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Final Report -- NSG-1550 
Eugene Galanter 

Psychophysics Laboratory, Columbia University 

The Psychophysics Laboratory and the ANRL of the 
NASA-Langley Research Center have been engaged in a cooperative 
research enterprise since 1975. We have both been trying to 
untangle and explicate the social-psychological, acoustic, and 
perceptual aspects of the human annoyance response to aircraft 
overflight noise. This work has included both laboratory and 
field research. The field work was designed to assess the basis 
of cc.munity response to aircraft noise. 
served to develop models of such response tendencies that might 
identify aspects of the (single and multiple) events that give 
rise to the annoyance responses. 

The laboratory studies 

The objective of these efforts was to find ways to control 
the salient features of the annoyance function, and so reduce 
e m u n i t y  annoyance responses. We expected that changing 
identified parameters c;f a model could lead to altered response. 
Environmental variables that can be located by a theoretical 
mode1 may offer a high benefit/cost ratio in effecting a 
reduction of annoyance. 

Our work over the past several years has concentrated on two 
aspects of the general problem: 1) How do the effects of many 
separate exposures to aircraft overflights cumulate within a 
-person's judgmental frame to yield a long-term measure of 
individual annoyance. 2) How can we assign a numerical value to 
the magnitude of a person's annoyance that will capture a variety 
of behavioral consequences, such as complaint behavior, community 
action, etc. 

The first question has lead to the development of multiple 
exposure models of human annoyance that broke with mere acoustic 
additivity of one or another kind. During the past one and one 
half years, these various models have been subjected to a variety 
of experimental tests. The culmination of this work is described 
in the dissertation presented to the Graduate School of Arts and 
Sciences, Columbia University by Nancy Haber. Segments of that 
dissertation are included in this Final Report as Appendix I. 

The second question has resulted in the development of a new 
scaling technique, named Utility Comparison Scaling, that permits 
the assignment of numerical. values to aversive or desirable 
events. This work has been prepared for publication, and is 
being submitted in revised form and with supplementary data to 
the journal Public Opinion Quarterly, We expect an sarly 
editorial decision on this revision of PPL Technical Report 
NASA-5, dated . 

Finally, the general problem of comparative judgment scale 



2 

construction, of which the Utility Comparison Scale irr a special 
case, ha8 fonred the batsis for a dissertation for the Ph.D. 
degree deposited in June 1983, by Richard Popper with the 
Graduate School of Arts and Scienccid. Appropriate sections of 
that dissertation are included as Appendix 11. 

On looking back at the variety of activities that this 
research support has generated I can only conclude that this 
contribution by NASA his aided the ongoing activities of the 
Laboratory as well as the educational mission of the University. 
The total number of students, both undergraduate and graduate 
that have had their research skills sharpened under the aegis of 
this grant is 19 undergraduate research assistants, and 5 
graduate students of which three have received Ph.D. degrees and 
one has received an H.A. 

During the course of the work, several collateral activities 
were undertaken that were of direct aid to the major thrust of 
this research program. 
analyzed for the FAA to assess the impact of the inauguration of 
the Concorde supersonic transport. A second collateral study was 
conducted for the NASA-Langley Research Center to permit the 
comparison under laboratory conditions of community residents 
from the New York City area with residents from Hampton, Va. and 
near-by communities. A final study conducted for the FAA 
provided laboratory data for the analysis of helicopter noise, 
and noise fror fixed-wing turbine aircraft in both single and 
multiple overflight conditions. 

One component was a survey designed and 

In summary, I believe that empirical knowledge about the 
impact of environmental events was accumulated, and used to 
develop quantitative models of human behavior in the face of such 
events. The techniques that evolved have enhanced the 
capabilities of researchera in the social and behavioral 
sciences. We have shown that survey research methods may be 
augmented by psychophysical scaling techniques to the benefit of 
both disciplines. Although we are still short of the goal of 
calculating the direct and indirect effects of aircraft 
overflight noise on community residents, we have improved by a 
considerable degree our understanding of the nature of these 
community judgments, and how they can be measured and altered. 
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Appendix I 
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Caluabia University 
Pqychophysics Laboratory 
New Pork, New York 10027 

-ral Characteristics of plmotional Resprme: 
ADecayWodel of Anmyarm Response to Acoustic Noise 

1.0 General introduction 

Blab deaonstrated in 1925 that physiological responses to a fear- 
provoking stinulus increase sharply at the onse: of the stinulus and 
eventually return to their respective resting states. If physiological 
respnses to motion-provoking stirmli decay after the onset of the stimrrli, 
then it is hypothesized that so will the emotional state (subject, of 
course!, to cognitive and other contextual factors, Buck, 1976; Schachter & 
Singer, 1962). A series of experhts  are prcposed to daaanstrate the 
existence of this change in emotional state as well as to estimate terporal 
parameters for specific arnotion-prwoking situations. 

Stinuli, such as electric shock (Nisbett & Schachter, 1966) , 
photographs of emotionally-loaded stirmli (Frijda & Van der Geer, 1961) d 
manipulated situations (Eknan, 1%5), have been widely used to evoke 
emotional r-. Hawever, w i t h  the exception ob electric shock, these 
sthli provide no natural units and therefore do imt avail themelves to 
systematic manipulation of the stirnilus variable along the intensive 
dimension. Even though electric shock has natural units (voltage), its use 
has been limited due to health and safety concerns. Acoustic noise, on the 
other hard, has very specific descriptive units, as -11 as a consistent and 
well-established history of evoking an affective response called 
"annoyance." Krytet (1970) defined annoyance as "the subjective inpression 
of +h unwantedness of a not unexpected, nonpain or fear provoking sound as 
part of one's enviromwnt:." 

The method most carmonly used in assessing the degree of annoyance 
produd by noise is the method of self-report. Since measures of 
self-report are more likely to represent behavior than physiolcgical 
masure8, in that both behavioral responses and measures of self-report are 
modifid by display rules, its use is suggested by many 'researchers 
(Hilgard, 1969; Madray, 1980) . 
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existenmi of lumatou~ -ts of wide, notably aircraft 
noise, indica- tbe lack of a reliable, predictive masure of anmyarm. 
Noiae ~#sasurenents CQrmonly USBd in the United State6 an8 Great Britain 
represent descriptive models of amoyana. 'Ihe paraters of these 
nmasurarmts- h r ,  duration and/or arplitude (either p d c  or average)- 
correlate mll with judgd annoyance (Rim, 1977a). This vould sc#m to 
indicate that the parateters of the noisus rmaammmts reflect the major 
Mlciables of the noise that are producing the amoyanm levels. Hcamver 
since most noise masuranumts have baen desigmd in an effort to predict 
cxamunity rwpxme to noise rather than to model the individual amoy~ce 
re6pcmse function, certain, perm more subtle, paraueters have been 
ow?rlodted. 

In essence, the present models of productian =rely correlate 
the pararaaters of duration, rmbr and aaplitude of the noise enrents with 
the camrwity ahnoyance response, usually to aircraft noise. aynanic 
enviroment, that is haJ each event in time amtributes to the individual's 
annoyance level, is not considered in these measurements. Although the 
correlation be&men the amnt of snnoyanoe pr- by noise expotsure a d  
these masures is good for camnurity responses, the models *id! underlie 
the measures for individual judgnents are lacking a taporal parmeter. Ik 
inportance of including not only arplitube, nmnber and duration paraneters 
in the anmyaxe lceaponse function, but also a teuporal paramter, will be 
denonstrated in experiments that exanine the anmyme response h*ion 
produced by acoustic noise. 

In this section, four models of annoyance will be deeKlribed and tests 
of consistency derived. The four models are a peak energy maYe1, an energy 
averaging model, an energy suunation model and M anmy- Uecay model. 

1.1 veak" energy model 

A sinple model of the amoyame response function is one in which the 
response is represented by the highest energy level presemt in a stinulus or 
set of stinuli. An annoyance response is generated solely on the peak 
energy level presented during a time interval. 

Most support for the peak energy model is found in studies on the 
effect of aircraft noise on carmunity residents. Many irmstigators have 
fourd that the maximm A-FJeighted sound level ( r o d  wrtighted to 
quantitatively reduce the effect of law frequency noise, hence approximating 
the response of the hunan ear to sound) occurring during a single aircraft 
overflight correlates with the noisiness produced by the individual aircraft 
flyover (Bexglund, Berglund & Lindvall, 1975; Young 6 Feterson, 1969). 
Rylander prqposed that the peak dB (A)- maxinun A-ighted sound level- of 
the noisiest type of aircraft that occurs more than three times a day on an 
airfield that hris more than 63'take-offs in 24 hours provides an adequate 
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measure of the carmunity noise limit (Ry1-r & Sorenson, 1973; Ryland.r, 
Sorenson, Alexandre & Gilbert, 1973; Ryl-r, Sorenam 6, Barglund, 1974; 
R y l d r ,  Sorenson & Kajland, 1972; Sorvlson, Berglund c Rylander, 1973). 
&lander et. al. found a linear relatidip between the percmtcrge of 
people who were lrighly armoyed" and the peak -(A) of the area. This model 
does not apely to areas with lerss than 63 tak-ffs in a 24 how period, nor 
does it provide an explanation as to how the characteristics of as few as 3 
flyovlers can influence the reported annoy- of eannrnity residents unless, 
of course, the peak -(A) of the remining 60 or so overflights correlates 
with the 3 referems flyovers. 
two @maunities have the saae peak &(A) value, the characteristics of the 
remaining 60 or so overflights have no effect on the judged annoyance levels 
of the CcmMlity meabers. Other investigators have found this not to be the 
case (Connor c Patterson, 1976; Kryter & PeMrSOns, f%3; -11, 1980). 
Their results support an energy "averaging" model. 

1.2 mrqy "averaging" model 

mmyance j-ts to aircraft noise quite well is the %quivalent sourd 
level" or Leq model (Eldred, 1975; po#ell, 1980; Rice, 197%; Shepherd, 
1981). Rlis is the average A-ighted noise level on an energy basis for 
aane specified rrrrarnt of t h .  This method equates the nunerical value of a 
fluctuating sound to a steady state sound w i t h  the wme ammt of total 
energy that continues for sate specified period of time (€barsons 6r Bennett, 
1974) . 

It follcws fran this model that, provided 

An energy "averaging" model which has been s ! !  to predict camunity 

Since the Leq model does not take into accOunt time of presemtation, 
there is no clear definition as to what amstitUtes the start of a t i m  
period, i.e. whether the time starts at sane arbitrary point or whether the 
time starts when the first noise OCN~S. This model is not concemd with 
temporal characteristics and therefore, the time period in wbich energy is 
intergrated is usually defined by the researcher as either an arbitrary hour 
or day in carrmnity studies or as the session length in laboratory research. 
Both of these measures are independent of the time of presentation of noise 
wmts. 

An energy averaging model predicts that: (1) increasing the m a x h  
intensity of a constant nunber of aircraft overflights while spreacling out 
their occurrence in time results in constant annoyance; (2) annoyam is 
canstant regardless o f  the nunber of aircraft overflights as long as the 
average energy level over time is constant (two or more successive 
overflights with equivalent peak dB(A) should result in constant annoyance 
equal to that of a single overflight as long as the intergration time for 
the two overflights is twice that of the single overflight); and (3) 
annoyance should not increase as the duration of a signal increases because 
the average energy level is unchanged. 
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Although Snqherd (1981) f d  Laq to be as good as or better than 
other mise nmasurw in correlating the physical characteristics of aircraft 

intensity of four overflights whi€e sgreading out thair occurreme in time 
(do that Leq remains corrstant) does not result in constant mnoyance, 
increasing the nunber of overflights while keeping the peak dB(A) level 
canstant does not result in constant a~~oyarree (Galanter c Popper, Note l), 
am3 increasing the duration of a signal does not r d t  in carstant 
annoyance as the Leq model would predict (Kryter & Rmrsms, 1963; Molino, 
1979). Fhny investigators have found an energy mamarrtionm model to predict 
annoyance reqonses better than either the peak dB(A) or the Leq model. 

noim with sllnayanee level, it has besen dKMn that incremsing the maxinum 

1.3 Eherqy mmamntiaP model 

Connor and Pattemwn (1976) have Shawn that CLIIIIO~MOB increases 
steadily w i t h  increases in the total energy level for conatant daily 
aircraft operations and with nu&rs of operations. This reeult inplies 
that anmyarm j-ts are -t not only on the anergy level of the 
single overflights, but also on the Mmber and duration of events. This 
result introduces the imlprtance of ntraber on the calculation of cu111oy~c~ 
jlldaHen-. 

A meeSuIe of this type is Ls. ts is the e r g y  surmation of sane noise 
1-1 (A-uscighted) for specified period of time. Annoyance aocunulates 
continuously according to Ls. 
model predicts annoyance responses in laboratory settings better than the 
Leq model (Balin, bber & Fbpper, Note 2; Galanter & Popper, Note 1; 1-r 6 
Karsten, Note 3; Perera, Popper & Galanter, Note 4) .  

Several investigators have found that the LS 

It appears that for groups of aircraft overflights occurring over 
relatively short time intervals, an energy wmaation model predicts 
annoyance level judgments better than the peak dB(A) or Leq models. 
However, none of these proposed models account for taaporal variations 
within a fixed t h  period. Researchers have found that signals 
characterized as approaching, i.a. peak clrrplitude near the end of the 
signal, are judged more annoying than receding signals assuning constant 
average and peak wplitude over the signal duration (Haber, Note 5; Nixon, 
von Gierke & Rosinger, 1969) . phak dB(A) , Leq and Ls would predict no 
difference i n  annoyance judgmnts between approaching and receding signals 
because the overall and peak energy levels are the sane for the duration of 
the signals. 

vatid. Noises having rise timss greater than three seconds were judged to 
be more annoying than those that reached their maximun level in abaut one 
second, even though the total duratic:i and total energy were the 

Molino (1979) reviewed experiments ifi which only rise timss were 

This 
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result m y  inbicate that when more auditory anergy OCCNTS at the .nd of a 
ttmc period (long rise time), the MIIIQYMCB rarponrs is greater than when it 
oocurs at the miming (short rim time) provided the overall anergy is the 
s a ~ m .  possibility exists that annoyanoa level may decrrwrs over a 
period of time, 80 even thaqh mi- with higher peak levels are more 
annoying than noises w i t h  lawer peak 1-18 at the tims of noise 
prarentatim, the annayance level decays as time betwban noise events 
increases and time after miwr events progremes. 

madel 1.4 N dacay 

A d s c a y  model of anmyanm level assutms that decreaues as 
the passes. A burst of noise results in extreah amoyanw imadliately 
following the event, but hours and certainly days later the annoyance level 
is greatly reduced. 

The decay model consists of an emotion-provoking event and a response 
functian. Suppoee the annoyance response systea is v i m  as a general 
linear filter. 
9 -+le 0 . .  , q*), such that, if the input to the filter is Sam function (yt), 
ffi output 1s 

A general linear filter consists of a set of mights (gyp 

Zt 'EWt-u. 
u=r 

If the input is an inpllse (a single, non-zero value), the output consists 
of the weights (Bloomfield, 1976). The weights are also known as the 
impulse response function. To account for a decrease in annoyanw level 
w i t h  the passage of time, as the decay model would predict, the inpllse 
rerrponee function should be a decreasing function. 

Since other researchers have failed to confirm a decay model through 
t hoc (Shepherd, 1981) or an a riori design (-11, Note 6 ) ,  

either an explanat a p"-I---i on o their results is warran ' + f i r d  desigd his 
exper-bent to exanine "amulative annoyance due tomilltiple aircraft 
flyovers with differing peak noise levels.n Ha did not set out to examine 
an annoyance decay model, but considered the anwyance decay model ky 
calculating new Leq values for test sessions by using a range of decay rates 
of 0 to 20 Q, per txxlr for each session. The correlation coafficisntm 
bstwaer. man annoyance judgnents and them new L q  values did not improve 
over correlation between man annoyance and the unadjusted Leq value. 
Therefore he concludd that the data did not support the decay hypothesis. 

Powell, on the other hand, w t  out to study the effect of 
tim-of-occurrancr, on annoyance ju@mnts. His experiment consisted of 1, 2 
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or 4 high-noise level flyovers occurring at the beginning, middle or end cf 
a 30dnute tast session containing a total of eight flywers. The peak 
m(A) of the high- and low-noise level flyavus was, respectively, 79.2 dB 
ard 67.2 dB. The results of an analysis of variance with annoyance 
rssponssa aa the dependmt -re indicate that -he tims-of-oceurrma of 
the high-mise leva1 flyovers was not a sigl.ificant factor. Although an 
increase in annoyance is rertsd when the high-noise lwei flyovers occur 
at the and of the session, there is no cowistent trmd as tine between the 
oecurrBIy3e of the high-noise level flyovers and the and of the session 
decrea-. muse the experimental W i g n  is incamplate, poWe!.l could not 
test for interaction txWee!n tb-of-occurrence and nupber of high-noise 
level flyowts. Therefore he concludes "the experiment does not provide 
roncluuive information to justify carpletely discounting any 
tim=of-occurwxx! effect (-11, Note 6, p. 7).* 

pawhll's second experiment test& the effect of session length and 
Iumkr of flyover noises an annoyance j w t s .  The durations of the 
sessions that he exdned =re 15, 30 and 60 minutes and the sessions 
contained I, 
mise level of either 79.3 de or 61.3 dB. It  should be notal that when one 
flyaver occurrd, Pam11 placed the oocurrmce of that one flymr directly 
in the middle of the session. His results indicate that annoyance decreases 
as session length increases. This result supports an Leq (energy averaging) 
madel and does not support an :s (energy sumation) model. ?is in the first 
experiment because of his exfsfhtal design, Patell was unable to exmine 
the interaction betwwn nunber of flyovers and session duration. "herefore, 
he I s  unable to conclude as he w a s  &le to conclude in his first 
experiawmt that the annoyance decay model cannot be supported. In fact his 
rewlts in this perhmt do support an annoyance decay modal. As ~eS8iOn 
length Increases, the tbe betmen overflights increases. Therefore, the 
t b  in which the annoyance to each overflight decays increases. If the 
annoyance to each overflight decays as time passes, the annoyance judgumka 
made at the conclusion of th- test mssion should be nu& less at the md of 
a 60rminute 8es8lon than they would be at the end cf a l-nute sessLon. 
Subjects in theset experimwrts, as is the cam in most experiments which test 
models of motional response, are asked to atttend to the noise either 
excluqively or while engagad in passive activities. Subject- z:e usually 
asked to  "relax and r e d  or do any needlework [they) may have brwght with 
[tlxml" (powdll, 1980, Note 6; Shepherd, 1981). It is hypothesized that 
this lack of activity doear not encourage %ported" annoyance to decay. The 
request of subjactb to attend to noim sxcludvely inplies a aort of 
accounting procedure where subjects hear a dim, evaluate the noiae and 
store this information ftx future reference. As we knw in real-life as 
noise occurs around w, we are not wwily attending exclusivqly to t ?  
noise. Thus the noiem occurs & the went pasma without any conrcioua 
analysis of the event. Tharefore, by engaging subjects in a task, the 
occurrence of noise and the evaluation of the anrlOy(II1oB produced wuld 

or 16 flyovers evenly distributd in thtm With a fixed peak 
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sinulate the disturtwx?e of noise in a natural setting. 

In his msearch, Borsky engaged subjects in a task of watching a color 
television progrm so as to recreate the disturbme of aircraft flyoms in 
a nacurai setting (Borsky, 1977; Borsky & m d ,  1973). So as not to 
confuse w i t h  wrditory msking effects, subjects participate 
in a nowauditory taslr. €&views on the effects of noise ~1 performance 
m l & e  that the majority of publishd studies indicate that noise is 
likely to ha= no ef€ect on performance for vigil- or coapensatory 
tradriq tasks (Coates, Adkins & Alluisi, 1975; Coates, Alluisi & Mk'ns, 
19n; W, 1975). %refore, it is suggested in this resear& that 
subjects be asked to judge their degree of annoyance to mise events that 
ocmr while they are engaged in a armpensatory tracking task. 

This m c h  is conducted to test the mudels of annoyance response to 

In the first experiment, subjects are asked to make amqance 
noise am3 estimate paraaeters for the respozse function for individual noise 
m t s .  
juQlyllts at the end of time periotts of vazious duratiolls in which buzsts of 
white mise are presentd. kmrdirrg to the decay -1, t h  plaoenent of 
these noises ir! time affects tbe anmy- ju3gnents of individual subjects. 
For exarple, noise events presented at the beginning of a time period are 
perceived as less w i n g  tnan noise events presented at the end of a time 
period provided that the j-t is asked €or at the end of the time 
period, a d  the total energy levels during the time periods are the sarae. 
The peak tS (A1 ,  Leq ard Ls models would not suaport the teaporal effect as 
larg as the peak, average and totai energy levels were the sade. The final 
experiments are designed to test the fonn of the decay function for single 
bursts of noise and to axpare the decay constants for bursts of va -ious 
aaplitudes. 

The four factors exmined here are the session length, the nrmber of 
noise bursts, the mplitude of the bursts am3 the time of presentation of 
these noise bursts. Because these four factors are relevant to the four 
nrrhls presented in the introduction, inclusion of these factors 
sinultaneously in one experimental design pro;.%- z test of these models. 

This experiment is designed in a way so that the size of the block 
(nns#r of sessions/subject) can be reduced although that means sacrificiry 
informtion on certain high-order interactions, By partially confounding 
rather than cenpletely confourrding high-order interactions, information is 
available on h e  confounded interactions. Since these efc-rts are 
confcnmdd, special calculations are required (for a detailed discussion of 
the experimental design ancl data analysis, see Appendix A). 

An analysis of variance can determine which model best represents the 
The peak - (A)  mudel would be supported if a annoyance response function. 

significant difference existed for anplitude only. Other factors such as 
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session length, nunber of events and 
response level according to the peak 

time of presentation have no bearing on 
dB(A) -1. The energy averaging 

(Leq) model would be supported if session length, nmber of events and 
aqtlitude were significant factors, but not time of presentation. Ihe 
energy sunaation (Ls) model relies only on nunber and arplitude. Hwever, a 
significant difference on time of preseatatim would support the hypothesis 
that a tenporal parameter increases the predictability of respcnse measures 
of amqance in a dynanic ermirorment, that is the amoyame decay model. 

To verify that indeed no noise effects on task performance exist, EQ~P 
subjects will not experience any noise interference while engaged in the 
cqmsatory tracking task. Performance is compared between noise and 
lKwroise experimental conditions to detenaine what, if any, noise effects an 
task performame exist. 
attention to noise enamrages subjects to %old on" to levels in 
anticipation to respcmse time, s ~ a e  subjects are asked to make annayance 
j-ts while sitting quietly in a roan reading mgazims. Ccnparisorrs of 
amqance msponse functions will test this hypothesis. 

In order to test the hypothesis that exclusive 

2.0 &thod - Exper iment 1 

2.1 Subjects 

experimental design for Experkt 1 requires 36 Ss (see m i x  A 
for details). 
because the origid. two ss used "pefkntage a~oyed during session" 
respomes instsad of magnTtude estimation responses as the instructions 
stated (their responses were given in terms of percentiles). Also, one S 
had difficulty with the -tory tracking task ,  so his sessions were- 
also replaced by another S. Most of the Ss, 26, were male. All Ss were 
between the ages of 17 a d  35. - Ss, see Appendix A, Table kz) ere called back to & in a "no noise" 
dition and an adaitional nine Ss ran in a single replication (Replication 
2, see Appendix A, Table A21 of t k  experimental design in a "no t a s k "  
condition. - Ss were paid $4.00 for participation. All - Ss reported normal. 
hearing. 

sessions for two ss were run again usie two other ss - 

A subset zf the 36 Ss (Replicatio; 2: nine 

2.2 Stinuli 

Ss were presented with six sessions (3, 6 or 9 minutes in length) in 
whichksmbles consisting of 1, 2 or 4 bursts of white noise with peak 
amplitude of 74, 80 or 86 &(A) were presented either early (winning 30 
seconds after the start of the gam session) or late (ending 10 seconds 
before response time). Bursts of noise renained at their peak amplitude for 
10 seconds (250 msec. rise and decay times). Bursts within an ensemble were 
separated by a 10-second interstimulas interval measured fran the end of one 
rwp to the start of the next. Slow rise times were use3 in this experiment 
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so as to reduee t b  "startle" 
frm the start of the session 

effect for late 
varied for late 

presentatians. 
sessions making 

Since the time 
thetirneof 

occurence &perdent on session length, this precaution equated the late 
presentations by eliminatirrg the addition of startle to the amoyame 
j-t. 7he noise hursts in the early sessions started 30 after 
the start of the session as opposed to being presented at the onset of the 
session. This was dotlie to insure that Ss were actively engaged in the task 
for presentations of noise in both d late sessions. 

2.3 Apparatus 

mite mise was generated by a General Radio 1382 randan noise generator and 
fed to an audio switcn. An Autaaated Data System (AD6) 1806E process 
control system gated the mise ard controlled the anpliixde of the signal by 
the use of a progrhle attenuator. The systea, equipped with an interndl 
clock, also timed the start of presentations of ensembles and the 
interstimilus interval times. 
lSOA preaplifier with calibrated stepattenuator in-ity control. 
output u3s then fed into a Crown VFX-zA crossover filter set at lawpass 20 
Hz. All frequencies greater than 20 Hz were passed to the ldspeakers. 
Frequencies less than 20 Hz were passed to a dead-end output. l'be signal 
was then fed into an Altec Lansing 729A stereophonic equalizer which was 
previously calibrated to correct for roan acarstics. 'he equalizer was 
calibrated b- feeding pink mise into the roan (70 dB(A)) and adjusting the 
specific frequencies to result in a "flat" octave b a d  analysis, i.e. equal 
e n e q j  across all bands. 
q r e s s o r  which filters out tape noise. 
at  the time of presentation and not recorded on tape, the Burwen was 
switched "out" of t ? ?  system. 
a Crown D 75 arplifier which drove two  Altec Lansing Voice of the Theater 
speaker system (22 feet in front of S), the other half was fed into a Cram 
D 15OA anplifier which drove two P.cougtic Research 3 4  loudspeaker system 
(8 feet to the right and left of - S). 

The cargensatory tracking task  and the instructions were generated on a 
Carmodore PET 2001 Series eorrputer which included a Comaodore (33M Model 2040 
dual floppy disk drive. The task was a professionally-supplied gane progran 
packaged under the nane "Demon gane" (for a copy of the W t e r  program8 
see Jeffries h Fisher, 1981). The progran was modified to allow S to 
control the gane fran a peripheral device. The video output fran-the 
carplter was viewed by S on a cathode-ray tube (CRT) placed directly in 
front of him. An Atari-joystick control allowed S to play the gane as well 
as advance the instructions. Ccmnunication betw&n S and E during the grme 
sessions was permitted via an audio/visual intercan &stan: The experiment 
took place in a 16' X 26' roan furnished in the style of a typical 
middle-class living roan (Figure 2) .  

A block diagran of the audio-cantrol system is presented in Figure 1. 

"tie output was split am3 fed into a Cram IC 
The 

The signal was fed into a Bumen IXF 1201 noise 
Since the signals e r e  generated 

The signal was then split: one-half fed into 
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2.4 Procedure 

S was greeted as he entered the laboratory and was led into the 
simtGted living roua, seated on the couch and asked to sign the 
Psyd.rophysics Laboratory Subject Informed Consent Form (Apperdix B). 
read the instructions (Appendix C) while s follumd along on the video- 
monitor (CRT). Ss were told that the q-rirnent was designed to assess the 
reaction of W i e  to various noise envimmts- how annoying noise is 
perceived to be and haw noise affects work perfonaance. 
use of the joystick was follckRd by an abbreviatd version of the owrxl 
gaae. The abbreviated l~ame ended when either five denons were captured or 
when three minutes expired, whichever cane first (almys the fonner). Ss 
were next i n f o d  that the person who captured the most "dewns" during the 
six sessions received a bonus of $25.00. All sb wrote their r k m e s 8  
addresses and t...?leph~ne nunbers on a sheet of -@per. This ms done in the 
belief that receiving this information m l d  reassure Ss of Es intent to pay 
the prize. 
the conclusion of thiZ series of experiments. 
estimation procedure by whi& S used to cmmnicate his degree of annoyance 
was explained (Stevens & GalanFer, 1957). S was asked to "rate the 
annoyance of the ... noises in carparison t5 the annoyance produced by the 
standard [noise] ... [and to] be sure that the h r s  represent the 
annoyance produced during each session in proportion to the annoyance 
produced by the stanilard . . ." E then left the roan and presented E with the 
standard stirmlus (one lo-secod burst of white noise at 80 dB(A)) follawed 
by six gane sessions. S controlled the start of a gane seersion by pressing 
a button on the Atari j-wtick. 
(either 3, 6 or 9 minutes) and c a k d  the gane to terminate. The next 
session started with a new gane when S pressed the button on the Atari 
joystick. At the en6 of each g m e  s&sim, S was asked to verbally give his 
annoyance response to E. At the end of the &x g a m  sessions, a short 
questionnaire (mndi; I?) was presented and ccrrgleted by g. AXI 
experimental session lasted one hour. - S was paid a participation fee of 
$4.00, debriefed and dismissed. 

E then 

An exercise in the 

In fact, E did pay the person who captured-the e t  denons at 
Next, the magnit- 

E determined when the session was over 

The procedure for the no-noise condition was identical to the procedure 
for the previous experiment except that instructions regarding magnitude 
estimation were anitted and no judgments on noise were made. 
noise burst as well as noise during sessions were anitted. The 
questionnaire contained only item that did not refer to noise. 

for the general experiment. E read the instructions while S followed along 
on the CRT. 
procedure was explained. S was told that he could read magazines that were 
left for him if he w i s w  Tarrant issues of ~ewsweek, People and U.S. N ~ W S  

The standard 

The procedure for the no-task condition was the sane as the procedure 

No mention was &e of the task. The magnitudz estimation 
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condition. Itens 

3.0 Results snd Discussion - Experiment 1 
The main effects in this experiment were of prhmq interest. A 

significant effect solely on anplitude mwld support the peak dB(A) d e l ;  
significance on tuber and -lit& would support the Ls model; and 
significance on Session length, n u b r  and zaplit& would support the Leq 
model. Hammr, only the decay model would predict a significant difference 
on time of presentation. 

A logarithnic transfonnation was perfonned on the raw data responses 
because error variances around large nunerical responses are greater than 
tho6e amud small nunerical responses. A logarittmic transformtition 
results in more equivalent error variances. 

The geanetric mean responses for all main effects am3 interactions are 
presented in Table 1. The ne9116 of coclfounded interactions are pooled 
across blocks i~ this table. The results of an analysis of variance (Table 
2) support the hypothesis that nuaber, aarplitude and time of presentation 
are important parmeters in the determination of annoyance level (P<.Ol). 
Peak =(A) is the most inportant factor in determining annoyance level 
(Figure 3 ) .  The straight lines in the figures are the result of a 
regression analysis using the geauetric means in Table 1 as the degmdent 
variable. In additicn, the n m h r  of hrsts (Figure 4) and the the of 
presentation are also inportmt parmeters, but to a lesser degree. Bursts 
of noise presented early in a session were reported to be nuch less annoying 
than bursts presented late in a session (p<.Ol) when subjects were asked to 
respond at the end of a session. This result supports a decay model of 
annoyance level. 

I f  an annoyance level decay process W?IS to be supported, one would 
expect tbt the interaction between session length and time of presentation 
would be a significant one. That is, the longer the session length, the 
maller the response should be for early signals (the more the for the 
annoyance level to  decay), whereas session length should have m effect or: 
late sigcals. 
noise presented late in a session remain fairly constant as session length 
increases (Figure 5, solid line); whereas the annoyance to bursts presented 
early decay as the length of the session increases (dotted line). In fact, 
the decay for annoyance responses t o  early presentations accounts for the 
session length by anplitude interaction. Hawever, as can be seen in Figure 
6 (interaction between session length, amplitude and time of presentation), 
annoyance responses for bursts with qlitudes of 86 dB(A) and 80 dB(A) 
decay with time, whereas annoyance responses for bursts with wplitudes of 
74 dB(A) do not appear to decay. 

The results indicate that annoyance responses to bursts of 
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Session Length (A) 
3minutes: 98 
6 : 85 
9 : 92 

I! X B* 
3 6 9  

1: 103 6g 8T 
2: 90 84 76 
4: 102 107 122 

B X C* 
1 2 4  

74: s3 4 7  73 
80: 87 80 92 
86: 126 154 198 

W r  (8) Pmplitude (C) Presentation Time (D) 
1: 84 74 *(A): 57 Early: 84 
2: 83 80 : 8 6  tatf : 101 
4: 110 86 : 157 

A x C* A X D  
3 6 9  3 6 9  

74: s5 si 67 E: 98 88 75 
80: 92 80 87 L: 98 91 115 
86: 186 150 138 

B X D  C X D  
1 2 4  74 80 86 

E: 77 75 116 E: % 82 I T  
L: 92 100 111 L: 60 91 187 

A X B X D *  A X C X D *  
3 6 9 3 6 

E - L  E - L  E - L  

2: 97 84 66 107 53 109 80: 102 83 80 81 67 112 
4: 99 106 120 96 112 3.34 86: 181 190 124 181 100 191 

- - E L E - L  E L 
I: 93 10'5 65 73 7i ioT 74: sT 53 sT si 63 7i 

B X C X O *  
1 2 4 

E -  L E -  L E - L  
74: 55 65 45 55 73 75 
80: 87 86 63 102 99 86 
86: 103 153 122 194 178 221 

* means p l e d  with block effect 
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TABLE 2 
ANALYSIS OF VARIANCE OBTAIm USING A IM;ARITmIC -TION 

OF ANNOXANCE RESKWES FOR EXPERIMENT 1 

SOUR[=E OF VARIATION 
Between Blocks 

-1 ica t i ons 
Blocks w/in Reps 

Within Blocks 

A(Session Length) 
B (Number) ** 
C (Arrpli tude) ** 
D (Time) ** 
A X B  
A X CY* 
A X D** 
B X C  
B X D* 
C X D  
A X B X D** 
A X C X Gr* 
B X C X D** 
A X B X C X D  
Error 

ss 
5 . 5088 
0.2213 
5.2875 

19.3510 

0.1373 
0.6824 
6 . 9030 
0.3377 
0.1860 
0.3345 
0.3329 
0 . 0498 
0.1994 
0.1622 
2.4097 
1.7723 
1.9008 
0.2525 
3.6405 

aF 
35 

3 
32 

- 

180 

2 
2 
2 
1 
4 
4 
2 
4 
2 
2 
4 
4 
4 
8 

135 

- 

Ms 

0.0738 
0.1652 

0 0687 
0.3412 
3 4515 
0.3377 
0.0465 
0.0961 
0.1665 
0.0125 
0.0997 
0.0811 
0.6024 
0.4431 
0 . 4752 
0.0316 
0 . 0270 

F 

0.44 

2.54 
12.65** 
127.99** 
12 . 52** 
1.72 
3.56** 
6 . 17** 
0.46 
3.69* 
3.00 
22 . 33** 
16.43** 
17 . 62** 
1.17 

** indicates significance at 0.01 level 
indicates significance at 0.05 level 
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The significant interactions in Table 2 that pertain to nmber of 
bursts reflect the similiarity between one and two bursts and their cont’ast 
with four bursts. The effect of decay on nmber of noise events is mast 
easily seen in the interaction between session length, nunber and time of 
presentation (Figure 7). The slopes of the best-fitting lines for late 
bursts as a function of session length (solid lines) are approximately zero 
for one, two and four bursts. Annoyance responses decay for one and two 
bursts presented early as was predicted by the decay model, but the 
annoyance produced by four bursts does not decay at all (dotted lines). The 
interaction between number and time and the interaction between n-r, 
aplitude and time support this result as well. It appears that either four 
bursts leave a very strong impression and do not decay at all or four bursts 
decay less quickly than one or two noise bursts. The case may be that the 
time between the end of the noise ensanble and the response time in the nine 
minute sessions (approximately seven minutes) is still not sufficiently long 
to result in a decay of reported annoyance, just as there is no significant 
difference between early and late presentations in the three minute 
sessions. 

In order to determine whether the presence of a task had any effect on 
annoyance response and whether the task prevented the subject fran 
rehearsing his response and thereby basing his judgment on his emotional 
response at response time, an additional group of nine subjects ran in a 
single replication of the experimental design (Replication 2) in a no-task 
condition. 
subjects asked then to recall the nunber of noise events in each session. A 
t-test was performed on the absolute error totals for subjects in the task 
am3 -task conditions and was not found to be significant. Although the 
menory for the events in both conditions was not significantly different, 
the anncfarics responses as a function of delay to response time are 
different. As was hypothesized, the annoyance response function does not 
decay for bursts of noise presented in the no-task condition, Figures 8 and 
9 represent the interactions between session length and time of presentation 
for the task and no-task conditions, respectively. Figure 8 is based on 
nine of the subjects who ran in Replication 2 in the task condition (the 
appropriate subset of the 36 subjects who ran in the full Experiment 1 
task-noise condition). 
for bursts in the task condition presented early decay as session length 
increases (dotted line). The annoyance responses for late bursts r a i n  
relatively constant. 
in a task, as Figure 9 demonstrates, annoyance ,esponses do not decay. The 
slopes in the task and no task condition for the early presentations dre 
significantly different fran each other (p<.05). In conclusion, the reason 
why researchers have not found decay effects in the past may have been that 
they were not optimizing the decay process by introducing the presence of a 
task. This means that any value of the decay paranet x that one calculates 

One of the questions in the questionnaire answered by all 

As can be seen in Figure 8, the annoyance responses 

On the other knd for subjects who were not involved 
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is context specific. 

As was discussed in the introduction, since the k q  model does not take 
into account time of presentation, there is no clear definition as to what 
constitutes the start of a session, i.e. whether the time starts when the 
trial begins rqardless of when the first noise occurs or whether the time 
starts when the first noise OoNrs. 
could argue that the results of the analysis of variance support this 
versim of the Ieq -1 because sessions in which the noise burst occurred 
late in the session would have a higher Leq value than those in which the 
noise burst occurred early. 
first burst in this experiment as the start of the session, then this 
version of Leq would predict that annoyance responses to the late bursts 
would be much more annoying than responses made for the early bursts even in 
the three minute sessions. Using the three minute session as an exmple, in 
the early sessions energy would be averaged over three minutes, whereas in 
the late sessions energy would be averaged over anywhere f r m  20 to 80 
seconds. 
lower than the Leq value for the late sessions (for single bursts there is a 
nine dE! difference) . The results of this experiment do not support this 
definition of Leq. This can be seen in the A X B X D interaction (see Table 
1). The geanetric mean response for the single early burst presented during 
the three-minute session is 99, whereas the geanetric mean response for the 
late single burst is 105. Since the Leq values for the early and late 
session differ by 9 dB, one would expect a doubling of annoyance between the 
early and late sessions. 

If the latter is the case, then one 

If h q  were calculated using the start of the 

Therefore, the Leq value for the early sessions would be IlllcIl 

This is not the case in this experiment. 

In order to determine whether the interest level or past experience 
with video games had any effect on annoyance judwts, correlations between 
the geanetric mean of annoyance response for each subject and the mount of 
ti= subjects reported they spent playing video games in the past month and 
the interest level of the Denon game were calculated. The results indicate 
no significant correlation between amount of time spent playing video gams 
in the past month and annoyance responses nor between the interest level of 
the Denon gane and the annoyance responses. These results would indicate 
that the range of interest levels in the game had no significant effect on 
annoyance jodgnents. However, there was a significant negative correletion 
between the mount of time spent playing video ganes in the past month and 
the interest level of the Demon gane (p<.Ol). 
surprising. Those subjects who played video games reported that they played 
rather sophisticated ones and found this game to be of less interest to 
then. However, those that never played found the Denon grme to be more 
interesting. The reason for choosing the Demon game over other games that 
were available was that familiarity with video ganes seened to have little 
effect on the ability to play this game. 
between the number of denons caught and the mount of time subjects reported 
they spent playing video games is significant at the .01 level. 

This result is not 

The results of a correlation 

Though 
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this result inplies a strong correlation between nuther of damns caught and 
time spent playing other video grmes, in fact the only subjects whose 
reqonses supported this effect e r e  those who spent a great deal of t i m  
playing video gcmes (they captured many danons) am3 those who never ha8 
played any other video gams (they captured the least nunber of demons). 
However, the vast majority of subjects in this experiment were s e r e  in 
the middle (11-31) in which the effect of prior exposrure to video gbms is 
minimal. Since there is no significant correlation between number of denons 
caught and annoyance response, the Deaon grme appears to be a suitable 
background task  for the study of tarporal effects on annoyance response. 

To confirm that noise did not affect task performance, nine subjects 
were called back to run in a no-noise condition. An analysis of variance on 
nuFJ#r of demons caught resulted in session length as the only significant 
factor (Table 3). That is, given more the, subjects capture more demons. 
The presence of noise in this experimental paradign had no signiiicant 
effect on task performance. 

Though the results of Experiment 1 support a decay model of annoyance 
level as a function of time to response, several adjustments tu the 
experimental procedure are suggested before tests of the form of the 
function m y  proceed. First, the instructions regarding the annoyance 
response appear to be aubiguous. Though they r-licate the instructions in 
Paell's and Shepherd's experiments, the annoyance responses made by 
subjects were probably one of two types. One is retrospective in nature and 
the other is truly b a d  on the subject's current emotional response. 
During short time periods, the menory for auditory events is rather good, 
and hence subjects can respond with their annoyance level at the time of the 
noise bursts. Therefore, late presentations are always analyzed at response 
time and menory trace of the noise event is excellent. However, as time 
between event and response time increases, other types of annoyance 
judpnts may be made. Sane subjects may respond with their current, 
decayed motional response (very low) while others might respond with either 
their recollection of their emotional response following the event or theit 
manory of the sensory event and their translation OP that event into an 
enotional resynse (much higher), In the latter case, subjects are saying, 
"If I heard a noise that loud, I would be very annoyed.'' Therefore, he 
reportc a high level of annoyance. 
distinctions between annoyance respomes, as do all experiments which use 
magnitude estimation procedures. Subjects are asked to canpare their 
current annoyance levels with the standard annoyance level, an annoyance 
level they felt in the past. Their recollection of the emotional response 
follawing the enotion-provoking event is excellent. Othtrwise, their 
annoyance responses made to the sixth session would be significantly higher 
than their responses made to the first session. Afterall, the annoyance 
produced by the standard has decayed significantly by the end of the 
experiment. The annoyance responses d e  by subjects indicate that their 

In fact, this experiment relies on these 
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TABLE 3 
ANALYSIS OF WAIANCE OBTAINED USING WER aF DploNs CAUQiT AS 

D E m m  MEASURE, NOISE M I S E  -ITIONS 

SOURCE (P VARIATION ss m lYs F 

A(Noise Condition) 15.5740 1 15.5740 c.25 
S(Subjects) 4871 . 3703 8 608 . 9213 
A X S  484.2593 8 60.5324 

B (Session Length) 54868.4815 2 27434.2408 2675.43** 
B X S  1702.1852 16 10.2541 

A X B  43.8148 2 21.9074 0.44 
A X B X S  790.8519 16 49.4282 

** indicates significance at 0.01 level 
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recollection of the standard annoyance does not decay significantly with 
time. Therefore, one would expect responses to vary greatly in emlitions 
where the time between event and response time is large because the 
distinction between these two types of responses is greater. The results of 
a Wilcoxcn Matched Pairs Signed Ranks Test for the variances of responses 
for each experimentel cell indicate t!!t, indeed, there exists a significant 
difference between variances of responses made for early presentations and 
variances of responses made for late oms (p(.05), where variances are 
greater €or early prr:mtations. Since an explanation has been faud to 
account for the non-significant results of Pawell's and Shepherd's 
experiments, i.r. presence of task, more specific instructions regarding the 
time of the analysis of response are included in Experiment 2. 
f m s  on current nnnoyance response as opp~sed to renembered i v l ~ l ~ y ~ u l c e  
level, subjeces are asked to respond to the annoyance level they feel at the 
time of the response, KIP'.: the annoyance level they felt at the time of the 
noise presentation. 

In order Lo 

Since this study is carparative and not absolute, it does not set 
criterion for predicting annoyance judqnents. The study establishes which 
parameters are suitable to include in criteria. Since the decay parmeter 
is specific to the presence or absence of a task, the parameter is estimated 
using a specific context, i.e. the Demon g m .  The generalizability of the 
estimate of this parameter remains to be seen, bJt this context maximizes 
the decay parmeter so that estimates may be made over relatively short the  
periods. Only the parmeters of anplitude and decay time are examined in 
the next experiment. By adding other decay times to the annoyance function, 
the form of the annoyance response function my be tested. By viewing the 
burst of noise as an impulse, the responses to bursts of noise after a 
period of time would represent the inpulse response function. Since the 
rate of decay may be dependent on anplitude and may be nbottuning outn at 74 
&(A),  several anplitudes greater than 86 dB(A) are introduced. The 
standard noise should have an amplitude in the center of the range so as to 
avoid "range effects" (mlton, 1968). Poulton discovered that when the 
physical magnitude of the standard is near the lawer end of the range, 
values smaller than .he statldard give a steeper slope than values larger 
than the standard. By placing the standari! in the center of the range, this 
effect diminishes. 

Since session length had no signif4cant effect on annoyance response in 
the range of three to nine minutes, session length in Experiment 2 will be 
confounded with decay time. All mise bursts will start after 50 seconds of 
gane time and last for 10 seconds. The session length will be equal to the 
decay time plus one minute (the time needed t9 present the burst of noise). 
Since experimental design considerations limit the stdy of number of noise 
bursts at this time, the remining studies ari? only cowerned with the 
annoyance response function for single bursts of noise' 



4.1 subjects 

Nine Ss were recruit& by placing posters in and arcturd the Colunbia 
University--. ?lost of the Ss, 8, were d e ,  Ss were paid $20,00 for 
perticiption- $1.30 per hour fZr a total of s &. AU - ss reported 
IIoLmdl hearing. 

4.2 Stimili 

The time between presentation and respmse, a d  the aqlitude of a 
1- noise burst within a same session mid in a 9x5 factorial 
erperiarent with repeated nrrrralres on dl1 factors, All mise bursts OCQIITBd 
Wsgxadsaftertkstartof the-sess ion.  l%etimebetuemthe 
conclusion of the hurst and the end of the session was 0, 1, 2, 3, 4, 
5, 6, 7 or 8 minutes; and the peak qlitt.de of the burst was 75, 80, 85, 90 
or 95 *(A). . In this way, several decay times a d  peak aaplitdes were 
analyzed i3 a within-subject design which in turn reduoes error variances. 
Because the maher of days a subject is required to  participate in this 
design is five, it is not mcesary to use a carfourrded design as was the 
case in Experiment 1, 

Bec :a the time at whid the noise kust starts w i t h  regad to the 
start of the gaae session is amstant for all trials, the noise bursts need 
not be raaped m and off. These brsts of noise may c13w be viewed as an 
impzlse of noise rather than the suu of irrpilses which ramp on in 250 met. 
to  the peak and rmp off in 250 ~psec. after 10 seconds. me resulting 
a~oyacre function may be viewed as the inpllse response hurtion as 
discussed i n  'the introduction. 

Also, since it is no longer necessary to replicate the procedures of 
-11 a d  Shepherd, the standard noise w a s  presented within a gaae session. 
The standard was a lO-secad burst of white noise with peak anpiitude of 85 
&(A) which orrurred SO seconds frm the start of a l-mirmte gane session. 
This chaw in procedure makes jtdgments between the standard and the test 
smsions more carparable. Both judcpmts are ~ 3 w  being made in the saae 
context. 

4.3 Apparatus 

The audio-corrtrol system is represented by the block diagran of FiqKe 
1 and de&zribed in the Method section c f  Experiment 1. 

4.4 Procedure 

S was greeted as he enter& the l& ?rat*: id into the - 



sinulated living roan, seated on the couch and asked to sign the 
Fsyh@ysics Laboratory &bject Info- Corrsent Form (Appenaix E). 
changes m e  
Exper- 1 (ARpendix B), The tdnology Vor p u r  protection..." was 
awbigua;ls enough so that many .cS questioned what they m e  being protected 
fran. ~ 0 r  w i m e n t  2, the raerence tms aaitted and s was given the fona 
in Appenaix E to sign, 

in the Wject W O W  Consent Form used in 

- 

The major differ- in procedure between Experiments 1 and 2 is the 
instructions regarding amoyaace response. &@asis is x d e  in Rperiment 2 
on the amoyame felt at the t h e  that the response is reported, not an the 
arnayanoe felt at the t h  of the noise events. 'Ihe instructions are 
contained in rrpperrtlices E' G. 

experimental C0llditiot-s were randonly assigned. T k  first experimental 
session misted of a practice gaae session follawed ty the standard gaae 
session and several test gane sessions totalling between 33 a d  40 minutes 
of ~ a n e  time. practice gane session was eliminated for the renaining 
four days. The remaining experimental sessions misted of the stacrdard 
and test sessions totalling between 42 am3 53 minutes of gane time. S was 
paid a participation fee of $20.00 at the errd of the fifth day. lift& S was 
paid, E asked S to a m e r  the question: "If the standard 
uhat &r re&sents the annoyance level at which any e you gave 
above that nmber you would label 'annaJ*ing' and any Mmber you gave belaw 
&ht nunber you would label 'not annoyii.lg.'" 
wdershding Llis question, E repeated the questh slawly (usually with 
tmnd-motions) until E was satisfied that - s understood tbt - 3 was asking - s 
for his threshold of-annoyance. 

An experinental session lasted approximately one hour. %e 45 

is 'Too, ' 

If S had difficulty 

5.0 Results and Discussion - Experiment 2 

The results of Experiment 2 indicate that indeed the annoyance response 
function is a decreasing function (Figure 10). l'hs geanetric means of the 
individual annoyance response functions for each anplitude were fitted by 
means of a standsrd linear regression analysis to a linear decay function: 

Annoyance Level = (1-at) , 
t on the initial anplitude and is the value of the 

The linear annoyan decay function has this fonn 
3r- e r e  is 

function at t 
10, dotted lines). 
k a u s e  initial perusal indicated that a wzs proportional to the initial 
anplitde ;"LO. 
for the linear regressions are presented in Table 4. 

(zero decay time) and a is the linear rate of decay (Figure 

 he calcvlated values of-& two parmeters and the r2-values 

Although the &values are significantly different ,ran zero (p(.O1) 
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Linear Decay -1: l h q a n c e  iEesponse = Ag(i-at) 

- r2 - a % 
75 &(A) ,747649 11.625235 41,153333 

80 . 715724 10.038335 54.088222 

85 &(A) , 767034 13,805311 60.391333 

90 -(A) -586764 11.097884 82.098445 

95 -(A) ,680984 9.910625 117.467373 

Exponential Decay Model: m n c e  = ~0 eat 
a - K2 - 

75 dB(A) . 788983 -. 135082 42.952180 

80 &(A) .786%6 -. 175912 57.836723 

85 *(A) 778537 -. 098288 60.908009 

90 dB(A) -677366 -. 139758 83.273811 

95 dB(A) . 747910 -* 148695 113.576275 
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indicating that the slope of the function is significantly different fran 
zero, the annoyance reSpOclSeS made between zero and three minutes after 
presentation appear to decay more rapidly than this mdel prdicts (see 
Fisvres 10D and E). A ~ I  alternative model which could explain this change in 
the rate of decay is the exponential de?y Xmction: 

Annoyance 1eve1 = AO eat, 

t on the initial aaplitii and is the value of the F where A, is 
function at t 
are fitted to the e t i a l  decay madel in Figure 10 (solid lines). 
the exponential decay model provides a better fit to the data than does the 
linear decay model, this analysis would r e d  - in larger r2-values than when 
a regression to the linear decay model is perfonaed, The respoclse functions 
for this model are also presented in Table 4, 
functions indicate that the exponential decay model is a better fit to the 
data than is the linear decay model. 

and a is the decay constant. The gecmetric nearl responses 
If 

The rbalues for these 

Hawever, the decay constants of the exponential function calculated 
fran this experiment do not appear to be systanatic. Furthemore, the 
amoyame responses in the first three minutes of decay t k a  seen to decay 
faster than the calculated exponential functions predict. 
asked at the conclusion of t!is experiment to define their "threshold" 
value. The nunber of subjem- whose annoyance response was a t  or below his 
threshold value is shown in Table 5. Notice that after three minutes, 
particularly in the lower anplitude condi~iorrs, the majority cf subjects 
were at their threshold values. Subjects reported that, in many cases, when 
their response was below their threshold value, they would have said "zero" 
if it were permissable. They found it very difficult to define a response 
proportional to an annoying standard when they were not annoyed. If only 
the first three minutes of decay times are considered, a amistent pattern 
forms (Table 6 ) .  The functions for the mlitudes between 75 and 85 &(A) 
have decay constants between -.180 and -.195. At 90 and 95 -(A) the decay 
constants increase sharply to between -.325 and -,343. The parameters for 
the linear decay model are also included in Table 6 for the first three 
minutes of decay times. 
better than the linear decay function for three of the five snplitudes (75, 
90 and 95 dB(A) ) . For 85 dB (A) both functions fit the data well and for 80 
dB(A) ,  neither function predicts the data well. 

The subjects were 

The exponential decay function pr diets the results 

Before conclusions can be made regarding the form of the decay fucction 
from the values of the parameters and the least-squares estimates, it is 
suggested that an additional experiment be performed that focuses only on 
the first three minutes of decay. Afterall, the conclusions that can be 
made in this experiment are based on only four data points per anplitude. 
It is suggested that  these four values be verified in addition to including 
other decay times within the first three minutes of decay in a supplanentary 
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TABLE 5 
NCRBER OF SBJECTS AhWYANCE RESEWSE WAS AT OR BEZOW HIS THREsHaD 

VALUE POR EXPEFtIMENp 2 (N = 9) 

DecayTimex 0 1 2 3 4 5 6 7 8 minutes 

75 -(A) 2 5 4 4 6 6 6 7 7  

80 -(A) 1 4 4 4 3 7 4 6 6  

85 &(A) 2 2 3 4 5 : 5 4 4  

90 0 2 3 5 4 2 4 4 7  

95 -(A) 0 0 2 2 3 3 4 3 4  
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TABLE 6 
~ I s o N  BEIWEEN A LINEAR DECAY WEL AND AN MPONENPIAL DECAY MOOEL EDR 

EXPERIM@lT 2 (DICAY RATES BElwEEN 0 AM) 3 MINUTeS ONtY) 

80 *(A) .462891 6.540437 57 824000 

85 &(A) 958233 7 . 183345 68 . 249000 
90 &(A) . 780%4 4 . 357328 100 . 602000 
95 dB(A) . 969121 4 . 483495 143.712000 

Exponential Decay Model: w a n e  ~esponse = ~0 eat 

- r2 - a 50 

75 &(A) . 696934 -. 195885 45.266659 

80 dB(A) . 416390 - 133099 55 711937 

85 &(A) -955532 -. 180655 69.353365 

90 &(A) . 863263 -. 325170 98.842602 

95 &(A) 993283 -. 343681 155.499704 
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experiment. 

6.0 Pkthod - Experbt 3 
6.1 Subjects 

Five of the nine Ss w%o participated in Experiment 2 contimmd in this 
experiment along with Five a d d i t i d  SS. m t  of the SS, 9, were male. ss 
were paid $10.00 for participation- $3.0~1 per hour forh total of 2 hows~ 
All - Ss reported n o m 1  hearing. 
6.2 Sthli 

%e time between presentation and response and the aplitude of a noise 
kust within a grme session varied in a 7x5 factorial experiment with 
repeated measufes on all factors. 
lowsecond noise burst and the response is 0, .5, 1, 1.5, 2, 2.5 or 3 
minutes: atld the peak mplitw3e of t h  noise burst is 75, 80, 85, 90 or 95 
-(A) . The noise burst occurs 50 seconds after the start of the gane 
session. As in Experiment 2, the burst of noise is not rmped on and off. 
The standard is a 10-second burst of white noise with peak anplitude of 85 
&(A) which occurs 50 seconds after the start of a ldninute gane session. 

6.3 Apparatus 

1 and described in the Method section of Experiment 1. 

time between the conclusion of a 

The audio-control system is represented by the block diagran of Figure 

6.4 Procedure 

The procedure is the sane as Experiment 2 and described in the Method 
section of Experiment 2. 

An experimental session lastel approximately one hour. The 35 
experimental corditions were randanly assigned. 
were short, more sessions were run per experimental hour than in either 
Experiment 1 or 2. The first experimental session consisted of a prdctice 
game session followed by the standard and several gane sessions totalling 
between 37.5 and 40 minutes of gane time. The practice gane session was 
eliminated for the second day. The experimental session consisted of the 
standard and grme sessions totalling between 47.5 and 50 minutes of gane 
time. S was paid a participation fee of $10.00 at the end of the second 
day . 

Since the game sessions 

7.0 Results and Discussion - Experiment 3 
The results of Experiment 3 concur with the results of the prior 
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experiments. The d~oyatlce response function is a decreasing function 
(Figure 11) . The annoyance respollse means were fitted to a linear decay 
function and an exponential decay function as was done in Experiment 2. 
Remits indicate that for all qlitudes except 80 -(A) the exponential 
decay function (solid lines) provides a better fit to the data than does the 
linear decay function (dotced lines) as an annoyance respmse function 
(Table 7) . These results for 80 *(A) seen to be an anamoly because of the 
last two data points in the function (2.5 and 3.0 minute decay thms). 
Indeed when the regression analysis is p e r f o m  on the response function 
for 80 dB(A) without the last two data points, the exponential decay 
function provides a better fit to the data than does the linear decay 
function. The results shown in Table 7 indicate that the three higher 
anplitudes have similar decay constants whereas the two lower mplitudes 
have a saaller decay constant. 
the decay constants (actually the significance between the two slopes 
resulting fran the linear regressior, of the log geanetric means) indicates 
that, at the .lo level, the decay constants for the response functions of 75 
and 80 dE(A) do not differ significantly fran each other, nor do the decay 
constants for 85, 90 and 95 dB(A).  However, the decay constants for 75 and 
80 dB(A) differ significantly frm the decay constants for 85, 90 and 95 
dB(A). 'Iherefore, it can be concluded that the rate of decay for the higher 
anp1it.de bursts is significantly greater than for the 1-r amplitudes. 

In fact, a test of the significance between 

The results of this experiment indicate that the function that provides 
a good description of the annoyance response function is: 

Annoyance ~esponse * AO eat. 

Though the value of the decay constant alpha is dependent on the units of 
time used in its calcilation, the decay constant has no inmediately obvious 
meaning in that its vAlue is unitless. 
introduced to add meaning to the decay constant. This is the length of 
time,At, in which the annoyance response is reduced by 50%. To relateplt 
with alpha, consider two time instances, tl t2 = tl +At (see Figure 12) 
and let,Al and A2 denote the annoyance response at these t h e  instances, 
respectively. 

Therefore the half-life is 

Fran the formula for the exponential decay function: 

AI x AO and 
A2 = ~0 eath A0 ea(tl+At)* A0 eat1 * @At, or 
A2 x ~1 

Since the definition of half-life assumes that orLy half of the annoyance 
resprnse rains after the time interval, A2 = J2 A1. This yields: 

ea& = 1/2, 
a& - In 1/2 = -0.69315. 
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TABLE 7 
aXPARIsoN BEIWEEN A LINEAR D m Y  MODEL AND AN m I A L  DECAY MODEL FOR 

EXPERIMENT 3 

Linear Decay Model: Annoyance Response = Ag(1-t) 

a - r2 - 
75 -(A) . 590825 5.037318 42.615714 

80 dB(A) . 626572 5.617140 60.556786 

85 &(A) .mi82 4.100432 92.271429 

90 . 874364 4.166917 134.939643 

95 dB(A) .964670 4.228163 171.093214 

- a % r2 - 
75 &(A) .683987 -. 251139 41 . 396634 
80 &(A) . 603558 -. 218984 59.118162 

85 &(A) .912166 -' 378814 95 . 301076 
90 -(A) . 949757 -. 374055 140.420170 

95 &(A)  . 977339 -. 384411 182 . 667329 
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Hence, the half-life is 

At = 0.69315/-a. 

Therefore whenever a time interval of length At elapses, the annoyance 
response is reduced by one-half. Sin- the half-life is a linear transform 
of the decay constant, conclusions made regarding the decay constants in 
Experiments 2 m? 3 are also true for half-life estimates, i.e., the 
half-life for the higher anplitude bursts is significantly shorter than €or 
the lower qlitude bursts (Table 8). 
t h s  for Experiments 2 and 3 indicate that the higher anplitudes have a 
'half-iife between 1.8 and 2.1 minutes and the lower anplitMes have a 
half-life between 2.7 and 3.8 minutes. 

results for 0 to 3 Einute decay 

8.0 General Discussion 

progresses fran the occurrence of a noise burst and that the form of the 
decay is best approximated as an exponential. The purpose of this research 
was to define which parameters were appropriste for defining an annoyance 
response function. Once the inportant parmeters of a model were defind, 
an examination of the value of those paraneters for specific stLmli within 
a particular context were calculated. Past research indicated that nutlber, 
duration and mplitude were three m r t a n t  paraneters in the determination 
of ccmnunity annoyance response to aircraft noise. Usually these parmeters 
are exmined by researchers in either a cantunity setting in which residents 
are asked to ,ategarize their annoyance produced by mise exposure or in a 
laboratory .cietting in whic5 subjects are asked to categorize or magnitude 
estimate their annoyanca. The design of these experiments fail to t a k e  into 
account the dynamic envirorment, that is, haw each noise event contributes 
to the idividual's annoyance level. The models most camonly proposed by 
researchers lack a temporal paraneter. Before an examination of the 
annoyance response fmction for individual noise events could proceed, it 
was necessary to detennie whether the inclusion of a tanporal paraneter in 
the annoyam response function would significatly reduce the aanount of 
varirrm a b u t  this function. When other attempts had been made to exanine 
the effect- of presentation time on annoyance response, researchers failed to 
confirm m y  systematic time-effects (Powell, Note 6; Shepherd, 1981). 
Therefore, it was first necessary to determine why other researchers had not 
found what ictuitively seemed to be an importatit parameter in the 
determination of annoyance response. 

This series of experiments denonstrates that annoyance decays as time 

An exanination of the techniques used by Powell nd Shepherd in their 
research indicated that subjects in these expriments, as is the case in 
most experiments which test models of motional response, were asked to 
attend to the emotion-provoking stinuli exclusively or while engaged in 
passive activities. It was hypothesized that this lack of activity did not 
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TABLE 8 
HALE'-LIFE ESTIMATES OL" W Y A N C E  RESPONSE BASD ON THE D0CAY 

CONSIWW CMCLKATED FOR D(PER1MEMTs 2 AND 3 
(0 - 3 MI- DECAY TIMES ONLY) 

Experiment 2 (Minutes) Experiment 3 (Minutes) 

75 *(A) 

80 &(A) 

85 dB(A) 

90 *(A) 

95 *(A) 

3 . 53856 

3.78565 

3.83263 

2.13165 

2.01€64 

2 . 76002 

3 . 16531 

1.82979 

1.85307 

1.80315 
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encourage "reported" amoyame to decay. As we knw in real-life as mise 
ocmrs around us. ue are not attending to the noise exclusively. 
engaged in activities that range fraa being extreaely passive to bei- 
extremely active. "he amoclIlt of invalveaent in the activities that interest 
us shaild affect tke amaunt of attention we allocate to the noise events. 
Rle request of subjects to attend to mise exclusively inplies a sort of 
accanting procedure where subjects hear a mise, evaluate the noise and 
store this infomation for future reference. "be ability to store this 
information and the ability to recall it can be affectad by the presence of 
a secmdaq task. Therefore, if there exists a W r a l  par-, the 
valw of the paraneter should he depedent on the context of the experiment. 
In the first experiment, it was 
attention level on the m r a l  paraaetzr as well as to determine the 
-sal fom of the amoyame response function. 

are 

to establish the effect of 

Results of Experiment 1 indiczte that the temnporal paraaeter does 
irrprove the fit of the data to the annoyance response function in a ayMmic 
emrirorlnent a.d t ? t  the general form of the annoyance response function 
which includes a teDporal parmeter is a decreasing function, i.e., the 
longer the time to response, the more the a ~ o y ~ c e  response is reduced, 
When the smoyance responses made by subjects involved in a caqensatory 
tracking task are mupared to those made by subjects involved in reading a 
magazine, the rate of decay increaszs as the activity level of the context 
increases, 

The paraneters considered in Experiment 1 were the session length, the 

The results of an analysis of variance 
mmkr of mi:.s bursts, the arplitude of the noise bursts and the time of 
presentation of these raise bursts. 
indicate that all the paramters excluding session length are iqmrtant 
paraneters in defining the annoyance response. 
inportant paranetsr in the determination of annoyance response outside 'the 
range of values used in this exp.riment. However, within the range of three 
to nine minutes, it is not. Of the models considered (peak &(A) , energy 
averaging, energy surnration and annoyance Secay), the annoyance decay model 
is the only model that has a targoral parameter. Therefore, the results of 
Experiment 1 apport a decay model of annoyance response. 

paraneter could proceed. Annoyance judgments made for single noise bursts 
wich various times to response could define the annoyance response function. 
The annoyance response function for Experiment 2 indicates that annoyance 
appears to decay expor.entially and then level off or decrease more slowly 
after about three minutes. This decrease in the rate of decay after three 
minutes is attributable to the annoyance level falling belaw each subject's 
threshold for annoyance. At this point, subjects drift more slowly downward 
in their responses, in that once t h y  are no longer annoyed, it is difficult 
for then to respond with an appropriate annoyance response. 

Session length may be an 

O n c e  the respome function was determid, estimates of the tarporal 
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Experiment 3 proceeded in the sane manner as Experiment 2 but 
considered only decay c h  between zero and three minutes with more 
divisions between those bm decay times considered. "he results of this 
experiment coclcu~ with the results of Experiment 2 for the same presentation 
titw interval. 

Since the determination of decay constants for Experiments 2 and 3 
provide no obviously intuitive informtion regarding the rate of decay, the 
half-life for tbse functions is calculated. 'Ihis is the time necessary for 
the anmyaxe response to decrease by m l f .  Results indicate that 
within 1.8 to 3-8 minutes, the anmyame response for all mplitudes 
decreases by onehalf. The higher anplitudes decay m r e  rapidly (half-life 
betmen 1.8 and 2.1 minutes) than the lawer amplitudes (half-life be- 
2.7 ard 3.8 minutes). 

This experiment provides both viable results and methodological tools 
for continued research on the effect of noise environaents upon the 
emotional envirommt of individuals, First, if o m  is interested in short 
time periods of noise, the results of these experiments may generalize to 
other environuents provided the attention level of individuals is 
approximated by the attention level of the subjects in this experimerrt to 
the noise buzsts, 
other contexts, the procedures established here are certainly reasonable for 
many other stimuli and contexts. Also, if one is interested in rmltiple 
noise sources, these experiments establish a foundation for this research 
effort. 

secondly, if one is interested in other noise SOUL= or 

Further investigations might attenpt to  focus more intensely on the 
cause of the decay in annoyance response. The cause of the decay whether 
the decay of annoyance response is attributable to a decrease in the memory 
strength for the source of annoyance and therefore the associated annoyance 
response is reduced as time passes, or whether the decay is attributable to 
the cognitiye interactim on the decaying physiological response is not 
addressed in this research. 

It is established in these experiments that the annoyance response 
function for i.+ividual noise bursts as a function of time is a decreasing 
function which can be best described as an exponential decay function of the 
f om: 

Amoyance Response = AQ eat, 

"he 
where value 3 o the decay constant appears to be depeaent on the level of activity 
within the context of the experiment (the more active the task ,  t* greater 
the rate of decay) and cin the anplitude of the noise burst (the greater the 

is the annoyance response at t=O and a is t he  decay constant. 
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aaplitude the greater the rate of decay). 
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SCALING LOUDNESS DIFFERENCES BY INTRA-MODAL HATCHING: 

EVIDENCE FOR A SINGLE SCALE UNDERLYING LOUDNESS AND 

LOUDNESS DIFFERENCE 

Richard Dorian Popper 

The perception of loudness was studied in four 

experiments. In Experiments 1 and 2 (difference 

matching), subjects judged the magnitude of loudness 

differences by adjusting the loudness of a single tone to 

equal the loudness difference between a pair of tones. 

Saventy-two tone pairs wege used, constructed from nine 

sound pressure levels of a 1000 Hz tone ranging from 46-94 

dB (Experiment 1) or 55-95 dB (Experiment 2 ) .  In 

Experiment 3 (difference estimation), subjects magnitude- 

estimated the loudness differences of the same tone pairs 

as in Experiment 2, and in Experiment 4 they magnitude- 

estimated the loudness of the individual tones used to 

construct the tone pairs. The same subjects served in 

Experiments 2-4, and binaural listening through earphones 

was used throughout. 
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Difference matches and difference estimates were 

analyzed nometrica1:y to derive underlying scales of 

loudness. For both kinds of judgments, loudness grew as a 

power function of sound pressure, although in Experiment 1 

some departure from the power function was evident at l o r  

- ntensi ties. 
A comparison of the exponents for Experiments 2 and 3 

showed that for the majority of subjects, difference 

matching produced larger exponents than difference 

estimation. The difference matching exponents were in the 

vicinity of the sone scale exponent for loudness, whereas 

the difference estimation exponents were smaller. 

Further analysis showed that the scale underlying the 

difference matches was similar to the loudness scale for 

the tones used to do the matching and’for the single tones 

magnitude-estimated in Experiment 4. This suggests that 

the same scale can underlie both judgments of loudness and 

loudness difference, a hitherto unobserved phenomenon. 

Possible sources for the disagreement between difference 

matching and estimation are discussed, as are the 

individual differences observed in the performance of each 

task. 
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INTRODUCTION 

Demonstrations of the simultanbous and independent 

operation of two scales of loudness (Marks, 1979a) argue in 

favor of an heirarchical model of judgment, in which 

saparate scales reflect separate processing stages. 

Consider therefore an experiment in which two tones are 

played and the subject is instructed to adjust the loudnzss 

of a third tone to equal the size of the loudness 

difference. This task involves the matching of a loudness 

difference and might therefore involve the use of both 

sensory and difference scales, as Marks calls them. 

Formally, the matching task can bo represented as follows: 

is the louder tone in the pair, and I, is the singie 

tone whose loudness is used by the subject to match the 

size of the loudness difference. The exponent alpha 

governs the perception of loudness differences, the 

exponent beta the perception of loudness. 

Ij 

The possibility of matching che loudness of a single 

tone to a loudness difference (difference matching) was 

alre?.dy conceived by Fechner, who wrote, "given two tones 

of differing physical intensity, it is poss!ble to imagine 

a third tone, whose intensity equals the difference in 

intensity between them" (1860. I, 48). Stumpf, on the other 

hand, claimed that it was impossible to subtract one 
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sensation from another and *to feel the remainder by 

itself. (quoted in James, 1890, I, p. 547). Russell 

quipped: 'A chanje of length is itself a length, but a 

change of tamparature or illumination is not itself hot or 

bright ... With intensive quantities ... these differences 
in quantity are not themselves quantities. The difference 

between two intensive quantities, in fact8 differs from 

each as much as the difference between two horses differs 

from a horse' (quoted in Titchener, 19058 p. lxxxiii). 

However, this a priori argument is nothing but a 

restatement of the "quantity objectionan Whether a 

measurement scale can be formed on the basis of such a 

task is subject to empirical investigation. 

- 

The procedure of difference matching can be compared 

to the task of numerically estimating the size of a 

loudness difference, represented as 

rj6- Ii r  N 6 

In Equation 2, N represents the number reported by the 

subject, the exponent gamma governs the perception of 

loudness differences, and the exponent delta represents 

any nonlinearity in the subject's use of numbers. 

Several predictions can be made concerning the 

relationships between the exponents in the above 

equatjons. First8 note that the exponents alpha and gamma 

govern how loudness grows when loudness differences are 
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be ing  judged. The most obv ious  p r e d i c t i o n  concern ing  

t h e s e  two exponents  is t h a t  t h e y  w i l l  be t h e  same. Tha t  

is, t h e  e x p e c t a t i o n  is t h a t  t h e  same power f u n c t i o n  is 

r ecove red ,  r e g a r d l e s s  of  whether  t h e  method of  judgment is 

d i f f e r e n c e  matching or  e s t i m a t i o n .  Furthermore,  since 

l o u d n e s s  d i f f e r e n c e s  a re  be ing  judged ,  these exponents  

should  fa11 i n  t h e  neighborhood o f  p r e v i o u s  estimates of 

t h e  i n t e r v a l  scale  exponent  f o r  loudness ,  nai.ely around 

0.30. On t h e  o t h e r  hand,  d i f f e r e n c e s  between d p h a  and 

gamma can  resul t  from e i t h e r  p e l c e p t u a l  d i f f e r e n c e s  

a s s o c i a t e d  wi th  t h e  t w c  p r o c e d u r e s  o r  response  b i a s  

f a c t o r s .  

A second p r e d i c t i o n  c o n c e r n s  t h e  exponent  b e t a  i n  

Equat ion  1, which r e f l e c t s  t h e  growth of t h e  loudness  of  

t h e  s i n g l e  tone  used t o  c a t c h  t h e  loudness  d i f f e r e n c e .  

0r.e p r e d i c t i o n  f o r  t h i s  exponent  is t h a t  i t  should  

approximate t h e  exponent  f o r  s e n s a t i o n  magnitude s i n c e  

loudness ,  n o t  l oudness  d i f f e r e n c e  is involved.  T h u s ,  b e t a  

is expec ted  t o  be i n  t h e  neighborhood of 0 . 6 0 ,  t h i  

exponent  for t h e  sone scale of  loudness .  However, i t  is 

p o s s i b l e  t o  i n t e r p r e t  *:he d i f f e r e n c e  matching t z s k  a s  

i nvo lv ing  two loudness  d i f f e r e n c e s ,  one between t h e  two 

t o n e s  in t h e  p a i r ,  t h e  o t h e r  between t h e  loudness  of t h e  

s i n g l e  t o n e  and "ze ro"  loudness .  According t o  t h i s  

i n t e r p r e t a t i o n ,  s u b j e c t s  a r e  engaged i n  matching one k ind  

o f  l o u d n e s s  d i f f e r e n c e  t o  a n o t h e r ,  i n s t e a d  of matching a 
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l oudness  magnitude t o  a lo i*dness  d i f f e r e n c e .  The second 

i n t e r p r e t a t i o n  p r e d i c t s  t h a t  b e t a  w i l l  equal t h e  

d i f f e r e n c e  exponent  f o r  l o u d n e s s ,  n o t  the  exponent  f o r  

s e n s a t i o n  magnitude. 

One r eason  f o r  doub t ing  t h i s  outcome d e r i v e s  from t h e  

r e s u l t 9  -n  t h e  b i s e c t i o n  o f  l o u d n e s s  ( S t e v e m ,  1975).  

Loudness b i s e c t i o n  g e n e r a l l y  l e a d s  t o  scales similar t o  

t h o s e  o b t a i n e d  w i t h  o t h e r  i n t e r v a l  s c a l i n g  procedures .  

However, when a s i n g l e  t o n e  is p r e s e n t e d  f o r  b i s e c t i o n  

(with subject ive z e r o  a s  t h e  lower e n d p o i n t ) ,  s u b j e c t s  

switch from - j u d g i . 3  i n t e r v a l s  t o  j udg ing  r a t i o s  and 

produce a t one  t h a t  is h a l f  a s  l oud  a s  t he  s i n g l e  tone.  

Such . b i s e c t i o n s g  a r e  i n  f a c t  f r a c t i o n a t i o n s  and imply 

t h a t  t h e  s i n g l e  t o n e  is judged on t he  s c a l e  o f  s e n s o r y  

magnitude, n o t  s enso ry  d i f f e r e n c e .  On t h e  o t h e r  hand, i n  

t h e  c o n t e x t  of magnitude e s t i m a t i n g  a ser ies  of l oudness  

d i f x e r e n c e s ,  Marks (1979a) found t h a t  subjects judged the  

d i f f e r e n c e  between a t o n e  and a blank ' s t imu lus  on a s c a l e  

approximat ing  the  difference s c a l e .  Thus ,  i t  seems 

p o s s i b l e  t h a t  t h e  sinsle tone  cou ld  be judged on t h e  

difference s c a l e ,  i n s t e a d  of  t L *  magnitude scale, i n  which 

c a s e  b e t a  would equa l  0.30. 

The p r e s e n t  r e s e a r c h  w i l l  a d d r e s s  s e v e r a l  q u e s t i o n s .  

Is t h e  exponent for l o u d n e s s  d i f f e r e n c e  t h e  same fc r  

difference matching and d i f f e r e n c e  e s t i m a t i o n ?  Do t h e  

d a t a  from d i f f e r e n c e  matching s u p p o r t  t h e  d u a l i s t i c  
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position that there are two loudness scales, one for 

differences and the other for magnitudes?. If a single 

scale can be found that underlies both kinds of judgment, 

hor does this scale compare to that obtained frcm the 

magnituda estimation of lcudness ratios? 

In the practical realm, the utility of both 

difference and magnitude scales has been demonstrrted. 

The sone scale for loudness underlies several schemes for 

the calculation of the loudness of complex sounds 

including noise (Kryter, 1970) , whereas the Munsell scale 
of light reflectance, a category s:ale, has been applied 

to printing and photography (Newhall, Nickerson h Judd, 

1943) . A dualistic viewpoint' allows for the peaceful 

coexistence of these two types of scales. A monistic 

theory, on the other hand, is troubled by the nced.to 

account for the utility of the "biased" scale. 

From the point of view of theory, the persistent 

discrepancies between scales of sensory magnitude and 

sensory difference have proved to be a continued source of 

concern. With such divergent results, one is less 

confident that any psychophysical scale succeeds in 

measurinq sensation at. all. Marks has responded by making 

a fundanenzal distincrion between the perception of 

magnitude and the perception of difference. The present 

research will entail a closer examination of the 

'psychological reality' of this distinction, The 
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investigation of these issues in the psychophysical realm 

wiil make possible more informed applications of the 

psychophysical methods of magnitude and difference scaling 

to the measruement of nonsensory attributes. 

The proposed experiments entail studying the 

perception of loudness differences using the novel task of 

difference matching. The operation of differencing, as 

the early history -00 psychophysics demonstrates, has often 

been viewed as the central mechanism for establishing 

psychological relationships. The new method for studying 

this task promises to provide further insight into the 

nature of difference perception. 

Four experiments are reported here. Experiments 1 

and I involve the task of difference matching (see Eq. 1) 

and differ only in the stimulus set. Experiment 3 

involves the magnitude estimation of loudness differences 

(see Eq. 2), and Experiment 4 the magnitude estimation of 

the loudness ratios of single tones. The same subjects 

participated in Experiments 2-4. Experiment 4 yields an 

estimate of the ratio scaling exponent for these subjects 

and serves as a mcontrolm to aid in the interpretation of 

the other exponents. 

Several analytic strategies are available for fitting 

Equations 1 and 2 to the data. One procedure is to 

estimate .the two parameters in each equation 

simultaneously. However, with chis approach it is 
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impossible to evaluate separately the appropriateness of a .  

difference model and the form of the psychophysical 

function. By using nonmetric scaling, it becomes feasible 

first to assess the extent to which data from both 

difference matching and estimation can be described by 

difference structures. Furthermore, since nonmetric 

scaling makes weak assumptions about the functional 

relationship between the responses and the ‘true. 

differences, the comparison between the exponents alpha 

and gamma will be free of the influence of monotonic 

biases that may be present in either difference estimation 

8 

or matching. 

Loudness differences have been scaled nometrically 

before (see Schneider, 1982, for review), The scaling 

technique originated with the work of Shepard (1962a,b), 

who showed that with a sufficient number of stimuli the 

ordinal ranks of the interstimulus differences are 

sufficient for a recovery of interval scales of 

measurement (i.e. a scale unique up to multiplication and 

addition by arbitrary constants). Following Kruskal 

(1964), the observed differences are interpreted as 

monotonic with interstimulus distance (Euclidean o r  

otherwise) in an n-dimensional stimulus space, On the 

assumption that loudness is unidimensional, the scaling 

problem reduces to one of tinding points on a line, whose 

interpoint distances best match, in an ordinal sense, the 
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loudness differences. This is accomplished on a computer 

using an iterative algorithr. 

The nonmetric scai 'ng of loudness differences and the 

estimation of the power function exponents alpha and gamma 

completes only the first stage of the analysis, In the 

second stage, the estimated loudness differences are used 

to derive estimates of beta (Equation 1) and delta 

(Equation 2). For this purpose, the full metric 

information ia  the responses i 3  needed, It may seem 

inconsistent to neglect this information in the first 

stage, but subsequently to introduce it in the second, 

Eowever, a nonmetric analysis is preferred in the first 

stage for the rebsons cited above. The present approach 

is consistent with that employed by others (Birnbaum, 

1982; Marks 1978, 1979a; Rule h Curtis, 1982) who have 

sought to differentiate between the 'input' function, such 

as the scale for loudness difference, and the .output' 

function, such as the scale governing the use of numbers, 

or, in the case of difference matching, the scale for the 

single tone. 
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METHOD 

Experiments 1 and 2 

Subjects: 

Three subjects participated in Experiment 1; 

subsequently, two of these (CJ and NH) and an additional 

five subjects participated in Experiment 2. Among the 

five additional subjects, two (MR and MP) had previously 

taken part in Experiment 3. Of these eight subjects, four 

were paid for their participation, either as work-sfudy 

students or as undergraduate recruits. The remaining 

subjects, including three graduate students in psychology, 

were not paid. Subjects' ages ranged from 21 to 34. All 

subjects reported having normal hearing. 

Apparatus and Procedure: 

The apparatus was configured as shown in Figure 1. A 

1000 Hz tone, generated by a Eewlett-Tackard oscillator 

(Kodel 200 CD), was fed to Relay 1 ( R l ) .  The 

normally-open side was connected to an electronic switch 

(Grason-Stadler Model 829E) . The normally-closed side was 

passed through a subject-controlled attenuator and from 

there, through the normally-closed side of Relay 2 (R2), 

to the electronic switch. The switch was triggered 

externally and gated the signal with a rise-decay time of 
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FIGURE 1 
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10 msec. The output of the switch was passed to a 

programmable attenuator, and from there to the subject's 

earphones (TDH 39, 300 ohms, mounted in MX 41/AR 

cushions) . Listening was binaural throughout the 

experiments. 

All process control operations were performed by an 

ADS 1800E computer. These included the timing of stimulus 

durations and interstimulus intervals, opening and closing 

Relays 1 and 2, triggering the electronic switch, and 

controlling the programmable attenuator. 

The subject-controlled attenuator was a "sone 

potentiometer" consisting of two 2000-ohm variable 

resistors ganged and cascaded (Stevens & Guirao, 1964). 

By rotating a knob through approximately 270 degress, the 

subject could vary the attenuation continuously over a 

range of about 77 dB. The zhange in attenuation with 

rotation is plotted in Figure 2, The knob was unmarked 

and no numeric scale was indicated, 

The subject was provided with three keys. Pressing 

and releasing Key 1 resulted in the opening of Relays 1 

and 2 and the presentation of two 850 msec tone bursts 

separated by a silent interval of 500 msec. With Relays 1 

and 2 open, the subject-controlled attenuator was 

completely decoupled from tbs signal path, and the level 

of each burst at the subject's earphones was controlled by 

the setting of the programmable attenuator. Reiay 
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swi t ch ing  and changes  i n  a t t e n u a t i o n  were accomplished 

wi thou t  a u d i b l e  t r a n s i e n t s  i n  t h e  s i l e n t  i n t e r v a l s  

sur rounding  t h e  t o n e  b u r s t s .  After t h e  second t o n e  b u r s t ,  

bo th  r e l a y s  were c l o s e d .  

P res s ing  Key 2 r e s u l t e d  i n  t h e  p r e s e n t a t i o n  of a 

s i n g l e  con t inuous  tone  t h a t  remained on f o r  a s  long a s  t h e  

key was depressed .  During i ts  p r e s e n t a t i o n ,  Relays  1 and 

2 were i n .  the i r  normal ly  c l o s e d  p o s i t i o n ,  pas s ing  t h e  

s i g n a l  through t h e  s u b j e c t - c o n t r o l l e d  a t t e n u a t o r .  

Therefore, the  l e v e l  o f  t h e  con t inuous  tone  was under the 

s u b j e c t ' s  c o n t r o l .  

For the  d u r a t i o n  of the  s i n g l e  tone ,  the programmable 

a t t e n u a t o r  was set a t  one of  two v a l u e s ,  s e p a r a t e d  by 10 

dB. A l t e r n a t e  v a l u e s  were chosen on s u c c e s s i v e  t r i a l s .  

T h i s  s e rved  t o  reduce t h e  a s s o c i a t i o n  between t h e  p o s i t i o n  

of  t h e  knob on t h e  s u b j e c t ' s  a t t e n u a t o r  and t h e  s i g n a l  

l e v e l  a t  t he  earphones ,  and a l s o  prevented  the s u b j e c t ' s  

s e t t i n g  du r ing  t h e  p r e v i o u s  t r i a l  from being c a r r i e d  over  

t o  t h e  p r e s e n t  one. 

The s u b j e c t  was al lowed t o  s a a p l e  between Keys 1 and 

2 a t  w i l l .  A dead time fo l lowing  t h e  p r e s e n t a t i o n  of  

e i ther  t h e  s i n g l e  tone  or t h e  t o n e  pa i r  resu l ted  i n  a 

minimum temporal s e p a r a t i o n  o f  500 msec between them. By 

p r e s s i n g  Key 3, t h e  subject  s i g n a l l e d  t h e  exper imenter  

t h a t  he  had completed t h e  t r i a l .  To mark t h e  i n t e r t r i a l  

i n t e r v a l ,  a l i g h t  was t u r n e d  on a t  t h e  s u b j e c t ' s  s t a t i o n  
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and left on until extinguished by the experimenter at the 

beginning of the next trial. 

During the intertrial interval, the subject's setting 

of the single tone was determined by measuring the signal 

voltage at the output of the subject-controlled attenuator 

with a Hewlett-Packard digital voltmeter (Model 3476 B) . 
At low levels, these measurements were taken after passing 

the voltage through a Hewlett-Packard line amplifier 

(Model 450 AR) with a maximum gzin of 40 dB. 

Tone frequency was set using a Hewlatt-Packard 

electronic counter (Model 521 C) and confirmed 

occasionally between experimental sessions. The earphones 

were calibrated prior to the'first experiment using.a 6 cc 

NBS earphone coupler and Bruel t Kjaer sound level meter 

(Model 2203) with octave band filter set (Mode'l 1613). 

The oscillographic traces of the signals transmitted by 

the earphones were found to be free of clipping. 

In addition, a calibration was performed that related 

the signal voltage at the output of the subject's 

attenuator to the sound pressure level at the earphones. 

A log unit change in attenuation produced a log unit 

change in sound pressure over the entire range of 

measurable sound levels (down to approximately 30 dB). 

Therefore, the voltages measured during the experiments 

were later converted to dB SPL by reference to a fixed 

voltage and its corresponding sound pressure level. 
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The maximum adjustable level of the single tone was 

107 dB or 97 dB SPL, depending on the setting of the 

programmable attenuatar on a given trial. The 

corresponding minimum levels were 30 and 20 dB SPL. By 

increasing the setting of the programable attenuator, the 

experimenter -- upon the subject's request -- could shift 
the dynamic range of the sone potentiometer downward. 

This enabled the subject to adjust the level of the single 

tone as low as desired. 

At the beginning and end o f  each experimental 

session, the voltages at the input to the earphones were 

checked aL the highest and lowest levels used to construct 

the tone pairs. In addition, the sound pressure level 

produced by a middle setting of the sone potentiometer was 

determined. These level checks revealed only minimal 

drift over the course of an experimental session. 

The subjects were seated in an Industrial Acoustics 

sound-attenuating chamb&r (Model 1204). In order to 

familiarize them with the apparatus, a warm-up task was 

presented at the beginning of the first session. (Subjects 

in Experiment 1 had performed this task during a pilot 

version of the experiment and did not repeat it). This 

task consisted of making the loudness of the tone on Key 2 

match the loudness of a single tone presented on Key 1. 

Four such matches were performed, one o €  which required 

subjects to request a lowering of the range on the 
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potentiometer. Communication during the experiment was 

conducted via intercom. 

The subjects were then instructed in the experiment 

proper . (A complete set of instructions for all 

experiments is contained in Appendix 1). They were 

informed that Key 1 would deliver a pair of tones 

differing in loudness, whereas Key 2 would deliver a 

single tone whose loudness they could control with the 

potentiometer. The instructions continued c s  follows: 

‘Your task in this experiment is to t e l l  ma how 
different in loudness the two tones in the pair are. 
You do this by adjusting the level of the single 
tane. In particular, adjust the level of the single 
torie to equal the loudness difference between the 
tones in the pair. That is, make the loud,.ess af the 
single tone equal the difference that results from 
subtracting the softer tone in the pair from the 
louder one. If the difference is small, make the 
single tone soft. If the difference is large, make 
it loud. In other words, make the loudness of the 
single tone equal the size of the loudness 
difference.” 

Subjects were encouraged to arrive at their settings by 

bracketing. In addition, subjects were told they were 

free to sample the keys in any sequence and that they 

could request a lowering of the potentiometer range on any 

given trial. 

Nina ~ P V ~ L E  2f t h e  lS3C ;;z triia used to generate 

36 pairs of unequal tones for  presentation on Key 1, T5e 

levels were different for Experiments 1 and 2 and are 

listed in Table 1. Subjects in each experiment 

participated in four sessions. Within a session, each of 
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TABLE 1 

Levels o f  the 1000 Hz tone used in Experiments 1-4 

Experiment 1 Experiments 2,3 ,4  

(dB SPL re 20 p P a )  

46 

52 

58 

64 

70 

76 

82 

88 

94 

55 

60  

65 

70 

75 

80 

85 

90 

95 
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the 36 pairs occurred twice, w i t h  the o r d e r  of  t h e  t o n e s  

w i t h i n  the  p a i r  counterba lanced .  The 7 2  p a i r s  were 

p resen ted  in taridom o r d e r  du r ing  a s e s s i o n .  S e s s i o n s  

lasted 70-90 minutes ,  i n c l u d i n g  a t  l ea s t  one 10 minute  

break a f t e r  t he  f i r s t  h a l f  hour. 

Experiment 3 

Subjects: 

The same 7 s u b j e c t s  who p a r t i c f p a t e d  i n  Experiment 2 

p a r t i c i p a t e d  i n  Experiment 3. Of these, subjects .HP and 

MR performed Experiment 3 b e f o r e  performing Experiment 2. 

Apparatus  and Procedure: 

The a p p a r a t u s  was t h e  same a s  t h a t  f o r  Experiment 2, 

excep t  t h a t  rhe sone po ten t iome te r  was n o t  used. The t w o  

t o n e s  i n  the  p a i r  were p resen ted  i n  t h e  same way a s  i n  

Experiment 2, b u t  t h e  comp?iter program was modified t o  

d i sab le  a l l  b u t  one of t h e  three response keys. 

Subjects  were i n s t r u c t e d  as fol lows:  

" In  t h i s  experiment  you w i l l  be l i s t e n i n g  t o  p a i r s  of 
tones .  The t o n e s  i n  eacb p a i r  w i l l  d i f f e r  i n  
loudness .  Your t a s k  is t o  decide how d i f f e r e n t  i n  
loudness  t h e  two t o n e s  a r e  and t o  a s s i g n  a rlumber t o  
t h a t  d i f f e r e n c e .  You w i l l  f i r s t  hear a p a i r  of t o n e s  
whose d i f f e r e n c e  w e  w i l l  a s s i g n  t h e  r... aber ' 6 0 ' 8  t a  
g i v e  u s  a s t a r t i n g  pc 't. For any subsequent  p a i r ,  
if  t h e  tones  i n  t h e  u . . ? c  sound twice a s  d i f f e r e n t  a s  
d i d  those  i n  t h e  first p a i r ,  a s s i g n  i c  t h e  number 
'120'. If i n  some paz r  t h e  t o n e s  sound h a l f  as 
d i f f e r e n t  a s  d i d  t h o s e  i n  t h e  f i r s t  p a i r ,  a s s i g n  it  
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the number '30'. You may use any positlve number you 
like -- integer, fraction or decimal. You may not 
use negative numbers or zero,. 

Subjects were told that a key press would deliver the tone 

pair and that they were free to listen to a pair 

repeatedly. Each subject spoke his response over the 

intercom and then proceeded to the next trial, 

The sound levels used to construct the toRe pairs 

were the same as in Experiment 2. Each subject 

participated in four sessions, designed as in Experiments 

1 and 2. Preceding the presentation of the 72 pairs was 

the standard pair, which was identified as the pair whose 

difference was equal to '60'. This standard ptlir was made 

up of tones with sound pressure levels of 65 and 80 dB, 

The order of these tones in the pair was alternated across 

sessions fo: each subject, and their order in the first 

sessior. counterbalanced across subjects, Although the 

standard pair reoccurred in the series of 72 pairs, it was 

identified by the experimenter as the standard only at the 

beginning of the session. Sessions lasted 45-60 minutes, 

including a short break at the half-way point. 

Experiment 4 

Subjects: 

The same subjects as in Experiments 2 and 3 

participated in this experiment. Expeziment 4 was 
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performed l a s t  by a l l  s u b j e c t s .  

Apparatus  and Procedure: 

The a p p a r a t u s  was tbe  same as  i n  Experiment 

However, t he  computer program was modif ied f o r  

p r e s e n t a t i o n  of a series o f  s i n g l e  tones .  

S u b j e c t s  were i n s t r u c t e d  as fo l lows:  

3. 

t h e  

" In  t h i s  experiment  you will be l i s t e n i n g  s i n g l e  
t o n e s  of d?- f f e ren t  loudness .  Your t a s k  is t o  t e l l  m e  
how loud  each t o n e  seems t o  you by a s s i g n i n g  a number 
t o  its loudness .  The f i r s t  tone  you hear w e  w i l l  
a s s i g n  the number 'loo*, t o  g i v e  u s  a s t a r t i n g  po in t .  
For any subsequen t  t one ,  i f  t he  tone  seems twice a s  
loud a s  the  f i r s t  t one ,  a s s i g n  it t h e  number ' 2 0 0 ' .  
I f  a t one  seems h a l f  a s  loud a s  the f i r s t  tone ,  
a s s i g n  it t h e  number ' 5 0 ' .  You may use  any p o s i t i v e  
number yoi! l i k e  -- i n t e g e r ,  f r a c t i o n  or decimal. You 
may n o t  u s e  n e g a t i v e  numbers or zero." 

S u b j e c t s  were informed t h a t  a key p r e s s  would d e l i v e r  t h e  

tone ,  b u t  t h a t  t hey  cou ld  l i s t e n  t o  each  tone  o n l y  once. 

A f t e r  speaking  their  response ,  subjects went on t o  t h e  

n e x t  t r i a l .  

The n i n e  sound l e v e l s  used t o  c o n s t r u c t  t h e  tone  

p a i r s  i n  Experiments 2 and 3 were p resen ted  i n  10 

s u c c e s s i v e  sets. Within a se t ,  t h e  p r e s e n t a t i o n  o r d e r  of 

t he  n i n e  t o n e s  was random, w i t h  t h e  c o n s t r a i n t  t h a t  t h e  

f i r s t  tone  i n  a set  cou ld  n o t  be i d e n t i c a l  t o  t h e  l a s t  

tone  of t h e  p r e v i o u s  set. Fach s u b j e c t  p a r t i c i p a t e d  i n  

on ly  one session, which l a s t e d  20-30 minutes.  The 

s t anda rd  was a tone  o f  75 dB SPL and was played a t  t h e  

beginning of t h e  s e s s i o n .  Subsequent occur rences  of t h e  

s t anda rd  i n  t h e  series o f  90 t o n e s  were n o t  i d e n t i f i e d .  
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RESULTS 

Experiment 1 

Each subject's adjustments of the level of the single 

tone were converted to decibels of sound pressure and 

averaged arithmetically across the tone pairs (i,j) and 

(j,i) and the last three sessions. Data from the first 

session were discarded, The 36 average differeace matches 

per subject are listed in Appendix 2. In order to assess 

between-session reliability, Rendall's coefficient of 

concordance, W, was computed from the ranks of the 

within-session averages (of pairs i,j and j,i). The 

values of W were 0,941 0.94, and 0.97 for subjects BL, CJ 

and NE respectively, indicating good agreement across 

sessions, 

Each subject's average difference matches were 

submitted to TORSCA-9 (Young, 1968) for  nonmetric scaling. 

This scaling routine consists of two separate - Lqorithms. 

The first prepares an initial configurac .>n using 

factor-analytic methods and is asemi-metrica in that 

multiplications and additions are performed on the input 

data. The second algorithm is fully nonmetric and starts 

with the configuration derived by the first part. On a 

given iteration, the points corresponding to each stimulus 

are moved in search for the best monotonic fit between the 

interpoint distances and the average decibels. The degree 
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of fit is indexed by a measure called stress (Kruskal, 

1964), usually expressed as a percentage. A perfect fit 

has a stress of zero and exists when the interpoint 

distances are perfectly monotonic with the raw 

differences. However, with fallible data there will 

usually be some violation of monotonicity. Stress 

reflects the extent to which the interpoint distances 

deviate from this perfect monotonic relationship and 

therefore resembles the residual sums of squares in 

regression analysis. As an index of fit, stress also 

provides- a criterion for determining when the best 

possible solution has been obtained. The iterative 

process terminates when further changes in the interpoint 

distances produce only insignificant reductions in stress. 

One difficulty with iterative scaling algorithms is 

the possibility of terminating the iterative search at a 

local minimum. The risk of such nonoptimal solutions is 

greater in the one-dimensional than the multidimensional 

case, because points cannot easily move past each other 

during iterative computation if they lie on a line 

(Kruskal, Young h Seery" 1973). TORSZA-9 was chosen as a 

scaling routine, since it is known to be relatively robust 

against local minimum problems (Spence, 1970, 1972). 

The final stress values for  subjects BL, CJ, and NH 

were 5.8%, 8.0% and 2.2%. A means of evaluating the 

qualrty of the obtained solution is provided by Youngys 
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(1970) index of metric determinacy, M, which is defined as 

the squared correlation between the true interpoint 

distances and the distances recovered by the nonmetric 

analysis. The index can be interpreted as the proportion 

of variance in the true distances which is accounted for 

by the recovered distances. Sic-e the true distances are 

unknown, M can only be estimated. Young provides a 

nomogram for estimating M on the basis of the number of 

stimuli, the number of dimensions, and Stress. For BL, CJ 

and Na the estimates of M were 0.98, 0.97 and 0.998 

respectively. 

The principal output of TORSCA consists of scale 

values for the nine stimulus intensities, which are 

contained in Appendix 3. Insofar as the nometric scaling 

results are characterized by low stress and high  metric 

recovery, these scale values represent interval-scale 

measures of loudness. That is8 Li=aTi+b, where Li is the 

loudness of stimulus i 8  Ti is its TORSCA value, and a and 

b are arbitrary constants. A power function relatiomhip 

between loudness and stimulus intensity implies that 

L=aT+b=kIn. Equivalently, T+(b/a) =(k/a) In, or T+u=vIn. 

Taking logarithms on both sides yields log(T+u)= 

nloq I+log v, which says that for  some value u, the 

logarithm of (T+u) is a linear function of stimulus 

intensity in decibels. The value u is a free parameter 

and was chosen to maximize the squared correlation (r2) 
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between loq(T+u) and decibels. This was accomplished by 

computing r2 while varying u in small steps over a range 

of values. The value of u for which r2 is maximum is 

designated u*, and P* [=T+u*] multiplied by 100 for 

convenience in plotting is called a loudness projection. 

In Figures 3-5, the loudness projections are plotted 

,on a logarithmic axis as a function of sound pressure 

level in decibels for each subject. In these coordinates, 

a power function relationship appears as a straight line. 

The exponent of the power function is equal to the slope 

of the line and can be estimated by least-squares methods. 

For Subjects BL, CJ and NH the exponents (slopes) were 

0.66, 0.46 and 0.55, and the values of r2 0.966, 0.996, 

0.961. These exponents estimate alpha in Equation 1 

Both subjects BL and NE show a 

systematic deviation from LI power function at the lowest 

o( [Ij =Imp I .  

stimulus levels, which is considered in more detail below. 

The ob,active of this experiment was to determine two 

loudness function exponents: the exponent alpha (estimated 

above) u,iderlying the perception of loudness difference 

and the exponent beta governing the loudness growth of the 

single Lane adjusted by the subjects. Taking logarithms 

on both sides of Equation 1 yields lOg(Ij* -Iia )=p(log 

Im), which states that the logarithm of the (estimated) 

loudness differences is linearly related to the decibel 

settings produced by the subject, with a slope equal to 
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beta. The values of alpha from above %an be used to 

estimate ( I u  - I F  ),  and a linear regression of log Im on 

10g(Ij'( -Iia ) provides a least-squares estimate of 

l/beta, from which beta can be determined by taking the 

inverse. The values of beta for subjects BL, CJ and NH 

were 0.82, 0.53 and 0.47, the Corresponding t2's 0.9318 

0.893 and 0.956. The functions are shown in Figures 6-80 

j 

In these Figures, daviations from the best fitting 

power function are again visible in the form of a 

flattening of the function towards the lower end. This 

suggests that subjects are responding similarly (producing 

similar decibel settings) to a range of m a l l  loudness 

differences. The curvature is consistent w1.th evidence 

from Figures 3 and 5, which showed that, for subjects BL 

and NH, the adjusted loudness projections af the bottom 

three stimuli were virtually the same. Clearly, these 

subjects did not assign a distinct loudness to the three 

lowest intensities. Indeed, all three subjects reported 

difficulty in telling the louder from the softer tone when 

the tone pair was comprised of the two bottom stimuli. 

These departures from a simple power function make 

the estimation of exponents in Eq. 1 somewhat problematic. 

For example, _the cutvatur'e of the plot in Figure 6 reduces 

the slope (l/P) of the best-fitting function, thereby 

leading to an overestimate sf beta for subject BL. Also, 

for subjects BL and NH, the exponent alpha is clearly not 



74 

ORK;JNAL PAGE Isi 
OF POOR QUALm, 

n 

i 

.. 
*h 

m 
N 

i t + %  + 
+ +  

f 
++ + 

++ + i 
+ 

1. + 
++ + + + 

+ +  
+ +  I 

+ +  i 
1 
i 

t 

i 

+ ++ 

i 
I 

b + . I - ,  1 

+ + 
+ +  

+ 
+ 

8 m 8 8 
6 t8 * 

d 
% 

+ ++ 
+ + 

+ +  
+ 
+ 

I- 

d 8 m 8 8 
6 t8 * 

+ %  + 
+ +  

f 
++ + 

++ + + 
+ 
++ + + + 

+ +  
+ +  

+ +  

i t i 
1. I 
i 
1 
i 

t 

i 

i 
I 

b . I 1 
+ 

% 

n 
U 

m 

FIGURE 7 



75 

representative af the growth of loudness ovar the entire 

stimulus range. Furthermore, confusions among a subset of 

stimuli can Influence the outcome of :he nonmetric scaling 

in a less obvious way. Thus, while subject CJ's plot of 

loudness projections versus decibels accords well with a 

power function, confusions among the low level stimuli 

could well ha-.e produced a reduction in interstimulus 

spacing, since there would be a tendency for these stimuli 

to be clustered together. This would result in depressing 

the estimate of alpha. 

Thus, Experimmt 1 represents only a partial success. 

Subjects appear able to perform the task of difference 

.matching and produce fupctions that are nearly power 

functions, for both loudness difference and loudness. In 

this respect the results are encouraging. . However, 

further evaluations of the specific models of 

psychophysical judgment are hampered by the observed 

deviations from a simple power function. Experiment 2 was 

conducted in order to improve on these results by a change 

in the stimulus set. In this experiment, the lowest 

stimulus was 9 dB above the lowest stimulus in Experiment 

1. This change was predicated on the assumption that the 

problems in Experiment 1 wera due primarily to the 

absolute level of the stimuli. By eliminating some of the 

low level sounds, it was hoped that better fitting power 

functions could be obtained. 
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Experiment 2 

As in Experiment I, the difference matches from the 

first o f  four sessions were discarded and the remaining 

data averaged as before. (Results for subject MP are 

based on the last three of five sessions. Following the 

second session, subject MP reported having been influenced 

by factors other than loudness, such as the annoyance, of 

the tones in the pair, Therefore, data from this 

subject's second session were also 'discardsd, the subject 

was asked to judge only loudness differences, and a fi,fth 

session was added as a replacement.) The average 

difference matches for the seven subjects are contained in 

Appendix 2 r  

Kendall's coefficient of .concordance was again 

computed as a measure of across-session reliability (see 

Table 2). Hith the exception of CJ, all values are in 

excess of 0.91, indicating good agreement across sessions. 

Subject CJ shows somewhat greater variability from session 

to session. 

The scale values produced by TORSCA-9 for each 

stimulus are contained in Appendix 3. Table 2 shows the 

final stress values. According to Young's nomogram, 

between 97-99% ob the variance in the true distances is 

accounted for by the recovered distances. As a precaution 

against local minimum problems, the difference matches 
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TABLE 2 

Values of the coefficients of concordance (W) 

and Kruskal's stress for Experiments 2 and 3. 

Experiment 2 Experiment 3 

Subject 

CJ 

GA 

JF 

JP 

MP 

MR 

NH 

W 

.87 

.98 

.96 

094 

.96 

094 

. 96 

Stress 

( % I  

8.5 

2.7 

4.3 

6.4 

6 . 1  

7 .1  

3.7 

S t r e s s  

( 0 )  

7.9 

2 .1  

(2.8)  

4.4 

4.9 

5.3 

5.3 

3.2 



were reanalyzed using UNICON (Roskam, 1977). This scaling 

routine is entirely nonmetric and qaite different in its 

algorithmic structure from TORSCA-9. Despite these 

differences, the squared correlations for  each subject 

between the two sets of scale values were equal to or 

exceeded 0.9994, in,dicating excellent agreement between 

the two scaling routines. Two such different scaling 

algorithms are unlikely to arrive at the sa.-e suboptimal 

solution, indicating that the obtained solutions represent 

global rather than local minima. 

In Figures 9-15, the loudness projections are plotted 

on a logarithmic axis against sound pressure level in 

decibels. ' The procedure for optimizing the power function 

fits was the same as the one used in the analysis of 

Experiment 1. Only two subjects (MP and NH) exhibi- atiy 

pronounced flattening at the bottom end of the function. 

Table 3 shows the exponents (slopes) alpha of the p o r L t r  

functions (estimated by the method of least squares); the 

corresponding squared correlations arc contained in Table 

4. Four of the seven exponents fall betweer. 0.56 and 

0.64. Subject JP's exponent of 0.32 is considerably 

smaller, and subjects GA and NH have exponei?ts of 

intermediate size. Visual inspection and the squared 

correlations show a good fir to the power function modeA., 

Figures 16-22 contain the plots of produced decibels 

versus log estimated loudness differenc Visual inspec- 



79 

TABLE 4 

Squared Torrelat iow for t h e  power r'unction fits to 

Experiments 2 and 3 

Subject 

CJ 

GA 

JF 

JP 

np 

nR 

NH 

,975 ,958 ,991 

,998 ,973 ,997 

( 982) 

390 ,927 ,980 

: Q  ,913 ,988 

,374 ,939 ,996 

,972 ,918 ,994 

,980 ,962 ,991 

,940 

,951 

( , 892) 

,931 

-937 

,938 

,925 

,941 



t i o n  o f  t h e s e  g r a p h s  also shows en i n c r e a s e  i n  l i n e a r i t y  

over  the r e s u l t s  from E x p e r i a s n t  1 (compare, for example, 

s u b j e c t  CJ's data i n  F i g u r e s  7 and 16). The l ea s t  s q u a r e s  

estimates of t h e  exponents  ( s l o p e s )  b e t a  and t h e  

cor repsondinq  r 2 ' s  are l is ted i n  Tab les  3 and 4. Tour of 

t h e  severt zxponents  fdll in t h e  range 0 . 5 5  and 0.66. The 

remaining exponents  are 0.42, 0.51 and 0.52, Although 

t h e s e  p l o t s  and t h e  p l o t s  o f  t h e  loudness  p r o j e c t i o n s  show 

i n s t a n c e s  f a  which the  data  d e p a r t  somewhat from a simple 

power f u n c t i o n  model, t h e  d e p a r t u r e s  do n o t  appear  t o  be 

s e v e r e  nor  do t h e y  r e c u r  w i t h  eve ry  s u b j e c t . .  

Recall t h a t  t h e  o b j e c t i v e  of t h i s  experiment  was t o  

de te rmine  t h e  r e l a t i o n  between t w c  exponents:  the  exponent  

under ly ing  loudness  d i f f e r e n c e  ( a lpha )  and t h e  exponent  

undar ly ing  lobdness  (beta) . The p r e d i c t i o n  was t h a t  beta 

would exceed a lpha .  I n  p a r t i c u l a r ,  based on p a s t  resul ts  

it was p r e d i c t e d  t h a t  beta would be approximate ly  twice 

t h e  v a l u e  of a lpha .  Table 3, however, shows t h a t  a lpha  

and b e t a  are ve ry  c l o s e  t o  each o t h e r .  Indeed, t he  

avetag, d i f f q r e n c e  between a lpha  and bet: is n o t  

s i g n i f i c a n t  ( p a i r e d  - t (6)=-1.00,  p>O,l, o n e - t a i l e d ) .  T h i s  

s u g g e s t s  t h a t  s u b j e c t s  judged loudness  and loudness  

d i f f e r e l i c e  on t h e  same scale, a q u i t e  unexpected resu l t .  

Furthermore,  a lpha  and beta f a l l  i n  t h e  v i c i n i t y  of 0.60, 

t h e  exponent of t h e  sone sc=tle of  loudness ,  which is based 

on t h e  judgments of s i n g l e  tone  loudness  r a t i o s .  
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Past studies have found judgments of loudness and 

loudness difference to be distinct, but have primarily 

involved numeric estimates of loudness differences rather 

than difference matching. The interpretation of the 

foregoing results will heavily depend on the results of 

the remaining experiments, in which the same subjects are 

asked to magnitude estimate loudness diffetences and the 

loudness of single tones. 

Experiment 3 

In this experiment, subjects estimated numerically 

the ratio of loudness differences relative t o  a standard 

loudness difference. Data from the first session were 

ignored' and the remaining data averaged by taking the 

geometric mean of the estimates for pairs (i,j) and (j,i) 

across the last three sessions. In the case of subject 

CJ, the nonmetric analysis of these zverages resulted in a 

fairly large stress of 11.3%. For this reason, three 

additional sessions were run with thir subject and 

included in the analysis, which resulted in a reduction in 

stress (see below). The estimates of the pcrer function 

parameters, however, were only minimally affected by the 

inclusion of these additional data. 

A further comment is required concerning the data 

from subject GA. During the debriefing foilowin: che 
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fourth session, subject GA reporsed having judged loudness 

ratios insread of differonces throughout this experiment 

(but not the.previous one). This, according to GA, seemed 

.naturalm when the task was numeric estimation. Since GA 

indicated that he could hsvs judged differences if he had 

chosen to, he was asked to repeat the experiment, this 

time judging loudness differences. Both sets of results 

are reported below, with the ratio estimation data 

enclosed in parentheses. 

Each subject's 36 geometric means are contained in 

Appendix 2; the TORSCA valu.ts are listed. in Appeiidix 3. 

Table 2 shows tile values of Kendall's cmfficient of 

concordance and stress. Young's index of metric 

determinacy, indicating the amount of explained variance, 

was estimated at 97-99%. The data were reanalyzed using 

UNICON, in order to guard against suboptimal solutions. 

The squared correlations between the two sets of scale 

values were all equal to or in excess of 0.9999, 

Plots of loudness projections (on a logarithmic axis) 

versus sound pressure leve: in decibels are showri in 

Figures 23-29. In this experiment, the exponents (slopes) 

of these functions estimate gamma (ses Equation 2). The 

least-squares estimates of gamma are contained in Table 3; 

the associated r2's are listed in Table 4. The squared 

correlations and a visual inspection of the Figures show 

an excellent fir to the power function rrodel. The 
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exponents  range from 0.27 ( exc lud ing  GA's exponent o f  

0.06)  t o  0.46. 

Not ice  t h a t  t h e  s l o p e  f o r  G A ' s  r a t i o  e s t i m a t i o n  d a t a  

(enc losed  i n  p a r e n t h e s e s )  is c o n s i d e r a b l y  smaller than  

t h a t  based on h i s ,  (and o t h e r s ' )  ' d i f f e r e n c e  e s t i m a t i o n  

r e s u l t s .  T h i s  is c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  t t a t  GA 

was judging  loudness  r a t i o s  i n s t e a d  of  d i f f e r e n c e s ,  f o r  

t h e  fo l lowing  reason.  If  t he  f i r s t  resu l t s  r e p r e s e n t  

judgments Of  l oudness  r a t i o s  L i / L j ,  t hen  t h e  a p p l i c a t i o n  

of a d i f f e r e n c e  model t o  t h e s e  data  r e q u i r e s  t h a t  t h e  

s t i m u l u s  p o i n t s  be i n t e r p r e t e d  as p r o j e c t e d  o n t o  a l i n e  

sca  2d i n  l o g  loudness  ( a  l o g  i n t e r v a l  scale),  s i n c e  

lOg(Li/Lj)=lOg L i - 1 0 9  L j .  Hence, T=alog L+ b, and on t h e  

assumption t h a t  l oudness  is a power f u n c t i o n  o f  i n t e n s i t y  

(1.e. l o g .  l oudness  is l i n e a r  w i th  l o g  I ) ,  T l a ' l o g  S+b', 

T h i s  s a y s  t h a t  t h e  TORSCA v a l u e s  a r e  a l o g a r i t h m i c  

f u n c t i o n ,  n o t  a power f u n c t i o n  of i n t e n s i t y .  When power 

f u n c t i o n s  a r e  f i t  t o  f u n c t i o n s  t h a t  c l o s e l y  approximate 

l o g a r i t h m i c  f u n c t i o n s ,  tile exponent w i l l  aproach ze ro  (see 

Stevens ,  1975) .  Thus, s u b j e c t  GA does  indeed appear  t o  

have  judged loudness '  r a t i o s  i n  t h e  f i r s t  c a s e ,  b u t  n o t  t h e  

second . 
I n  o r d e r  t o  e s t i m a t e  ( l / d e l t a ) ,  power f u n c t i o n s  were 

f i t  (by t h e  method of l e a s t  squa rus )  t o  t h e  r e l a t i o n  

b - t w e e n  t h e  l o g  o f  t h e  numeric response  and t h e  log  

k -  ' c  l oudness  d i f f e r e n c e  (see F igures  30-36). The 
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v a l u e s  o f  de l t a  and t h e  squared  c o r r e l a t i o n s  a r e  l i s t ed  i n  

Tables 3 and 4, r e s p e c t i v e l y .  D e l t a  r anges  from 0.48 t o  

1.35, b u t  f i v e  o u t  o f  seven  estimates a r e  c l u s t e r e d  

betwsen 0,73 t o  0 . 8 5 .  The resu l t s  i n d i c a t e  t h a t  t h e  

numerical  r e sponses  i n  t h i s  -Experiment were n o n l i n e a r l y  

related t o  t h e  e s t i m a t e d  loudness  d i f f e r e n c e s ,  s i n c e  

l i n e a r i t y  would have produced a d e l t a  of  1.0. 

Comparison between t h e  exponents  a lpha  and gamma 

Table 3 shows t h a t  a l p h a  exceeds  gama f o r  s i x  o u t  of 

seven s u b j e c t s ,  The ave rage  d i f f e r e n c e  is S i g n i E i c a n t l y  

greater than  z e r o  ( p a i r e d  - t(6)-2.78, ~ ( 0 . 0 5 ,  two- t a i l ed ) .  

A subjec t -by-subjec t  test for  t h e  d i f f e r e n c e  between 

s l o p e s  is possible, based on t h e  assumption t h a t  t h e  

r e l a t i o n s h i p  between the  loga r i thm of t h e  loudness  

p r o j e c t i o n s  and decibels f o l l o w s  a l i n e a r  model (Kleinbaum 

C Kupfer, 1978). I n  t h i s  case, t h e  tes t  f o r  t h e  

d i f f e r e n c e  between two s l o p e s  is s i m i l a r  t o  a t - tes t  f o r  

t h e  d i f f e r e n c e  between two uieans. Table  5 c o n t a i n s  t h e  

resul ts  of these ' .  LS, t o g e t h e r  w i t h  t h e  95% conf idence  

i n t e r v a l s  f o r  each i n d i v i d u a l  s l o p e .  The t - t e s t s  i n d i c a t e  

t h a t  f o r  aJ.1 b u t  one s u b j e c t  (GA) t h e  v a l u e s  of  a l p h a  and 

gamma d i f f e r  s i g n i f i c a n t l y .  

Among t h e  seven subjects ,  four ( C J ,  J F ,  MP and MR) 

show a lpha  c o n s i d e r a b l y  grea te r  t h a n  g a m a  (by 
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TABLZ 5 

95% confidence limits and test for the difference between 

Subject 

CJ 

GA 

JP 

JP 

MP 

MR 

NH 

a 

o( 
95% CL 

.51 - .68 

.46 - .49 
052 059 

.31 - -34 
051 068 

054 - 073 
046 059 

and 

if 
95% CL 

.26 - -30 

.44 - .48 
-32 - .42 
.35 - .40 
.26 - .29 
.39 - ,46 
.40 - .47 

8.4 *** 
1.2 ns 

7.6 *** 
-4.9 *** 
8.8 *** 
4.9 *** 
2.7 * 

p < .05, two-tailed 

*** p < .00l, two-tailed 
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approximate ly  a f a c t o r  of 1 . 5 0 2 ) ~  J P  and NH show smaller 

d i f f e r e n c e s  i n  exponent ,  w i t h  J P ' s  gamma grea te r  than  

a lpha ,  and GA shows an  i n s i g n i f i c a n t  d i f f e r e n c e .  Not ice ,  

however, t h a t  t h e  one r e v e r s a l  i n  t h e  s i g n  of t he  

d i f f e r e n c e  o c c u r s  w i t h  r ,ubject  J P ,  whose exponent f o r  

Experiment 2 is not iceab 'y  below t h e  o t h c ?  exponents  

ob ta ined  i n  t h a t  experiment .  C l e a r l y  t h i s  s u b j e c t  is 

behaving q u i t e  d i f f e r e n t l y  from o t h e r s  i n  t he  d i f f e r e n c e  

matching t a s k ,  and consequen t ly  might be expected t o  show 

a d i f f e r e n t  r e l a t i o n  between a lpha  and gamma. 

1 

One c o n s i d e r a t i o n  i n  a s s e s s i n g  t h e  s i g n i f i c a n c e  of 

t h e  d i f f e r e n c e s  between a lpha  and gamma is t h e  s e n s i t i v i t y  

of  these exponents  t o  t h e  v a l u e  of the  a d d i t i v e  c o n s t a n t  

used t o  op t imize  t h e  power f u n c t i o n  f i t .  Recall t h a t  the  

loudness  p r o j e c t i o n s  were adjusted a d d i t i v e l y  so a s  t o  

maximize t h e  squared  c o r r e l a t i o n  between the  l o g a r i t h m s  of 

t he  loudness  p r o j e c t i o n s  and decibels. Exemination of  

t h i s  o p t i m i z a t i o n  p r o c e s s  r e v e a l s  t h a t  sma l l  d e v i a t i o n s  

from t h e  optimum L can produce s i z e a b l e  changes i n  t he  

exponent a s  subsequen t ly  e s t i m a t e d  by the  method of l e a s t  

squares .  I:A Table 6 a r e  l i s t e d  t h e  upper and lower bounds 

f o r  each exponent ,  a s  r2 is allowed t o  d e v i a t e  from i ts  

optimum by 0.001 and 0.005. I t  can be seen t h a t  for 

subjects  CJ, J F ,  NP '-nd MR t h e  boundar ies  around the  

exponents  show no o r  o n l y  margina l  o v e r l a p  between 

Experiments 2 and 3. The  o t h e r  subjects  have mor 
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TABLE 6 

Bounds on U a n d  8 f o r  changes of .001  and -005 

i n  t h e  maximum r2  of  t h e  power f u n c t i o n  f i t  

lowe r uppa r 
S u b j e c t  a 

lower upper 

CJ a001 

-005  

0 55 

50 

- 6 3  24 32 

68 0 19  a 36 

GA e a 0 1  

e005 

043 52  42 a 50 

a 58 36 55 0 37 

JF 

JP 

MP 

a001 

m005 

50 

a 44 

6 1  

67 

.36 a 4 1  

a 29 0 45 

0801 

a005 

27 

0 2 1  

0 37 

043 

032 b a 3  

24 a 50 

0001 

a005 

a 54 .66 

a73 

0 22 a32 

16 38 0 47 

MR a001 

a005 

060 

56 

67 

- 7 1  

a 39 a 47 

0 33 5 1  

ti Ii 0001 

-005  

0 4 5  0 59 

69 

a 38 a 49 

3 1  56 a 37 
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extensive areas of overlap. These results, of course, do 

not carry the force of a statistical test. However, 

insofar as a change in the total explained variance of 

0,001 or 0,005 is interpreted as defining a confidence 

region, the above analysis suggests that for four subjects 

the differences between alpha and gamma are real. 

A similar pattern of results emerges if one considers 

the correlations between the TORSCA values of Expetiments 

2 and 3. For subjects GA and JP the rZ1s are in excess of 

0.997, whereas for subjects CJ, MP and NH the rZ1s do not 

exceed 0,965. Subjects JF and NH fall in the middle with 

r-squares of 0.987 acd 0.989, respectively. All these 

squared’ correlations are high, since in each experiment 

the scale values arc? highly correlated with stimulus 

level , However, within their narrow range, these 

correlations mirror the differences in exponents, which 

rlr-ovides some reassurance that the application of power 

functions has not seriously distqrted the relations 

betw9en the two sets of scale values. 

Eince the analysis of the raw data (the aecibels 

produced and the numbers uttered) is nonmetric, the 

differences between the data from Experiments 2 and 3 

should be evident in a comparison between the ranks 

assigned to the stimulus pairs under the two procedures. 

An example of such a comparison in presented in Figure 37 

(other comparisons lead to similar conclusions). The 
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picture is consistent with what would be expected on the 

basis of differences in the exponents of the underlying 

power functions. The identity of the extreme pairs (that 

is, the pairs ranked lowest and highest) does not change, 

but there is movement in the middle. Examination of the 

raw averaces (see Appendix 2) reveals that a pair of 

Leense cclnes tends to -receive a higher rank (representing 

a larger difference) based on difference matches than 

numeric estimates. For example, in Experiment 2, subject 

CJ judged the loudness difference between 85 and 90 dB to 

equal the loudness of a tone of 53.9 dB, thereby ranking 

it fifteenth among 36 loudness differences (the smallest 

loudness difference wa3 ranked one). However, In 

Experiment 3, subject CJ gave the same pair a magnitude 

estimate of 11.69, thereby ranking it only seventh. The 

larger ranks for the pairs of intense tones in Experiment 

2 result in a larger spacing among the intense stimuli and 

a, steeper exponent in the recovered power function. 

Experiment 4 

In this experiment, subjects provided magnitude 

estimations of the loudness of single tones, relative to a 

standard tone of 75 dB SPL, whose loudness was designated 

100. The responses were averaged within subjects by 

taking the geometric mean of the 10 estimates of each 
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s t imulus .  Appendix 2 c o n t a i n s  the  geometr ic  means for 

each s u b j e c t .  

I n  F i g u r e s  38-44, t h e  geomet r i c  means are p l o t t e d  on 

a l o g a r i t h m i c  a x i s  a g a i n s t  sound p r e s s u r e  l e v e l  i n  
\ 

decibels. A l i n e a r  r e l a t i o n s h i p  i n  these c o o r d i n a t e s  

( n d i c a t e s  a power f u n c t i o n  r e l a t i o n  between loudness  and 

sound p res su re .  The exponents  ( s l o p e s )  e p s i l o n  i n  N=kI e 
were estimated by t h e  method of l ea s t  s q u a r e s  and are 

l i s t e d  i n  Table  7 ,  a long  w i t h  t he  squared  c o r r e l a t i o n s .  

S i x  o u t  of seven  v a l u e s  of e p s i l o n  f a l l  i n  the range 0.52 

and 0.68, The exponent  f o r  s u b j e c t  C J  ( 0 . 2 6 )  is q u i t e  low 

by comparison. F i g u r e  38 shows t h a t  CJ's f u n c t i c n  is 

indeed unusual  and h a s  a s l o p e  t h a t  would be even lower i n  

t h e  absence of t h e  endpoin ts .  Aside from t h i s  one 

s u b j e c t ,  t h e  o ther  s u b j e c t s  p r o v i d e  exponents  nea r  t h e  

usua l  v a l u e  of 0.60 for t h e  mc3nitude e s t i m a t i o n  of s i n g l e  

t o n e  loudness .  
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TABLE 7 

Power function exponents and squared correlations fqr 

Experiment 4 

& Experiment 4: N = I 

Sobject 

CJ 

GA 

JF 

JP 

np 

m 
NH 

& * 

.26 0882 

.60 0982 

052 970 

.68 0988 

0 62 ,974 

.58 .980 

0 52 -978 
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REFERENCE NOTES 

1, Marks, L.E. Personal communication, 13 July 1982, 

2. Marks, L.E. Personal communication, 28 January 1983. 
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