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Abstract-A review of the Litel,alu~c suggest4 that rziaily 
hcarrng-iinparl ecl patlents ~luffcr f~ 0113 \en501 y tiefieit, in 
adcl~tioll to the redrrced audibxiity of speech s~gnal\. Poor 
flcql~ency ~e\oltrtlon, or abnormal spread of rna\klng, ra 
d conalslenlly rdt*nlifie~l deficit 211 sel~rorirleural hearing 
104s. kreqircncy icsoltrtron was mea\ur-ed In ind~vldu;~I 
auhjects using 121~ rfrprit filler. / ? U ~ ~ C > ~ I I  ~ I ~ ~ ( I ( I ~ ~ I ' I I ,  iknd the 
rr?lnlmum detectable atnplitude of a 4ecotid-fc>rrnant \pee- 
Ira1 peak in a 5pectral-shape dr%crlminatlon talk wa\ ,dso 
deter nnneil for each \uhject The two tasks were cles~pnccl 
to tu41 the ~dentrcal fiequency regions xn each sulqect A 
nc;u l y perfect corr elallon was lcriirlcl between the degree 
of licqtrency reitrlufron a i  II?CU~(YIII ~ ( 1  l)y the rnput  filtel 
p'llter n ' ~ I I L ~  per fornl;ince on the spectral-shapc cJlscr rmt- 
rrolroa, Z a A .  Thew rcwlls sugge\t tI1;it me,a\urc\ of 
f~ cqnency \clcctrvrt)/ may offer p~ ed~cllve valtic '15 to thc 
dcgl ee of [rnp'lir rneni ihdt ~ r l i l n  li11i;il ~ C ~ ~ T I I I K - I I I I ~ ; ~ ~ T C ~  

p'rtlcnts m,zy h,ivc In pc;r cervrrjg 111e spcctt nl ch,ri (kctea - 
riltrci. of apcech, cine$ itiso Eeclcl to i.,uggcsilorrs for srgn,bl 
pr occ\\riig 4 t ~  crtcgles to aid thew partrents 

Many pel w r r \  wrfkx hezirlng lo\\ of the \cnrcrrr- 
neua ;ll type uwrg crrrrently av;ril;~l-rle hear irlg ad., 
will ta;.\t~fy that &heir heariiny: ardc; tltr not return 
\pecclr reccagnrtirarn ;~brE~ty to ~ t a l  entirely norrlal. 
\l;itu\. Corxve~rtronal nra~pllfis~aiiibn rs, by ir;llrR;re, 
jwa-firr~arily c;al?inl-sle trfr-e\torirag thc iaerdrbllity of \peech 

- . -. . -- 
> .  l'llis re\carch \&;I\ \~i[~pc>rtt:ci i n  pi111 :I ~~csciirch g r ~ i i ~ i  f'ron~ the 
I)eailie\s Keb+c.;irch I.'oundatii)n to the f'ri"\t ; i i~t l io i^ .  

5ignals to the bearing-impaired patier~t. A substantial 
body of eviidellce ialdicales however, that when 
serrsorlneural hearing loss is modeled as  a prrrely 
attenuative loss, the consequences of the hearing 
lo\§ arc not cornpletcIy ciescribed for- many patient\. 

If the speech recognition abllrtie., of hearing- 
rmpaired patients are poorer ttlan worllcl be indicated 
by the audiograan alone, then speecl~ \ignals that  
are filterecl lo sr~nrrlate a particular- hearing loss and 
pl-c\ented to nor-111al-he;zriIlg subjects should serve 
ar an eralightening control condition with wwhicl~ 
hear ing-irrrpiril en9 sml?jects might be compared. F;ilury 
and Van 'I'alell (9), pursuing this line crf rea\crnrng, 
perful-rned compr-c-:hen3ive exper-imenh comparing 
tlae penf~rm;ince ol'iictual hearing-irl~paired ear5 wrth 
~~or-rt~aE @,as\ that had hearing losl;e\ sim~11;ited hy 
filtering. 'l'lre research of FLtbr-y and Van rase11 
derr~onstr-;rtec% that approxir~latcly one-h;rif of the 
hearing-rr~apaired iubjects did not pel f o ~  1'9 11s pre- 
drcted by 1\16 \imulatlons. F r a r ~ ~  which ~\pccEfic p \ j  
cho~irouslrc deficits this lackofpr-ediclabl'ial y r-esrrltcd 
I \  not evident rrorlrr the prekenl state of r-e\ear ell. 

An alternate approilch to  deternainrng thc conirr- 
butlona of audibilnry to speech rccojinlbron pcriorm- 
ancc in Ple;imng-rrnparl-ed subject3 lr;l\ been to apply 
the Articulation Index (AI) calcuBatron\ 10 speech 
r-ecc~gnltion data. K~lsnrn, Dirk\ and Bcli (16) di~ua~d 
titar {he Al calcurlatnonr for mila1 to rnvdesale hear-ing- 
impaired sub-jects were as v;illd a&, cqtsivalent AX 
calcrrlatiorr, for normal-bcarlxrg wl-yecls. Thi\ in)- 
plres that a~idibility wa\ i t  "71ficie110. f:icto~ "i deter-- 
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mine speech recognition under these conditions. A 
more severely impaired patient was also tested by 
Kamm et al.; in that case the AX significantly 
overpredicted performance. The subject's results 
showed that, contrary to the AI assumptions, in- 
creases in audible acoustic information did not 
improve speech intelligibility. 

Dugal, Braida and Durlach (8) also used the AI to 
predict speech recognition performance of hearing- 
impaired subjects and found that the method pro- 
vided an orderly and relative prediction of results. 
However, they needed to eniploy a ""proficiency 
factor" to adjust (reduce) a hearing-impaired sub- 
ject's predicted performance for factors they termed 
"deficits in suprathreshold recognition," supporting 
the existence of deficits beyond audibility. Similar 
conclusions were reached by Fletcher (lo), Wilbur 
(42), Milner (24) and Pavlovic (29). Pavlovic and 
Studebaker (30) have formulated an improved AI 
scheme that incorporates a ""desnsitivity" factor 
at each frequency, related to the degree of hearing 
loss, and also a correction for abnor~nal spread of 
masking. This model provided improved prediction 
accuracy over the standard AX scheme. 

In summary, the evidence from Articulation Index 
studies tend to support the existence of suprathresh- 
old psychoacoustic deficits in addition to the ob- 
viously important audibility factors; however, this 
line of research has not singled out specific auditory 
deficits beyond that of abnormal spread of masking. 

Elevated masked thresholds (relative to normal- 
hearing ears) for probe tones above and below the 
masker frequency have often been observed in 
impaired ears: e.g. Jerger et al. (Id), Rittmanic (32), 
Keith and Anderson (17), deBoer and Bouwmeester 
(6), Leshowitz and Lindstrom (20), Gagne (12), 
Scharf and Florentine (33), and Trees and Turner 
(34). 

The issue of abnormal masking observed in hear- 
ing-impaired subjects has also been investigated by 
means of other psychophysical paradigms, these 
have been termed measures of frequency resolution 
or frequency selectivity. Abnormal psychophysical 
tuning curves have been noted in high-frequency 
hearing-loss patients: e.g., Wightman, McGee, and 
Mramer (dl), Zwicker and Shorn (43), Nelson and 
Turner (27). Abnormal critical ratios have been 
reported: e.g., Palva, Goodman, and Hirsh (28), 
Margolis and Goldberg (22), Tyler, Fernandes, and 
Wood (37). Discrepant results in hearing-impaired 

subjects for masking produced by noise with a 
rippled spectrum are reported: e.g., Pick, Evans, 
and Wilson (3 I) ,  Wightman (40). These experiments 
have been interpreted as indicating an abnormal 
shape of an "auditory filter" in bearing-loss patients, 
and a subsequent deficit in the ability of the patient 
to perform a frequency analysis of speech sounds 
is predicted. These models, which present sensori- 
neural hearing loss as a decrease in auditory Sre- 
quency resolution, or abnormally broadened audi- 
tory filters, also contradict the purely attenuative 
model of sensorineural hearing loss. 

A number of researchers have attempted to dem- 
onstrate a relation between measures of frequency 
resolrrtion and measures of speech recognition abil- 
ity: e.g., Hoekstra and Ritsma (13), Bonding (4), 
Dreschler and Plomp (7), Tyler, Fernandez, and 
Wood (36). Although speech recognition and fre- 
quency resolution appear to be generally correlated, 
the degree of correlation varies across the studies, 
with most researchers reporting a correlation coef- 
ficient near 0.5. These mild correlations, and the 
resulting inability to assign a more direct role to 
frequency resolution in speech recognition by the 
hearing-impaired subjects, most likely results from 
the large number of uncontrolled variables in such 
studies. In particular, the choice of a specific fre- 
quency at which resolution is measured and the 
wideband frequency content of the speech materials 
used may have served to obscure any direct relation. 

As summarized in the literature review, the most 
consistently identified deficits in hearing-impaired 
subjects, other than the lack of audibility of the less 
intense speech sounds, has been poorer frequency 
resolution. These deficits suggest that under certain 
conditions, some heari~lg-impaired subjects' percep- 
tion of the individual spectral shapes of speech 
segments may be inaccurate. Pavlovic and Stude- 
baker's (30) finding that a correction for abnormal 
upward spread of nlasking improved A1 predictions, 
supports the view that impaired frequency resolution 
is an important factor. Other deficits, such as poorer 
intensity discrimination or temporal resolution, al- 
though not ruled out by the existing literature, can, 
in many cases, be attributed to sensitivity loss, e.g., 
Florentine and Buus (11), Bacon ancl Viemeister 
(2); or, they may be caused by the growth of masking 
in the impaired ear, Jesteadt et al., (15). For the 
purposes of this investigation, which was concerned 
with steady-state signals, it was decided to focus 



Section Ill. Speech Processing Hearing Aids: Turner et al. 

on those problems that hearing-impaired subjects 
may have in recognizing the acoustic features of 
speech due to poor frequency resolution. 

Current speech perception theory suggests that 
the phonemes of speech can be recognized on the 
baris of given acoustic characteristics. The primary 
spectral cue for many speech wundst is the presence 
of spectral peaks corresponding to the frequency 
location of the vocal tract formants. Blumstein and 
Stevens (3) and Kewley-Port (18) have provided 
evidence that cpectral peak5 in short-term acoustic 
representations provide information as to the pho- 
rkemic identity of stop consonants. Klatt (19), Miller 
(23) and Chistovich (5) have presented findings that 
suggest that the typical listener to a speech sound 
derives the phonemic identity of the sound from the 
detection, as well as from frequency location, of the 
formant peaks in the overall spectral envelope of 
the stimulus. One factor that may be involved in 
hearing-impaired patients' poor speech recognition 
is the poorer-than-normal freq~lency resolution that 
has been documented to exist in some sensorineural 
hearing-impaired subjects. This poorer frequency 
resolution, or abnormal masking, would in theory 
tend to obscure the detectability of neighboring 
spectral peaks. Such effects would presumably re- 
duce the accuracy with which such listeners could 
identify the presence of, and frequency locations 
of, local spectral peaks. 

This line of reasoning srrggests that, for some 
hearing-impaired patients, the spectral peak char- 
acteristics of some normally-presented speech soilnds 
are not distinct enough to allow normal speech 
recognition to occur. Turner and Holte (35) dem- 
onstrated that a more prominent second-formant 
spectral peak was required for 21 subgroup of their 
hearing-impaired subjects than for the normal-hear- 
ing subjects, in order to achieve equal levels of 
performance in a discrimination task using speech- 
like spectral shapes. This deficit in performance was 
observed in those subjects even when the stimuli 
were presented at levels for which the critical 
spectral regions were at levels above the subjects9 
quiet thresholds. The results of the Turner and Molte 
study suggest that 5ome hearing-impaired subjects 
may benefit from a speech processing scheme that 
would enhance the spectral peaks in certain speech 
sounds, in order for them to perceive the relevant 
acoustic characteristics of speech in a satisfactory 
fashion. The long-range goal of the present research 

program is to attempt to identify which hearing- 
impaired subjects nlight benefit froin such speech 
processing, under what circumstances the process- 
ing of the spectral shape of the speech would be 
appropriate, and also to be able to predict the 
necessary degree of spectral-peak enhancement that 
a given subject might require for any presented 
speech sound. 

The present study utilizes results from a psy- 
choacoustical masking study in an attempt to predict 
the data on second-formant spectral peak discrimi- 
nation from the Turner and Holte (35) study. In 
light of the previously mentioned low correlations 
found by previous investigators between freqitency 
resolittion as measured by masking studies and 
general speech recognition performance, this study 
was designed to natch the frequencies at which 
frequency resolution is ~neasured with the frequen- 
ci-s important to the spectral-peak discrimination 
ta-k. Thus the present effort addresses the following 
question: Can a standardized measure of freclucncy 
resolution be used to predict the need for spectral- 
peak enhancement to improve speech perception in 
a given subject? 

METHODS 

Data were obtained on subjects who participated 
in both a spectral-peak discrimination experiment 
and a frequency-resolution experiment. The masking 
paradigm chosen for this study has been termed an 
"inpiit filter pattern," e.g., Verschuure (38). In this 
paradigm, the masked threshold for a probe signal 
at a fixed frequency is measured in the presence of 
fixed-level maskers at several frequencies. The re- 
sulting pattern (probe threshold plotted as a function 
of masker frequency) represents a subject's auditory 
filtering characteristic at the probe frequency loca- 
tion. The level of the (input) masker is held constant, 
thus the probe threshold reflects the relative output 
of the constant-input masker following auditory 
filtering. Such a pattern describes the relative effec- 
tiveness of a subject's auditory filtering at a given 
frequency in rejecting acoustic interference from 
surrounding frequency regions. In contrast, the more 
Eamiliar psychophysical tuning curve (PTC) repre- 
sents the input signal required to produce a constant 
output following the filter. Because the spectral- 
peak discrimination experiment is described in more 
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FREQUENCY <kHz) 

Figrlre I .  
Spectral reprerentatton of the \tdntlriiii (0-dB incremerit \econd-formant) \trmuln\. 

detail in arxother i?trblicatiorr (34) that expen-irnent'., 
method\ and reiults will be pl.esenlecl oraly brlefty 
here. 

Spectral Peak Discria~~inatiasn 
Stinlull: mr-c syr~tble\~/etl versron., of Ihe \ready- 

skate vowel it./. Hgure-lone harraronrc component\ of 
;i firndnrnent;rl freqmk-nc y of 11 30 H L  were ;adclcd w7rrll 
;~ppropr-iate araaplltudl: v;rlue\ to yseicl the stizntliiacl 
s~irnul~rs (Figure I )  amd v;u mous conap,~r lsaslr 4 t lm~~l i  
(for- exzrmple, Figure 2 "sow4 U ~ G  wckl C O T I I ~ ~ I ~ ~ ~ O ~  

stinzulus). A peak in the \peclrcit cnvelc>yre colne- 
sporldlrrg l o  a fii.\i forrrlar~t wa\ cer~teea-.cl ;at 520 I-il/. 
Thc atirndard 4tim1111u5 h ; ~ d  a fl,rI illxcctu,ii \hapa; in 
the second for-mar~k reguon (refer r t;d to a \  Ifre 0-d13 
\j.reclr;ll peak rlin.aa~rlu\), while a sea i e \  o l ' c o ~ ~ a p ~ l ~  I \ O ~  

\tnl;rrulE werc constr-ncled wrlh accond Porm;in~ grcaki, 
(cenkered ;if 1820 Hz) wrllr xnca.er~^ner~t;rll$i I;inger 

amplitudes. 'The ampliludec, of 6 stimrrl~rc, compo- 
nents were iet to yield a spcctrul envelope peak a t  
1820 Hz. The formant :impl~lnde was expr-e\sed a\ 
the ratio ( i r r  dB) of the increnlentecl ipectral ampfi- 
iude of 11712 1820 Hz component to the 4land;ircl 
stirnului, v;rlue at 1820 H7. All sngnals wcre 204 nl\ 
in duration, incl~~ding 9";1ai, Iinz;ii r-r ie-h11 r ;tmp\. 

Subjects discrxminatetl between ;i at;ind;ird (0-dB 
;ampliir~de spectr~tl peak) \tlmrrlui and a cornpiirison 
sllr;?lmlu\ w ~ l h  ; ~ r r  irxc~ementecl-;implrtude \peclr-in1 
peak in ;i 4-alter-rxalave fo'orced-chorcas plocedure. 
VISLIC~~  feedback 6ilic;playing ihe corri:c( inlerval w;rl 
presented to the lirmbject fullowirlg each triiil. A 
labo~.atory computer- ccrr~tr-olkerl ,Irr aclaptrve procc- 
dure wl~rch presented cJl\cl imir~alron ta-rill\ between 
r t a n d a ~ d  and cornparison strrnr~~ll wltlm v;u-roll\ wc- 
o~~d-fc)rlraant ampiitudes in a \e,rrch fox tlrc drffc~ errcc 
l in~en for the spectral peak dlscrlmnn;rt~on, A two- 
cicru/n, orre-up tracking r-urle wa.y employeti to qleld 
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