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SUMMARY 

A model  of  annoyance  due to canbined   no ise  sources has  been  developed.  The 
model p r o v i d e s ' f o r   t h e  summation of the   sub jec t ive   magn i tudes  of annoyance  due 
to t h e  separate noise   sources   and  for t h e   i n h i b i t i o n  of t h e   s u b j e c t i v e  magni- 
tudes of each   source   by   the   p resence  of t h e   o t h e r  noise sources. The i n h i b i t i o n  
process is assumed to mathematically  obey a power-group  transformation. 

The r e s u l t s  of  an  experiment  in  which  subjects  judged  the  annoyance of 
15-minute  sessions of canb ined   a i r c ra f t   and   road - t r a f f i c   no i se  are compared 
w i t h   t h e  model herein  developed  and  with  several   other  models  of combined source 
annoyance.  These  camparisons  indicated  that   the model  developed  herein  provides 
b e t t e r   q u a l i t a t i v e  and quant i ta t ive   agreement   wi th   exper imenta l   responses   than  
t h e   o t h e r  models. The a p p l i c a t i o n   o f   t h e  model to m u l t i p l e  community n o i s e s  
is discussed.  

INTRODUCTION 

A major problem i n   t h e   p r e d i c t i o n  of community  annoyance  response to 
environmental   noise  is how to quant i fy   noise   environments   which  contain more 
than  one  noise  source. One recent   approach   ( re fs .  1 and 2) is to e x p r e s s   t h e  
no i se   exposure   i n  terms o f   t he  A-weighted  energy-equivalent  continuous  sound 
l e v e l  Leq or its d e r i v a t i v e  measure Ldn,  which inco rpora t e s  a night   exposure 
penal ty .   Al though  the  unique  dose-response  re la t ionship  implied  by  such  an 
"energy" model is appealing  because  of i ts s i m p l i c i t y ,   t h e r e  is cons ide rab le  
ev idence   ( r e f s .  3 to 7)  wh ich   i nd ica t e s   t ha t  i t  canno t   accu ra t e ly   p red ic t  annoy- 
ance  response to a l l  no i se   env i ronmen t   s i t ua t ions .  For example ,   the   f ind ings  
of   re fe rence  3 i n d i c a t e d   t h a t   e q u a l   e x p o s u r e s   ( i n  terms of Leq) to d i f f e r e n t  
no i se   sou rces  do n o t   n e c e s s a r i l y  evoke  equal   annoyance  responses .   In   addi t ion,  
r e fe rences  4 to 6 ind ica ted   tha t   annoyance   response  to  one  source is i n h i b i t e d  
by the   p resence   o f   o ther   no ise   sources .  I t  was f u r t h e r  shown i n   r e f e r e n c e s  5 
and 7 t h a t   g e n e r a l   n o i s e   d i s s a t i s f a c t i o n ,  or to ta l  annoyance,  with  exposures to  
combina t ions   o f   d i f fe ren t   no ise   sources   could   no t  be s a t i s f a c t o r i l y   e x p l a i n e d  
by an  energy model. Consequent ly ,   the   p resent   models   apparent ly  are n o t   e n t i r e l y  
adequate for p r e d i c t i n g  community response to  noise   environments   which  contain 
mul t ip l e   no i se   sou rces .  

I t  is the   purpose  of t h i s  paper to p r e s e n t  a pr oposed  model of annoyance 
response to canbined  noise   sources   which takes i n t o   a c c o u n t   t h e   i n t e r a c t i o n s  
between noise   sources   such as those   found  in   the   exper iments   in   re fe rence  7. 
The  proposed  model  provides for summation of annoyance  due t o  t h e  separate 
no i se   sou rces   and   fo r   i nh ib i t i on  of  annoyance  due to each  source  by  the  pres- 
ence  of   the  other   sources .  The assumptions  and  procedures  used to  d e r i v e   t h e  
model are p r e s e n t e d   i n   d e t a i l .  The s u i t a b i l i t y  of t h e  model is examined  by 
canparing it and seve ra l   o the r   mode l s   w i th   t he  results of  an  experiment 
r e p o r t e d   i n   r e f e r e n c e  8. 



SYMBOLS 

A,a,B,b,c c o n s t a n t s  used in   developing  mathematical  model of annoyance due 
to combined noise   sources  

f u n c t i o n a l   r e l a t i o n s h i p  of annoyance to n o i s e   l e v e l  

mean subject ive  judgment  

cons t an t   i n   t he   gene ra l   p sychophys ica l  law 

equivalent  continuous  sound  level  (energy-averaged,  A-weighted) , dB 

community  annoyance  response to n o i s e  

exponent   in   genera l   psychophys ica l  law 

c o n s t a n t s   i n  a power-group t r ans fo rma t ion  

i n t e n s i t y  of s t imu lus  

i n t e n s i t y  of s t i m u l u s  a t  th re sho ld  of pe rcep t ion  

subject ive  magni tude  of   s t imulus 

inh ib i ted   subjec t ive   magni tude   o f  s t i m u l u s  

Subsc r ip t s :  

1 s t imu lus  1 

2 stimulus 2 

a/c air  c r a f t  

d dominant  noise source 

r/t road traffic 

S subord ina te   no i se   sou rce  

t total  

Note t h a t  more detai ls  of the   ind ices   and  scales for acoust ical   measurements  
can  be found  in  a number of gene ra l   no i se   r e f e rences ,   i nc lud ing   r e fe rence  9. 

M3DEL  DEVELOPMENT 

The fo l lowing   s ec t ions  describe the  steps l e a d i n g  to the  development of 
a model of annoyance  response to combined n o i s e  sources. The f i rs t  s t e p  was 
to provide a means f o r   d e s c r i b i n g   t h e   i n h i b i t i o n   i n   s e n s a t i o n   m a g n i t u d e   o f   e a c h  
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i nd iv idua l   no i se   sou rce ,  or stimulus, by the   p re sence  of another source. The 
second s tep w a s  to assume a reasonable  rule for   canbining  the  magni tudes of t h e  
i n h i b i t e d  stimuli. The f i n a l  step involved  making  several   s implifying assump 
tions and  performing  the  necessary  a lgebraic   manipulat ions to reduce  the rela- 
t i o n s h i p s   r e s u l t i n g  from  the f i r s t  t w o  s t e p s   i n t o  a convenient form. 

Background 

A form  of the   genera l   psychophys ica l  law r e l a t i n g   t h e   s e n s a t i o n   m a g n i t u d e  
of a stimulus to  a physical  measure of i t s  i n t e n s i t y  is ( r e f .  1 0 )  

where \Y is the  sensat ion  magni tude  expressed  a long a continuous scale having 
ra t io  p r o p e r t i e s ,  @ is t h e   i n t e n s i t y  of   the  s t imulus,  and @o is the   i n t en -  
s i t y  a t  t h e   e f f e c t i v e   t h r e s h o l d  of percept ion of t h e  s t i m u l u s .  The cons t an t  k 
depnds   on   the   measurement   un i t  of @, and the  exponent B depends  on  the  sense 
modality of the   s t imulus .  

I t  w a s  proposed i n   r e f e r e n c e  1 0  t ha t   t he   s ensa t ion   magn i tude  of a s t imulus 
is i n h i b i t e d  by the  presence of   an  addi t ional  stimulus a n d   t h a t   t h i s   i n h i b i t i o n  
cou ld  be mathemat ica l ly   represented  by a power-group  transformation;  that is, 

where Y is the   inh ib i ted   sensa t ion   magni tude   and  Y t he   un inh ib i t ed   s ensa -  
tion  magnitude of t h e  s t i m u l u s .  The v a r i a b l e s  IC and q are pos i t i ve   and  
depend  on t h e   i n t e n s i t y  and spectral  c h a r a c t e r i s t i c s  o f   t h e   i n h i b i t i n g  stimulus. 

The proposal  to  use t h e  power t ransformation w a s  based  on a review of many 
s t u d i e s  o f   t h e   i n h i b i t i o n  of bo th   aud i to ry  and v i s u a l  stimuli. The b a s i c   i n h i -  
b i t i o n  phenomenon obse rved   i n   t hese  s t u d i e s  is i l l u s t r a t e d  i n   f i g u r e  1 .  The 
dashed   l i ne   o f   f i gu re  1 r e p r e s e n t s   t h e   r e l a t i o n s h i p ,   d e t e r m i n e d   i n   s u b j e c t i v e  
tests, of the   sensa t ion   magni tude  of a t a r g e t  stimulus to its i n t e n s i t y   l e v e l .  
The d o t t e d   c u r v e   r e p r e s e n t s ,   i n  a general   sense,   experimental ly   observed sensa- 
t i o n ,  or "subject ive"  magni tude,  of t h e   t a r g e t  stimulus when a n   i n h i b i t i n g  
stimulus o f   f i x e d   i n t e n s i t y  i s  present   (an example can be found i n   r e f s .  11 
and 1 2) .  The s o l i d   l i n e   r e p r e s e n t s   t h e  power t r ans fo rma t ion   sugges t ed   i n  
r e f e r e n c e  10. The d a t a   p r e s e n t e d   i n   r e f e r e n c e  1 0  i n d i c a t e   t h a t   t h e   b r e a k   p i n t  
i n   t h e   s o l i d   l i n e  occurs g e n e r a l l y  a t  a po in t  where t h e   u n i n h i b i t e d   s u b j e c t i v e  
magni tude   o f   the   t a rge t   s t imulus  is scmewhat g r e a t e r   t h a n   t h e   s u b j e c t i v e  mag- 
n i tude  of t h e   i n h i b i t i n g   s t i m u l u s .  The gene ra l   t r end  of t h e   d a t a   f r a n   r e f e r -  
ences  11 and 12 ,  however, i n d i c a t e s  small but   measurable   inh ib i t ion   for   even  
g rea t e r   sub jec t ive   magn i tudes  of t h e   t a r g e t  s t i m u l u s .  This  is accounted   for  
i n   t h e   f o l l a w i n g   s e c t i o n   w h i c h   d e s c r i b e s  how the  power- t ransformation  theory 
of r e fe rence  1 0 i n  a modified  form was used as a mathematical   basis  for t h e  
inh ib i t i on   p rocess   p roposed  i n  t h e   p r e s e n t  model. 
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l o g  Y 
or 

log Y' 

I = k+ 
Uninhibited 
subjective 
magnitude 

B 
General trend o f  
experimental  data 

/ 
/ 

'/- Stevens I power 
t r ans fopa t ion   ( r e f .  10) 

/ Y' = KY 

/ 

I 
- 

log 4 
Figure  1.- Genera l i zed   r e l a t ionsh ips  of inhib i ted   and   un inhib i ted  

subject ive  magni tudes of a s t i m u l u s  to i n t e n s i t y   o f   t h e  s t i m u l u s .  

Model Approach 

1nhibit ion.-   For two n o i s e  sources a t  l e v e l s   s u f f i c i e n t l y   a b o v e   t h e i r  
e f fec t ive   th resholds ,   the   independent   subjec t ive   magni tude  of each   source   can  
be assumed to  be related to t h e i r   r e s p e c t i v e   p h y s i c a l   i n t e n s i t i e s  by 

and 

The cho ice  of separate cons t an t s ,  kl and k2, prov ides  for condi t ions   in   which  
e q u a l   i n t e n s i t y   l e v e l s  of t h e  t w o  sources  do n o t   n e c e s s a r i l y  evoke  equal annoy- 
ance  responses.  The  choice of the   s ing le   exponen t ,  B ,  assumes tha t   t he   g rowth  
of annoyance   wi th   in tens i ty  is c o n s t a n t  for the  sources   and  depends  solely  on 
the   sense   modal i ty .  
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If one  s t imulus is assumed to h a v e   c o n s t a n t   i n t e n s i t y   $ 2 ,   t h e   s u b j e c t i v e  
magnitude "2 is g iven  by equa t ion  ( 4 ) .  Now i f  t h e   i n t e n s i t y  of t h e   o t h e r  tar- 
g e t  s t i m u l u s  is,allowed to vary ,   the   inh ib i ted   subjec t ive   magni tude   o f   the  tar- 
g e t  s t i m u l u s  "1 is assumed to  be related to its u n i n h i b i t e d   s u b j e c t i v e  
magnitude "1 as shown i n   f i g y e  2. In   r eg ion  I,  where Y1 is less than  Y2, 
"1 is h igh ly   i nh ib i t ed   and  Y1 is given by a power-group  transformation. 

l o g  Y ;  

/ 
/ 

/ 

subjectivey/ I 
rnagni tude I 

I // 

/ '/ 

11 I11 

Figure 2.- R e l a t i o n s h i p  between i n h i b i t e d  and un inh ib i t ed   sub jec t ive  
magnitude of s t i m u l u s  1 i n   t h e   p r e s e n c e  of s t i m u l u s  2. 

I n   r e g i o n  $1, where "1 is somewhat g r e a t e r   t h a n  Y2, Y1 is s t i l l  i n h i b i t e d  
so t h a t  "1 is given by a d i f f e r e n t  power t ransformat ion .   In   reg ion  111, 
where 'f'1 is greater than  some c o n s t a n t  c times Y2, no i n h i b i t i o n  is pres- 
en t   and  Y; is given by Y1.  Th i s   hypo thes i zed   r e l a t ionsh ip  is somewhat 
d i f f e r e n t   t h a n   t h a t   p r o p o s e d   i n   r e f e r e n c e  1 0  and depicted i n   f i g u r e  1 ,  s i n c e  a 
second power t r ans fo rma t ion  is assumed f o r   r e g i o n  11. This   approach is s u p  
ported b y   t h e   r e s u l t s  of previous  experiments   ( ref .  8 )  on  the  annoyance  of 
i n d i v i d u a l   a i r c r a f t   n o i s e s .   T r a f f i c  or background  noise w a s  found to i n h i b i t  
t h e   a i r c r a f t   n o i s e ,   e v e n   t h o u g h   t h e   t r a f f i c   l e v e l  was much less t h a n   t h e  air- 
c r a f t  p e a k  l e v e l s .  I t  h a s  also been  found i n   r e f e r e n c e s  1 1  a n d   1 2   t h a t  some 
loudness   masking  occurs   for  stimulus l e v e l s   c o n s i d e r a b l y   g r e a t e r   t h a n   t h e  mask- 
i n g   l e v e l .  The i n c l u s i o n  of the-  power t r ans fo rma t ion   i n   r eg ion  I1 the reby  
r e p r e s e n t s   t h i s   g e n e r a l l y   o b s e r v e d  phenomenon i n  a mathematically  convenient 
WaY 



S i m i l a r l y ,  if f ixed   va lues  for 41 and Y1 are assumed, stimulus 2 
should be i n h i b i t e d   w i t h   t h e  same type of r e l a t j o n s h i p  between i ts  un inh ib i t ed  
and   inh ib i ted   subjec t ive   magni tudes  '42  and y 2 .   I n   e i t h e r   s i t u a t i o n ,   e x c e p t  
a t  t h e   p o i n t  of sub jec t ive   equa l i ty   where   y ,  = y2,  one  source is dominant, i n  
e i t h e r   r e g i o n  I1 or region 111, and t h e   o t h e r   s o u r c e  is subord ina te ,   in   reg ion  I. 

To s implify  the  mathematical   development  of t h e  model, the  fol lowing  change 
i n   n o t a t i o n  is used:  The uninhib i ted   subjec t ive   magni tude  of t h e   s u b o r d i n a t e  
source is des igna ted  as ys ;   the   un inhib i ted   subjec t ive   magni tude  of the  dominant 
sou rce  is des igna ted  as Yd. The cor responding   inh ib i ted   subjec t ive   magni tudes  
are des igna ted  as Y L  and Y i ,  r e s p e c t i v e l y .  

In   r eg ion  I ,  as depicted i n   f i g u r e   3 ( a ) ,   t h e   i n h i b i t e d   s u b j e c t i v e   m a g n i t u d e  
of t h e  subord ina te  source can be mathematically  represented  by 

where A and a are c o n s t a n t s   f o r  a given  value  of '4' The multiplier for 
l o g  Y s  was chosen to be (1 + a )  t o  i n d i c a t e   t h a t   l o g  $1 i nc reases  more 
r a p i d l y   t h a n  does l o g  Ys. 

S i m i l a r l y ,   i n   r e g i o n  11, as depicted i n   f i g u r e   3 ( b ) ,   t h e   i n h i b i t e d  subjec- 
t ive  magni tude  of   the  dominant   source  can be mathematical ly   represented by 

where B and b are c o n s t a n t s   f o r  a given  ys. 

l o g  Y; 
l o g  Y h  

/ l o g  rys l o g  C Y  s I 

(a )  In   r eg ion  I .  ( b )   I n   r e g i o n s  I1 and 111. 

Figure 3.- G r a p h i c a l   r e p r e s e n t a t i o n s  used to e s t a b l i s h   r e l a t i o n s h i p  between 
inhibi ted  and  uninhi  bi ted s u b j e c t i v e  magni t u d e s  of  annoyance. 
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Of cour se ,   i n   r eg ion  111, t h e  dominant  source is u n i n h i b i t e d ;   t h a t  is, 

Y i  = Yd (7) 

Summation.- The  primary assumption of t h e   p r e s e n t  model is t h a t   t h e  t o t a l  
annoyance  due to  combined noise   sources ,  when expressed as a s u b j e c t i v e  magni- 
tude   wi th  ratio-scale properties, is equal  t o  t h e   a d d i t i o n  of t h e   i n h i b i t e d  sub- 
j ec t ive   magn i tudes   o f   t he  component noise  sources.   The total  s u b j e c t i v e  magni- 
t ude  of annoyance for t h e  two noise   sources  is g iven   therefore   by  

Y t  = Y; + Y; 

where Y A  and Y i  are the   i nh ib i t ed   sub jec t ive   magn i tudes  of the  dominant  
and  subordinate   source,   respect ively.   This   summation of t h e   s u b j e c t i v e  magni- 
t u d e  components is analogous to t h e  methods  used i n   s e v e r a l   l o u d n e s s   l e v e l  or 
pe rce ived   no i se   l eve l   ca l cu la t ion   p rocedures   ( r e f .  9 ) .  

Addi t iona l   assumpt ions . -   The   re la t ionships   for   the   inh ib i ted   subjec t ive  
magnitudes (eqs. (5)  and (6) ) , whi le   usefu l  from a concep tua l   po in t   o f .  view, are 
no t   p rac t i cab le .  A s  was stated ear l ier ,  t h e  factors A and a are c o n s t a n t s  
o n l y   f o r  a given  value  of  Yd a n d   t h e   f a c t o r s  B and b are cons t an t s   on ly  
f o r  a given  value of Y s .  To remove t h e s e   l i m i t a t i o n s ,   t h e   f o l l o w i n g   a d d i t i o n a l  
assumptions were necessary:  

1 .  The  values of t h e   f a c t o r s  a and b are cons tan t   over   the   range   of  
subjec t ive   magni tude  of i n t e r e s t   i n  community noise   exposures .  

2. A t  t h e   p o i n t  of s u b j e c t i y e   e q u a l i t y ,   t h e   i n h i b i t e d   s u b j e c t i v e   m a g n i t u d e s  
are  also equal; t h a t  is, Yd = Y s  when Yd = Ys.  

3.  The inh ib i ted   subjec t ive   magni tudes  Y i  and Y i  are piecewise 
cont inuous a t  the  boundaries  between  regions I and I1 and  between  regions I1 
and 111. 

J u s t i f i c a t i o n   f o r   t h e   f i r s t  of these  assumptions  can be found   by   v i sua l ly  
examining   da ta   p resented   in   re fe rences  10  to 12.  Over r a n g e s   i n  sound p res su re  
l e v e l  of 40 to 90 dB f o r   b o t h   t a r g e t   a n d   i n h i b i t i n g  s t i m u l i ,  it appears t h a t  
t h e  two-segment i n h i b i t i o n   r e l a t i o n s h i p   p r o p o s e d   i n   t h e   p r e s e n t  model could be 
f i t t e d  to the   expe r imen ta l   da t a   w i th  good accuracy by appropr ia te ly   changing  
only  the  boundary  between  regions I1 and I11 as a func t ion  of t h e   i n h i b i t i n g  
s t imulus.  

Jus t i f i ca t ion   fo r   t he   s econd   a s sumpt ion  is n o t  as s t r a igh t fo rward .  I t  is 
known, fo r   example ,   t ha t   l oudness  masking is frequency  dependent .   Similar ly ,  
community n o i s e   s o u r c e s   w i t h   l a r g e   d i f f e r e n c e s   i n  spectral c h a r a c t e r i s t i c s  
could also have   d i f f e ren t   annoyance - inh ib i t i ng  properties. T h e r e f o r e ,   t h e  pres- 
e n t  model may be a p p l i c a b l e   o n l y  to noise  sources  which  have similar spectral 
cha rac t e r i s t i c s .   A l though   t h i s   a s sumpt ion  is a l i m i t a t i o n   o n   t h e  scope o f   t h e  
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model, i t  is n o t  a l i m i t a t i o n   o n   t h e   c o n c e p t  of summation  and i n h i b i t i o n .  I t  
would be p o s s i b l e  to  adapt t h e  model to noise   sources   having  dissimilar i n h i b i t -  
i n g   p r o p e r t i e s .  However, t h e   a s s m p t i o n  of similar i n h i b i t i n g   p r o p e r t i e s  
grea t ly   s impl i f ies   the   mathemat ica l   deve lopment  to  follow. 

Mathematical  development.- A t  the   boundary  of   regions I1 and I11 (see , 

f ig .   3 (b )  ),  the   subjec t ive   magni tude  of the  dominant  source is n o t   i n h i b i t e d  
by the   subord ina te   sou rce   and  

Equation ( 6 )  f o r   r e g i o n  I1 t h e r e f o r e  becomes 

log Cys = B + (1 + b) l o g  CY, 

which  can be reduced to t h e  form 

B -5 log cys 

or 

Upon s u b s t i t u t i o n  of   equat ion (1 0)  i n t o   e q u a t i o n  (6), t h e   i n h i b i t e d   s u b j e c t i v e  
magnitude  of  the  dominant source i n   r e g i o n  I1 can be expressed by 

or 
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A t  the  boundary  of   regions I and I1 (see f i g .   3 ( a ) ) ,   t h e   i n h i b i t e d   s u b j e c -  
t ive  magni tudes of the   subord ina te   and   daninant  sowces are assumed t o  be equal: 

Equation (5) f o r   r e g i o n  I t h e r e f o r e  becomes 

which  can be reduced to t h e  form 

The inh ib i t ed   sub jec t ive   magn i tude  of the  dominant   source  in   region I1 
(eq. (1 1 )  ) reduces a t  the  boundary  between  the  regions I and I1 t o  

S u b s t i t u t i o n  of t h i s   r e l a t i o n s h i p   i n t o   e q u a t i o n  (1 3) y i e l d s  

or 

Upon subs t i t u t ion   o f   equa t ion  (14 )  i n t o   e q u a t i o n  (5), t h e   i n h i b i t e d   s u b j e c t i v e  
magnitude of t he   subord ina te   sou rce   i n   r eg ion  I can be expressed  by 

l o g  Y; = l o g  [(3";)"] + log Ysl+a 
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or 

The to t  .a1 subjective  magnitude  of annoyance for t h e  combin .a t ion  of subord ina te  
and  dominant  sources is the re fo re   ob ta ined   f rom  equa t ions  ( 7 ) ,  ( 8 ) ,  (11), and 
(1 5) .  For Yd b cys,  the  dominant source is i n   r e g i o n  I11 ( t h e   s u b o r d i n a t e  
source is always i n   r e g i o n  I ) ,  so t h a t  y t  is given  by 

For \yd < cys,   the  dominant source is i n   r e g i o n  I1 , so t h a t  

COMPARISON OF MODEL W I T H  EXPERIMENTAL DATA 

Descr i p t   i o n  of Expe r imen t 

T o  provide   the   necessary   in format ion  to v e r i f y   t h e  summation  and i n h i b i t i o n  
model, a labora tory   exper iment  was conducted  in  which subjects made annoyance 
judgments  of  extended  sessions of m u l t i p l e - a i r c r a f t   a n d   t r a f f i c   n o i s e .  A com- 
plete d e s c r i p t i o n  of the   des ign  and results of the  experiment  is reported i n  
r e f  e rence 8 .  

The experiment was conducted  in a simulated l i v i n g  room i n   t h e   i n t e r i o r  
e f f e c t s  room a t  the   Langley  aircraft  no i se   r educ t ion   l abo ra to ry .  A t o t a l  o f  
17 d i f f e r e n t   n o i s e   c o n d i t i o n s  were used. Each no i se   cond i t ion  was of 15-minute 
durat ion.  For fou r  of t h e   c o n d i t i o n s ,   e i g h t  recorded a i r c r a f t   f l y o v e r   n o i s e s  
were presented so tha t   the   energy-equiva len t   cont inuous  A-weighted  sound l e v e l s  
Leq f o r   t h e   c o n d i t i o n s  were 30, 40, 50,  and 60 dB. Similarly, for fou r  of t h e  
conditions,   recordings  of  heavy-flow  road-traffic  noise,   with  standard  deviation 
i n   l e v e l   o f  1.4 dB, were p resen ted  a t  L e q  of 30, 40, 50, and 60  dB. The 
remain ing   n ine   condi t ions   cons is ted  of t h e  factor ia l  combinations of t h e  same 
aircraft  and t r a f f i c   n o i s e s  a t  l e v e l s  of 40, 50, and 60 dB. 

While engaged i n  a leisure a c t i v i t y   ( s u c h  as reading or k n i t t i n g )  , subjects 
(1 6 groups  of 4) made a s i n g l e  , total  annoyance  judgment of each of 9 s e s s i o n s  
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of noise. The judgments were made on numerical   category scales from 0 to  9 w i t h  
the   end   po in ts   l abe led  "Not Annoying a t  A l l "  and  "Extremely  Annoying."  Each 
subjec t   g roup  was exposed to th ree   each  of t h e  separate a i r c r a f t  and t r a f f i c  
condi t ions  and  three  of   the  combined noise   condi t ions .  

The mean annoyance  response to t h e   d i f f e r e n t   n o i s e   c o n d i t i o n s  are pre- 
s e n t e d   i n   t a b l e  I. Analyses of var iance (see ref. 8) p r f o r m e d  on t h e  subjects '  
r e sponses   i nd ica t ed   t ha t   fo r   t he  separate a i r c r a f t  and t r a f f i c   c o n d i t i o n s ,  
no i se   t ype  was s i g n i f i c a n t  a t  the   5 -pe rcen t   l eve l   and   no i se   l eve l  was s i g n i f i -  
c a n t  a t  the   l -percent  level. For t h e  combined noise   condi t ions ,   bo th  aircraft-  
n o i s e   l e v e l  a n d   t r a f f i c - n o i s e   l e v e l   a n d   t h e   i n t e r a c t i o n  of t h e  two were found 
s i g n i f i c a n t  a t  t he   l -pe rcen t   l eve l .  

TABLE 1.- MEAN RESPONSE AND SUBJECTIVE MAGNITUDES E'OR 

EXPERIMENTAL NOISE CONDITIONS 

[Experiment r e p o r t e d   i n   r e f e r e n c e  81 

.- 
A i r c r a f t  

n o i s e   l e v e l ,  
L e q r  dB 

30 
40 
50 
60 

- " 
-" 
-" 
"- 

40 
40 
40 
50 
50 
50 
60 
60 
60 
"" 

" 

T r a f f i c  
n o i s e   l e v e l  , 

L e q r  dB 

"- 
- " 
"- 
-" 

30 
40 
50 
60 

40 
50 
60  
40 
50 
60 
40 
50 
60 

"- 

Mean 
response 

(a) 

0.84 
1.88 
2.51 
4.51 

.68 
1.23 
2.35 
4.24 

2.56 
2.29 
5.59 
2.42 
4.29 
4.93 
4.47 
4.26 
6.52 

Sub jec t ive  
magnitude 

0.64 
1 .56 
2.17 
4.31 

.51 
1.01 
2.01 
4.00 

2.22 
1.95 
5.60 
2.08 
4.05 
4.80 
4.26 
4.02 
6.80 

aResponse was made on a ca t egory  scale from 0 to 9 w i t h  end 

0 - Not annoying a t  a l l  
9 - Extremely  annoying 

p o i n t s  labeled 
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Conversion of Response Data Into  Subject ive  Magnitude 

Before t h e  summation  and  inhibit ion model of annoyance  response to  ccanbined 
n o i s e  sources could  be v e r i f i e d ,  it was necessary  to c o n v e r t   t h e  mean responses  
obta ined  from t h e   c a t e g o r y   s c a l i n g   t e c h n i q u e   i n t o  a scale which  had t h e  r a t io  
p r o p e r t i e s  of sensa t ion ,  or subjective,   magnitudes.  It  has  been  long  recognized 
t h a t   a u d i t o r y   s u b j e c t i v e   a t t r i b u t e s ,   s u c h  as loudness   and   no i s ines s   i n   gene ra l ,  
obey  the  physchophysical  power law t h a t  a doubl ing or halv ing  of t h e   a t t r i b u t e  
is represented  by  approximately a 10-dB change i n  sound  pressure level.  For 
th i s   exper iment ,   such  a r e l a t i o n s h i p  was assumed to descr ibe  the  annoyance 
response to  t h e   c o n d i t i o n s  of the   s epa ra t e ly   j udged   a i rp l ane   and  t r a f f i c  noises .  
A subject ive  magni tude of 1.00 was selected to serve as a s t anda rd   cond i t ion  
and was assigned to  t h e  mean response for t h e  Leq = 40  dB t r a f f i c - n o i s e  con- 
d i t i o n .   S i m i l a r l y  0.50 was ass igned  to t h e  Leq = 30 dB t r a f f i c  response,  
2.00 to  t h e  Leq = 50 dB t raff ic  response,  and 4.00 to  t h e  Leq = 60 dB t raf-  
f i c  response.  A least-squares  second-order  polynomial f i t  was performed  with 
the   ass igned   subjec t ive   magni tudes  of t h e  t r a f f i c  n o i s e s  as the   dependent   var i -  
a b l e  and t h e  mean response for t h e  four t r a f f i c  cond i t ions  as the   independent  
va r i ab le .  The   fo l lowing   re la t ionship  was determined: 

'4' = -0.030 + 0.767J + 0.0431 J2 (1 8) 

where '4' is the   p red ic ted   subjec t ive   magni tude   and  J is  t h e  mean response 
to t r a f f i c  no i se   ob ta ined  from the   exper iment .   This   re la t ionship  is ind ica t ed  
i n   f i g u r e  4. 

6 -  

5 -  

4 -  

S u b j e c t i v e  
magnitude, 3 -  

Y 

0 1 2 3 4 5 6 

Mean response, J 

Figure 4.- Relationship  between  assigned  subjective  magnitude 
and mean response for t r a f f i c -no i se   cond i t ions .  

12 



Equation (1 8) was then used to calculate the   subjec t ive   magni tudes  for 
each  of  the separate and  combined noise   condi t ions.   These  values  are g iven   i n  
t ab le  I a long   wi th   the  mean responses.  

Comparison  of Model With Experimental  Data 

From the  subject ive-magnitude data  of table  I ,  b e s t  estimates of t h e  con- 
s t a n t s  a, b, and c used i n   t h e  model were found  using a three-parameter 
opt imizat ion  procedure.  The procedure minimized  the  res idual  sum of squares 
between the   p red ic ted   subjec t ive   magni tudes   and   the   ca lcu la ted   subjec t ive  magni- 
t u d e s  g i v e n   i n   t a b l e  I f o r   t h e  combined no i se   cond i t ions .  The va lues  of t h e  
constants   which produced t h e  minimum r e s i d u a l  sum of squares were a = 1 .34 ,  
b = 0.169,  and c = 2.56. 

Cmpar i sons  of t h e  summation  and i n h i b i t i o n  model wi th   t he   expe r imen ta l ly  
determined to t a l  subjec t ive   magni tudes   for   the  combined no i se   cond i t ions  are 
presented   in   normal ized   form  in   f igures  5 and 6. F igure  5 p r e s e n t s   t h e  ra t io  

5.0 

2.0 

Norma 1 i zed 
t o t a l   s u b j e c t i v e  
magni  tude,  1.0 

't 

"r/ t 

0.5 

T r a f f i c   s u b j e c t i v e  
magnitude 

0 1 . 0 1  
0 2.01 
0 4 . 0 0  - Model 

- 

- 

0.2 ' I I 1 I 

0.2 0 :5 1 .o 2.0 5.0 

Norma l i zed   a i r c ra f t   sub jec t i ve   magn i tude ,  * P 
r/t 

Figure 5.- Comparison  of model and experimental  data showing r e l a t i o n s h i p  
between to t a l  and   a i rc raf t   subjec t ive   magni tudes   bo th   normal ized  by 
t r a f f i c   sub jec t ive   magn i tude .  
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5.0 

2 .0  

Norma 1 i zed 
total   subject ive 
magni tude, 

t 

a/c 

? 
- 
Y 1 . o  

0.5 

0.2 

Aircraf t   subject ive 
magnitude 
0 1.56 
0 2 . 1 7  
0 4 . 3 1  - Model 

I I I 1 

0.2 0.5  1 .3  2-0 5, 5.0 

Normalized t r a f f i c   sub jec t ive  magnitude, r/ t 
a/c 

Figure 6.- Comparison  of m o d e l  and  experimental   data  showing r e l a t i o n s h i p  
between to t a l  and t raff ic  subject ive  magni tudes  both  normalized  by 
a i r c r a f t   s u b j e c t i v e  magnitude. 

of to ta l  subject ive  magni tude to  t r a f f i c -no i se   sub jec t ive   magn i tude   p lo t t ed  
a g a i n s t   t h e  r a t i o  of   a i rc raf t -noise   subjec t ive   magni tude  to t r a f f i c - n o i s e  
subject ive  magni tude.  The f u n c t i o n a l   r e l a t i o n s h i p   i n d i c a t e d   b y   t h e   l i n e  was 
generated from t h e  model  and t h e  best f i t  f o r   t h e   c o n s t a n t s  a, b,  and c. 
Cons ider ing   tha t   the   subjec t ive-magni tude  estimates of both   the   separa te  
no i se   cond i t ions  and t h e  combined noise condi t ions   inc luded  the usua l  random 
errors  assoc ia ted   wi th   any   type  of s u b j e c t i v e  tests and   cons ide r ing   t ha t   t hese  
errors were compounded when combined i n   t h e  model, the   genera l   agreement  is 
good. F igure  6 p re sen t s   t he  same data .  However, i n   t h i s  case , the  normaliza- 
t i o n  was performed  using  the  a i rcraf t -noise   subject ive  magni tudes.   Since  the 
model is symmetric abou t   t he  two noise  sources, t h e  same f u n c t i o n a l   r e l a t i o n -  
s h i p  is p resen ted   i n   bo th   f i gu res .  The da ta   t r ends   o f   t he  two f igu res   gene ra l ly  
c o n f i r m   t h i s  symmetry  and the   shape  of the  curves   f rom  the summation  and  inhibi- 
t i o n  model. 
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Comparison  With  Other  Models 

P red ic t ions   o f  to ta l  annoyance response to  t h e  ccanbined n o i s e   c o n d i t i o n s  
of   re fe rence  8 were made for   severa l   o ther   models   and  are p r e s e n t e d   i n   t a b l e  11. 

TABLE 11.- SUBJECTIVE  MAGNITUDES OF ANNOYANCE DUE TO COMBINED NOISE 

PREDICTED BY SEVERAL  MIDELS 

Subject ive  magni tudes  predicted  by  models  
L e q r  dB Experimental - 
" 

i i r c r a f t  

40 
40 
40 
50 
50 
50 
60 
60 
60 

"" ~ 

5.56 
3.1 8 
4.1 8 

60 6.1 7 
5.32 

50 6.32 
60 8.31 

~~ ~. ~ s u b j e c t i v e  
Energy  magnitudes Summation  and Response 

summation i n h i b i t i o n  summation 

1.65 

6.80  6.81 5.55 5.13 
4.02 4.80 4.59 4.41 
4.26  4.42 4.48  4.32 
4.80 4.60 5.28  4.1 5 
4.05  3.42 3.34 2.58 
2.08 2.41  2.53  2.22 
5.60  4.37 5.24 4.05 
1.95 2.74 3.1 2 2.23 
2.22 1.88 1.45 

The f i r s t  model  used t h e  simple summation  of  the  subjective  magnitudes  of  the 
separate a i r c r a f t  and t r a f f i c   n o i s e   c o n d i t i o n s  to p rov ide   t he  t o t a l  s u b j e c t i v e  
magni tudes   for   the   canbina t ions .  The second model u t i l i zed   an   ene rgy- type  sum- 
mation  scheme  in  which  each of the   subjec t ive   magni tudes  of t h e  separate condi- 
t i o n s  were conver ted   in to   equiva len t   energy  terms th rough   t he   appropr i a t e  power 
r e l a t i o n s h i p .  The energy  values  for each  combination were subsequently  added 
and  the summed energy was then  reconverted to o b t a i n  t o t a l  s u b j e c t i v e  magni- 
tude. The t h i r d  model is the   response  summation  model  of r e f e r e n c e  13. I n   t h i s  
model the   equiva len t   cont inuous   sound level  is augmented  by  an  increment  which 
depends  on t h e   d i f f e r e n c e s   i n   n o i s e   l e v e l s  of t h e  separate sources which  produce 
equal annoyance  response.   Included  in   table  I1 are the   va lues   o f   the  total  sub- 
jective magnitudes  predicted by t h e  summation  and i n h i b i t i o n  model  and those  
ca l cu la t ed   f rom  the   r e sponse   da t a   o f   r e f e rence  8. 

Comparisons  of  the  four models and the   expe r imen ta l   da t a  are provided   in  
t a b l e  111. The t o t a l  sum of   squares  of the   subjec t ive   magni tudes   o f   the   exper i -  
men ta l   da t a   fo r   t he   n ine  combined no i se   cond i t ions   and   t he   r e s idua l  sum of 
squa res   fo r   each  model are presented.  The  explained sum of   squares  was o b t a i n e d  
by s u b t r a c t i n g   t h e   r e s i d u a l  sum of squares  from t h e  total  sum of  squares. The 
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coefficient of determination (ratio of explained to  total  sum of squares) is 
also presented for each model. 

TABLE r r r  .- ccupmrsoN OF EDDELS WITH EXPERIMENTAL DATA 

T o t a l  sum of s q u a r e s  for e x p e r i m e n t a l  data . . . . . . . . . . . . . . . . . . 22.16 
Models 

Magnitude  Energy  Response  Summation 
summation  summation  summation  and  inhibi t ion 

R e s i d u a l  sum of squares . . . . . . 15.76  8.35  4.96  3.43 

Expla ined  sum o f   s q u a r e s  . . . . . . 6.40  13.81  17.20  18.73 

C o e f f i c i e n t  of d e t e r m i n a t i o n  . . . . 0.289  0.623  0.776  0.845 

The total  annoyance predicted by the magnitude summation  model  was gener- 
ally  greater than  the  experimental  data.  Furthermore,  only about 29  percent of 
the  total sum of squares was explained by t h i s  type of  model.  The annoyance 
predictions given by the energy surmnation  model,  on the  other hand, generally 
were less  than the  experimental  data,  particularly  for  those  conditions where 
the  levels of, and  annoyance response to  the  separate  aircraft and t ra f f ic  
noises were nearly  equal. The energy summation  model,  however,  was a great 
improvement over the magnitude sumation model i n  that it was able  to  explain 
about 62 percent of the  total sum of squares. The response summation  model  was 
'an improvement over both previous models i n  that it was able  to  explain about 
78 percent of the total  sum of squares. None  of the simple models,  however, 
were as good as the summation  and inhibition model  which  was able  to account for 
about 85 percent of the  total sum of squares. 

APPLICATION OF THE MODEL 

Th i s  section  describes a method by which the summation  and inhibition model 
can be used to  predict  the annoyance response to  multiple comnunity noise 
sources. T h i s  method involves  the computation of a correction  factor  to be 
added to  the  total  equivalent  continwus sound level  to account for  the  effects 
of summation  and inhibition. 

The primary assumption for t h i s  method is that although the  absolute annoy- 
ance responses to two sources are not necessarily equal a t  equal noise levels, 
the growth  of  annoyance with noise  level is the same for both sources. T h i s  
assumption was also made during  the developnent of the  present model.  For the 
present  discussion,  the  functional  relationship between  annoyance response and 
noise level is assumed to be linear only for  illustrative purposes. I t  is gen- 
erally found (ref s. 3 ,  8 ,  and 13)  that a  simple linear transformation of noise 
level is sufficient  to reduce the  functional  relationship  to an invariant form 
for  different  types of noise  sources. Th i s  transformation is indicated i n  
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f i g u r e  7. The response  to one  source a t  l e v e l  L1 is ind ica t ed   by   t he  solid 
l i n e  and the  r e l a t i o n s h i p  

The response to a n o t h e r   s o u r c e   a t   l e v e l  L2 is i n d i c a t e d  by the   dashed   l i ne  
a n d   t h e   r e l a t i o n s h i p  

where D is t h e   d i f f e r e n c e   i n   l e v e l  of t h e  two sources for  equal  annoyance 
response. The q u a n t i t y  (L2 + D) r e p r e s e n t s   t h e   " e f f e c t i v e   l e v e l "   o f   t h e   s e c o n d  

Annoyance 
response, 

R 

/ 

Noise level ,  L, dB 

Figure 7.- G e n e r a l   r e l a t i o n s h i p  between  annoyance  response and n o i s e  
l e v e l  for d i f f e r e n t  sources. 

s o u r c e   r e l a t i v e  to t h e  f i rs t  source.  The to ta l   annoyance   response  to t h e  combi- 
na t ion   o f   t he  two s o u r c e s - i s   o b t a i n e d   w i t h   t h e  same f u n c t i o n a l   r e l a t i o n s h i p :  
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where LT is the   equ iva len t   con t inuous   sound   l eve l  of t h e  two sources  combined 
and E is a c o r r e c t i o n   f a c t o r  t o  t h e  total  n o i s e   l e v e l  to account for summation 
and i n h i b i t i o n  predicted by   t he   p re sen t  model. The t o t a l  n o i s e   l e v e l  is given 
by the  energy-type  summation 

Values of t h e   c o r r e c t i o n   f a c t o r  E f o r  several va lues  of D and for a 
range of d i f f e r e n c e s   i n  levels of t h e  two sources  are p r e s e n t e d   i n   f i g u r e  8 .  
These  values were d e r i v e d  from equa t ions  (1 6) and (1 7 ) ;  the   va lues  of t h e  
c o n s t a n t s  a, b, and c found in   the   compar ison  of t h e  model and the   expe r i -  
ment (ref. 8 )  prev ious ly  described were used  and a doubling of annoyance for a 
10-dB change   i n   no i se   l eve l  was assumed. The cusps   i n   t he   cu rves  for c o n s t a n t  
va lues  of D coincide  with  points   of   equal   annoyance for t h e  t w o  no i se   sou rces  
and i n d i c a t e   t h e  loci o f   t h e   g r e a t e s t   d e v i a t i o n s  of t h e   p r e s e n t  model from 
energy-type  summation models. 

CONCLUDING REMARKS 

A model for   p red ic t ing   annoyance   response  to ccmbined  community n o i s e  
sources  has  been  developed.  This model p rov ides   fo r   t he  summation of annoyance 
due to sepa ra t e   no i se   sou rces   and  for the   inh ib i t ion   o f   annoyance  of each  source 
by the   p resence   o f  t h e  o t h e r  sources. The a b i l i t y  of t h i s  model to  p r e d i c t  
annoyance  responses  obtained  in a recent   experiment  was s i g n i f i c a n t l y   g r e a t e r  
t h a n   t h a t  of other   candidate   models   which do n o t   s p e c i f i c a l l y   a c c o u n t  for inhi-  
b i t i o n  between noise   sources .  

One possible l i m i t a t i o n  of t h e  model i n  i ts  p r e s e n t  form is t h a t  knowledge 
of the  annoyance of t h e  separate no i se  sources a t  e q u a l   n o i s e   l e v e l s  is necessa ry  
f o r  i ts u s e  in   p red ic t ing   annoyance  to combined n o i s e   s o u r c e   s i t u a t i o n s .  Hence, 
t h e   n e e d   e x i s t s   f o r   f u t u r e   l a b o r a t o r y   a n d  f i e ld  r e sea rch  t o  provide  information 
on  annoyance  response to d i f f e r e n t  community noise   sources .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
August 1 ,  1979 
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