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A r t i c l e s  in E n g l i s h  or Fren ch are we lcome. T h e y  s h o u l d  be a d d r e s s e d  
to a regional c o r r e s p o n d e n t  or to a m e m b e r  of the e d it ori al board.

A c o u s t i c s  and No i s e  Control in Ca n a d a  is d i s t r i b u t e d  free. To  have 
y o u r  name put on the m a i l i n g  list, p l e a s e  c o n t a c t  the N o i s e  Control 
D i v i s i o n ,  E n v i r o n m e n t a l  P r o t e c t i o n  S e r v i c e ,  D e p a r t m e n t  o f  the E n v i r o n m e n t ,  
Ot t a w a ,  O n t a r i o  K1A 0H3. Postal co de s m u s t  be p r o v i d e d  for all a d d r e s s e s  
in Canada.

This newsletter is published by the Canadian Acoustical Assuvialion. 
Printing and distribution are provided by the Department of the 
Environment. The contents of the newsletter and any opinions 
expressed are the responsibility of the authors and. do not necessarily 
represent the views of the Canadian Acoustical Association or the 
Canadian Government, its departments or agencies.

Vous êtes i n vi tés à fa ir e p a r v e n i r  des a r t i c l e s  en a n g l a i s  ou en fran çai s. 
P r i è r e  de les a d r e s s e r  à un c o r r e s p o n d a n t  ré gional ou à un m e m b r e  de la ré da cti on .

L ' a c o u s t i q u e  et la lutte a n t i b r u i t  au C a n a d a  es t d i s t r i b u é  g r a t u i t e m e n t .  
V e u i l l e z  c o m m u n i q u e r  av e c  la D i v i s i o n  de la lutte a n t i b r u i t .  S e r v i c e  de la 
p r o t e c t i o n  de l ' e n v i r o n n e m e n t ,  M i n i s t è r e  de 1 ' E n v i r o n n e m e n t ,  O t t a w a  (Ontario), 
K1A 0H3, pour fa ir e i n s c r i r e  v o t r e  no m sur la li st e d ' e n voi . Il est n é c e s s a i r e  
qu e tous les r é s i d a n t s  du C a n a d a  i n d i q u e n t  leur code postal.

Ce bulletin d'information est publie par l'Association canadienne de 
l'acoustique. Le Ministère de l'Environnement s'occupe de l'impression 
et de la distribution. Le contenu du bulletin ainsi que les avis exprimes 
ne représentent pas nécessairement l'opinion de l ’Association canadienne 
de l'acoustique ou du gouvernement du Canada et des ministères et 
organismes fédéraux; ce sont les auteurs qui en assument la responsabilité.
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NOTICE BOARD 

CAA MEETING

The f o u r t e e n t h  annual meet ing o f  the  A ss oc i a t i o n  w i l l  be held  
in Vancouver on the  6 , 7 and 8 o f  October ,  1976. C o n t r i b u t i o n s  on a l l  
a s p e c t s  o f  a c o u s t i c s  and no i s e  c on t r o l  a r e  i n v i t e d  and a b s t r a c t s  a re  being 
ac ce p te d  by Doug Whicker,  Barron and S t r ac h an ,  3284 Heathe r  S t r e e t ,  
Vancouver,  B.C. V5Z 3K5. P lea se  submit  your  a b s t r a c t s  as soon as  p o s s i b l e .  
For more in fo r ma t i on  conce rning  the  meet ing c o n t a c t  Doug Whicker a t  t he  
above a d d r e s s .

A group a i r  t r a v e l  p lan  i s  being a r ranged  f o r  those  members 
coming from or  through Toronto to  Vancouver to  help  hold the  a i r f a r e  c o s t s  
down. For in fo rm a t ion  r e ga rd in g  t h i s  group f l i g h t  c o n t a c t  our  "Travel  
Advisor"

John Manuel
S u pe r v i s o r  Noise P o l l u t i o n  Control  Sec t ion  
P o l l u t i o n  Control  Branch 
M in i s t ry  o f  the  Environment 
135 S t .  C l a i r  Ave. W.
Toronto,  O n t a r i o .  (416 -  965-
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The Sound and V i b r a t i o n  L a b o r a t o r y  o f  t h e  F a c u l t y  o f  E n g i n e e r i n g  
S c i e n c e ,  The U n i v e r s i t y  o f  Western O n t a r i o ,  w i l l  be o f f e r i n g  a program o f  
g r a d u a t e  s t u d i e s  d e a l i n g  w i t h  n o i s e ,  v i b r a t i o n  and c o n t r o l  in t r a n s p o r t a ­
t i o n ,  c omm un i t i e s ,  b u i l d i n g s  and i n d u s t r y .  The program w i l l  beg in  in 
Sep t ember ,  1976.

The program w i l l  l e a d  t o  t h e  Ma s t e r  o f  E n g i n e e r i n g  (M.Eng. )  d e ­
g r e e ,  and i s  d e s i g n e d  p r i m a r i l y  t o  p r o v i d e  advanced  s p e c i a l i z e d  t r a i n i n g  
beyond t he  b a c c a l a u r e a t e  l e v e l  l e a d i n g  t o  i n c r e a s e d  p r o f e s s i o n a l  competence  
in v a r i o u s  a r e a s  o f  n o i s e  a s s e s s m e n t  and c o n t r o l .

For  f u r t h e r  i n f o r m a t i o n  a n d / o r  a p p l i c a t i o n  f o rm s ,  w r i t e  t o :

S t u d e n t  L i a i s o n  O f f i c e  
F a c u l t y  o f  E n g i n e e r i n g  S c i e n c e  
The U n i v e r s i t y  o f  Weste rn  O n t a r i o  
London,  O n t a r i o ,  Canada ,  N6A 5B9

CONFERENCES IN ACOUSTICS

The 15th I n t e r n a t i o n a l  Co n f e re n ce  on A c o u s t i c s ,  U l t r a s o u n d , 
t o  be h e ld  on t he  5 t h  t o  9 t h  o f  J u l y  1976 a t  t h e  E l e c t r i c a l  E n g i n e e r i n g  
B u i l d i n g ,  P r a g u e , S uc h b a t a r o v a  2 ,  Praha  6 - D e j v i c e .  The themes  o f  t h e  
c o n f e r e n c e  w i l l  dea l  w i t h  t e c h n o l o g y  and m e d i c i n e .  For  i n f o r m a t i o n  w r i t e

Assoc .  P r o f .  Dr. I ng .  O l d r i c h  Ta raba  CSc.
Chai rman o f  t h e  Subcommission f o r  U l t r a s o u n d  
o f  t h e  A c o u s t i c  Commission o f  t h e  CSAV

XII I  I n t e r n a t i o n a l  Congr es s  o f  Audi ol ogy

on t h e  18th  t o  22nd o f  O c t o b e r ,  1976,  in F l o r e n c e ,  I t a l y .  For  i n f o r m a t i o n  
w r i t e  t h e  c o n g r e s s  P r e s i d e n t

P r o f .  E. Bocca
V i a l e  Regina Giovanna 15,  Milan

A c o u s t i c a l  S o c i e t y  o f  America

m ee t i ng  in San Diego on t h e  16 t h  t o  19th  o f  November,  1976.  Chai rman o f  
t h e  c o n f e r e n c e  i s

Fred N. S p i e s s  
Marine Phys.  Lab.
S c r i p p s  I n s t i t u t e  
Box 109,  La J o l l a  CA 
92037
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The I n s t i t u t e  o f  Acous t ic s  i s  o rg an i z in g  t he  ne x t  FASE Symposium 
on t he  s u b j e c t  o f  European Noise L e g i s l a t i o n  to  be held  from the 14th to  
the  17th o f  November, 1977 in London. The t e chn i ca l  programme i t s e l f  
w i l l  i nc lude  c o n s i d e r a t i o n  o f  c r i t e r i a ,  i n s t r u m e n t a t i o n ,  s t a n d a r d s ,  laws 
and r e g u l a t i o n s ,  t h e i r  n a t u r e ,  enforcement  and e f f e c t i v e n e s s .  I f  any 
member o f  t he  a s s o c i a t i o n  would l i k e  to  make a c o n t r i b u t i o n  t o  one o f  
the  s u b j e c t  headings  p l e a se  c o n t a c t

Mr. R.A. Wal ler  
V ic e - P r e s id e n t  
Symposium Organi ze r  
I n s t i t u t e  o f  Acous t i c s  
47 Bel grave Square 
London SW1X 8QX

U l t r a s o n i c s  I n t e r n a t i o n a l  w i l l  be held  a t  Imper ia l  Co l l ege ,  
London a t  the  end o f  June 1977. S u b j ec t s  inc lude  high-power  u l t r a s o n i c s ,  
i n s t r u m e n t a t i o n ,  medical  and b i o l o g i c a l  a p p l i c a t i o n s  o f  u l t r a s o u n d ,  non­
d e s t r u c t i v e  t e s t i n g ,  phys ic s  o f  u l t r a s o n i c s ,  t r a n s d u c e r s ,  underwater  
u l t r a s o u n d  and v i s u a l i z a t i o n .

Authors  o f f e r i n g  papers  f o r  p r e s e n t a t i o n  should s e n t  a b s t r a c t s  
o f  150-250 words p lus  one i l l u s t r a t i o n  t o :

Dr. Z. Novak 
Conference Organ ize r  
U l t r a s o n i c s  I n t e r n a t i o n a l  1977 
1 PC House 
32 High S t r e e t
Gui ld fo rd  Su rr ey  GUI 3EW UK

General i n q u i r i e s  should be s en t  t o :  Mrs. Mabel S t ac ey ,  Con­
f e r en c e  S e c r e t a r y  a t  the  same add re s s .
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Department of Communications Ministère des Communications

Ottawa,  Kl A 0C8 
26 August ,  1975

Dr. H.W. Jones ,
Chairman, Canadian Acoust ica l  A sso c i a t i o n ,  
Physics  Department ,
Un ive r s i t y  o f  Calgary ,
CALGARY, Alb e r t a .
T2N IN4

\
\

Dear Hugh:

In a r e c e n t  t e lephone  c on ve r sa t i on ,  you sugges ted 
t h a t  I might w r i t e  you a l e t t e r  to be read out  a t  the  CAA 
meeti  ng.

F i r s t  of  a l l ,  I would l i k e  to  say how so r ry  I am 
t h a t  I cannot  be wi th you a l l  a t  t h i s  meet ing,  e s p e c i a l l y  
as p r e s su re  o f  o th e r  bus ines s  has kept  me from seve ra l  p revious  
ones;  but  you have chosen the exac t  da t e s  when I w i l l  be 
packing up my Ottawa home, and moving to sunny F lo r id a .  This 
move i s  the  r e s u l t  of  a de c i s io n  to  r e t i r e  from my r e g u l a r  
occupat ion to  devote mysel f  f u l l  t ime to  consu l t i ng  in 
a r c h i t e c t u r a l  a c o u s t i c s  and noise  c o n t r o l .  By moving to the 
United S t a t e s ,  n a t u r a l l y  wi th co ns ide rab l e  r e g r e t ,  I plan to 
broaden the  base o f  my p r a c t i c e ,  whi le  s t i l l  keeping,  I hope,  
as many of my Canadian c l i e n t s  as pos s ib l e !

T h a t ' s  enough about  mysel f ;  what of  t he  f u tu r e  o f  
the  Canadian Acous t ica l  Assoc i a t i on  now t h a t  i t  has become 
a t e e n -a g e r .  For i t  i s  j u s t  over t h i r t e e n  year s  ago t h a t  
e ight een  of us got  t o ge th e r  in Ottawa,  a t  what the  minutes  
desc r ibed as a "meeting of Canadian A c o u s t i c i a n s" ,  t o  s t a r t  
the ba l l  r o l l i n g .  In the course  of  t h a t  meet ing,  to  quote 
the  minutes ag a in ,  " the general  problem of  e s t a b l i s h i n g  and 
using (no i se )  c r i t e r i a  was d i s cus sed  a t  some l eng th" .  I t  
seems to me t h a t  t h a t  d i s cu s s ion  i s  s t i l l  going on!
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A l a t e r  quota t i on  from the same minutes sugges ts  
t h a t  we have in f a c t  made some progress  in the  i n t e rvening  
y e a r s .  A r e p r e s e n t a t i v e  from the mechanical engineer ing 
d i v i s i o n  of  NRC sa id :  " I t  appea rs ,  in f a c t ,  t h a t  noise  
con t ro l  i s  j u s t  too f a r  down the l i s t  o f  con s ide ra t i ons  in 
the  des ign  of  a i r c r a f t ,  t rucks  or  even in bu i ld ings .  One 
impor tant  t ask  f o r  a c o u s t i c i a n s  i s  to educate  de signe rs  to 
the  po in t  where they w i l l  cons ide r  no i se ,  or  r a t h e r  q u i e t ,  
as a ba s i c  des ign f a c t o r ,  r a t h e r  than something to  be looked 
a t  a f t e r  o t he r  design o b j e c t i v e s  have been met".  Although 
we s t i l l  have a long way to go, I be l i eve  t h a t  the  quest i on  
of  no ise  has been r a i s e d  qu i t e  a few notches on the 
d e s i g n e r ' s  l i s t  of p r i o r i t i e s .  I t  may be a s t raw in the  wind,  
but  I am to ld  t h a t  in C a l i f o rn i a  the  drawings fo r  a hotel  
o r  an apar tment  bu i ld ing  must be signed o f f  by an acous t i c a l  
c o n s u l t a n t  be fore  c o ns t r u c t i o n  can s t a r t .

That  f i r s t  meeting a l so  d i s cussed  landzoning 
ord inances  based on a l lowable  no i s e ,  another  sub j ec t  in which 
I be l i e ve  advances have been made. Quite r e c e n t l y ,  I have 
been c on su l t ed ,  a t  the  behes t  of  CMHC, by t h r ee  d i f f e r e n t  
deve lopers  planning housing c lose  to  ra i lway t r a c k s .  Ten 
year s  ago,  such a f i rm requi rement  fo r  an acous t i ca l  a n a l y s i s  
would have been unheard o f ,  and i t  i s  a move which should be 
encouraged.  This type of  s i t u a t i o n ,  however,  r a i s e s  one 
very i n t e r e s t i n g  ques t i on  of  human r i g h t s .  Does a source o f  
noise  a c q u i r e ,  as i t  were,  s q u a t t e r s '  r i g h t s  by having 
e x i s t e d  f o r  a long t ime? The p re sen t  answer seems to  be t h a t  
i f  you a re  a l a rge  powerful o rgan i za t i on  l i k e  a na t ion-wide  
r a i lw a y ,  no one can touch you,  or  even expect  your a s s i s t a n c e  
in c o n t r o l l i n g  the  noise  you produce,  however much i t  
t r e s p a s s e s  on o t he r  pe op le ' s  p roper ty .  On the o the r  hand, i f  
you a r e ,  f o r  example,  a small manufac tu re r , you must cont ro l  
your  noise  outpu t  to  the  s a t i s f a c t i o n  of  your  most f i n i c k y  
ne ighbours ,  or  r i s k  being put  out  of  bus iness .  There is  
s t i l l  p l e n ty  o f  scope f o r  the socia l ly -minded ac o u s t i c i a n !

I be l i eve  t hac  the  Canadian Acoust ical  Assoc i a t i on  
has a very impor tant  and va luable  fu tu re  ahead of  i t ,  i f  i t  
can convince governments a t  a l l  l ev e l s  t h a t  i t  i s  an accept ed ,  
rea sonab le  and neu t r a l  r e p r e s e n t a t i v e  of  acous t i ca l  thought  
in Canada. And here I would l i k e  to emphasize " reasonable"  
and " n e u t r a l " .  I f  CAA takes  a s tand too f a r  in advance of  
t e chn ica l  p o s s i b i l i t y ,  i t  wi l l  r ap id ly  lose i t s  c r e d i b i l i t y .
On the  o the r  hand, i f  i t  adopts  the  somewhat one-s ided and 
m o r a l i s t i c  approach of  some of our p re sen t  day e n v i r o n m e n ta l i s t s ,  
i t  w i l l  cu t  i t s e l f  o f f  from any suppor t  which otherwise  w i l l  be 
for thcoming from the more consc ient iousand pub l i c  s p i r i t e d  
members of  Canada's  i n d u s t r i a l  world.

/ 3



In co n c lu s io n ,  I hope t h a t ,  in s p i t e  o f  my 
d e f e c t i o n ,  you w i l l  r e t a i n  me as a member o f  CAA. Hay I 
wish you a l l  a very success fu l  meeting.

Yours very s i n c e r e l y ,

Robert H. Tanner

P.S.  My new addre ss  w i l l  be:

2105 Sheepshead Drive 
Naples ,  F lo r ida  
33940, U.S.A.
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47 Belgrave Square 

London SW1X 8QX

Tel: 01-235 6111 

Telex 918453

29th July, 1975.

Professor H.V7. Jones,
President,
Canadian Acoustical Association, 
Ottawa,
Ontario,
Canada K1A 0R6.

Dear Professor Jones,

I am delighted to hear from Dr. Kolmer of the acceptance of the 
Canadian Acoustical Association into the International Commission on 
Acoustics. As a Canadian myself, the pleasure is doubled for me. 
Please give my greetings and congratulations to your colleagues.

Yours sincerely,

W.A. ALLEN, 
President.



A note on incorporation of the C.A.A.

A study of the purposes and requirements of Federal Incorporation has 
been made and an outline of the findings as they apply to the Association 
has been prepared.

The appropriate steps for incorporation could be taken under the 
Canada Corporations Act by making application to the Department of Consumer 
and Corporate Affairs (Corporation Branch). The relevant part of the 
regulations is that applying to charitable organizations. Full details 
of the procedures can be found in the Department's Information statement 
number 5 and its immediately associated forms 1 and 2.

The reasons for incorporation can be summarized as :

a) Limitation of liability of the officers (directors) of the Assoc­
iation and therefore of the Association.

b) The acceptance by Income Tax authorities of donations for the 
purposes of tax rebate.

c) The creation of an ability to receive grants and enter into con­
tracts with government(and other) agencies.

A further advantage, seen by some authorities, is the need for the 
creation of an identifiable structure to the Association.

First a search has to be made to show that the name of the Association 
has not been acquired by others, i.e., that it is therefore available to 
us for our exclusive use. Dr. McLaren, Dean of Law.at ^he University of 
Calgary, has volunteered to conduct this search for us. Subsequently an 
affidavit has to be filed certifying that the name is not "objectionable" 
that the other statements (to be) submitted are true and making 
similar undertakings of a like kind. This is followed by an application 
in which detailed information on the by-laws of the (proposed) Corporation 
are submitted. Typical of the requirements is that contained in Appendix 
A to this note.

The cost of incorporation is $150.00 approximately.

Three people have been of great assistance in collecting the informa­
tion and assisting me to put it together. They are Dough Allen and Neil 
Gold of the University of Windsor and John McLaren of the University of 
Calgary. Their assistance is gratefully acknowledged.

H.W. Jones
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APPENDIX A SPECIMEN ONLY 

The following shall be the By-Laws of the Corporation:

CORPORATE SEAL

1. The seal of the corporation shall be in such form ...

CONDITIONS OF MEMBERSHIP

2. Membership in the corporation shall be available to ...

3 . The membership fee for am individual shall be ...

4. Any member may withdraw from the corporation by ...

5. Any member may be required to resign by ...

HEAD OFFICE

6. The head office of the corporation shall be located at ...

7. The corporation may establish such other offices ...

BOARD OF DIRECTORS

8. The property and business of the corporation shall be managed 

by ...

9 . Directors shall be eligible for re-election at the annual meeting 
of members.

10. The office of director shall be automatically vacated 

(a) if ...

Cb) i f ......

provided that if any vacancy shall occur for any reason in this paragraph 
contained, the directors may by resolution fill the vacancy ...

11. Meetings of the board of directors may be held at any time and 

place ...

12. Directors, as such, shall not receive any stated remuneration for 

their services.

13. A retiring director shall remain in office until ...

14. The directors may exercise all such powers of the corporation as 
are not by the Canada Corporations Act or by these by-laws required to be 
exercised by the members at general meetings.

15. Upon election at the first annual meeting of members, the board 
of directors then elected shall replace the provisional directors named in 
the letters patent of the corporation.

16. A majority of the directors shall have power to ...

17. The board of directors shall take such steps as they may deem 
requisite to enable the corporation to receive donations ...

OFFICERS

18. The officers of the corporation shall be ...

19. The president and vice-president shall be elected at ...

20. There may be such honorary officer or officers as the board of 
directors may from time to time consider advisable and ...

21. The board may appoint such agents and



22. The officers of the corporation shall hold office for one year 
and ...

DUTIES OF OFFICERS

23. The president shall be the chief executive officer of the corpor­
ation. He shall ...

24. The vice-president shall ...

25. The treasurer shall ...

26. The executive secretary shall ...

EXECUTIVE COMMITEE

27. The board of directors, whenever it consists of more than six, 
may ...

1 28. During the intervals between the meetings of the board of directors 
the executive committee shall ...

29. Subject to any regulations imposed from time to time by the 
board of directors, the executive committee shall ....

30. Meetings of the executive committee may be held ...

MEETINGS

31. The annual meeting of the members of the corporation shall be 
held ...

32. '______ days’ prior written notice shall be given to each
member of any annual ...

AMENDMENT OF BY-LAWS

33. The by-laws of the corporation may be^repealed or amended ...

34. At all meetings of members ... shall b* determined by at least 
two-thirds of the votes cast . ..

35. The financial year of the corporation shall be ...

AUDITORS

36. The members shall at each annual meeting appoint an auditor to 

audit ...

SIGNATURE AND CERTIFICATION OF DOCUMENTS

37. Contracts, documents or any instruments in writing requiring the 
signature of the corporation, shall be signed by ...

RULES AND REGULATIONS

38. The board of directors may prescribe such rules and regulations 
not inconsistent with these by-laws relating to the management and opera­
tion of the corporation as they deem expedient, provided that ...

39. In these by-lav/s the singular shall include the plural and the 
plural the singular; the masculine shall include the feminine.

IN WITNESS WHEREOF we have ...

Applicants
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SOUND PROPAGATION OUTDOORS

T.F.W. Embleton, J.E. Piercy, N. Olson 

Division of Physics, National Research Council 
Ottawa, Ontario K1A 0S1

Introduction

In problems of sound propagation outdoors it is usually assumed 
that the ground is infinitely hard, and that sound from a point source 
spreads in the space above the ground according to the inverse square 
law. At large distances molecular absorption plays a significant role. 
Because sound levels at ranges greater than a few hundred feet are often 
10 or 15 dB less than expected, from the mechanisms so far mentioned, 
sound levels are often reduced empirically by this amount in prediction 
schemes and attributed to a "terrain effect", or some such name. Meteoro­
logical effects, caused by gradients of wind or temperature are more 
difficult to allow for, and are often ignored. These gradients and rela­
ted instabilities also result in turbulence, which causes fluctuations in 
the sound levels that are quite significant, depending on sound frequency, 
even a few hundred feet from the source.

There is much relevant material in the technical literature that 
has not yet been applied to the practical problems of outdoor sound pro­
pagation; but which can be very significant for such things as the standard 
testing of motor vehicles or snowmobiles at ranges of 25 or 50 feet, and 
at longer ranges are important for the prediction of airport or highway 
noise at distances of a mile or two. Precise mathematical theory of wave 
propagation in near-horizontal directions over a surface of finite impe­
dance goes back to Sommerfeld in 1909 and was extensively developed by 
about 1940 at least for electromagnetic waves. The theory was put into 
acoustical form about 1950 by both Ingard and Rudnick, and the latter 
also confirmed the main features experimentally in the laboratory. In 
the last twenty years there have been several experimental studies outdoors, 
whose principal strength has been the careful reporting of results rather 
than the discussion of mechanisms. The reasons most of this is not yet 
applied are twofold: firstly the scarcity of measurements of ground 
impedance particularly for the near-grazing angles of incidence that are 
of practical importance; and secondly the complexity caused by several 
phenomena that usually coexist, although sometimes one or another can 
predominate.

This paper briefly summarizes some of this un-applied experimental 
knowledge, with a view to replacing parts of the present widely used 
empirical prediction methods by more quantitative schemes.

Basic Theory

The equation in Fig. 1 represents the elements of the Weyl-van 
der Pol solution. The first term is the direct field from the source.
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It embodies only the inverse square law. The second is the familiar 
term for a reflected wave. Its magnitude is directly determined by the 

plane wave reflection coefficient R which is dependent on the grazing 

angle cj> and the impedance ratio 3. ^When source and receiver height are 
small or distance is large, sin <j> eventually becomes small compared with 

any 3 (3 > o), the value of approaches minus one for all impedance 

ratios, r x and r2 become nearly equal and the first two terms cancel. 

This produces a shadow zone because the value of ground impedance is not 

infinite, and the sound field inside the shadow zone is determined mainly 
by the third term of the equation. This we shall call the ground wave, 

following the terminology of electromagnetic-wave propagation - it is 

how one hears the local AM radio station and we shall show that it deter­
mines how low-frequency sound propagates outdoors in most situations of 

practical importance.

Ground Wave

Figure 2 shows eight spectra at a progression of distances 

from 2 to 50 feet. Source and receiver are both on the ground. At 

low frequencies the signal level decreases at the rate of 6 dB per 
doubling of distance —  as expected from the inverse square law. At high 

frequencies it starts at 6 dB per doubling of distance at very short range, 

but beyond a few feet changes to 12 dB per doubling distance. A rough 
calculation will show that what happens for electromagnetic waves at 

frequencies of a megahertz and distances of miles, will be similar for 

acoustic waves of a kilohertz and distances of several feet.

The spectrum is that of the ground wave, and it can be regarded 

as a transmission filter between source and receiver. Taking each curve 
in turn, in Fig. 2, and reading off the frequency at which this filter 

is 3 dB down from its low-frequency value, one obtains the result shown 

in Fig. 3. The values at distances less than 100 feet are from measure­
ments at N.R.C. and those beyond 100 feet are from Parkin and Scholes in 

Britain for neutral wind and neutral or temperature lapse conditions.

There is a fair degree of agreement between the measurements. The distan­
ce at which the ground wave is 3 dB down, for any given frequency, depends 

on the magnitude of the ground impedance and so can be used to estimate 

this impedance.

This procedure produces the results shown as the shaded area in 

Fig. 4. It gives the magnitude of the ground impedance as a function of 

frequency. These results are for a grass-covered surface, and Fig. 4 also 

shows the degree of agreement achieved between this and other techniques.

To compare the results at essentially grazing incidence with those from 

the impedance tube (at normal incidence) and the inclined track (generally 

a grazing angle of 15 to 21°) the surface has been assumed to be locally 

reacting.

Ground Wave plus Direct and Reflected Waves

So far the results discussed have been for both source and
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receiver on the ground. Being a grass-covered surface the impedance is 
low enough that one then measures essentially a ground wave isolated 
from other effects. Figure 5 indicates that as the receiver is raised 
from the ground to a height of 4 feet, at a range of 50 feet, the high 
frequency part of the spectrum is progressively recovered. Below about 
500 Hz the signal comes via the ground wave, and this is the same for each 
receiver height. About 500 Hz the ground wave is sharply cut-off and 
the signal is recovered because with increasing receiver height there 
is no longer perfect cancellation between the direct and reflected rays, 
since the reflection coefficient is no longer -1. Note though that 
the two paths are still equal, and there are no path-length interference 
effects. This comes next.

Direct and Reflected Waves

Figure 6 shows the effects of interference due to a path length 
difference between the direct and reflected waves. The receiver is 4 feet 
above the surface, 50 feet from the source and the interference pattern 
changes with changing height of the source. These measurements were made 
over asphalt, and Fig. 6 illustrates the effect of path length interfe­
rence in fairly pure form because the surface impedance is too high for 
there to be much of a ground wave. The dotted curves are theoretical 
predictions, and the solid curves are experimental results. The zero of 
sound level is the value expected from inverse square law at this range 
of 50 feet.

Figure 6 is relevant to the measurement of motor vehicle noise 
using the standard SAE test procedure because the latter uses the same 
surface and microphone position. The sound of the vehicle has to pass 
through this transmission filter between vehicle and microphone. The 
shape of the transmission filter depends on the source height as shown,'and 
also on horizontal distance, not shown. As a vehicle drives by, the inter­
ference pattern moves down from very high frequencies, looks like this at 
the point of closest approach, and then goes back to high frequencies (as 
if the frequency scale is written on a piece of elastic rubber). Obviously 
this process is not going to aid the reliability of vehicle noise measure­
ments and the extrapolation of noise levels to other distances.

Figure 7 summarizes many of the ideas so far illustrated. In 
the top graph, the transmission filters for grass and asphalt are compared 
for the same source and receiver heights, 1 and 4 feet respectively and 
50 feet apart. The minimum at about 3 kHz over asphalt represents a 
half-wavelength path length difference and a hard surface having essential­
ly zero phase change on reflection. Over grass (the solid -curve) the 
geometry is the same, so the path length difference between direct and 
reflected waves is still half-a-wavelength. But the transmission filter 
now has a maximum at this frequency. The difference between grass and 
asphalt shows that for these source and receiver heights, and separations, 
the grass surface provides at 180° phase change on reflection. This
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phase change is responsible for the decreasing signal below 2 kHz for grass, 

and the dip that has its minimum near 800 Hz. This loss of signal would 
persist to zero frequency except that below 800 Hz the signal exists 

because of the ground wave. That this is so can be verified by comparing 

with the middle graph of Fig. 7; this shows the ground wave free of other 
effects.

This broad minimum in the spectrum of outdoor sounds in the re­

gion of 500 to 1000 Hz has been observed over plowed ground, vegitation, 

air-fields, etc., by many workers but its explanation until now has been 
a bit of a mystery. An interesting feature is that it doesn't change 

frequency significantly for different horizontal ranges, although all the 

minima at higher frequencies due to path length differences do change.
These effects are shown in the bottom graph of Fig. 7 by comparing results 

for ranges of 15 and 50 feet over grass.

Shadow Region Due to Ground Impedance

In Fig. 5 for a source on the ground, at high frequencies 
where the ground wave was strongly attenuated the signal level increased 

progressively as the receiving microphone was raised. Other results 
indicate that at still higher microphone locations the high frequencies 

are completely recovered, and the spectrum then is identical with that 

measured very close to the source.

The relevant geometrical parameter is the sine of the grazing 

angle of incidence for the reflected wave. One can look upon the 

vertical coordinate in Fig. 8 as the height of the receiver for a 

source on the ground; the horizontal coordinate indicates in decibels 

how the sound field near the surface is reduced because the impedance of 
the surface is finite - under good measuring conditions the reduction can 

be as much as 40 dB.

The results in Fig. 8 show a considerable scatter because 

the horizontal ranges are now greater than in earlier figures. This 
leads to the next topic, which is fluctuations in measured sound levels 

caused by atmospheric turbulence.

Fluctuations

Near the ground there are vertical gradients of temperature 
and horizontal wind. Instabilities are very common and so the air is 

usually an uneven propagation medium, composed of turbulent eddies having 

a broad spectrum of sizes. As these are convected by the wind through 
the sound field between source and receiver, so the sound level at the 

receiver fluctuates.

There is now an extensive theory of propagation in turbulence 

to help calculate the effects of these eddies, and it has been verified 
by a small number of acoustic experiments. Two major questions need to be
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answered, however, before this theory can be applied to most practical 
noise problems. The first has to do with assumption in the theory. The 
propagation paths are usually close enough to the ground for a number of 
assumptions to be very questionable, for example that the turbulence is 
isotropic, and that the largest eddies are greater than the wavelength.

The second question concern the phenomenon of saturation, which is 
best illustrated by some optic measurements.

Measurements of the propagation of light in the turbulent atmosphere 
are much more plentiful than those of sound, see Fig. 9. Measurements of 
the standard deviation of the light intensity Ox ar® plotted here on the ver­
tical scale versus al, the value calculated from theory for equivalent 
meteorological conditions, on the horizontal scale. For 2a i less than 1 the 
values on each scale roughly correspond, indicating the theory is correct.
For 2ai greater than about 3, however, the measured values 2a saturate at 
a value of about 1.4, independent of Oi. Thus if you follow a light ray in 
the atmosphere, be it from a star or a laser, the fluctuations in intensity 
caused by turbulence (traditionally called twinkling!) at first increase in 
a predictable manner, but then saturate.

Returning now to sound, Fig. 10 summarizes experimental results at 
NRC in a form that can be compared with other peoples' work. One of the prin­
cipal predictions of theory, that has been confirmed experimentally, is that 
the fluctuations of sound level have an approximately gaussian distribution 
after propagation through a turbulent medium. The O that is plotted on 
both ordinate and abscissa is the standard deviation of the gaussian distri­
bution of sound level, and the numbers are decibels. The solid line on the 
left is the unsaturated fluctuation theory for isotropic turbulence of Tatarski 
- it is also the theory used to obtain the calculated values of 2a for all 
the plotted experimental results, where sound measurements at low frequencies 
are used as a "probe" to compute according to Tatarski what the fluctuations 
should be for higher frequencies. The horizontal dashed line copies from 
Fig. 9 the experimental results from optics in the saturated region. The 
only theories in the saturated region are by Brownlee, shown dotted, and 
within the last year by Wenzel (not shown) that lies close to the dashed line. 
There is definite evidence from these measurements that saturation occurs in 
the acoustic case and at the level predicted by theory.

Figure 11 summarizes results for six days picked at random during 
the three summer months in Ottawa. On these six occasions the wind speed 
was quite low, up to about 6 mph but with gusts sometimes to 10 or 12 mph. 
Propagation directions covered all possibilities - up, down and cross winds. 
Temperature gradients near the ground at the time of measurements was always 
neutral of lapse, never inversion. Going down the table we have increasing 
horizontal range from 50 to 1000 feet, across the table is frequency from 150 
to 5000 Hz. An X in the table indicates that the fluctuation of sound level 
of a particular frequency at a particular distance was not satured, and a 0 
indicates that the corresponding fluctuation was saturated. No entry means no 
measurement, and several entries means that the measurements were repeated on 
several different days. At low frequencies or shorter distances the fluctuations
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are not saturated, at high frequencies and larger distances the fluctuations 
are always saturated. There is a transition region between these extremes 
where the fluctuations can be either saturated or not, depending on the weather 
conditions. We found that the non-saturated X's towards the lower right hand 
corner of the table were associated with low wind speeds, and were independent 
of its direction.

Penetration of the Shadow Region During an Inversion

We saw earlier that the impedance of ground was finite, and 
was quite small for a grass-covered, see Fig. 4. This resulted in a shadow 
region near the ground that under neutral atmospheric conditions could have 
sound levels as much as 40 dB below what was expected, see Fig. 8. This 
plus the inverse square law and molecular absorption is often sufficient 
to make even intense sources like aircraft on the ground, highways and 
locomotive whistles inaudible at ranges of a mile or two, during most of the 
daytime hours. However the ground-impedance shadow region can be penetrated 
by a variety of propagation mechanisms under appropriate conditions. One 
example of this, where we have made some progress towards a quantitative 
analysis, is during propagation in a temperature inversion. Inversions occur 
many nights and early mornings in most parts of the world.

In an inversion sound rays follow paths between source S and 
receiver R that are curved and concave downwards, Fig. 12 a. If the inversion 
is uniform, these are arcs of circles. In addition to the direct ray, here 
labelled path 1, and the first reflected ray called path 2, there are 
other multiply-reflected rays called path 3, and so on. These form an 
infinite series when source and receiver are both on the ground.

This picture is more complicated when the source and 
receiver are not on the ground. However we can still think of sound following 
the same rays provided the simple source S is replaced by a composite source, 
see Fig. 12b. This is valid provided the source is not too far above the 
ground. The composite source consists of the simple source S, its image I, and 
the impedance of the surface which determines the amplitude and phase of the 
reflected waves. One change is that the series of ray paths is no longer infinite, 
but terminates after a relatively small number of terms - how many terms depends 
on the source and receiver heights compared with the height of the ray path.
The strength of the composite source is different for the different ray paths 
1, 2 , 3 etc., because (J> is different for each path. (c|) enters into both the 
ground reflection coefficient and the path length difference 2ĥ sinc()) .

As a brief digression, the amplitude and phase lag of the 
plane-wave reflection coefficient for an average grass-covered surface 
are shown in Fig. 13 for several small values of the grazing angle that are 
appropriate for propagation in an inversion to a range of the order of a mile 

or two.

Normally at these ranges, in a neutral atmosphere, the excess 
attenuation beyond inverse square law and molecular absorption would be about 
30 or 40 decibels. Using the theory outlined by Fig. 12, the excess attenuation 
for path 1 under conditions of temperature inversion are as shown in Fig. 14
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for three different strengths of inversion. Between 100 and 1000 Hz the 
excess attenuation is between 0 and 10 decibels. The maximum correction to 
these curves when one adds the contribution from all other paths 2, 3, etc., 
is only 2.2 dB for an infinite series of paths and a reflection coefficient 
of unity: more typically, summing only the first 6 or 7 paths and using 
the reflection coefficient for a grass-covered surface for the appropriate 
and changing angle of incidence, given by Fig. 13, the-correction is only 
0.5 dB. This theory for inversions is consistent with general experience 
that one hears distant sources louder during an inversion, and with measurement 
that their sound levels rise approximately to the value calculated by inverse : 
square law and molecular absorption alone.

Conclusion

To sum up, it is suggested that simple but accurate 
predictions of sound levels and spectra can be made by assuming that an 
excess attenuation due to finite ground impedance exists when either the 
source or (by reciprocity) the receiver is near the ground. Its vertical 
extent and magnitude increases with horizontal range and depends on the 
value of the impedance. This shadow region is then always penetrated by a ground 
wave at low frequencies, the upper-frequency limit being determined by horizontal 
range and ground impedance. At higher frequencies any one of several specific 
mechanisms can provide penetration of this shadow region: three discussed in 
this paper were (a) changing reflection coefficient with angle as either the 
source or receiver were raised above the ground, (b) path length interference 
when both source and receiver were above the ground, and (c) the propagation 
of sound under meteorological conditions of temperature inversion.

Figures
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2ffx

2a,

FIGURE 6 0 .  Com parison  o f  th e  e x p e r im e n t a l ly  ob ta ine d  v a lu e s  o f  th e  m e a n  square  

o f  th e  l o g  in ten s ity  f lu c tu a t io n  ( 2 3 x ) w ith  t h e  corresponding q uantity  in th e  first 

ap pr ox im ation  o f  th e  m e th od  o f  s m o o th  perturbations (  2 ^ ) .

( From V.I. Tatarskii, “E ff ec t s  of the T u r b u l e n t  Atnosphere  
o n  Wav e  Propogation" K et er  Press, Jer us a le m,  1 9 7 0

Fig. 9 Fig. 10

M easurements on Rockcliffc Airport, Six Summer Days 

H s = 1 ft, H r = 4 ft

Wind speed varies from < 2 to 0 rr.ph - cross, down and upwind. 

Temperature varies 16 to 31 °C.

Temperature gradient varies from neutral to 0.7 °C/m. (lapse) 

Humidity moderate to saturated.

^•-'--Eseq. (Hz)

Distance (ftT~~
150 300 600 1250 2500 4000 5000

50 XXX XXXX X.XXXX xxxxx XXX XXX XX

100 XX XXX XXX XXX XXX X XX

150 XX XXX xxo xxo

200 XX XX XX XX 0 X

250 XX 0 X 0

400 XX xxxx xxxx xxxo xoo 00 00

500 XX xo 00 00

600 X X 0 0

1000 X X X 0 0

X = non-saturated, 0 = saturated.

Fig. 11

F R E Q U E N C Y - H z

Fig. 12
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A NOISE ENCLOSURE FOR A RESIDENTIAL, CENTRAL AIR-CONDITIONING UNIT

D.N. May
M i n i s t r y  o f  T r a n s p o r t a t i o n  and Communications 
1201 Wilson Avenue,  Downsview, On ta r io  M3M 1J8

Ai r  c o n d i t i o n e r s  a r e  t he  most  complained of  no i s e  source  in 
On ta r i o  and one of  the  most  compla ined-of  in t he  r e s t  of  Canada and t h e  U.S.

This  paper  r e p o r t s  on t he  c o n s t r u c t i o n  of  a lowcos t  de mons t ra t i on  
no i se  e n c l o s u r e  on a c e n t r a l  a i r - c o n d i t i o n i n g  condenser  u n i t ,  t he  f i r s t  
s t ep  in a program in t ended  to  r e s u l t  in a d o - i t - y o u r s e l f  b rochure  f o r  home 

handymen and o t h e r s .  The work was performed whi le  t he  a u t h o r  was wi th  
the  M i n i s t ry  of  t he  Envi ronment ,  and was c a r r i e d  ou t  in c o l l a b o r a t i o n  wi th 
L. Butko,  D. Fumerton,  E. Grane l l  and R. Purchase .

The e s s e n t i a l  d e t a i l s  of  the  e n c l o s u r e  a r e  given in the  accompany­
ing f i g u r e .  Impor t an t  f e a t u r e s  a r e  as f o l l o w s .

The sound a t t e n u a t i o n  i t  ach i eved  was 14 dBA. The s i d e s  of  t he  
e nc l os u r e  and the  a b s o r p t i v e  s i l e n c e r s  to  ach i eve  t h i s  were ,  r e s p e c t i v e l y ,  
11/16" wea the rp roofed  p a r t i c l e  board and 1/2"  t e n t e s t  b oa rd s .  Though 
grouped i n t o  twelve "modules" of  two boards  each ,  t he  a b s o r p t i v e  a r r a n g e ­
ment can be e s s e n t i a l l y  d e s c r i b e d  as t h a t  of  24 s h e e t s  o f  1/2" t e n t e s t  
wi th  a 1/2" a i r s p a c e  between each .

Heat exchange e f f i c i e n c y  i s  p re s e rv ed  by avo i d ing  undue f low c o n s t r i c t i o n  
from the a d d i t i o n  of  e x c e s s i v e  b a c k p r e s s u r e , and by w e l l - s e p a r a t i n g  the  
cold  and hot  a i r f l o w s .  The a i r  c o n d i t i o n e r  worked s a t i s f a c t o r i l y  through 
a summer which i nc luded  s e v e r a l  c on s e c u t i v e  days o f  30°C (90°F) peak 
t e mp e r a t u r e s .

To permi t  main tenance  of  the  a i r  c o n d i t i o n e r ,  and w i n t e r  s t o r a g e  
of  t he  e n c l o s u r e ,  t he  e n c l o s u r e  i s  e a s i l y  removable.  The r oo f  a l s o  l i f t s  
o f f  to  al low the  a b s o r p t i o n  m a t e r i a l s  t o  be i n s p e c t e d  and r e p l a c e d .  The 
t e n t e s t  m a t e r i a l  i s  cohes ive  enough t o  w i t h s t a n d  the  a i r f l o w  and not  
c log the  machine.

The ground space r equ i re men t  i s  modest  s i n c e  t he  e n c l o s u r e  is  
b u i l t  "up" r a t h e r  than "s ideways" ,  bu t  i t s  h e i g h t  i s  not  such as t o  block 
the  view from most f i r s t  f l o o r  windows. The o v e r a l l  appearance  i s  not  
u n a e s t h e t i c .

The m a t e r i a l s  a r e  e a s i l y  a v a i l a b l e  and the  d es ign  i s  comprehens i ­
b l e  to  a home handyman. The c o s t  of  m a t e r i a l s  was $78,  exc l ud ing  t a x .
Since a q u a r t e r  o f  t h i s  was wood p r e s e r v e r  and p a i n t ,  t he  sum i s  no t  an 
o v e r o p t i m i s t i c  c l a im.  The use of  f i b e r g l a s s  b a t t s  r a t h e r  than t e n t e s t ,  and 
a more modest  use of  wood p r e s e r v e r ,  could reduce  the  c o s t  t o  about  $50; on 
the o t h e r  hand,  more expens i ve  wood and d e c o r a t i v e  f e a t u r e s  l i k e  roof  
t i l e s  could r a i s e  i t  t o  $100.

F u l l e r  d e t a i l s  of  t he  e n c l o s u r e  a r e  a v a i l a b l e  in t h e  Noisexpo 76 
p r o ce e d i ng s ,  in a paper  of  t he  same t i t l e .
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AIR-CONDITIONER NOISE ENCLOSURE DESIGN CONCEPT

AIRFLOW
DIRECTION

4 X 2  SLOT-IN
ABSORPTION
MODULES

LEVEL

4 ^ '  HIGH, 2 ^ ' WIDE, 4 ^ ’ LONG

Figure 1
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CRITERIA AND LIMITS FOR WAYSIDE NOISE FROM TRAINS

D.N. May
M i n i s t r y  of  T r a n s p o r t a t i o n  and Communications 
1201 Wilson Avenue,  Downsview, O nt a r i o  M3M 1J8

There has been c o m p ar a t i ve ly  l i t t l e  s tu dy  of  t r a i n  n o i s e  a cc ep ­
t a b i l i t y .  This  paper  reviews s t a t e - o f - t h e - a r t  knowledge on the  s u b j e c t ,  
and su gg es t s  c r i t e r i a  in terms of  Le q.  ( E x i s t i n g  l i m i t s  were a l s o  r ev i e w­
ed in the  p r es e n t e d  p a pe r ,  bu t  a r e  omi t t ed  from t h i s  summary.)

Speech i n t e r f e r e n c e  was e v a l u a t e d  in terms of  dBA, s i n c e  a n a l y s i s  
of  s eve r a l  s p e c t r a  showed t h a t  the  wel l -known appr ox i mat ion  dBA-PSIL = 7 
was a p p l i c a b l e .  The speech i n t e r f e r e n c e  due to  an i n t e r m i t t e n t  no i s e  
was examined by a c c e p t i n g  a q u e s t i o n a b l e  bu t  EPA-supported p o s t u l a t i o n  
t h a t  " o v e r a l l  speech i n t e r f e r e n c e "  equa l s  " i n s t a n t a n e o u s  speech i n t e r ­
f e r en c e"  t imes " p e rc en t ag e  o cc ur r en ce  t i me " .  This produced,  on a graph 
of  outdoor  sound leve l  ver sus  p e r c e n t a g e  o cc ur r en ce  t ime bou nd ar ie s  of  
speech i n t e r f e r e n c e  l e v e l  f o r  o ut door  and f o r  indoor  l i s t e n e r s .  The two 
boundar i es  can be approximated by a s t r a i g h t  l i n e  r e p r e s e n t i n g  Leq = 60 
dBA, which was t h e r e f o r e  s ugges ted  to  be a s i m p l y - s t a t e d  c r i t e r i o n  f o r  
speech i n t e r f e r e n c e . I t s  v a l i d i t y  is  to  some e x t e n t  s up p or te d  by t h e  EPA 
con cl us ion  t h a t  Leq = 65 dBA i s  a speech i n t e r f e r e n c e  c r i t e r i o n  f o r  a i r ­
c r a f t  n o i s e .

Community annoyance was examined wi th  t h e  use of  a Wyle r e p o r t  
f o r  EPA whose c on c l u s i o n s  were based on 55 community n o i s e  s i t u a t i o n s  
and t ak e  the  form of  a r e l a t i o n s h i p  between community r es pons e  and a 
"normal ized"  L ^ .  I t  i s  s ugges ted  t h a t  th e  nor ma l i z i ng  f a c t o r s  g iven in 
t h a t  r e p o r t  (which a r e  too long to  quote  h er e)  were s up p or te d  by t h e  
c onc l us io ns  o f  Japanes e  and French s o c i a l  surveys  on t r a i n  n o i s e .  A 
c r i t e r i o n  t r a n s l a t e d  i n t o  Le q terms is  then s ugges ted  to be Leg ( n o r m a l i ­
zed) = 55 dBA. The nor ma l i z i ng  f a c t o r s  r e l a t e  to  the  n a t u r e  of  t h e  a d ­
j o i n i n g  land usage and the  amount of  p r i o r  e x p er i en ce  of  the  community 
wi th t r a i n  n o i s e .

No c r i t e r i o n  could be s e t  f o r  s l e e p  i n t e r f e r e n c e .  An a n a l y s i s  
of  hea r ing  hazard was c a r r i e d  o u t ,  t a k i n g  acc o un t ,  f o r  example,  of  the  
l i k e l y  i n d o o r / o u t d o o r  exposure  and th e  amount o f  t ime people  might  be 
exposed;  t h e  v a r i ou s  c r i t e r i a  sug ges ted  were a l l  h i g h e r ,  b u t  not  
enormously h i g h e r ,  than t hos e  f o r  speech i n t e r f e r e n c e  and annoyance.

The c o n c l us i on s  were t h a t  t he  speech i n t e r f e r e n c e  c r i t e r i o n  i s  
an outdoors -measured  L eq  of  60 dBA, and t h a t  the  community annoyance 
c r i t e r i o n  i s  a normal ized L e q ,  a l s o  measured o u t d o o r s ,  o f  55 dBA. The 
normal iz ing f a c t o r s  depend on the  s p e c i f i c  s i t u a t i o n ,  and may be o b ta i ne d  
in the  f u l l  v e r s i o n  of  t h i s  paper  p r o v i s i o n a l l y  s cheduled  f o r  Jou rna l  of 
Sound and V i b r a t i o n ,  Vol 47,  No. 1,  J u l y  8,  1976.



AN INVESTIGATION OF THE SUBJECTIVE RESPONSE OF OCCUPANTS

- 23 -

TO INTERIOR CAR NOISE 

S. M. Dickinson

Faculty of Engineering Science"1"- The University of Western Ontario

London, Ontario N6A 5B9

INTRODUCTION

The work described in this paper represents a continuation of a project 
initiated by the Vehicle Research Group of Ford Motor Company, England, the 
long term objective of which was to arrive at a means of predicting subjective 
response to interior car noise from objective measurements[1].*

The work conducted by Ford Motor Company involved the development of 
a high quality recording and replay system to allow subjective testing to be 
conducted in the laboratory, rather than in the field, and the subsequent 
proving of the experimental procedure by means of the comparison of results 
from subjective tests carried out in both environments. Attempted replication 
by the author, using the same tape recordings, showed the Ford results to be 
reasonably reproducible, although slight modification to the test procedure 
was found to be desirable. In these proving tests, recordings made inside 
five different vehicles were used, the frequency content and sound levels 
of each being different, thus considerable difficulty was experienced in 
attempting to use these results to isolate the effects of frequency and sound 
level upon subjective response.

Further subjective tests using controlled levels and spectrum shaping 
of the interior noise of a selected vehicle were therefore conducted. The 
results of these tests suggested that standard indices, such as dB(A), dB(B), 
dB(LIN) and PNdB, were not satisfactory for the prediction of subjective 
response of occupants. The results also suggested that, provided extremes 
were not encountered, interior car noise in which low frequencies predominated 
was preferable to that in which high frequencies were predominant, and that 
a weighting scale similar to the A-scale, but not attenuating the very low 
frequencies so much and attenuating the medium low frequencies more,may be 
applicable for rating 'annoyance' of interior car noise.

It was subsequently found that such a curve was recently proposed by 
Spring [2], based upon considerable subjective experimentation, and that the 
objective measures obtained by weighting the present author's spectrum shaped 
recordings according to Spring's curve were in complete rank order agreement 
with the corresponding subjective results.

RECORDING/REPLAY SYSTEM

The recording system, developed by Ford Motor Company, comprised a high 
quality, two channel tape recorder, together with a weighting device to improve 
the dynamic range over the spectrum of the interior noise, recording through 

1/2 inch condenser microphones located in the ears of a dummy head. The dummy 
head was in turn located in the position of a typical passenger's head in the 
vehicle under consideration. Replay was through high quality electrostatic

+ The work described in this article was carried out by the author whilst on 
sabbatical leave at the Institute of Sound and Vibration Research, Southampton 
University, England.

* Nhimhor-Q -in brnrkpfq dssianate References at the end of paper.
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headphones, with account being taken of the effect of the frequency weight­
ing device.

CONDUCT OF SUBJECTIVE EXPERIMENTS

The subjective tests conducted in the laboratory involved the use 
of tape recordings comprising 25 eight second samples of interior car noise, 
each sample separated from the next by a period of approximately four seconds. 
The 25 samples were made up of noise, recorded as described, from each of 
five different vehicles (or, in the case of the spectrum shaped tapes, 
five different spectra). The last 21 samples were arranged in a balanced 
order such that each of the five different noises was twice adjacent to 
each of the other noises, once preceeding and once succeeding the other noise. 
The last four samples were repeated at the beginning of the tape and were 
treated as an adjustment period for the judges (that is, the first four 
decisions made by each judge were discarded during analysis of the results).

The judges, all of whom were volunteers from the post-graduate students 
and academic, research and secretarial staff of the Institute, were fitted 
carefully with the headphones and seated comfortably in a room shielded 
from exterior noise and remote from the remainder of the playback system.

In order to gain experience and to establish the reliability of the 
approach to be used, the author initially conducted a series of tests aimed 
at replicating the results obtained by Ford Motor Company in proving their 
in-laboratory arrangement to be representative of the in-car situation.
The Ford work involved the use of five vehicles (1. Ford Cortina 2.OL - 
THK500L, 2. Renault 4L, 3. Opel Rekord, 4. Vauxhaull Victor, 5. Ford Cortina 
2.0L - XVX 395L) their in-car tests being conducted in these vehicles whilst 
being driven at 30 mph in third gear over a special tar and chip surface.
Tape recordings were made in the same vehicles under the same conditions and 
a master tape prepared, for in-laboratory subjective tests, comprising 25 
samples of the five recorded noises in the order 2, 3, 4, 5, 1, 3, 5, 2, 4,
3, 2, 1, 5, 3, 1, 4, 2, 5, 4, 1, 2, 3, 4, 5, 1. The replication tests used 
this original five car tape and the same playback system as that used by Ford.

In all, four tests were conducted in the replication investigation, 
there being minor variations in each, and at least twelve judges participated 
in each test. The first was identical to that used by Ford and involved each 
judge listening to the playback of the master tape and making two judgements 
on each sample of noise, as indicated by the following questions:

(1) Which noise causes you less annoyance - the one you have just 
heard or the previous one?

(2) What rating would you give the noise you have just heard using 
the 1 to 10 scale given?(The scale ranged from 1. Exceptionally poor to 
10. Excellent).

The judges were asked to record their replies on 2 5 prepared answer 
sheets, each of which was turned face down upon completion to avoid subsequent 
reference. In this way, each judge gave a numerical rating for the annoyance 
of each noise and, simultaneously, underwent a paired comparison test.

A second set of judges were subjected to the same test but, in order 
to assist the judges to imagine themselves being seated in a vehicle, an
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in troductory tape was provided, comprising a recording (made with the 
same dummy head system) of a vehicle accelerating from rest to 70 mph and 
decelerating back to standstill.

The data from these two tests were processed using a computer program 
which, briefly, calculated the mean and median scores for each vehicle 
from the numerical ratings assigned by the judges and, from the scores, 
computed the rank order of the noises in terms of annoyance. In addition, 
a rank order was derived from the paired comparison 'table of agreements'.
The mathematical basis for the analyses performed by the program may be 

found in Moroney[3] or Kendall[4]. Application of significance tests 
described by Kendall[4] showed that the probability of any of the sets of 
subjective results occurring from random decisions by the judges was less 
than 1% (the limit of the tables provided), which was also the situation 
for all subsequent tests conducted and reported in this article.

Examination of the processed results showed that the rank orders 
determined from the numerical ratings were inconsistent with each other 
and with the Ford in-car and laboratory tests. The paired comparison 
results were consistent with each other but only partly with the Ford and 
objective measurement results. It was recognized that replication of the 
Ford results had not been achieved and that further tests were necessary.
In view of the general inconsistency of the numerical rating results and 
of comments from a number of judges - to the effect that there was 
insufficient time allowed for the performance of both rating and comparison 
tasks, the former being the more difficult to complete reliably - it was 
decided that all subsequent tests should involve only paired comparisons.

At this stage it was discovered that the noises presented to the judges 
during these first two tests had been about 4dB down on their true levels.
On an annoyance basis, this should not have significantly affected the rank 
ordering but the inclusion of a test to check this was prompted. It was 
thus decided to run two further attempted replication tests, using paired 
comparisons only, the first having sound levels as in the previous two 
tests and the second having levels 4dB up (that is, as recorded), the 
introductory acceleration/deceleration tape being retained in both cases.
The rank orders obtained from these two tests were totally consistent 
with each other and correlated well with the in-car and laboratory tests 
conducted by Ford, thus it was considered that the subjective approach 
adopted was satisfactory for the conduct of such tests. Comparison of both 
the Ford subjective rankings and those from these latter two tests with 
objective measurements made by Ford suggested that conventional measures 
such as dB(A) , dB(B) and PNdB would to some extent, though not completely, 
allow rank order to be predicted.

In an attempt to learn more about the annoyance of interior car noise, 
narrow band frequency analyses were performed on the five vehicle noises 
recorded but this analysis proved to be of little value,since the variation 
in the spectra together with the variation in sound pressure levels caused 

interpretation of the results to be very difficult.

SPECTRUM SHAPED TESTS

In an attempt to reduce the number of variables, two new test tapes 
were prepared, one f~r which all the sample noises had the same sound level 
on the linear seal.: for Test A) and the other for which all samples
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ha d the same A-weighted sound level (used for Test B). The tapes took 
the same form as the Ford five car test tape but, this time, the five 
different samples were all prepared from one channel of one sample of 
one of the vehicle noises on the Ford tapes. The vehicle chosen (number 2) 
was that having the widest spectrum of noise and, incidentally, the one 
consistently adjudged the most objectionable. The five different samples 
were obtained by shaping the spectra of the single selected channel using 
a B & K one-third octave spectrum shaper and re-recording on both tracks 

of a stereo tape, adjusting the levels as required.

The unmodified spectrum of the base sample and the five frequency 
'windows' used are shown in Figure 1, the numbers 1 to 5 being subsequently 
adopted as identifiers for the resulting shaped samples.

Twenty judges, most of whom had been involved in the earlier tests, 
were persuaded to assist in the conduct of Tests A and B and the tests were 
run consecutively, each judge undergoing both tests at one sitting. In 

order to establish whether the order in which the tests were taken affected 
the result and, if so, to minimize such an effect, ten judges took the tests 
in order A, B and ten in order B, A. The order of presentation of the 
samples was 1, 3, 2, 5, 4, 1, 2, 4, 3, 5, 2, 3, 1, 4, 2, 1, 5, 3, 4, 5, 1,
3, 2, 5, 4 and no introductory tape was provided.

The results of Tests A and B are summarised in Tables 1 and 2 
respectively, where objective measurements derived from the tapes are also 

given. Table 1 shows complete correlation to exist between the rank order 
obtained from the subjective test and that which would be predicted using 
the objective measures dB(A), dB (B) or PNdB for the noise samples of Test A. 
This is to be expected since, in order to keep all linear levels the same, 
it was necessary to considerably attenuate the signals having high low- 
frequency content, thus the apparent loudnesses were significantly affected. 
The judgment of annoyance thus became based essentially upon loudness alone.
It is evident that the order of presentation of the tests did not affect 
the decisions of the judges for Test A.

The results for Test B, Table 2, are rather more interesting. It 

appears possible that the order of presentation of the tests did affect 
the subjective ranking in this test, in as much as the order of noises 1 
and 5 are reversed depending upon whether Test A or B preceeded the other. 
Examination of the Tables of Agreement and Tables of Preference from which 
these results came suggested that noises 1 and 5 were ranked quite differently 
and that this discrepancy was not likely to be due solely to inter-judge 
variations. The combined result showed noises 1 and 5 to be ranked about 
equal last. With respect to the objective measurements, the PNdB values 
calculated from the tape were all between 82 and 83, thus it was not 
considered reasonable to extract a rank order from these results. The 
order suggested by the dB(B) and dB (lin) values does not agree at all with 
the subjective ranking and are thus considered to be unsatisfactory for 
response prediction.

It should be noted that the noises 1 and 5 were chosen so that each 
was just on the limit of sounding like the interior noise of a motor 
vehicle, and consequently would not be likely to be encountered in practice 
under the supposed conditions of the test. (Noise 1 would be approached 
by driving over loose chippings and Noise 5 by driving at speed with one 
or more windows open.) Noises 2, 3 and 4, however, were considered to be



quite representative of noises possible under the test conditions. These 
three were ranked quite consistently by the judges in the order shown in 
the table and consistently as more acceptable than noises 1 and 5. This 
would suggest that there is a preference for low frequency noise, provided 
that 'buffeting' is not experienced.

The fact that a fairly consistent rank ordering was obtained even 
with dB(A) and, incidentally, PNdB held constant suggests that these two 
measures are not ideal for subjective response prediction but are con­
siderably better than dB(B) or dB(lin), which gave essentially inverse 
rank ordering.

CONCLUDING REMARKS

From the meagre results obtained thus far, it did not seem reasonable 
to attempt to quantify suggestions but, since it appeared that if extremes 
were not reached (such as in Noise 5) low frequency noise was more acceptable 
than high, then a weighting scale similar to the A-scale but not attenuating 
the very low frequencies so much (for example up to about 50 Hz) and attenuat­
ing medium low frequencies more may be applicable for rating 'annoyance' 
of interior car noise.

Subsequent to the completion of this work and arriving at the above 
conclusion, it was found that such a curve had been proposed by Spring[2] - 
referred to as the "Computer Tested Car" curve - arrived at by optimizing 
the frequency weighting used in objective measures of interior car noise 
used in extensive subjective experiments. Using this curve, the characteristics 
of which are presented in Table 3, the values tabulated under dB (CTC) in 
Tables 1 and 2 were obtained from the tapes of Tests A and B. Virtually 
complete agreement is seen to exist between the subjective and objectively 
predicted rank orders, suggesting that employment of the CTC weighting 
curve would give a good indication of the likely subjective response of 
occupants to interior noise of European cars. The author hopes to conduct 
a similar study involving typical North American cars.
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Table 1 Test A - Five Spectra, All Linear Levels Equal
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Objective Measurements and Predicted Rank 
Order
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Table 2 Test B - Five Spectra, All A-Weighted Levels Equal
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Coef. of Agr.— . 0.172 0.126 0.155

Deg. of Freed. 11.7 10.8

Table 3 Characteristics of the C.T.C. Curve2

Frequency (Hz) 25 31 40 50 63 80 100 125 160 200 250 315 400 500

Weighting (dB) -31.5 -30 -28 -27.5 -25 -23 -20 -17 -15 -13 -11 -10 -9 -8

Frequency- (Hz) 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 8000 10000

Weighting (dB) -6 -4 0 +4 +6 +6 -6.5 +6 + 7 +6 +6 +4 4-2
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NANOSECOND ACOUSTIC STRAIN PULSES FROM CdS PHONON MASERS

M.D. Smeaton,  R.C. Hughes*,  J .  Vrba**,  R.R. Haer ing 
Department  o f  P h y s i c s ,  U n i v e r s i t y  o f  B r i t i s h  Columbia 

Vancouver,  B. C. ,  Canada

O bse rv a t i on s  o f  nanosecond s t r a i n  p u l ses  g e n e r a t e d  by 
a mode-locked CdS phonon maser a r e  r e p o r t e d .  Peak 
s t r a i n s  exceeding 5x10~5 have been measured.  An analogy 
i s  drawn between the  observed  mode-locked o p e r a t i o n  and 
a r e p e t i t i v e  pu ls e  g e n e r a t o r .

In the  p res en ce  o f  a D.C. e l e c t r i c  f i e l d ,  a c o u s t i c  c a v i t i e s ,  d e f i n e d  
by p o l i s h i n g  the  f ac e s  of  CdS s i n g l e  c r y s t a l s  a c c u r a t e l y  f l a t  and p a r a l l e l ,  
form high Q r e s o n a n t  s t r u c t u r e s  which a r e  s t r o n g l y  analogous  to l a s e r s .
Maines and Paige"! r e p o r t e d  t h a t  CdS phonon maser  (PM), o p e r a t e d  under  c e r t a i n  
exper i ment a l  c o n d i t i o n s ,  e x h i b i t e d  shar p  c u r r e n t  s p i k i n g .  The f requency 
d i s p l a y  of  the  c u r r e n t  c o n s i s t e d  o f  a harmonic s e r i e s  having ampl i t udes  
c o n s t a n t  in t ime,  and a f requency spac i ng  equal to the  r e c i p r o c a l  o f  the  
round t r i p  t r a n s i t  t ime o f  the  c r y s t a l  c a v i t y .  From t h e se  o b s e r v a t i o n s  
Maines and Paige^ concluded t h a t  t he  PM was o p e r a t i n g  in  a mode-locked 
regime,  and,  by analogy wi th mode-locked o p t i c a l  l a s e r s ,  p r e d i c t e d  t h a t  the  
a c o u s t i c  o u t p u t  should  c o n s i s t  o f  narrow,  high s t r a i n  p u l s e s .  The v a l i d i t y  
o f  t h i s  p r e d i c t i o n  i s  however,  f a r  from obv iou s ,  s i n c e  the  mode-locked regime 
i s  s t r o n g l y  n o n l i n e a r  so t h a t  t h e r e  i s  no o n e - t o - o n e  cor res pondenc e  between 
the  f requency spec t rum o f  th e  a c o u s t o e l e c t r i c  c u r r e n t  and t h a t  o f  the  a c o u s t i c  
f i e l d s .  When the  p i e z o e l e c t r i c  p o t e n t i a l  a s s o c i a t e d  wi th  t h e s e  f i e l d s  i s  much 
l a r g e r  than the  thermal  e ne r gy ,  a s i n u s o i d a l  a c o u s t i c  wave can r e s u l t  in a 
s t r o n g l y  n on s i nu so id a l  e l e c t r o n  d i s t r i b u t i o n  . The s t r o n g  D.C. c u r r e n t  
s a t u r a t i o n  observed in  the mode-locked regime i n d i c a t e s  t h a t  the  e l e c t r o n s  
a r e  c o n s t r a i n e d  to move wi th  t h e  v e l o c i t y  o f  sound and are  thus  t ra pped  in 
the p o t e n t i a l  w e l l s  a s s o c i a t e d  wi th  the  a c o u s t i c  wave.  This e s t a b l i s h e s  
the s t r o n g l y  n o n l i n e a r  n a t u r e  o f  the  mode-locked r e g i m e ^ ,  and s u g g e s t s  t h a t  
the p r e d i c t i o n  o f  Maines and Page^ should be v e r i f i e d  by d i r e c t  o b s e r v a t i o n  
o f  the  a c o u s t i c  f i e l d s .

By a c o u s t i c a l l y  co up l in g  a CdS PM to a p a s s i v e  c a v i t y ,  we have 
d i r e c t l y  observed nanosecond a c o u s t i c  s t r a i n  p u ls e s  us ing  o p t i c a l  f i l t e r i n g  
t e c h n i q u e s .  Our exper i ment a l  s e t - u p  i s  shown s c h e m a t i c a l l y  in  Fig.  1. The 
CdS c r y s t a l  was o r i e n t e d  so t h a t  the  b - a x i s  was p e r p e n d i c u l a r  to  the p o l i s h e d  
c a v i t y  s u r f a c e s .  For t h i s  o r i e n t a t i o n  the  a c t i v e  a c o u s t i c  modes c o n s i s t  o f  
s h e a r  waves whose K-vec tors  l i e  a long th e  b - a x i s .

* P r e s e n t  Address:  Defence Research E s t a b l i s h m e n t  A t l a n t i c
Dartmouth,  N.S.

** P r e s e n t  Address:  Canadian Thin Films Ltd.
3168 Lake Ci ty  Way, Burnaby,  B.C. V5A 3A4
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The R.F .  c u r r e n t  s i g n a l  from t h e  a c t i v e  c r y s t a l  c ou l d  be d i s p l a y e d  
e i t h e r  i n  t h e  f r e q u e n c y  r eg i me ,  by means o f  a s pe c t r um a n a l y z e r ,  o r  i n  t he  
t ime  r eg ime  by means o f  a s ampl ing  o s c i l l o s c o p e .  The a c t i v e  c r y s t a l  was 
c o u p l ed  t o  a p a s s i v e  f u s ed  q u a r t z  c a v i t y  by means o f  a high q u a l i t y  a c o u s t i c  
bond^.  S i n c e  t he  two m a t e r i a l s  have n e a r l y  t h e  same a c o u s t i c  impedance f o r  
t h e  c hos en  CdS o r i e n t a t i o n ,  t he  doub l e  c a v i t y  modes a r e  n e a r l y  ha rmon i c^ .
The p a s s i v e  c a v i t y  p r o v i d e s  a c o n v e n i e n t  means o f  exami ning  t he  a c o u s t i c  f i e l d  
o f  t h e  PH, s i n c e  high power l a s e r  l i g h t  may be p a s s ed  t h rough  i t .  Such a 
high i n t e n s i t y  probe  may n o t  be used i n  t h e  a c t i v e  c a v i t y  s i n c e  t h e  l a r g e  
p h o t o c u r r e n t s  produced  would d i s r u p t  o r  p r e v e n t  o s c i l l a t i o n .

For o u r  e x p e r i m e n t a l  c o n f i g u r a t i o n  ( s e e  F i g .  1) t he  f o ca l  p l an e  
d i f f r a c t i o n  p a t t e r n  c o n s i s t e d  o f  a v e r t i c a l  row o f  30-40 s p o t s  s y m m e t r i c a l l y  
a r r a n g e d  a b o u t  t h e  z e r o  o r d e r  o r  u n d i f f r a c t e d  beam. A f o ca l  p l a n e  s p a t i a l  
f i l t e r  was used  t o  remove c e r t a i n  d i f f r a c t e d  o r d e r s  b e f o r e  t he  o p t i c a l  s i g n a l  
was imaged on a 25 micron s l i t  c o up l ed  t o  a p h o t o m u l t i p l i e r .  The p h o t o ­
m u l t i p l i e r  c o u ld  be d r i v e n  t r a n s v e r s e  t o  t he  o p t i c a l  a x i s ,  as  i n d i c a t e d  i n  
F i g .  1 ,  i n  o r d e r  t o  i n v e s t i g a t e  t h e  s p a t i a l  v a r i a t i o n  o f  l i g h t  i n t e n s i t y  i n  
t h e  image p l a n e .  The n a t u r e  o f  t he  s p a t i a l  f i l t e r  depended upon t he  p a r t i ­
c u l a r  e x p e r i m e n t  p e r f o r m e d .

A c o u s t i c  s t r a i n s  i n t r o d u c e  l o c a l  v a r i a t i o n s  i n  r e f r a c t i v e  i n d e x ,  t hus  
p r e s e n t i n g  a pha se  g r a t i n g  t o  t h e  i n c i d e n t  l i g h t .  The r e l a t i o n  between t he  
l o c a l  s t r a i n  and r e f r a c t i v e  i n de x  v a r i a t i o n  i s  l i n e a r ^ ,  so t h a t  t h e  phase  
v a r i a t i o n  p r o f i l e  o f  t he  a c o u s t i c  g r a t i n g  d i r e c t l y  y i e l d s  t h e  s t r a i n  p r o f i l e .
I f  we d e s c r i b e  t he  phase  v a r i a t i o n  o f  t h e  a c o u s t i c  c a v i t y  by $ ( x , t ) ,  t h e  n e a r  
f i e l d  l i g h t  a m p l i t u d e ,  j u s t  a f t e r  p a s s i n g  t h r ou gh  t he  c a v i t y ,  i s  g i ven  by

A ( x , z , t )  = e U l x ’ t }  » [1 ♦  i * ( x , t ) ]  [ 1 ]

where cj>(z , t ) = cot -  kz i s  t he  phase  o f  a u n i t  a m p l i t u d e  p l a n e  l i g h t  wave 
i n c i d e n t  on t h e  p a s s i v e  c a v i t y .  For t h e  s t r a i n s  we have o bs e r v e d  $ ( x , t )  
has a maximum v a l u e  o f  ~ 0.01 r a d i a n s  which a l l ow s  one t o  expand t h e  second  
e x p o n e n t i a l  i n  Eq.  [1 ]  as  shown.  I f  t h e  o p t i c a l  s ys t em f o l l o w i n g  t he  
a c o u s t i c a l  phase  g r a t i n g  i s  d i s t o r t i o n  f r e e ,  t h e n  Eq.  [1 ]  a l s o  a p p l i e s  t o  
t he  image p l a n e ,  e x c e p t  f o r  a s p a t i a l  m a g n i f i c a t i o n  f a c t o r .  S i n ce  t he  a c o u s t i c  
c a v i t y  a l t e r s  on l y  t he  phase  o f  t h e  i n c i d e n t  l i g h t ,  t h e  s t r a i n  f i e l d  i s  n o t  
d i r e c t l y  v i s i b l e  i n  t h e  image p l a n e .  However ,  removing t he  z e r o  o r d e r  o r  
u n d i f f r a c t e d  beam ( r e p r e s e n t e d  by t he  f a c t o r  1 i n  (1 + i $ ) ,  s ee  E q . [ 1 ] )  in  
t he  f o c a l  p l a n e  we o b t a i n  t h e  da rk  f i e l d  image^ .  In  t h i s  c a s e  phase  v a r i a ­
t i o n s  i n  t h e  o b j e c t  p l a n e  p roduce  i n t e n s i t y  v a r i a t i o n s  i n  t h e  image p l a n e .
The f i r s t  o r d e r  d a r k  f i e l d  image i s

I DF( x , t )  = $ 2 ( x , t )  [2]

In mode- locked  o p e r a t i o n  t he  a c o u s t i c  o u t p u t  o f  t he  PM c o n s i s t s  o f  
many h a r m o n i c a l l y  r e l a t e d  f r e q u e n c y  componen t s .  The o p t i c a l  phase  v a r i a t i o n  
i n  t he  p a s s i v e  c a v i t y  w i l l  t hen  be due t o  a s u p e r p o s i t i o n  o f  an i n c i d e n t  wave 
t r a i n  c o u p l e d  f rom t he  PM, and a wave t r a i n  s p a t i a l l y  r e f l e c t e d  f rom t he  f r e e  
s u r f a c e  (x  = L) o f  t he  p a s s i v e  c a v i t y .  Assuming no l o s s e s ,  t he  r e s u l t i n g  
phase  f u n c t i o n  may be w r i t t e n  i n  t h e  form



N
$ ( x , t )  = I Vn { sin[nKx-nfit+a ] + s i n  [nK(x-2L)+nfit-a 1} [3]  

n=l

where N i s  the number o f  a c t i v e  modes and Œ.K are the frequency and wave 
vector  o f  the fundamental component. The c o e f f i c i e n t s  Vn are Raman-Nath 
parameters and are proport ional  to the corresponding s t r a i n  amplitudes^.  
The s e t  o f  phases a n determine the exa ct  p r o f i l e  o f  the s t r a i n  p u l s e s .  I f  
Eq. [3]  i s  s u b s t i t u t e d  int o  Eq. [ 2 ] ,  the r e s u l t i n g  express ion may be cas t  
into  a form where the various frequency components may be e x t r a c t e d .  The 
D.C. term may then be shown to be

I 0 = Z V [1 - cos2nK(x-L)]  [4]
n=l

Fig.  2(b) shows the experimental  image plane i n t e n s i t y  v a r i a t i on  of  
the D.C. term f or  mode-locked PM operat ion.  The corresponding time and f r e ­
quency d is plays  o f  the RF current  s ignal  are given in Fig.  3.  The rec iprocal  
round t r i p  t r a n s i t  time for  t h i s  p a r t i c u l a r  double c a v i t y  corresponded to a 
fundamental frequency of  325 KHz. By changing v o l ta ge  and current  condi t ions  
for the PM, i t  was p o s s i b l e  to vary the frequency separat ion from t h i s  funda­
mental to about 60 MHz. The separat ion o f  the frequency components in 
Fig.  3(a)  i s  about 11.71 MHz, corresponding to the 36th harmonic o f  the double  
c a v i t y  fundamental frequency.

The pulse  width from Fig.  2(b) i s  about 23 microns ( see  capt ion of  
Fig.  2 for  e f f e c t i v e  r e s o l u t i o n )  which corresponds to about 6 nanoseconds for  
the v e l o c i t y  of  sound in fused quartz.  Peak s t r a i n s  in excess  o f  5xl0~5 have 
been inferred from ty pi ca l  d i f f r a c t i o n  i n t e n s i t i e s .  By s p a t i a l l y  f i l t e r i n g  
the d i f f r a c t e d  spots  corresponding to d i f f e r e n t  frequency orders ,  we could 
examine each component o f  the sum in Eq. [4]  i n d i v i d u a l l y .  In Fig.  2(c)  and 
2 ( d) ,  the p r o f i l e s  o f  the components for n=l and n=2 are given.  I f  we choose  
a reference a t  a maximum o f  the n=l component, the c os in e  components f or  n 
odd are found to be (nearly)  it out o f  phase with those for  n even,  as i s  
predicted by Eq. [ 4 ] .

While the i n t e n s i t y  p r o f i l e  o f  the D.C. term t e l l s  us the s t r a i n  pulse  
width,  i t  contains  no information about the exact  form o f  the s t r a i n  p r o f i l e ,  
s in ce  the phases a n are not present  in Eq. [ 4 ] .  However, our apparatus a l s o  
al lows us to examine the s p a t i a l  i n t e n s i t y  v a r i a t i on  o f  each A.C. term in the 
image plane.  By a combination o f  s p a t i a l  and temporal f i l t e r i n g  of  the o pt ic a l  
s ignal  a l l  the phases a n can,  in p r i n c i p l e  a t  l e a s t ,  be determined.  Prel iminary  
experiments i n d i c a t e  that  t h i s  determinat ion i s  p ra c t i ca l  a t  l e a s t  for  smal ler  
values  o f  n, where the d i f f r a c t e d  i n t e n s i t i e s  are r e l a t i v e l y  l ar g e .

I t  i s  useful  to make a comparison between the PM operated in a mode- 
locked regime and a regenerat ive  pulse generator (RPG). I t  i s  wel l  known that  
a feedback loop contain ing an a m p l i f i e r ,  f i l t e r ,  delay l i n e  and a s aturable  
absorber behaves as a RPG'. In the PM, most o f  the required elements may be 
readi ly  i d e n t i f i e d .  The p i e z o e l e c t r i c  coupl ing o f  the a c o u s t i c  f i e l d  to 
d r i f t i n g  e l e c t r o n s  provides  an amplifying mechanism, a combination o f  the  
c a v i t y  resonances and the gain p r o f i l e  o f  the PM c o n s t i t u t e  the f i l t e r ,  and
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the round t r i p  t r a n s i t  time o f  the resonant c av i t y  serves  as the time delay.
In the case of  an op t ic a l  l a s e r ,  which a l s o  contains  these  three basic  e l e ­
ments.  the s aturable  absorber must be added to the system for i t  to funct ion as 
a RPG°. For the PM, however, the saturable  absorber i s  an i m p l i c i t  part  of  
the o s c i l l a t o r  i t s e l f .  Theoret i cal  express ions  f or  a co u s t i c  gain as a funct ion  
o f  s t r a i n  amplitude have been derived for  p i e z o e l e c t r i c  semiconductors by 
Butcher and 0 g g 9 > 1 0 .  Based on t h e i r  r e s u l t s  for a simple s inusoi dal  s t r a in ^ ,  
we have obtained an express ion f or  round t r i p  gain in a PM, including l a t t i c e  
and end l o s s e s ,  and have computed t h e o r e t i c a l  curves for gain vs s t r a i n  ampli ­
tude at  the frequency of  maximum gain.  Such curves i n d i c at e  t h a t ,  under 
typical  operat ing c o n d i t i o n s ,  the net  round t r i p  gain increases  with s t r a i n  
amplitude.  One i s  thus able  to draw a d i r e c t  analogy between the mode-locked 
PM and i t s  op t ic a l  counterpart ,  the mode-locked l a s e r .  For the l a s e r  and 
RPG's in genera l ,  the pulse rate i s  usual ly  equal to the rec iprocal  o f  the 
round t r i p  t r a n s i t  time or loop de lay ,  i . e .  there i s  only one pulse in the 
system a t  a t ime.  In our double c a v i t y  c o n f ig u ra t io n ,  the r e p e t i t i o n  rate  
was u sua l ly  some harmonic of  the c a v i t y  fundamental frequency.  An addi t ional  
d i s t i n c t i o n  may be seen i f  one cons iders  the product o f  center  frequency and 0 
pulse width.  A l a s e r  pulse  having a center  frequency o f  5 x 1 o"^ Hz (A = 6000 A) 
and a width o f  10~12 s e c contains  500 op t i ca l  c y c l e s .  On the other hand, our 
PM has a center  frequency o f  about 10^ Hz and a pulse width o f  6xl0"9 s ec .
In both cases  the cent er  frequency corresponds to the frequency o f  maximum 
gain and the pulse width corresponds to the rec iprocal  o f  the bandwidth over which 
net  gain e x i s t s .  In c o n t ra s t  to an op t i ca l  l a s e r ,  the PM produces "D.C." pulses  
which only contain about 1/2 c yc l e  o f  the c a r r i e r .  Such pulses  should prove to 
be o f  i n t e r e s t  in a v a r i e t y  o f  u l t r a s o n i c  and a co u st o - o p t i c  a p p l i c a t i o n s .

The support o f  the National Research Council and the Defence Research 
Board o f  Canada i s  g r a t e f u l l y  acknowledged.

Figure Captions

Fig.  1 Configurat ion for o pt ic a l  experiment.  The PM c - a x i s  was perpendicular  
to the in c id e nt  l i g h t  which was provided by an Argon-Ion l a s e r .

Fig.  2 I n t e n s i t y  v a r i a t i on  for  D.C. term. On the l e f t  are photographs o f  the 
image plane op t i ca l  f i e l d .  The traces  on the r i ght  give i n t e n s i t y  
p r o f i l e s .  Lengths indicated  r e f e r  to the o bj ec t  plane.  The c or r es ­
ponding s l i t  width ( r e s o l u t i o n )  in the o b j e ct  plane i s  about 1.5 microns.  
Shown are (a) the bright  f i e l d  image o f  the double c av i t y ;  and dark 
f i e l d  images corresponding to (b) a l l  frequency components,  (c) n=l 
component and (d) n=2 component.

Fig.  3 R.F. current  s ig na l :  (a)  frequency d i s p l a y ,  20 MHz/div, (b) time 
d i s p l a y ,  10 nanoseconds /d iv .
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The article discusses the relationship of 
the decibel scale to good scaling proce­
dures. It points out the initial utility 
of such a scale for problems such as power 
loss in transmission lines. However, the 
point is made that when the decibel is 
used for purposes related to such varia­
bles as hearing loss and annoyance the 
scale properties of the decibel change 
due to the nature of the underlying vari­
able. Certain problems exist when the 
decibel is used without taking into ac­
count the nature of these changes. Some 
implications of the power law relationship 
between sound and psychophysiological 
variables are discussed.

Stevens (1951) defined four types of scales: nominal, ordinal, in­
terval and ratio scale. Although in many ways the delineation between 
these scales is arbitrary, he was making a rather valid point. A nominal 
scale is a scale which distinguishes members of a dimension but does not 
order them. An ordinal scale is one in which the scale orders the members 
of the underlying dimension but the distance between the members of the 
dimension can not be ascertained by the scale. The interval scale is 
one in which the underlying dimension is represented by a scale such 
that the distance between the points on the underlying dimension is de­
lineated by the scale, but in which ratios between scale values bear no 
relationship to ratios in the underlying dimension. The ratio scale is a 
scale which bears a correspondence to the underlying dimension which is 
both interval and which all normal mathematical operations can be per­
formed upon the scale while maintaining a one-to-one relationship with 
the underlying dimension. Dunn (1967) pointed out that the operational 
definition of the underlying dimension was important in determining what 
type of operations may be performed on a scale. Thus the scale is not 
any of the above scales independent of the considerations leading to the 
definition of the underlying variable. In the case of sound, the decibel 
scale is a ratio scale as power and intensity ratios are used. Also 
equal decibel steps tend to be thought of as equal interval steps on an 
underlying dimension involving the strength or amount of sound (from now 

on to be called amplitude). In most experiments in psychology and many
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in physics where the experimenter presents stimuli at several amplitude 
levels presumably in equal interval steps, equality of intervals is 
almost always defined by equal decibel steps. Clearly, these are not 
equal interval steps if one were considering either pure power or inten­
sity, rather than log power or log intensity, as the scale most directly 
related to amplitude. There is nothing absolute about either of these 
measures. There is nothing necessarily wrong with treating equal decibel 
intervals as equal amplitude intervals. However, if this is done simply 
as a matter of tradition rather than with a consideration of the objec­
tives defined by the situation, it is a procedure that leads to confu­
sion and misconception about the underlying dimensions being studied.

TRANSFER UNIT

The history of the development of the current units of measurement 
of amplitude is marked by a very important step in 1924. In that year, 
the International Advisory Committee on Long Distance Telephoning in 
Europe was established (Martin, 1929). Part of the purpose of this com­
mittee was to propose a universally standardized unit for telephone 
transmission work. This meeting was also attended by representatives 
of the Bell System. At this meeting, two power ratios were established, 
the Neper based upon neperian logs and the Bell based upon the power 
ratio of 10l. Here is an example of a decision about units which was 
primarily pragmatic. This unit was extremely useful for the measurement 
of power loss in transmission lines (Martin, 1924). It had the distinct 
advantage that it was independent of frequency and parameters of standard 
cables (the cable mile was the unit previously used by the Bell System). 
Martin (1924) also points out that the unit was useful in that it described 
the hearing function of the human ear. This usefulness was based upon an 
assumption of the validity of the well-known Fechner Law (Boring, 1942). 
This law, of course, asserts a logarithmic relationship between sensation 
and the intensity of a stimulus. Again this assumption about Fechner’s 
Law further added to the pragmatic nature of the decision that was made. 
Clearly, the new unit appeared to have properties of a ratio scale with 
respect to two useful dimensions of sound. In fact, the reference value 
of the decibel scale was chosen to be close to the human threshold for 
1000 Hz.

Clearly, the unit which became the decibel was a highly successful 
unit of measurement. A vast majority of the concerns of people in acou­
stics were those of electronics, sound transmission, and perhaps archi­
tecture. In many respects the size of the Bell System probably guaran­
teed the transmission concerns would dominate acoustic concerns, at 
least in North America. The concern with loudness was somewhat later 
than the concern with transmission. As late as 1929, Watson (1929) was 
just suggesting that loudness units perceived by the ear should be con­
sidered when dealing with the decay of sound in a room. He stated that 
until that time, decay was always measured in intensity units.



- 38 -

HEARING LOSS

Since chat time, the development of acoustics applied to the human 
organism has proceeded rapidly. The study of the human ear and its re­
lationship to hearing loss was one of the more important of these devel­
opments. As more was known about the nature of the ear, and the nature 
of hearing, it became evident that there were primarily two varieties of 
peripheral deafness: conductive deafness and nerve deafness. In the 
case of conductive deafness, the auditory impulse suffers a transmission 
loss in the outer and middle ear prior to reaching the hair cells. Since 
in pure conductive deafness, there is nothing wrong with the hair cells, 
the hearing loss is determined totally by the transmission loss in the 
outer and middle ear. Thus, hearing loss should follow the rules of a 
power ratio as does transmission loss. This implies that if a person's 
threshold is raised by 20 dB, the loudness of the tone 80 dB above his 
threshold (that is 100 dB) should appear as loud as a tone 80 dB above 
the threshold (that is 80 dB) of a person with normal hearing. Fig, 1 
illustrates this. This indeed is true up to sound pressure levels of 
near 130 dB (Newby, 1964). The reason for the 130 dB catch-up is pro­
bably due to the phenomenon demonstrated by the micro-electro work of 
Howes (1974) which showed that at near 120 dB the auditory neurons of a 
squirrel monkey are firing at approximately maximum capacity.

Nerve deafness presents a very different picture. A phenomena 
usually known as recruitment occurs in the pure nerve deafness case. 
Recruitment means that if a person's threshold is raised, for instance, 
by 20 dB, then a tone 40 dB above his threshold (that is 60 dB) may 
sound just as loud as a tone 60 dB above the threshold (that is 60 dB) 
of a person's normal hearing. That is, the loudness function of the 
person with nerve deafness catches up to the loudness function of the 
person with normal hearing. Since the effect on hearing by white noise 
masking comes very close to duplicating that of nerve deafness (Heilman & 
Zwislocki, 1964), the phenomena has been most definitively studied by 
the technique of using a white noise masker in one ear and no masker in 
the other ear and having subjects match the two ears for loudness (Fig. 1 
is an example of the kind of results obtained). All studies show essen­
tially similar results (Scharf & Stevens, 1959; Lockner & Berger, 1961; 
Gleiss & Zwicker, 1964; Heilman & Zwislocki, 1964).

A number of people have tried to describe the effect of recruitment 
in neurological terms. However, a much more parsimonious explanation 
lies in the nature of the transfer function of the inner ear. This, of 
course, is a neural transfer function. If one looks at the data of Howes 
(1974) in which microelectrodes were placed in the neurons of the auditory 
nerve of a squirrel monkey, one can see that the transfer function is 
certainly not logarithmic. In fact, it is close through most of the 
hearing range to a power function with sensation being related to inten­
sity raised to some power less than one. This, of course, is Stevens' 
well-known Power Law. Although it differs with Fechner's Law, it is



d B IN MASKED EAR

Fig. 1. Including anticipated results from three matching experi­
ments. In all experiments a tone in the "masked ear" is matched in 
loudness in the other ear by a subject manipulating an attenuator. The 
solid line represents the case where both ears are unmasked and normal. 
The long dashes represent the case where the "masked ear" is truly 
masked by noise. The short dashes represent a case where the "masked 
ear" is "masked" by the faulty conductive mechanism in the outer or 
middle ear.



derivable from the Weber fraction (Boring, 1942):
AI/I = K (1)

where AI is the difference threshold for hearing at intensity I, and K 
is a constant. The Power Law is derivable by assuming that:

AS/S = K (2)
where AS is the size of the perceptual unit at sensory level S (sensory 
level implying perceived loudness rather than intensity). This implies 
that AS varies with intensity (Stevens, 1960).

. One of the major problems with Stevens' Power Law has always been 
that the line which is straight on a log-log plot suddenly dips towards 
the abscissa at intensity levels close to threshold. This has caused 
the standard equation which can be written:

S = KIn (3)
to be modified variously to:

S = K(I-I0)n (4)
or :

S = K(ln-I0n) (5)
where S again equals sensation, I is intensity, I0 is intensity at thresh 
old, where n is an empirically derived exponent and K is a constant of 
proportionality. Both of these functions do a reasonable, although not 
perfect, job of fitting the recruitment data discussed above. (Howes’ 
1974 data shows why this may be true.) The fit is sufficiently good 
that it is certainly not any more reasonable to postulate a separate 
law for recruitment in the case of nerve deafness than would have been to 
postulate special laws for negative recruitment in the conductive case 
had the initial unit decided on by the Bell System been a power function. 
In that case, the line in Fig. 1 for the conductive deaf ear would have 
diverged from the normal-unmasked line rather than being parallel to it. 
Would a special concept for that phenomenon have come to exist? Probably 
What value would such a concept have had? Clearly, it would have been 
in defiance to any attempt at parsimony. Incidentally in Menieve’s dis­
ease a type of recruitment that is in no way artifactual exists.

One implication of all of this is that although a hearing aid which 
amplifies on a logarithmic basis is ideal for conductive deafness, a 
hearing aid which amplifies a power-law basis is ideal for pure nerve 
deafness. It is true that the experiments which have attempted to deter­
mine the exponent for the power function have come up with somewhat dif­
ferent results depending upon the experimental paradigm. However, the 
ear-matching experiments give very straight forward and rather similar 
types of exponents for given amounts of hearing loss as produced by white 
noise masking. Even if there were some inexactitude in the nature of 
the exponent, the protection against auditory overload which can occur 
with a normal hearing aid would be much greater with an aid being based 
upon a power function than with an aid being based upon logarithmic am­

plification.
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ANNOYANCE

Another area in which acoustics has become increasingly interested 
in the human response is in the area of annoyance. Noise has become a 
considerable environmental problem and has obtained the interest of en­
gineers, physicists, and psychologists. A great deal of time has been 
spent on obtaining measures of sound which will correlate well with 
ratings of annoyance by people who are exposed to the sound. A book by 
Schultz (1972) deals exclusively with the research used to obtain mea­
sures and the validity of these measures in predicting annoyance. This 
implies that the underlying dimension of interest in these measurements 
is no longer that of transmission loss, but rather that of change in 
annoyance level. The implication is that a scale related to annoyance 
in a manner that can be considered interval or ratio should follow the 
rule that equal steps on the scale should imply equal steps in annoyance. 
However, the work of Kryter and his associates (see Kryter and Pearson, 
1963) indicate that annoyance and sound intensity are related as a power 
function. In fact, if correction is made for the fact that the sound 
was calibrated externally to the auditory meatus rather than at the ear 
drum, the annoyance figures of Kryter and Pearson look very much like 
the sone scale. This is a scale of loudness. Then decibels are certainly 
not related to annoyance in a one-to-one interval relationship. None­
theless all the more prominent measures of noise meant to be related to 
annoyance are logarithmic scales. This is true of Leq, L50, Noise Pollu­
tion Level, Traffic Noise Index, etc. (Schultz, 1972). Once more, there 
is very little evidence that researchers in a serious way are concerned 
with the effects of these deviations from proper scaling procedures 
on the correlations which will be or are likely to be obtained with the 
underlying variable annoyance. Fortunately, the fact that a power func­
tion can be translated into a log-log scale means that the currently 
used measures are linearly related to log annoyance. Knowing this will 
certainly improve correlations, but nonetheless will produce interesting 
statistical problems when averaging over responses„ For instance, if a 
researcher carefully measures log annoyance for each individual inter­
viewed, averages over individuals and then takes the anti-log, he will, 
of course, have the geometric mean of the annoyance levels, rather than 
the arithmetic mean. This, of course, will underestimate the annoyance 
level. This is just a minor point, but illustrates problems that lack 
of concern with the property of scales can have. In fact, much data 
(Schultz, 1972) shows that although the above-mentioned measures when 
used in conjunction with an A-scale give fair correlations for fairly 
homogeneous sound spectrums, the correlations deteriorate badly for very 
heterogeneous sound spectrums. This would not happen using a power func­
tion rather than a log function.

Another implication of the log-log relationship is that a constant 
decibel decrease in sound intensity will have a greater effect upon ac­
tual annoyance levels for high intensities than it will on annoyance 
levels for low intensities. This is a useful consideration when one is 
considering the construction of sound barriers in an area in which traf­
fic volume is apt to increase, for it implies that the relative effec­
tiveness of the barrier will increase with an increase in traffic volume.
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CONCLUSIONS

The solution to these problems is not necessarily one of actually 
changing sound measurement units, although the problems in converting Leq 
to a power measure are not that great (one could imagine an annoyance 
level meter based upon the power function, but in every other way using 
parameters exactly like those meters now measuring Leq)« The solution to 
the major problem is an awareness of the relationship between the cur­
rent units and the underlying variables being measured. The solution 
simply implies an awareness of the basic laws of measurement and the 
functional nature of the units of measurement that are used. When one 
speaks about equal intervals of units for the presentation of stimuli or 
for the measurement of stimuli, one should be very careful to ask what 
is the underlying dimension which is of interest. The example above 
of the parameters underlying hearing aids makes the problem more than 
hypothetical.

In the case of annoyance, it is possible to take the process one 
step further. One may ask what is the underlying dimension that is 
being measured when one talks about the annoyance level. Is one talking 
about the probability of complaint? If one is, what is the relationship 
between the scale of annoyance as measured by an interview and the pro­
bability of complaint. If we know this, we have gone one further step 
towards relating intensity level of the noise to the probability of com­
plaint. If probability of complaint is not the underlying variable, we 
should decide what it is and apply proper measurement rules to it as well. 
Essentially sometime one must ask what is it about noise such that we 
wish to reduce it? How can such a dimension be scaled? What kind of 
scale of sound will enable people interested in the problem to work most 
efficiently?
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