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PR . ABSTRACT
i

This study mvcsugated how sub]ccts oombme audltory mgnnls and

nolso from two separam ﬁoquoncy—solecuve channcls,” or critical bands In

the ﬁrst oxpcnmcnt, hs:cners were tramod o dotcct a 0.5 kHz smusoidal

a

tone in a conunuous backgmund ot' noise. Then, vnthout mformmg liscenars,

a 13kl!lz tonc was added to the slgnal Imnally th.b dctoctabthty of tho

two-tonc complex was no beltcr this tho“detoctabxlity of "the 0 51:!!: signal

but 1t.unproved in subsequent semons- Follomng this, tho 13kHz slgnal

- was removed. and’ pmformance dropped 10, or below. the- ongmal lr.votr -

1.

'Ihcsp resuhs md:catcd t.'hnt human listonors huvc thé nblhl:y 0 use’ oxthcr a

——— \

I." smgle- or mulnplc-band hstemng stmtogy. In order to detomuno moro :

about how m.formauon from wldely scpara:cd critical bands is cof:nbined
two mmhemancal mod.els we.re considered. 'I'he i‘m"amlahon inregration '

model (Gmn, 1956) assumes thnt s:gnnl and noise cncrgy from mdmdua.l

frcqucncy-selcouvc channels is statisucally combmed prior to docisnon By

o Eontrast. the decl.rl'on :hreshafd modcl (Schafcr and Galcs, 1949) posmlau:s
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._and that the outcomes of the dec1s:ons are combmed acc-.ording to an - -
.ovcrall dccmon rulo Datn from the ﬁrst cxpenment aro conmstont wnh the
mformation mtegmnon modcl but are contrsry to pred.lcnons mado using

. the docunon thrcshold model, In ord.c:r to fuﬂ'fwr d1stmgmsh betwcen
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that mdcpcndcnt dzmslons are. made nbout the mformauon in cach channol.'
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INTRODUCTION S

The main advantage introduced by signal dcte.ction' theory (Peterson,
Birdsall, and Fox, 19531) to auditory psychophysics, is that it provides a
* framewark for distinguishing between sensory and decision proc.cgscs. This
framework includes empirical and analytic methods that permit Iistc.ners'
sensitivity to be estimated independent of non-sensory variables.
| _ Consequcr_ltly,. sign_al detection methods havc‘ been used to address rimny , '\_
| su;sianﬁvc, issues ai:out ‘auditory -signal prbcessing._ S :
i} One 'issu; that has rpcci\_réd -considerabie atlen;tion, is. hm; listeners
utilize Iia.'lfm:matior'l from different parts 'o.f the-‘?ﬁdit.oryl spectrum whq.;_._
'dctccting‘ signals in noise. Ewdc;gé suggests that listeners can adopt a
listening '“stralicgy" that is sui|7/to the requirements of a’ sp&:iﬁc task -
fSwels, -1963, 1984). Thus if informatign is resn'if:ted.to a relatively |
narrow par-‘t\"of\ the spccn-u};rf,/ listeners have the ability to process that
information whi}e\ jénb i é the rest. If, however, information arrives in ' i
several spectral rcg’;on?

there are a number of ways in which it can be

’
processed.

Presented here are two expériments.‘ The first investigates s subjects
.ability to transitions in-listening stratcgy when the signal changes
: t;nexpecte 14: the second investigates perfoni:hncc when. the samé strategy
5] used for different signals. In acidition, these experiments test \

varioys assumptions about how listeners combine auditory information in
P ‘ . o "
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order 10 make a decision concerning the. presence or absence of a brief

tonal signal embedded in noise.

A. Auditory flitering: The critical band

f

Unlike the visual system, which integrates encrgy at different spcctrnl\

" frequencies to provide the sensation of a single célor. the guditory system

allows us.-to‘n:solvc. or separate, individual spectral cgmponents of a
complex sound (Green and Swets, 1974). This ability stems primarily from

the fact that the auditory stimulus is’ filtered at various levels.of processing.

For example, physiologfg,are}cperiméﬁm conducted by von Bekesy (1961b)

show that for a’ puresound of a given frequency, there is a region of
ml;xixnum vibrat_ojrs; response’ along the 'ba&ﬁu membrane (BM). The
mechanical dlsplacemcnt of .the BM is then converted to a distribu;ic;h of
neural activity across the c;ochlea:r ﬁhcrs (Sachs and Kiang, 1968).
Howevcr,.?lccu-ophy'siologieal measurements indicate that this excitation
pattern. is not perfectly corrclated with- mechanical activity in the cnclﬁcg.
Tha fact -that displaceme;lt pattelﬁs along the BM do not match the .
frt?queﬁqy. so&ﬁ;ﬁyﬂy exhibi.tc'd- by the Id-i;scharg-e characteristics of thé VIIth

. nerve ‘hés led o me-hypot.hésis that a "second” ﬁitcr exists between the
 basilar memt;rgne and t'ht\s initial segment. of the a'il'ditory nerves’ (Evans and

Wilson, 1973). _ . ¢

Psychophysical  studies have also provnded stroh'g evidence for the
oxistenco of auditory ﬁlwﬁ;ig. and, have been used to determine some

important filter characteristics, including bandwidth and shape. The width
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of the assumed auditory )@lter was first investigated by Fletcher in 1940, In

this, study Fletcher systematically varied the bandwidth of a whits noise

-

(i.e., constant power ﬁer‘ unit bandwidth) that was centered on a sinusoidal

target tone. At first, the signal level of the tone was set so thar it was

just detectable in a wideband noise masker. As the bandwidth of the noise

" was progressively nemmowed, detectability of the tone remained unaffected
antil the noise band becarie smaller than a ceftain value, called athe critical °
- bandwidsh, - For nﬁ;ise ban_dwid'mé smaller than ihis. fpuformarice improved

for the same signal level. . - ’

On; the "basis of results obtained by using” tonal signals of differct
ﬁpqupnf:ies, Fletcher concluded that: only a narrow band of noise around the
siignal frequency is eft‘e.él:ivc as a masking stimulus, Stated orhcnvisc..
masking e-nergy outside a ‘cr\iﬁcal band does not contribute to the r‘na.gking
process but only adds to the loudness of the noise. It was further argued
that when a torﬁe was just detectable in the n.ois‘e band, signal and noise
energy within the critical bénd wi:rc equivalent., '

) Later, inv a refinecment of the critical band st_ucﬁ.' Shafer, dales;
Shewmaker, atd Thompson (1'956) attempted to_csﬁn_mlltc the actual shape of
the auditory filter. They used noise with a mbfar;guiar spectrum which was
construéted by ad°ding a numher of cloaeiy 'spaced sinusoids, and, in

comparison 1o Fletchcr, took many more mcasummcnts of dctectabihty as

the bandwidth was namowed. Their results failed to indicate a sharp

discontinuity at the cxpected critical value, whlch implied that the_a_ud.ltory

or_,_'

§
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. o w nom encrgy vnt.hm a smglc cnucal bancl (Weber, . 19’78 Gmcn. 1983)

s R e . 3 W
. B J . i ‘ 4 .
e .ﬁlr.cr was‘ notlrccmngular. Rather, Shafer, et al (1950) inferred that the -
. . shape mmp closely resembled that of a “single-omed,” or "universal- - L
resonance” ﬁltcr
- . ~ Anaother pmcqﬂur;, the probe-signal technique, has been used to obtain i
- :qr'f measurements of the frequency-response characteristics of ‘the auditory filter.
e (Greenberg and Larkin, 1968; Greeaberg, 19692, 1969b). This method )
1 | assumes that obscrvers are _extonsively trained to detect a near-threshold
} ) gsignal C.Jf a single, specified f_rcqudl.lcy: This sigha]- is presented with high a
' * " priori pmlbabilit'jr of occurrence. Then, on some Sﬁ:nll -proportion of trials
vanous other "uncxpectr.d" frcqucncies. pmbe-slgnals. are pmscmed in lieu o
i of thc main sign.a.l and, m the ﬂcuuty of thc assumcd ﬁltcr Any change ' h_'
. _ m the level of dctectabﬂ&y for probe—sngnals n:lanvc to the' main signal is - ‘ '_.'.-,
. mterpretcd ns re.ﬂecung both the flter sﬂape and bandwn:lth .Notc that l;he “- ]
: analysu of detccuon performance is based on' the sensmwty index d’ and
,. _, assumes that obscrvers centcr ‘a cnucal band on the main . signal. 'I‘he ST I,Lq L
, B _‘\ | underlying rnnonal is that if observcrs arthuatc masldng nmse outside the
| crldca.l band, then mgnals should also be attcnuatcd. -
* S _; | One general conclumon made on thc bams of data obtained in . R

“nmulm.neous" maahng condmons (i Cuy s1gna1 -and masker prescnwd at the
snme time). is that detectabﬂny dcpcnds upon the ratw of the s:gnal ‘energy -

; :'I‘I'nese energies arc relnn::d to" both ‘the po pectrh:n of -the’ maslung no:se

s "

md the wcightlng. ar transfer funcuon of th nuditory filter (Pnttcrson and .
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Nimmo-Smi_rh, 1980). Nevertheless, other masking conditions yleld results

- which indicate that the filtering process is somewhat more complicated.

For example, Glasberg, Moore, and Smith (1984) masked a 1kHz
sinusoid of fixed signal level usihg (1) a noisc’ with a spectral notch of

- variable width, (2) two tones with variable frequency separation, and (3).
. ! .

noisé with a sinusoidally rippled spectrum with variable density. In cach

case, the masking spectrum was symmetrically placéd with respect to, signal.

The level of the masking stimulus was varied in order to determine
threshold. Qlasberg, et al then compared the auditory filter shapes that
. ' - -

were derived under both simultaneous and "t:orwarﬂ“ masking conditi‘ons

" (i.e., the masking sumulus is prestnted unmcdmtely AFI‘ER the s1gnal)

For sxmulta.neous mnskers, the- charactensucs of the filters were found to bu

.. sirnilar _fo; notched and two-tone masking bu,; slightly brqnder for r}ppleq

noise. In conﬁ'ast, were . the results from the ,forward masking c_onldition'-

which cons:stem:ly revealed sharper ba.ndwldths 'I"his finding -is compatible
with an edge-enhanccment mechanism ot‘ ﬁ'nquency selectivity produced by

supprcss:on (Houtgast, 1974; see Plomp, 1976).

Bascd on available psychophysical evidence, others have generated

mamcmaucal formulae which - desoribe various propcmcs of auditory ﬁlwring

Zwlckot and Tcrhardt (1980) derived an analytic expression for the cnﬂcal
bandw:dlh as a function of center fquency Their proposed t’cirmulaL

L]
|

_-gssumes that the critical bandw:dth is' appmx:matcl consmnt at low

frcqucnclcs (below 0 SkHz). but .increases with the loganthm of frequcncy

FE -I K] -. . . T -
i e S et e e T 2 e e

E * Lh;



. at higher frequen_cies. Moore and Glasberg (1983). argue this point and
provide oata which show that the bandwidth does decrease at center
frequencles below 0.5kHz. ln addition, these authors outiine a method for
ca.lcﬁng excitation patterns from a snmphﬁed filter shape (1 e., equivalent
rectangular bandwidth). Likewise, Patterson (1974) reports an c:q:m‘:ssnon1L
that describes the fiter characteristics of bandwidth, center-frequency to

‘bandwidth' ratio (Q), shape and atienuation of the filier skints (1974).

An unponnnt point to be. made here is that the audijory system is
demgned in a way that it allows us to- analyze a co:nplex nme—varymg
: sound mto —its mdl\ndual frequency components.: Indeed,- the process of
ﬁl:edng has been clearly demonstrated both at the phys:ologlcal and
o I psychophys:ca.l level It 13 equally clear, howevca; tha,t certmn parameters of
* " this process are not ﬁxed. That 1s, depending on the requuements of the -
| task Ilsteners can apparently ndjust the bandmdth frequerlcy stnb:]:.ty.

spectral locauon and the number of bands used (Swets, 1963) . N

m summary, ‘most current’ moc_iels of the_ auditory sys.tem that have
'been proposed to account for listeners’ ability to detect signals in noise
-assume that initial ﬁltermg is a consequence of penphetal processmg
mechamsms. and that this provides the. cconceptual basis for the crmcal

band. Because the cnuca.l bandw:dth has been clearly estabhshed as an

: emplﬁcal phieacmenon (see Sharf, 1911- for rewew), it will be used in,the

.~ that the audlmry sﬁmulus is ptesenwd to a bank ot‘ critical band filters,

- —
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. remaming dlscusaions as an explnnntmy constmct. Funher, we will assume .
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whose.- output the listener uses to pcrfonu the task.

S B. Sinéle- and multiple-band Jistening
In a typx’hql auditory detection Lxlgedmcnt listeners are asked to detect
a signal of known frequency and duration in the presence of wideband
Gaussian noise. . During 2 well-defined observation interval (0,T') one of
_ - two pos.ublc waveforms is presented m;k@cd a priori brobablhty cither
(_\. ~x{t)=n{t), or s1gnal-plus-nmse x(r) s(t)+n(t), whem OSrST Usmg a
cnuca.l band mterprctanon. the obscrver pmsumably ccnters a single ﬁltcr on a

e - Lhat part of the spectrum which best rcprcscnt\ﬂ the sxgnnl thereby

- mmmiz.mg thc mgnal-to-nonsc ratlo. In parucula.r accord.mg 10 an cnergy- ‘

L ««_detéction model proposcd by Pfafﬂm and Mathews (1962), the ourput of the. -

AT \ Bt
ﬁltct‘\\x(r) i squared and a ruumug mteg-al is pcrformed on the squared
ourput. The squarcd output is - instuntaneous power u.nd the output of the ‘

mtegrator is B estimate of energy n‘( the mtegruuan perlod (wh:ch is on
‘v . the order of 100—200m.s' for humans) In effect, this energy is represented

by a smgle quanury 9 J' x*(t )dt whtch is the pnmc detcrrmnant of

dawctabﬂlty within a criucul band. ‘An. lmportant question is how hstencrs
prucess sngna]s wluch contnm Speclral components that are scparnted by
_ mom thau 8 smgle cnthal bandvndth Conslder the following modcls

S | F‘ust. mMg to the smgle-band modei of audnory pros:essmg

(Ta.nner. ct al 1956) a decumm condmung the pmscncc or absence of 4.
““\,
.signal in. background uomc is governed by the mformaugn Aavallable in

-

e, 3



relatively, nurro:a{ spociral bandwidth. Stated: otherwise, regardless of the
.; . " ‘number o?combone;m aod the bandwidth of 'the -"signal.'ia assumed that
deteotio'o is based on omj one critical band. This modél goes beyond
lélctch}.:r's'enrlicr hypothesis by asserung‘t]m the center frequency (i.e.,
speciral, location) of the band can be adjusied by-the lisner. Thus, for @
wideband, signal, tho_ hsfener must scan the speetrum by continuously
edjusting the t-:.cntcr‘frequch:cy’ of the filter, .

By conrast, the fuuhiple band encrgy-etection model (Green, 1958)

!

as;umes that more than one hstcmng band. may .be used at any given
"df instant. . Accordmg to" this model it s posmblc é\seloct both the nﬁbﬁ

;md tho ccntr.r froqucncleo of the critical bands such that a sepamw cnoca.l

band is posmoned on each signal componcnt Furthermom 1f compononts

t'all mto dtft'cmnt bands the dctecuon prooess common to each band would

ocear. Two cruoml assumptmns are
(l) that- ‘the: combination of the filter outputs is linear, and -.

2 that.‘ an opuo:lal weighting of tho*ohannells is -used. That_ is, the

3 channel vmh the. o‘loro;'rdetootoble_sf'gno}l is g{fiven more weight in the

“ | ‘ - _docision. This modol is discusséd -funhor-bolow ) | -
Threo modified vemons of the basic détection pamd:gm. as dssonbod

‘ ahove. hnvo becn used to examine tha mam assumpuons of both smgle--

-y
and muluple band viows. As Swets (1984) argues, the contrachctory results

can solect cuher mode of pmoessmg. Moreover, 1t‘ is apparent_that

obmined by thr.se mot.hods can be mconciled by assummg that the observcr '
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"restricted to those expenmems on whrch the methodology used in r.he

| 'Tarmer. et al (1956) In the initial part of their expenment unpmetlced

. Gausszan nmse Then. after several sessrons, the - s:gnal was changed to a

| background norse, performance ‘was restored to previous- levels

's:gaals of OSkHz and’ 15kHz._ On randomly selected ‘trials the unex
| ﬁ%queneres were presented wrth low a: pﬂorl probabihty of occun'ence ' N
,Kamly. et ‘al found that hsteners P(C') for eaeh of T.he unexpected sgna.le e --u

(ORI L 4 b 1Y A W IR, B st
| SO ! SRR R S U2 c e A SO
DR B T
. . . N H
- 9 {

sclection of a specific strategy depends heavily on the requiregnents.of the
task. Because compréhensive reviews are available eleei#here (see ds Boer, - - B ,,

1966 Green and Swets, 1974; Swets. 1984), the following drseussron is

present study is based.

u —

I Derecn‘ou of unexpecred Iow-probabilizy signals : N
" | .
'I'tus -version of ithe basrc method deals with r.he deteenon of an -

unexpected s:gnal ﬁ'equeney and was first used in a study reponed by

: hsteners were trained to d.etect a lkHz srgnal presented during a well . _
- deﬁned observanon mterval in a contmuous backgmund of appmmmetely - ¥
N oo e : L

13kHz srgnal of r.he same. anergy 28 the ongmal srgnal They found that
the pmbabrhty of 8 con'eet response. P(t\) for this new s1gnal dropped to - \;:
a value which: represemed chance' perfonnance. : However in subsequent

sessmne. at'ter sub]eets were gwen 8 peev:ew “of the l3kHz sxgnal thhout

In a related study, Kamly and Isaacson (unpubhshed. seo Swets. 19 )
S
obtamed sumler results usmg an expected lchz srgnala zmd m'o uuexpee

A
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o
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- was sign.lﬁcamly lower tlmn was P(C) for. the expected sngnnl Decrements
: in perfonndnce for an uuexpccted signal arc logically consistent with both
S smgle- and \mmiple-band views becausc information in other spectral
 locations is Leéumaoly--ancquawd. or tuned-out. - : / )
2. Detecrion of mumc_jamponem Signals .
: . | A sccond version of - the basnc detection paradlgm requ:res that llstenors
"‘ o T dctcct 8 mulnoomponent mgna] In this condmon, t.he targct sngnal 1;@\‘
- complcx tonc consmung of two of- more’ smusoidal oomponents o
' slmultanoously presentcd. m masbng noise. In an early study. Schafer. ct al
' '(1949) obuunod dnta on the dotectnblhty of two-. t‘our— and 'elght-component
Ir.oncs m noxse 'I'hoy found lhat, for two signals separated by more ll'um a
_critical bnnd. the energy of each of tho components could” be mduced by R

- Q- ZdB and- dotectabnhty of the complex sxgnal wou!d be mamtamod. For

' sthnull consistlng of 4 to- 8 smusolds componentr oould be reduced by
osda-.‘_-'."'-'_‘ s

\ S Groon (1958) a.lso oxammod the detection’ of smglc and mulncomponcnb

? . e signals masked by no:sc Four ﬁ'equcncics were used.in this Smd)’ |

N "OSHJz, Lkz, L823HE, and 24Hz Six twertone complexes were lhen .

: | oonstructod ﬁ'om all posslble pairmgs of the singlc components Includmg
:"...; ‘tho mdlvidual ,ﬂmponcnts. Groen presomcd a total of u:n mgna]s to '
listonm. For eaoh slgml type. P(C) was esnmatod Erom four 100 trial
; blooh Each signal type was used for one complcte block of tnals befom '.
" g e s ot T S M
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a second block was conducted for any signal. Green’s data ind!cau:d thnt
3

dewcnon perfomance was better for the tonal complexes than for any ot‘

thc mdmdual componems Furthermore, the . dats were best explained by &

model which essumed that auditory ¢ignals and noise were statistically

1

cm::r:binqd' prior to decision. Tho'impﬂcgﬁoﬁ of these results is that, <4n
some instances, comiplex signals are no more dstectable than a single
- cqmponent, whilé in other instences detection performance is aided by the

presence of signal ener'_g{r in more than one critical band.

9.

3. Uncercain _freqléen'r:y detection PR
- \

In u'us type of detecuon expem:nent hstencrs are asked to detect 8

mgna.l that is cqually hkely to be one-of-M orthogonal frcqucncies (Nolte '

and Iaarsma."l%?) Thnt is,” only onc frcqucncy, selectul at ran:lom f:rom A.

: spec:ﬁed set oF frequencles. occurs on any given mal It is assumcd t.hnt

the’ mgml wavel'orms s(r) have cqual energy and are onhogonal over the
43

.1
1

obfservation m_tcrval. Thus,\

— . T

- Tat o R i=y
L j:s;’(z)-sj(‘t)ld:‘r{o' dej =1, 2'”“ _ (1)

" Whete E is the energy of each signal in (0,7, Consier the simplest

T

Ihc_asg. for which the set of potcnﬁai s:gna]s consists of only two_]iote'ntigl

fmquencir.s. So, the unccrtainty p’ammmr. ’ is equal to 2.

‘fmqucncy rcgardless ot' wh1ch has been prcscutod. Clearly. if a llstencr

' ) .
' .

The problem.’
faced by the obsewc:r Bw detcct the prsence or absence of either )

-
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uscs a ﬁngle-bﬁx;d stratcgy, then on any given- trial that band can be
focl-.lsa_:l on only onc part of the spectum. Thus, a signal presented in a
different, remotg pa‘.rt_lof the spectrum, would not be detected. By contrast,
if a ﬁ'ﬁdpld—l:imd aﬁmcgy 18 used.. then a listener presumably cen@ &
sepamte cnticnl ba.nd m\t.he vicinity of each of the two specified

frequencies. However, &mmhhq for a smglc ﬁ-equcncy would be lower

relauvc to dcu:ctabx]lty for thnt samc componcnt 4when only on¢ band is

.f\

: used owmg to the fnct them is a.n mcrcasc. in total’ \m.na.ncc in thc dcclslon

C 'pruccss due. 1o noise power conmmed m the addmonnl band.

ey t

Although them is sufﬁment expenmental eudcnce- to show that Hstcncrs"

often utllme the output of a smgle cnucal band, the.re is also ewdence 10
'show that hstcncrs can employ mme thnn one c:nncnl band. Assummg thatl

“both llstcnmg stratcgles are. avm.lable the cxpenmcnts desmbed\-bclow :

P represont a.n attcmpt o leam more about how. hstenm switch from us:ng
‘ _ -_ono strategy ta another. and also about the mnnner by which’ mformanun

'from two wide.ly scpnrated eritical bands is oombmed. The first cxpenmcnt

examlnes delecnon puformance in . a condmon that allows subjects to adopt

N . - '. ,' »

'Jd.lffemnt hsmmng stramgles _

3 | EXPERIMENT 1. BIocl:r using rhle/same signal rhraughour '

- Gmenbergl et al (1968) showed that When the ﬁequcncy sr.paranon —
 between an expected and unexpected signal is sufﬁcicnt (150200 Hz 3
“hsteuem are. unable o dxstlngﬂsh the nwel signa.l from background |
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where d’; is the d’ for the 0.5kHz signal and d’, is thed’ for the "
1.3kHz signal, As discuss;d earlier, this is Marill's ‘(1956)‘conc1usion: the |
detectability of a two-component signal is no more detectable than the n’t
detectable member of the pair. However, even though hstcncrs rmght
continue- to focus on only one critical band and not pick up the second,

: unexpoctcd component, does not preclude the possibility that, givon.
subsequent expencnce on the combmod mgnal they can bcgm 1o utlize

‘ the addmonal sngnal component. 'I‘horet‘ote, lhe sxgnal used in the next
| phase of -this expenment consnsts of both thc OSkHz component as well as
the 13kHz component. This is . done to al]ow lrsteners to adopt a

’

.. / muldplo-band stramgy, ‘and also to see what happens o the (detectabmty of ﬂ"

_ : [ the two-tone complcx as hstcners make tho transmon

' Let us supposc that hstencrs begm 10 uohze bot.h signal componcnts . R
If the outputs of the mtcgrators associated vnth the muca.l band filters are

combined with the welghts, m,, and co,,, respectively, Lhen -according to
i

Green and Swets (1974 PP 273) d' oy, -equals _

. AXp + @y cAX,
o " Jraioal g~ 3). R
V(o 'Ut + @7 Gy %) Cw L

“

e - where Ax; = ( Pom, = p,,,) and Ax,, = (u..,,,‘I u,,.), and wheré varx;=a; 2, - . o

i ..‘I - =

Next wc come to a cnucal pomt in this ﬁrst expcnmont. In ordcr to o
detormino whelhcr both componcnts oontnbutc to the dewctabihty of the
comblned s:gnn] we can. eliminate one of the s:gnal componcnts thhout

. F
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informing the listener. In terms of a multiple-band model, performatce
should be impaired if the observer is using two critical bands bccaué‘e ~

signal energy is reduced whﬂe noigse energy is not. Thus. tha d’ for the

r:f.-f
remammg component Mxopomonal to the signal cnergy of the -remaining

component divided byLﬂT/ total variance due to noise power in both bands.
'_I‘hat is, - ' 5
(O'Ax;

d = _ : ' (4)
\](ﬂj;z'ﬂfz + mhz'_chz)

Convcrsely, n':movmg the 0 SkHz signal component- unexpcctcdly should

result in a sumlar decmment of d;. Thus, by dropping out one component

from the combined sngnal after a listener is using ‘both we ‘havé a method

v

for obtmnmg_‘an estimate of the detectability for e:.xther sxg‘nal component, in

isolation, with noise-from two bands. The intcgr&ﬁon model further predicts

*

that the d’ for the isolated signal should drop belmh‘ previous levels.

Let us now 'considcr an eliemative processing model for combining
information from muluplc bands the decision rhreshold model (fee Green
and Swets, 1974 for formal dlscusswn) In contrast to lhe mtcgmnon model,
thch assumes that scnsory mfonnauon is stausucally combmcd prlor W
dcmslon, the und.erlymg assumpuon of this modcl. is that hstcacrs moke an.
independent decision  for each cnucal bnnd/and then combine dec{.ﬂom to
arrive at an overau response More spenﬁca]ly, it 1s assumed that the

hste.ner cstabhshcs a cntmon for making a decision about_ signal presence

. - .
1 - -,/
. . - . . .
. ‘

»>
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in each critical bano‘. There is no guessing in the sensory process;
"guessing” is pan of the decision process. If a signal produces sufficient
excitation, the criterion is cxceeded and ] positive detect is made. At this .
point, the listener uses some rule to combine the independent binary (ycs-.
no)* decisions. One relatively stmightfqrward rule for making an overall
positive response is to sa)l! "yes" if the outcon;e of any one band exceeds

threshold (Shafer and Gales, 1949, Zagorski, 1975; Zagorsid, .1984; Buus, /

~ 1986). Assummg that detection is based ‘on 7 bands and that the

individual probabilities assuc:atcd vmh zeach band are equal the model is,

For the signals used in thc cun'cnt study, an ovcrall positive response ~

should be made when cxther, or both critical bands yield a posiive dctcc:.

. Bq. (5) then - reduces to .

P(C) =p+py = (Pr:Dy) (6)

-

‘ whe.m P( C) is the probability of correct response and . p;. represents a

posmve detcct on each of the individual componems (1e.. hit rate), mid

whcrci-hl

“To summnnze,_ this experiment looks at how observers utilize
2 A

lnformadon‘fmm two criliéa.l bands and how detectibn performancc is

nffected when changcs are made. 1o the slgnnl In pamcular, it is, dcsxgncd

o test the nssumptlon that either a smgle- or multlplc-band strategy can be

»

= 1-(17p )" 6
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used, and that the listener cnn‘:hift from using one swategy to using the
other. The experiment consists of four basic signal detection tasks carried

out in the following sequence: .

(1) the signal is a single specified frequency (0.5 kHz),

(2) thd signal contains a second unexpected frequency component (1.3 kHz )

»

in addit_ibn to the 0.5kH: component,

(3) ‘the signal contains both signal co:i:nponbnts.- but the observer is made

aware of them both, and S , | -

(4) each of the separate components is removed unexpectedly.

" A, Methods . C ~ 7%

1. Qbservers
Three pain subjects with normal ‘hearing participated in this study.
Two femalcs d one male, ages 18 to 21, ‘were tested during a six-weck
period. Althi) h none had had any previous expcncncc in psychoacousucal
tasks, each liskener reccived a minimim of 5,000 wials before any of the

data rcpcined ‘here - were collected. -

. 2. Apparatus
Signal’symhésis and presentation, trial gquence and tirning, and
respon‘se recoding were controlied by an Imel 8080-based microcompuser.

Sinusoidal signals were ;n'oduccd through an 8 bit digital-tp-analog
convester. A Grason-Stadler Model 01B noise genertor provided g
' &

\

4



12m.f -linear-ri'se and *decays, was 134ms. Signal levels (in d8) were ‘-
V - _. .

/o

L]

5mrinuous background of approximately Gaussian .noise. Both signal and

noise stimuli were amplified, analogically mixed, and low-pass filtered with

-3 dB cutoff set at 3.2kHz. Presentation levels were controlled- by a \

Hewlett-Packard 350D attenuator and monitored on a chlett-Packﬁrd 3400A

"RMS voltmeter Sub]eets hstened diotically (ie., idendcal waveform delivered

to both the rlgh; and loft car) through calibrated Grason-Stadler TDH-30

Fd

3)302 headphones. »

3. Stimuli
A modified mble look-up method was used to generate the sinusoidal
snmuh on each tial. The suinuh generated were two smu'gmdal tones of

0.5 kHz and 1.3kHz, and one combined sngnal consisting ot‘ both of these.

. frequencxes. Components for the combined signal were &hase-locked. in-

phase, with a ré.pe!itibn rate of 0.1kHz. A 25kHz sampling rate provided

“high 'tempqrai resolution of the signals.- Total signal dumti-on,‘ iht_:luding

. , -
calculated using the relationship 10log( E,IN o) where E; represents signal

energy, and Ny is the spectral’ density of ‘the noise (ic., noise power per -
~-unit bandwidth). All data were collected with signal levels, adjusted as
_ _‘t'ollows:‘ 7.5 for both the 0.5kHz and the 1.3kHz components; 10.5 for the

complex signal. The output level of the noise was held onstant in ‘the

32kHz bandwidth at 4048 SPL.

A0

. o
T
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. session 2 and session 8, during which unexpected shifts occurred, éa;h

4. Trial, block, and session design

All data reported here ‘were collected with a singlc-intﬁ;vnl. yes-no
procedure. Each block consisied of a random order of noise-alone (N) and
signal-plus-noise trials (SN). The @ priori probabilities of N and SN trials
were st equal to 0.5. A b:}icf visual warning, appmxil!;atcly 500ms in
duration, was used to indicate the beginning of a wial. It consisted of a
white bar, approximately 4 degrees of visual angle vertically, across a video
moni.tox". Except for a white cursor, the screen was blank.- When a signal
was presented, its onset coincided with the offset of the warning light.

L 4

Listeners were instructed to press one of two keys to indicate whctﬁér or

: : ‘o, _ _
not a signal was detected. A new trial began 1.7 sec after the subject
‘entered a response. At the end of each block the hit rate and correct

. rejection rate werc displayed on the observer’s terminal,
. N | '

Experimé;:ital sesgions consisted or average of ten lZO-tri_ai blocks, and
lasted between 1.5 and 2 hours. ‘Each listener was given a bricf rest

between blocks and one longer rest period midway through the session.

.

5. Procedure

In the first experiment the same signal was used throughour a block of

trals. Thus, when a signﬂ was changed, the change occurred either

Béwﬁeen successive blocks, or between sessions. With the exception of

listener was given a preview of the signal, both with and without
v .



background. noise, prior to runming ny experimental blocks. To cbiain
baseline estimates of 4’ for subsequent comparison, all listeners were trained
using the 0.5kHz sinusojd as the signal, After training was judged to be
complete, performance was measured for an .cntire session (session 1). .

Session 2 began with a preview of the 0.544z component. However,
prior to the first experimental block the 1.3 kHz -compoucnt was added to
the signal. Note/that this component was added without informing the

observer.

Beginning with session 3 and cdhtinuing through to session 7, only the:

combincd signal was used. This was done in order to provide a sufﬁcient

number of tnnls to estabhsh a stable performance level on the combined

signal. Agmn. thc listeners’ task was simply to mdlcate whether or not a

| sxgnal was detectcd.

Sesmon 8 was designed. to mea.sﬁre performance on the mdmdual
componenla of thc combmcd -gignal. An lmportant aspect of the procedure
used in, this scssx§n_ (which involved removing and reintroducing signal
components between blocks) was that subjects were ‘not informed about the

rnn-nipulation of signal types. The changes from one signal type to another

‘were the same for all subjects and occurred in the following sequence.

After receiving a preview of the combined signal, observers were twested for

two blocks during which . onty -the 0.5kHz tone was presented.  Next, two

' blocks were: run using the combined signal .in order o restore performance

on- both components. Two blocks were then run using only the 1.3 kHz
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tone and these were followed by two blocks using the complex signal.

Final estimates for performance on the single component signals were K
obtained from one complete sessioﬁ (session 9) which was conducted using
the 0.5 kHz Eignal. and two sessigns (sEssio_n 10 and 11) during which the
1.3kHz signel was used. This ended the experiment for Whici’l the same
signal was presented throughout a block of trials.

B. Results - .
b ' -
The values of 4" obtained in this experiment are listed in Table 1. N f -
“To facilitate comparison, these velues are displayed in Figures 1 to 3, t¢ !

the left of the dotted line. Note that for session 8 the values in Table. 1

are given scquentially,‘ on a block-by-bléck basis- _ However, the plotted .-

™
\Qs‘ are bascd on two blocks for both smglc componem signals, and on
-four\blocks t‘or the combmcd signal, All d"s shown are bascd on the

assumption r.hat the noise and mgnal-plus-noisc distributions are normal, and
are of equal variance, They were computed in the following way. me
the four possible stimulus-response conjunctions, the ﬁqucncies for "hits"
and "false alarms” were -converted to conditional probabilities, P(yes /SN)

and P(yes/N) m!;pécﬁvely. Using these two probabilities, d’'s \;vem then | e

* found “directly from the tableg published by Elliot (1958).

Sé;n 1 to session 2. - ' S

‘Recall that in session 1 the signal was a 0.5kHz sinusoid whereas in

]

LT
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session’ 2 -it was the combined signal. Comparison of the d’ from session
1 to the d"frorn_ session 2 shows there was no initial change in

detectsbility in shifiing from a single sinusoid to the two-component signal.

Session 3 to session 7.

For the complex signal, d’ increases to a Mmaximum of 1.69 for AC

and 8 maxfmum_ of 1.84 for SH but does not increase for DG.

Session 8.

From _Tablc I, wé can sec that mmoving the 1.3kHz component

results in a drop in d"for all Iisteners ' For both SH and DG
performance on the OSkHz slgnal falls below performancc on dns mgnal m

session 1. Dunn\g the second block, d’ i3 higher for each of the listeners. ’

- When the 1.3kHz component is reihtroduced, perfonnancp_ xmproves,.for '
AC but not for DG. For SH, performance on the complex éigna.l is
initially similar to that on ‘me' 0.54Hz signal, but on the second block it
improves  substantially, Drops in d’ also occur when the 0.5 kHz ‘
Epmpone;it is removed. Wﬁen lh\is‘- component is reintroduced, recovery is
immediate for AC and DG, but agai;f occurs in the sécond block for SH.

Figure llshows' lj'l&t,' for this ﬁstcncr tAC). dié combined signal is ' "
more detectable ‘then either of the individual signal components in _isqlaﬁéﬁ..

By contrast, Figures 2 and 3 (SH and DG, respectively) show that lone_ of .

‘the individual frequencies is as detectable as the combined signal.
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Sessi?u 9,
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When compared 10 the d'; obtained in session 1, the dou:clnbtlily of
N he 0.5kHz component has remained stable over the course of the
experiment for observer SH. For AC howovcr, detectability has improved
to a level whcre d’ for this component nearly matches some of the d’s
for the complex signal that were obtained during sessions 3 to 7.
. Session 10 and session 11. | ‘ -
. ’ - .
"For - both AC and DG, d’ for the 1.3kHz is lower than ‘d’ for either
~of the other two signal typas However, for SH, the lc\icl'd ! measured
in ses.uon 11 exceeds the mtaximum d’,,, “on the complex s:gnal found in

J

session 6, : SR U

C. Discussion of Experiment 1 . ’

The results indiCate that detection porfonnance. as mensunod by the '
sensiivity index d_‘;, did not ohonge when the high component was

- ! unexpectedly added to the signal. If, indecci, hljstenors were: using a single
A "S critical _band. cen:tored on the low c‘omponent;- then we ‘nﬁght argue that
spectral ‘energy in the region of the high cqmponent was attenuated.  This
ﬁnojng. is- con:';istent. with previous eviderce conceming the dctccfability of
- ' unexpected sngnals (Tanner, €t al, 1956), and suppons a sensory_filtering ‘
o " hypothesxs (Greenberg and Larkin, 1968)

A S TS



n,'-'.'-.,'.- P -
SERAT N e e I e

'31‘,'."_'- : I" AT AT T T
LN

.24

-y
.

-

Note, however, that for listeners AC and SH detection performance
impmves with aubsequent cxpcm:ncc on the combi.ned signal, indicating that
these listeners began to use t.he high component It is posmble that they
were making a shift in strategy from using a single critical band to using
two separate bands. In order to determine whether these observers utilized
the information in both bands we can examine the results obtained during
session 8. S . B 1 3

+  The data from the two blocks in which only the low componcnt was

] usod, a.nd the two blocks m which only the hlgh component was used,

enable us to use each of the models to pmchct pcrformancc on the four

blocks of combmcd signal, Specl.ﬁcally. the mformatwn integration” modcl

-

for two uncormlated components 1s predd' '—\!(d, )2+(d,, )2, By

subsntunng the obtmned value for the mdmdua.l d'.s' the modcl predn.ts a

d’ o, of 1.68 for AC _whereas the o_btmncd d’.om is cqual to 1.69. For

SH the predicted g’,,, i8 2.08 whereasfthe obtained is 2.10. Both of
these predicted values- are within a standard.ermor of the obtained d’s. By
contrast, the dccisioﬁ-ﬂxreshold_ model predictsag probability” correct, P, (C ),

of 0.85 for AC whereas the obtained is 0.80. _For SH the predicted value

i3 0.90 and the ‘obtained is 0.82. These discrepancies are each several

stahc_lan:l crrors.

-

i‘ In qualitative agreement with the information intcgrapigin model are the _
decrements in perfarmance that occurred when either of the individual _

' 'components whs'rcmoircd_ from the combined pignal. . For cx'amblé., in the

Sriie



first. block of session 8, SH's performance on the 0.5kHz signal dropped

‘below performance on this same,component-as measured in session 1.

This is consistent with the muitiple-band energy-detection view b&cause it is
assummed that the subject listens to noise power from both ilters “but

suddenly receives a signal in only onc of them (sec Eq. 4).

The fact that performance 4ncreased to previous levels during the

second block .suggests that SH detccied a change ‘in the signal and then, in

effect, anenuated the output associated with the critical band containing only

noise. Similarly, the ‘dn_ta for this observer {session 3_) show that °

detectability did not iniliélly inéreasc when gither: of the single components

was’ mmroduced (see Table 1). Oncc again, tHe sharp lncreasc in d’

md:cates r.hat a shlﬂ m hstemng sl:megy occum:d durmg the second block

Taken together, thc results from this cxpenmcnt suggcst r.hal: subjects—

¢an use a’ dlﬁ'crent hstcnmg stratcgv in response to changes in the spccl:rnl

composition of a sigrhal. In particular, a listener can improve detection

performance either by adopting a single-band sfrategy when the signal is

restricted fo a single frequency, or by adopting a multiple-band strategy

when the signal consisl:_s -of two, widely sepamted'frgqueﬁcies. The next
experiment. is dcsiéncd as an .anqmpt to dewcrmine more about how auditory
information from two critical bands is combined. A task is considered in
whicﬁ lisfcnem' cannot adopt an oﬁ;im&l stmﬁgy for each of the. different

. b ' . ]
signals. .
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II. EXPERIMENT 2. Blocks with a mixture of signal types

It was found that when signals were changed between blocks, subjects
apparently detected properties Of the signal and then adjusied their listening
strategy accordingly. So, for example, when a component was eliminated

from the combined signal, -performance was initially impaired.-but it

improved in subsequc:it blocks. In this experiment the three signals used

in Experiment 1 arc randomized, on a trial-by-trial basis, within the same
block of tﬁals.' As a result, listeners- cannot select a strnn:gy that is best
smted to cach mgnal Ruthcr. thcy .must sclect a stratcgy that dsals with all

mgnals mmultaneously and mmntmn 1t throughout 2 block of trmls

_ Swets’ (1984) has. descnbecl vanous modcls for how obscrvcrs
"aggregatc," 6r combine uﬂonnauon which "excites separate critical band.s'
Fu'st let us mcons:dur the integration model. This model asseris that
observations from » statistically independent critical bands, (%,X2,.. ¥ )
a.n: combmcd elthcr via likelihood ratio or by an optlmally weighted lmear
combmation. Because of an assumed post-detection intcgmtion, the
detection process commen to each band would .occur, msultmg in an overall
decmon that is mndc on the basis of the combined information. Hence,

whcn n obscrvanons are combmcd. the model is

" YA -
Zrdf’J’] (7a)
i=1 ’ :

In words, the combined value of d’, denoted d,’, is equal to the square
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root of the sum of the squares of the individual values of 4’. For a

signal consisting of two equal energy, orthogonal components the integration

model is . }

d’com= N(d’ ) + (dy')? (7b)

Recall that the results obtained in Experiment b demonstrate that
-lis'te:.ters can attenuate bot.h' signal and nois¢ input to one of ‘the bands,
Thus, in some cases, the va}ue of 47 for a given signal_ changed gradually -
'?3":01(:1- many blocks, whereas in other cases, it changed dramatically from one
'block' ‘to the next: In contrast, because listeners in ‘Experiment 2 are
presented. with gignal;t.hat excite cither filter scparately, or both filters
simultaneously, thc. dufput of both critical bl-mds must be used. This means ~
that, indep‘end‘cnt of whicﬁ sighal is presented, noise from each critical band
ié.dehvcmdfﬁ the decisibn proﬁcss._)('ﬂlerefore, in 2 mixed block condiﬁm.
the Eo'tnl ‘noise that "contributes” to variance in tfle dl-scision process i equal

to a weighted linear combination :pt' the Pariance in each band,

T O = N(0H Y + 0Fd) L (8

Assuming that the filter outputs are uncorrelated, then a- signal which L B
excites either critical band would produée an increase of signal energy in
that band alone. In the current study, this will be wruc if cither of the

single component signals (0.5kHz or 1.3kHz) occurs. It is important to

e
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¥ note, however, that the total variance due to the noisc power, O, is still
the combined noise from both bands. Thus, the appropriate d’ for each

individval component is

-

B o , _ (op-Ax)
= —U;'— (9a)
and,
()} -Ax i v
. g, = {9 2%) (9b)
O
: ahere 5= (lye= )
- | ‘But on wials when the «complex signal occurs, the signal effergy in -
i ~ both crtical bands increases, and therefore [ ' (J — _-_’
. oy -Ax; +  rAx
: i = (@ -Ax; 5 " Axy ) (10)

Ctox,

By substituting Eg, 9a,b into Eq. 10 we can see that th¢ relatonship
between the detgctability for the individual components and the detectni:ility

for the complex signal is given by.

¢ 4, =d) +d (11)
Thus, by randomly mixing the single component signals and the
combined signal within the same block of rials, the obtained d’‘for the

combined signal should be the simple sum of the individual d’s.

1]
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In this experiment the 4’ summation model (Eq. 11) and the decision
2 ' threshold model (Eq. 6) will be used to quantitatively test how listeners
| " combine information from two separate critical.'.bands. While the integration
model assumes that the outputs of the critical band filters are statistically

combined to form the basis for decision, the decision threshold model

assumes that only the decisions made on each hand are retnined for futher
[processing. ’

- -
A. Procedure - e '

All signals and signal levels wcrc the same Bs thbse used in-
Experiment 1. addmon, the ovemll a pnor: probabtlxty of SN and N
trials was set equal to 0.5. Out of t.he 60 SN u;mls.‘ each signal type was
equally iikely to be -selected for pmscnmﬁon and thus, the 0.5kHz, 1.3kHz,
and con:fbincd signal ez'ic‘h were presented 20 times within th:'. same block. )
- s The listeners’ task was to indicate whether m" not a signal was detected;
| identification was not requircd. Subjects AC, SH, and DG were tested for

30, 60 and 50 mixed blocks respectively.

B. Results
y | In order to facilitate comparison of the detectability of signal types
hcross experiments, the obtained values of d* listed in Table 2 are
- displayed in Figures 1 to 3 above the label "mixed blocks." Note that the
’s reported here were caicuiated_ using the overall false alarm rate. Table

e\ 2 shows the experimentally obtained hit ratc and d’ for each of the signal

L .
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types, as well as the estimated hit {atc and 4’ found br iteratively fitting

each of the models to the data. The maximum likelihood estimates were

found by“udjusu'ng the estimated hit and false alarm rate to minimize the
chi square discrepancy between the data and the estimates subject o the

congtraint of the models. The final iteration involved step sizes that
o

‘ correspond to changes in the estimates of (0.001.

The results of the analysis show that the models tested here do not
provide an accurate description of the data, For the d’ summation model,
the values of x are all- slgmﬁcant at the 1% level (with 3df ). In addition,

¥

the forrh of the dccnslon threshold modcl a.nalyzcd here ducs not fit thc
-dam for observers SH and DG, but does-fit AC’s data. Although the
experimentally obtained d’s for the combined signal are less than- those
predicted by the models, it is apparent that for AC and SH, the combined
signal is more detectable than either of the single components (see Figures
1 and 2), For DG, the 0.5kHz signal and combined signal are equally

detectable.

C. Discussion of Experiment 2

The results from this experiment show that neither the information

| integration nor the decision Ithrcshold model can adequately describe the
reladonship between pcrforman;:c on the single component signals and the
combined .ugnal Nevertheless, additional comparisons of performance can
. ba mads between the experiments.

f b, e PR
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According to both models the detectability ofsthe two-tone complex
should be thcwsamc- in both experiments. For cxnmplc,. the information
integration model asserts that the listener combines sensory information from
both f:ﬁﬁcal bands. Regardless of whether this signal is presented- ¢
throughout a block of trials or, is interspersed randomly with the isolated
components in the same block, detectability .would be unaffected. That is,
for the complex signal his decisions are-based on the same sjgnal strengths
and the same noise (compare Eq. 4 and Eq 9. Ltkewtsc, for the decision
threshold model, the observer is combining demsxons rcsultmg from the
same processes in !)oth experiments. So, it too predmts 1dcnucn1
pcrformﬁncc on thc\combincd signal in both experiments, By comrast,.
these models do not make the same predictions for the single component
gignals. In particular;, the decisio_r; threshold model predicts that performance
should be the same for both experipcms because t};c probability of thé

variable in a channcl. e.xcée'ding some fixed value (threshold) does not

.depend on whether the signal is the same in every trial or varies from trial

to trial (Buus, et al, 1986). The multiple-band mode], on the other hand,
does predict lower performance in the second experiment. The méson for
decreased performance is that the listener must simultaneously use both
listening bands, wl;ig_h causeg an increase in the variance of the decision
variable relative to a single-band strategy. Put simply. the noise that
dagrades performance in the first expenmem comes from only a single

crmcal band while in the second expenmcnt it must comé from both

+

\
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critical bands.

L]

For the combined‘signa.l SH, AC, and DG show performance
decrements equivalent to signal decreases of 0.6, 0.6, and 1.84B
msmcéﬁely, where d’s have been converted to dB using the relationship
dB = 1010g(d’pizeq/d freq ). Each of these values represent changes of at

least two standard errors. The decreases for the low components are 0.2,

‘09, and 1.7dB respectively. Finally, decreases for the high component are

2.1 and 5.5dB for SH énd AC. The decreases for the single components =

represent changes of at-least two standard errors. for all but the smallest
decrease. We can argue, then, that.these decreases for the single

compdncnt signals are contrary to the predictions made according to the

-decision threshold model while the decreases on the combined signal are

contrary \t,o' both' models. Thus not only do the models not fit the results

6f_. m{s expe;'imént, b’u:. they do not predict the differenes in performance

-

between ¢xperiments,

IV. CONCLUSION ¢

-

Exp%rim'cnt 1 shows ‘that subjects can adjust their ﬁspcning"suamgy 10
adapt to chaﬁging signals and also that this transition in strategy can occur

between successive blocks, or over many blocks.- In' éddi_tion, the

quantitative ar{a_lysis in cxp;ri:lncnt- 2 shows fhat subjects do not combine

'infurma_tion according to the information integration -or decision threshold

models. This conclusion is further suppbned' by®the comparisons of

l

-

™

-
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performance between experiments.

Therefore, while the resulty from this study demonstrate that subjects

- have the ability to switch from a single- to a multiple-band listening
strategy, presumably to optimize performance when the signal changes,
neither the information integration nor the decision threshold models eccoumt

for the details of their performance.

e

W
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Tablé 1. Obtained values of d” from Experiment 1. .
. Observers
Condition .
AC, SH DG
Session Signal d T’als d trials d srigls )

i | 0.5 kHz 1.27 200 | 135 1200 | 1.21 1200
2 combined 1.29 " 1.39 " 1.28 "
3 " 1.58 " 1.56 " 1.11 "
4 " 1.49 " 1.71 " 1.19 "
5 " 1.57 " 1.80 " 1.17 "
6 " 1.51 960 | 1.84 %60 | 1.18. “
7 " 1.69 1200 1.74 1080 1.23 "

8 0.5 kHz 1.26 120 | 1.19 120 Lg} 120
L1} o man - 1.56-— 1] 1.28 [ 1] s [}
combined 1.74 " 1.35 " 1.34 "
" 1.88 " 2.04 " 1.30 "
1.3 kHz 1.05 " 1.78 " 0.00 "
"o 0.88 " 1.61- “ 0.15 "
combined 1:54 " .62 " 1.07 "
" 1.65 " 2.58 " 1.31 "

o | 05K 148 1200 | 138 960 | 134 1200
10 1.3 kHz 1.12 " 1.81 1200 | 0.29 "
11 " 1.06 " 1.92 " 0.11 "



Table 2. Summary of the analysis of Experiment 2.

s

Maximum

Likelihood Estimates
Data d Decision
Summation model | Threshold model)
Observer | Signal & Hit rate d Hit rate Hit rate
AC {1.3kHz 0.29 0.44 0.44 " 0.50 0.43
) Combined| ~ 1.44 0.85 1.55 , 086 |- 0.87 .
t 0.5 kHz 1.21 0.78 1.12 0.75 76
(n =3240) ~ | ¥2=13.20 34
SH |13kHz 1.19 0.70 0.92 0.61 0.65
Combined 1.65 0.84 1.98 " 091 0.90
0.5 kHz 1.33 075 |- 1.0 0.71 0.70
(n =7200) y? = 14227 12 = 56.41
DG |1.3kHz 0.20 0.47 0.28 0.50 0.43
Combined|  0.88 0.73 096 = 075 0.80
0.5 kHz 0.90 074 | . 0.69 0.66 0.72
(n =6000) 12 =30.60 ¥2=433 .

'Note: A xz value - of 11.30 (with 3 df ) is significant at the .001 level.

I
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e

Figure L. Obtained values of d’ for AC.
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Figure 2. Obtined values of 4’ for SH.
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Figure 3. Obtined values of 4° for DG.
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