::

-

1

          ]
           o o.L} (L4  o.b e.s ],o
            SL'utlerinuuect'ticienl

Fig, 13 Di,t]'ibuTioT] et' lhe  direeTienal

 ficientg for T)peh .A,. B and  C/ [a) l.,',l
 I.･,t -  O.93].

scatLeriTIL,  ceei'-

=  D.466 and  <hlb

p't

 
-1v+o'

 e'

i lu.g1.I!,-!tg･ij;e.L.'T5-.xOJ

 "5  L

                                   J. ,i

Fig. 14 Random-incidence ,catterin."  coet'ticienls tor

 four t>'peK of  hmusoidul  hiiniples  xt iTh dift'erent periods.

()}.

                    IJt] 
-

 S･li

              
E,ri'=-,N,･,,,,

 .rig,,,., 
･
 

(7)

where  iVi,  is the number  oi' periods in u  sample.  While e.t, of

T>'pes B and  C  are  N,uried  depending on  frcquencies, it can
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Fig. 15 DifTerences between  the randum-incidcnce  val-

 ues  en  the twe  conditiens  et' nurnber  of  periods. c,v, is

 defined as Eq, C7).

be seen  that those  for Types  A  and  B  are srnaller than  O.Ol
indepcndent]y ot' fi'equcncies. Furthermore, those  arc  a]-

mest  smaller  than  O.O05 in the case  for Types  O  and  A.

Consequently, 1O-15 perieds secm  to be neccssary  for this
kind of  sinusoidal  surfaccs.  This is roughly  accord  with  the

experimental  result  by Gornes et  aL  [12].

     5. CORRESPONDENCEWITHTHE
   SCATTERING  COEFFICIENTS  FOR  AN
             INFINITE  SURFACE

   This. section  investigates the correspondence  between

the scattering  coecacients  for a test sample  of  finite size and

                   Ac･oltst. S(･i. &  7?(･h. 26, 2 (2005)

for an  infinite surface,  which  is main]v  related  with  the                                 J
influcnce of  the  edge  diffraction. The  circular  samp]e  with

tD sinusoidal  pcriods with  L =  O.2 m  and  h =  O.06 m  {see
Fig. 3) is analyzed  as  describcd abovc,  whi]e  the  infinitc
surfacc  with  the  same  pcriods is numcricatty  analyzed  with

the Fouricr series  cxpansion  [141.
   Figure 16 shows  the distribution ot' the directionul
scatterjng  coet'ficients  for the finite sarnp]e  and  tbr the

infinite surface  at  500  Hz, 1 and  2kHz.  The distributions

for the finite samp]e  have  rnoderate  gradation, which  is

considercd  to be due to thc cdge  diffraction; and  in

contrast. clear  patterns appear  for the infinite surface

although  accompanying  roughiiess  due to the  directional

discretization. On  the whole.  correspondence  between the

distributions for thc two  surt'aees  can  be secn  to  a certain

cxtent.

   Figure l7 shows  the  va]ues  of  polar incidence angle

dependence, averaged  over  azimuthal  angles.  As is seen  in
Fig. 16, a remarkable  difference is seen  at 1kHz. and

generally, thc  values  for the  finite are  s,rcuter than  those

for the  infinitc. Naturally. the  rcason  is that non-specularly

reflected energy  is overestimated  due to the edge  diffi'ac-
tion, and  espccially,  this tendcncy  becomes remai'kable

when  the polar incidence angle  is over  80  degrees.

   Finally, Fig. I8 shows  thc random-incidence  scattering

coefiicients  at 1112 octave-band  ccnter  rrequencies, Gen-
erally,  the  values  for the  tinite samp]e  and  intinite surface

relatively  correspDnd  with  each  other. although  difTerences
of  about  O. 1 occur  because of  the  edge  dira'action at middle

frequencies. At high t'requencies. the infiuence c)f the edge

(a)circulnrsample  l

('b) Ind'inite surl'ucel/11/

tt

'

t

1'

//.-
/li1LL.ttt

'

'

500  Hz.-L.
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tf-"x.

'
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e･'H

'-i
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''
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/
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Fig. 16 Distribution of  the  directiona[ scattering  ceeancients  at 500 Hz,
 the  infinite surfacc,

×''ip'
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  ii'(Lfi

 i.o.4
 E"

  gO.2
 i･'

  eno

 f/
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      Rundoin-incide[ice scatterinLT  uoe ±1'icicnLs u[                            L
     ocluve-band  ccntcr  frequcncics for Lhe ciruular

      and  lhe infinile surt'uce.

      is se week  thttt f'uir.v good ugreement  is secn.

       other  hand. the effect  of  corrugated  surfaces

   ver>,  smu]i  at  lowu' freguencies,

           6. CONCLUSIONS

     practical method  for evaluatin.g  the scuttcrin.y

       of  architectural  surfaces.  a numcrical  lechnique

      pt{oinmertz-s definition was  develol)ed with

       a  3-dimensional boundarv element  mcthod,

      exan]ination  revealed  the folle"'ing findings for                                    L.L

      of  d]uinerica]  parainctcrs un(1  rhe arrant2enlent  of

sarnp]es  in the present method/

     distanec t'rom the center  of  a circular  satnple  Io

 receiving  points is to be more  thun  its diameter,

   directienal cliscretizution  for incide]ice and  refiec-

     ungles.  the interval is to be rou.oh]y  less thun  5

  eurees  for the analysis  up  to 2 kHz,

     smeoth  or rough  surt'aues. thc scatterin.o  coefii-

       at 1/6 octave-btLnd  center  t'requencies  are

 sufTicienL to evaluate  the values  oi' 1 ,i'3 octave-bands.

 and  the  value  at a 1 i'3 octavc-band  center  frequenc}, is

       eqval  to the avcruge  in the band.

                     
t ... .4. t t

        go  o r"o f")

 {degF  pnl"t inc i'dcnL'c  "n.o.lc  e' kle.r l/

t'or thc eircu]ar  sun]ple  ib-d  the miinile  hurt'uce/

 11t.)(]

 d) As  well  as  cLrcular  sump]es.  square  oncs  are  ulso

    uvailable  for the present nielhocl bused on  Nloni-

    mertz's  deiinition.

 c) For saniples  ",ith  perioclic surfuces.  the nuniber  ot'

    periods is at leust to bc 1O. and  inore  than  15 rna.v hc

    reeotnfnendubie.

   .,Xt ]ast. in coniparison  bet",een the sca{tering  ceef-

11eients for a  tinire sumple  and  1'or an  intini(e surt'ace.

.oeneral
 correspondence  was  contirmed  in the  rundom-

incidence values.  while  it was  clarified  that sonle  dii'-

t'erenccs bet"een  t]icm  occur  at mLddle  t'requencies due to

the edge  diffruution ei' the sample.  ?Ndditienal]},.  rhe

infiuence of  the  ed.ge  diffraction nppeured  so  obviouti]>,

under  grazinu  incidcncc that t'urther investigution seems  to     -v  4

be required,
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