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INTRODUCTION

This is the soventh annual progresa and status report of ressarch activities
on speech perdeption, analysis and symthesis condusted Im the Hpesch Heasarch
laboratory of the Department of Peychology at Indiana University in Blocmington.
An with previous reports, ocur main goal has besn %o summaripe wvarious Tessarch
aokivitiea over tha past year and make Lhem readily aveilable %o interested
pollengues 1n the [ield. Some of the papers contalned da this eeport are
extonded manuscripts that have been propared for formal publication as journal
articles or book chapters. Other papers are simply short raports of research
pronented at professional meetings durlng the past year or brlef summaries of
on-golng reésearch projects im the laboratory., We alsoc have Lncloded new
information on instrumentation developments and softesars support when we think
this information would be of interest or help other colleagues.

We are distributing progress rTeports of our ressarch activities primarily
becauss of the ever inoressing lag iIn journal publicationa and the resulting
delay in the dissemination of new information mnd research Tindings Lo the [leld.
Ve are, of course, very lntersated in Tollowlng the work of othsr colleagusa who
Arg oaTTYlRg out research oo spesch percepiion, productiom, analysls mnd
synthasis and, therefore, wa would b grateful 1T you would send uwa coples of
your own recent reprints, preprints and progress reports na thay become available

s0 that we can keep up with your lmtest findings. Flaase addreas all
correspondence tor

Profvapor David B. Pisomi
Speech Hesearch Laboratory
Department af Paycholagy
Indinna Univeraity
Bloomington, Indisna 47405
U.5.4.

Coples of this report Are being sent primarily to libraries and research
institutions rather than individual sclentiste. Becauss of the riwing costs of
publication sand printing it is not poamible to provide multiple coples of this
report or isawe copies to individusla. We are esger to enter into exchange
agreesents with other inatitutions for thelr reports and publicatlons.
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[ RESEARCH ON SPEECH PERCEPTION Progress Heport No. T (1961) Indians Uaiversity]

Capaclity Demanda in Short Term Nemory

Tor Synihetic and Fatural E‘p-nq-ﬂh'

Peul k. luce
Timothy C. Feuastal
David B. Pleomi

Speech Eesearoh Laboratory
lepartment of Paychology
Indians University
Hloomington, Indians 47401
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of the Acoustical Sceciety in Wimmi, Tecember, 198].



ABSTHACT

in oprder to determine the locus of previously demomstrated difficulties in
the perception of aynthetic speech, thres experinents comparing recall for
aynthotio &nd patural lists of monoaylisbic wornds were performed. 1If the
perception of synthetle speech requires imoreassed processing capacity im either
early encoding stagea, rehearsal, or both, recall differences betwesn synthetic
&nd npatural apesch wshould arise when short term memory 4is differentislly
stresoed. In the first experiment, three presentation rates (one, two, apd five
sec per word) were wsed %o very the desands pleced on short term memory in terme
of encoding time. Although free recall was consistently poorer overall for the
synthetic lists st all presentation rates, the decresent for synthetic atisuli
did not increase differentlally with faster rates. A similar pattern of results
was obtained in a second experiment in which strings of digite of varying length
{seroy three, and aix digits) were presentsd visuslly for retestion prior to free
recall of each spoken word list in & pre-load paradigm. However, the number of
subjects able +to correcily recall all of the digite wan consideraebly lower for
the six-digit list relstive to the three-digit list when the following word li=sts
were aynthetic. In the thind experiment capacity demandm on short term memory
were directly manipulated by requirisg subjscts to recall lists of natural and
synthetic worda in the szact order in which they were pressnted. [Mfferences in
ordered recall between the synthetic and natural word lists were substantially
larger for the primscy portion of the merial position curve than the recency
portion. This result for ordered recall demonstrates that increased progessing
demands for synthetic spesch interfere with rehesrsal and subeegquent transfer of
items T long %Terms ESEOTY. Taken together, our results indicate that
difficulties observed in the perceptiion and comprehension of aynthetic spesch are
dus, in part, to inoreased processing demsnds in short term memory. Thése
findings are aimilar to results previcualy reported for recall of liasts of items
presanted in noise in demonstreting A trade-off between encoding difficulty and
procesping capecity in perception and recmll of synthetic speech. Implicatdions
for the wse of synthetle speech in various types of volce response applications

&re discussed in torms of constraints om the human listensr as & cognitive
interface.
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[NTRODUCTION

Uver the past fov years, the sophisileation of voice-response devices using
synthetic speech has incressad rapidly. Soch systems are beginmning to be ussd in
reading alde for the blind, in speaking sids for the desf, in computer-aided
instruction, and in & variety of consumer producta. JYet despite the wide uma of
#ynthatic apesch in many volce-response applications apd the expectation of eves
greater use of these devices in the future, there 18 at present little basic or
applied research on the detailed cognitive processes by which we percelve and
comprehend ayntheticelly-generated apesch.

For & nmive listener, symthetic speech often meems difficult to. understand.
Problems may arise in the recognition of words and the interpretation of the
mganing of sentences because of the distracting, msechanical quality of the speech
slgoal. In this paper, we investigated & gmber of possible explanationa for the

difficulties typically observed in the perception and coaprehension’ of synthetic
spesch.

Sevaral investigstors (Allen, 1976; Wickerson, 1977} have suggested that
prosodic differences between aynthetic and natural spesch constitute the major
difficulty 4o the cosmprshessjon of synthetic apeech, particularly - fluent
synthetic speech. 1In matural speech, istepsity, relative durations of segments
and words, and changes in pitch are modulated by & complex set of phyaiologicsal,
phonetie, and linguistic factors that are as Jyeit poorly understood (owe Klatt,
1976). To abttain high quality speech synthesis, it ‘appesrs that these same
natural variations maost alsc be incorporated into the apeech if perception and
comprehension are to proceed normally.

kinother possible explanation for the difficultiem observed in perception of
synthetic spesch may be found st the relatively ear atages of peroeptual
analysis end encoding at which wordes ‘are recogni from their phonetio
representations (Fiscmi, 71981). Synthetic speech ip often generated hy rules
that manipuleate only & limited number of the potential acoustic cusm to the
phonological representation of the message. Thus, perception of synibetic speech
may be adversely affscted by only a partial specification of the scoustic cues to
phonetic segmentis. Thip @ifficulty in early scountio-to-phonetic recoding msy
therefore contribute directly te problems in word recognitlon and the subssquent
processes involved in lexical mccess (mee Plsoni, 1981).

Finally. the difficulties observed in the perception and comprebension of
synthetic spoech may arise from mors genersl conatraintes on the proceasing of
information in short ters asmory. In particular, saynthetic spesch may require
more processing capscity than natural speech for maintenssce of informmation in
short term momory end subsequant transfer of inforsstion to long term =memory.
Begause syntheotic speech lscks many of the redusdancies ishsrent im oatural
speech, diffioultles in sncoding may give rise to degreded or impoverished items
that are difficult to masintain in short term memory. In this wmy, the perception
of synthetic speech may be analogous to the perception of bpatural spesch
presented Lln high levels of nolse. Earlier research has, in fect, demonstrated
that difficulties in encoding of speech perceived in noise produce subsequent
difficulties in rebsarsal procéssss In short term memory and therefors vecall of
information from lomg térm memory (see Dallett, '964; Habbitt, 1G64).

=
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A number of recent studies using ruls-gensrated synthetic speech have ahown
lower performance levela for perception of synthetic speech relstive to natural’
speech. For exemple, Plsoni end Hunnjcutt (1980) performed several experimentes
on the intslligibill of ‘speech pgemerated by the 'NlTalk unrestricted
text-to-spesch system |[mee Allen (1976), Allen (V979), and Allen, Hunniocutt,
Carlson, and Cranstrom (1979) for o description of the NITalk aystem. Iln ihelir
first experiment, Pisoni and Hunnicutt ssked subjects to idestify = simgle target
vord from & set of six phonemically confusable alternatives using the Modifled
Khyme Test (House, Williama, Hecker, and Kryter, 1965). FPhoname recognition for

the aynthetic speech wam 9%.1% compared to 99.4% for natural speech—a difference
of about &%.

In their second expariment, Pisoni snd Hunnicutt presented listeners with
either mesningful or ayntectically correct but enomalous sentences. The
subjecte’ task was immediate word-for-word recsll of the sentences. The results
for the meaningful sentences were similar to the results obtmimed in the firat
sxperiment: EBecall for the synibetic epeech was about 6% Jlowsr than Iof the
natural speech. With the anomalous senténces, however, recall perfomance for the
aynthetiec speech was aboul 19% lower than for the natural speech.

In addition to the Pisoml and Humnloutt findings, Jenkins and Frankiin (Mote
1}, vsing toth the VOTHAX and FOVE synthesisers, have recently reported that when
subjecta were maked 1o recall the gilet of simple stories, recall for the
aynthetlc stories win not demonstrably poorer than recall for the natural
ptories, This result is conaistent with Plsonl and Hunnicutt's finding that the
ldentification of meaningful pentences was not as severdly impaired as the
~Adentification of eyntactically ocorrect but enomslous; seatences., Worda in
weaningful sentences ocan be recognimed correctly by the deployment-of several
sources of knowledge that the listener has svsilable, such se morphology, syntax,
asd semantics. In contrast, worde ic anomalous sentemces san only be recognised
from detailed analysis of the acoustie-phonetic infomation in the wavefomm.

Finally, Fisonli (1981) found that when isolated symtbetic s=nd oatural words
vore presented in s lexiosl decision tank, response tises for synthetié words and
Hopwords wers, on the average, 140 mese slower than responss times for natural
words and nonwords. This study demcnatrates that for isclated words, significant
h-ul'lthntl in performance can beé shown for aymthetic wpeach relative to natursl
spaech.

Overall, these recent findings seem to indigste that  the processes used fo
perceive and understand synthetic apesch are hesvily dependent on the contextual
environsent in which the Eynthetls speech is presented. ‘When meaningful
mentences or mimple passages are umsd, Intelligibility med comprobemsion Appear,
at first, to suffer little relative to comparable natural apeech coatrols. This
is not' the omse, however, when feoclated wordas or msaningless sentencea Aare
presented. [In these cases, liateners do not have top-down contextunl support for
vword recognition and wuat therefors rely more on the degraded synthetis algnal.
It is spparent, then, that there are pome Inportant difficulties in the
perceyption and comprebension of synthetically generated spsech. COur goal in the
presant paper el to attempt to isolatée the locus of these difficulties in the
information processing system. [JMore specifically, we were Iolerested Iin

==
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determining whether the obmerved perfommanoe deficits for synthetlo spesch could

be attributed o (1) encoding difficulties, (2) rehearsal difficulties in short
term memory,. or (3) a combination of the two.

This laet possibility is suggested by several earlisr studies on the effects
of noise on retention of spoken word lists. These studies have shown that both
perception snd memory are affected insofar ms both require or share limited
processing capacity. Dallett (1964) reported two experisents in which subjects
wera asked o recall & mseries of digits pressnted at wvarious slgnal-to-noise
ratios. He found that the intelligibllity of the digits rTeduced ashort fterm
memory cmpacity and thereby produced decrements in recall. Rabbitt (1968),
employing & similar parsdigm, also found that recognition errors and capecity
limitations on short term memory were responsible for decreased recall of digits
presented in noise. In another experiment {n which subjects were required %o
shadow words- presented 4in npolse, Habbitt (1966) found that wsubsequent
identification of shadovwed worde suffersd only if they were presested in noise.
From these results, Habbitt concluded that degraded input requires “spare
capacity” 1= short term memory, thus supporting the proposal that decrements in

recall for degreded stimuli are the result of both encoding difficulties and
short tera pemory limitstions.

it is novw 58 well sccepted mssumption that human short term memory is limited
in its capacity to hold end process infommation’ (Shiffrin, 1976). If the
pérception and comprehenmion deficits cbssrved for symthetic spesch are dus to
encoding difficulties at sarly processing stages, them there ahould be messurable
increases in the demands that these otimull plsce on &he limited resources
available in short temm memory., These additional demends should therefore result
iz relatively less avallabls processing capacity when the difficulty of the
task is incremsed or when a secondary task is asdded (Fosser & Hossman,
1965). If this is the case, then as the difficulty of either the primery or
secondary task increases, performance should deoresae more for syuthetic than for
natural speech. To n-.j.l. this problem, wa selected free recall, of lists of
gynithetic mnd oatural wordas as the erperimental task. Wa chose this paradigm
begause the difficulty of = free recall task cen be easily and relisbly
manipulated by & pumber of well unferstood experismental varisblos.

EXPERIMENT 1

In Bxperiment 1 we wmanipulated the diffioulty of the free recall task by
varying thea presentation  rate of the individual words in the liste. It was
predicted that, as the presentation raté lnoreased, recall performance for the
aynthetic lists would decresse more tTapldly than recsll performance for the
natural lists. VWe expected this outcome because any encoding difficulties

eptalled by the synthetic’ stimuli ohould detract Trom subjectsn' ability to
rehoarse &nd atore the words for later recall.



5
Luge, Feustel, and Pisoni

METHOD

e —

Eﬂ!ﬂlﬂth The subjecte ware T2 opdergraduates drawn from & pald subject pool
st Indiana University. They were paid §3.00 for participating in the experiment.
A1l of the subjects wers native opeakers of English and reported no hearing or
spesch disorders at the time of testing. Nooe of the subjects had hed any
jrevious exposure to synthetie spsech generated by the WiTalk syatem.

Stimuli. The stimuli were slx liste of 25 words selegted from the Nodified
Hhyme Test [House, Williams, Becker, & Eryter, 1965). 'The lists wers conatructed
sc that the words om succeseive lists differed only by either the imitial or
final phonems. There were both patural apd synthetie recordings of esach of the
liste. Altogether, then, 12 lists of words were used. The natural lists

conaisted of the same teat worde as the items on the symnthetic lista but wre
regarded by a male speaker

The wet words were flret low-pass filtered at 4.5 kHs and digitimed via &
i2-bit soalog-to-digital comverter. All ‘stimuli were played back to listeners
through & 12-bit digitsl-to-analog converter which was interfaced to matohed and
eslibrated Telsphomics (TDH-39) besdphones. The wonds were presented at &
comfortable listening -level of 80 4B SPL against & beackground of wideband
Gauseiun white noise &t 50 dB S5PL. FPresentation of the ptimull wes controlled in
real-time by & FDP 11,34 computer.

Prooedure. We tested 12 groups of six subjects im & sound treated room used
for perceptual experiments. Ksch subject heard &ll eix lists of worda. Mo subject
heard the same liat of worde spoken in both the natural and synthetic volce.. The

lista were blocked; half of ths subjecta haard the natural lists first and half
heard the amthetic lists first. J .

Each of the zymibetic and each of the matural lists was presented at each of
thres preossntation rates: ope, two, and five sec. Este van measured betweesn the
onseta of succesaive worde in the lists. The onder of the lists and ths

presentation rates were counterbalanced scrosa groups according to a latin square
deslgn.

At the beginming of sach experimsntal session, the subjects heard two short
g:qnph spokén in the synthetic and natural voices to femilisrise them with
quality of the speech (see Pleoni and Huandcutt, 1980). 1n. addition, ome
netural and ome synthetic practice list were presented to mcquaint the subjects

with tha details of the experisental procedures. The practics lists consisted of
ten worde presented a4t & rate of two items par sec.

lmmedintely preceding the presentation of eamch list the subjects heard a 500
moec; 1000 Hs warning tone. - Following preseatation of the test 1ist, another
tone slgnalled the end of the list and the begimming of m two min recall pericd.
During this pericd the subjects were required to write down as many of the wonda
from the List sa they could regall. A third tone salgnalled the end of the recall

pericd. There wes a short break betwsea the third and fourth lista in the
gesalon.
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The subjects were told that they meed not recall the words in the same order
in which they were presented. However, they were strongly encouraged to use the

sntire recall period to remsmber as many of the worda from the list as posaible
and to guess if necessary.

RESULTIS AND DISCUSSION

Figure | showa the mean number of worde recelled for the netural and
aynthetic lists as a function of rate of presentation.

Insert Figure 1 about here

At osch presentstion rete, natural words were recalled significantly better than
aynthetic words; F(!,71)=47.T1, p<0.01. There was alsc s main effect for rate,
P(2,142)=100.268, p<0.01. That is, recall improved for both the nstural and
syntbotic lists as the rate of presentation increased from one 1o two  to five
pec. However, mo interactlon between voice-type (natural ve. synthetic) and rate
was observed, F(1,142)=0.25, p<0.78.

A asimiler pattéern of resulis was observed when recall intrusioms  were
soored. Any word in the subjecta’ reaponse protocols whick was not on the
présented list was acored as an intrusion error unless it was an alternative
spelling of s homophone or an obvious misspelling of a presented word as

determined by tvo independent obeervera. The resulte for the intrusiom analysis
are ahowm in Figure 2.

Inpert Figure 2 about here

ain, there was a significant mein effect for synthetic va. natural volce,
F{1,71)=40.11, p<0.01, and rate, F(2,142)=4,01, pi0.02. The intersction of the
two varisbles was not weignificant, F=(2,142)=1.78, pr0.18. Although a =light
increase in intrusions is spparent at the five sec interval for the synthetie
lints, & OScheffe pairwise comparison showed that thia {nocressme was not

significsnt, 5=0.%8, pr0.25.

Note that the scales for the mean worde recalled in Figure ! and the wean
intrusions im Figure 2 are different. The mean difference in the recall data for
the natursl and synthetic words across rate was approximately 1.7V, wheress the
mean difference for the intrusions was approximately 1.19 words.

The overall pattern of these rTesults  suggests that subjects were simply
migperceiving asome of the synthetic words regardless of the presentation rate.

-
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Figure 1. Mean number of natural and synthetic words recalled as
a function of presetation rate.
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This conclusion fa supported by the finding that recall of the synthétic itess
was not differentially affected by incressing presentation rate. There was thus
nc indication from the prepentstion rate manipulations used in this experiment
that the synthetic words demanded additiomal processing capacity during encoding
or rehesrsal. It is possible, howewer, that the rate of one sec was not fast
enough to reveal any encoding end/or rehearsal  effects which may hsve besn
present. Unfortunmtely, technical limitations prevented us from inereasing the
presentation rate beyond one word per second in this experimsnt. TIn order %o
further inorease the demands pleced on short term semory, we perfomed & secood
experiment in which & secondary task waes sdded o the primsry recsll task.

EXFERINERT 2

Experiment ¥ employed & memory pre-load technique originelly developed by
baddeley and Hiteh (1974). This technique consiots of losding short term mmmory
with a short list of items which the subjsots are asked to actively maintain
{i.e. to rehsarse) throughout the primsry task. Bsddeley and Hitch found thia
technique to be wseful in assesaing ashort Yersm memory demends for Buch primary
tesks a5 ressoning, sentence comprehension, and free recall. We used this
pre=loed technique to determipe if the aymthetio word lists would place inoreased
demande on encodlng snd/or rehesrsal processes in short ferm semory whan the
subjeots were oimultansously engaged 1in another tn.'t requiring processing
capacity in ahort tem memory.

METHOD

Subjectm. The subjects were 120 undergredustes from Indians Usiversity.
Some of the subjecta received oredit for an introdectory paychology oourse,
cthera were paid §3.00 for their participation. ALl of the subjects met the same
eriteria for participstion sa those in Experiment 1.

Stimuli. The metural and synthetic stimuli wére the same words as ueed in
kxperiment 1. list length, bowever, wasm reduced to Tifteen words per list for
the aiz liata. The order of the words within sach list was random.

Prooedurs. As in Experiment |, each subject listensd to three synthetic and
thres natursl word liste. However, prior to the presentation of esach word list
the subjeots saw either serc, three, or six digits, ome at a time, oa & CRT video
display monitor (GBC model MV-10A}. The mopitor was located approrimstely 42 cm
from the subject. Each digit, saapled without replacement from the digits one
through nine, remained on the wecreen for two sec. The Lnterval betwssn

presdntation of the digits waes one sso. [The presentation reate for the wonda was
fized At two mec.

The plecement of warning tones was the same ss in Experiment |, However, an
additional tons was added to the experimental procedure to indicate the beginning
of the digit presentstion. The recall interval was also reduced to 90 amec.
Oounterbalancing was the seme as in Experiment 1 with the diglt pre-load
manipuleation substituted for rate.
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The subjects were ilnstructed to remember the digits in the exact serisl
order in which they were presented onm the CET acreen. After the word list was
presented, the subjecta were firet required to write down the digit list and then
to recall as sany of the words from the test list as they could Temember. In
order to ensure that the esubjects would maintain the digita throughout
presentetion of & given word list, they were told that their recall of the test
words could only be scorsd if all of the digits were recalled in the exsct onder
in which they were presented.

Baforse the test listsa were presented, the subjects heard the same two

parsgraphs a8 in Hxperiment 1 apnd two prectice lista, one asynthetic and one
aatural. The practice lists were ten words long and wers preceded by & pre-load
pf three digits. As in the experimental lista, the rate was met a1t two sec.

EESULTS AND DISCUSSION

Beceuse there wers two dependent variables of  intereat in  this
experiment-——word recall and diglt recall, the analyeis of the data hes been
broken down into two parts.

Word recall. Figure ) presents the mean worda recalled as a functlon of
gre-load condition.

Inasert Figure 3 About Here

As in Experiment 1, the natural word lists were recalled better overall than the
synthetic word  lists across all three pre-load conditions, F(1,118)=106.%5,
P<0-01. & main effect of pre-losd condition was alse ocbmerved, F(2,238)-37.36,
J0.01; with mean word reoall for both lists decreasing with increasing pre-load.
However, oo intersotiom betwsen voice-type and pre-losd was obeerved for word
vecall, ¥(z,238)=1.11, pr0.33%.

Figure 4 presents the sesn number of intrusions am a funotion of pre-=load
condition.

Insert Figure 4 About Here

Again, intrusions were significantly greater for the synthetic than the natural
word lista, F(1,119)=75.57, p<0.01. However, mo main effect of pre-losd wes
observed, !{2_,233}-2.59, §*0.07, nor waa there an interaction batwesn these two
variables, F(2,238)=0.02, p»0, 0.

-1%3-
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Figure 3. Mean number of natural and synthetic words recalled as
a function of memory pre-load.
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Aside from the appsrent fsilure to find a main effect for pre-load in the
intrusion data, the results for the primary word recsll task are consistent with
those obtained in Experiment 1. - The aynthetic word lists were recalled more
poorly overall than the matural word liste] however, no differential effects of

the digit pre-load manipulstion were observed across the natural snd synthetic
lists.

Digit recall. Three different analyses of the pre-losd digit recall data
wers 'pnrripn-d The first enalysim, shown in Figure 5, wam parried out on the
pumbsr of smibjects who correctly recalled mll of the digita in the exact order in
which thay wore pressnted for the two oconditicns in which the load ltems were
present .

Insert Figure % About Bere

The intersction that we expected to find for word recall ia clearly present
for recall aof the pre-load digits: The ommber of subjects correctly reaalling
the digits decreased more rapidly for recall of items from the synthetic liata

than from the oatural lists as the pre-load on short term memory increased from
thres to aix itema, ®=1.63, p<0.05, one-talled.

The second analysis performed on the digit recall is shown in Figure 6.

Insert Flgure 6 About Here

In the upper panel, the average percentage of the digits recalled is plotted as a
function of losd without regard for the order in which the pre-losd digita were
recalled. In the third apalysis, showm in the lower psnel of Flgure 6, ths
digits were moorTed md correct only if they were recalled in the ssme serial
pogition in which they were originally presented.

Froportions for both osetsm of data were transfommed via' am Arcein
trapsformation with = correctlon for small N. Jn anslysis of varisnce on the
traneformed data shoved = ficent main effects in the item-only oconditilon for
voice-typs Aand pre-load lf%h 119)=6,31, pc0.02 and F(1,179)=163.0%, pa.01,
respectively). The predicted intersction, although is the right direction, did
not resch significance, F(1,119)=2.47, pr0.11. Thus, the dats reveal = trend for
the digit recall to be poorer under the high pre-losd conditiom for the synthetic
relative to the netural word Llists, although the effect im mot reliable.

In the itéem-and-position aenélysis, only the effects of pre-load were
significant, F{(1,119)=200.81, p<0.01. ‘The effects of volce-typs @mpd the

rmu-wr 'h;r Fnt-lu-ld Antersction were mot mignificant (F{1,119)3.25, pr0.07
end P(F,119)=1.78, p>0.18, respectively).

. ..
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Figure 6. Percentage of digits recalled as a function of memory

pre~-load. The upper panel shows percent correct when the
digits were scored without respect to the positions in which
they were recalled. The lower panel shows the percentage
correct for the digits scored according to position.
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In oumsary,  the snalyses for the digit recall show s ‘tendensy for
performance im the aixz-diglt pre-loed comdition mlative to the three-digit
losd cenditfon % be poorer for the synthetic than the matural word lista.

se fMndings suggest that perceptiom of synthetically produced word lista may
interfere with thse subjeota’ ability to saintain infomatllon in short ters semory
(see Poaner & Hossman, 1965), Moreover, the greater affects of the synthetie
worda lists relstive %o the natural word lists appears to ocolr only under
cond itions where memory otress is present. The obvious interpretation of these
effects is that the subjects “borréw” from the capacity needed for mmintenance
rehearsal of the digits in order to encode or rebearse ths synthetic word lists
for later recall {Eatbitt, 1968). That is, encoding and subsequent processing of
liats of mynthetic words in short term memory appear to require more capacity or

allocation of resgurces thsn encoding and subsequent processing of lists of
ratural words.

KMthough the results from the J4igit pre-load experiment indicate that
encoding and/or rehearsal processes are differentially stressed by aynthetls
speech, the main finding that supporta this clmim--pmber of aubjecta recalling
ell of the digits--im at best & ‘orode measure of the capacity desands of
syonthatic spesech. To obtaln stronger evidence for the increased capacity demanda
of synthetic speech, we performed s third experimant in which subjecta were
required to recall the aynthetic and natural word 1ists in the exmot order in
which the lists wers presented. In an ordered serial recall task the subject

must epoode not omly specific items but alsp sdditionml ocontextual information
mbout the looation of the items im the list- '

EXPERIMENT 3

Experiment 3 employed s serial ordered recall task. We reasoned that if
synthatic wspeech placen greater dJemands oz encoding proceases, rehearsal
processés, or both, then requiring serial ordered recall would differemtially
affect the primacy portion of the serial positipms curve for the synthetic word
lists and the natursl word lista. We based this prediction on the hypothesia
that incresssd demands on encoding and/or rehearsal procvesses arising from the
aynthetic speech would cause fewer iteme presented esarly in the synthetic liaste
tc be trapmsferred to long term memory {Beddeley amd MHiteh, 1974). That is,
increased demsnis on encoding snd/or rehearssl prodesses should adversely affect
tranafer of information to long term semory of the syathetic words relative to
the oatursl worda. This reduced capacity should be manifested by poorer recall
pﬂﬂn:--un- in the primscy portiom of the serial poaitiom curve for the synthetic
spaech.

KETHOD

Subjecta. The pubjects were T2 undergradustes from Indians University.
They roceived credit for an introductery peyohology course for thedir

participation. &ll of the subjectsa met the ssme oriteria for participation ams
those in Experiments ' and 2.

= =
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Stimuli. The test stimull were the same &8 those used in Experiments 1 and|
2. 1[ist length, however, was reduced to ten words per list for the six lista.
The arder of the words within each list vas random.

Procedure. As in Experiments | snd 2, subjects listened to three ostursl
and thres synthetic word lists. Agsin, subjects never heard both a natural end
aynthetic hhn of the sameé word., - The subjects were inmtrucied to recsll the
words in the exect order im which they were preasented and to leave blank any

spaces on thelr answer sheots that corresponded to wordm they were unable to
recall.

The placement of the warning toned war the same am in Experisent 1. Two
pragtice lista of five words eaéh were presented prior to the presentation of the
ten experimental lists. The words in both the practice and experimentsl lists

were presented at & rate of two esc end the recall periods were 90 seo in length.
founterbslsncing sas the same a8 in Experiment 1.

RESVLTS AND DISCUSSION

Figure 7 presenta the overall serianl positiom curves for both the natural
and synthetic word lista. Serial position 1is given on the aboocless &nd “the
probability of correct recall is given on the ordinate.

Insert Flgure 7 sbout here

The sarial position curves were obtained by acoring sn item as correct omly
if it was recalled in the position in which it was pressnted. The pumber of
corract responses for esch merial posltion for each volce wes then summed scross
all sobjects and an overall percent corrsct BScore was obtained.

An LA Experimenta 7 and 2, the matural word lists were reomlled better
overall than the synthetic word lmtu F(1,71 }=43.23, p<0.01. When the Tirst and
pecond halves of the curves were collspeed across the syothetle and matural word
lists and compared, m significant intersctiom of list hslf by serisl pomition
within ssch list half was obtained, F{4,284)=196.92, p0.01. This intersction
confimms that thefe wers significant recency and primesy effecta mcross both the
synthetic and matursl word lista. However, a pignifTicent intersction between
voice-type, 1ist half, and seérial position, F({4.2084)%2.65, p<0.0%, indicated that
the primscy portion of the curve for the synthetic word lists apowed lower recall
scores relative to the neturzl word lists than did the Teceboy portion of the
gurve. That ia, thers wan a greater difference in recall betwesn aynthetic and

natural worda for the primacy portions of both curves relative to the recency
portions of the curves.

The difference observed im the primscy portions of the serial positiom
curves for the nstural eand synthetic word lists clearly dmonatratea that

-20-
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aynthetic speech placea increased demends on encoding and/or rehearsal processes
in short term memory. [Because the perception of synthetic speech decreasea
proceasaling capacity in short term memory, auccessful transfer of itema from short
to long tarm memory appears to be more adversely affected for the synthetic words
than for¥ the natural words. Coneidering the extensie literature on the limited
processing capacity of ashort térm memory in human information proceseding, the
resulta from the serisl-ordered recall experiment as well es from ocur earlier
digit pre-lomd experiment are not at all surprising. However, the results of
these experimenta provide strong evidence that some of the difficulties obhserved
in the perception end comprehension of aynthetic aspeech do, in fact, lie in
increased demands in encoding and/or rehearsal processes in short term memory.
That is, the present results demcnatrate that synthetic speech is difficult to
parceive and understand, relative to natural apeech, in part becausa it affecte
the allocation of limited processing reapurces in short term working memory.

GENERAL DISCUSSIGN

Two conclusions can be drewn from the resulte of thess experimente. Firat,
the large conatant overall decrement observed in recall performeance acrose all
three sxperiments is probably due, in part, to a fadilure to encode of some of the
agoustio-phonetie information im the synthetic worda themaslvea. That is, &cme
of the chesrved parflormance differences lies in relatively early stages of pattern
recognition reguired for word identification. This copclusion is supported by
the fact that recall intrusions were, on the average, betwsen ooe and two worda
more frequent for the aymthetic than natural word lists. Although an extensive
analysis of the intrumions has not been performed, it was apparent during scoring
pf the data thet moat intrusicme for the aynthetic word listes were words that
differed from list items by only & single phoneme (e.g., "boll" was fraquently
recalled aa "oil"). In other worda, the dntrusiona were &coustically

{phonologically) besed and were & result of early perceptusl confusiona ot
miaparceptionsa.

A second, and perhaps more important, conolusion ie that &t least some of
the observed difficulties in the perception and retentiom of aynthetic speech are
clearly due to inoreased processing demands for these items in short term memory.
Thim conelusion is supported by the results from the digit recall in Experiment 2
and the serial ordered recell in Experiment 3. Although the serisl-ordersd
recall data clearly demonstrate the role of incresssd proceasing demands in the
recall of aynthetic word lista, it is mot clear why tha incressed processing
demapds in Experiment 2 were manifested only in the digit recall.

One scégunt of the failure to find differentisl effecta of aynthetic Bpeech
on word recall in Experiment 2 comes from Habbitt (1968): Rehearsal of the
pre-load iteme which are supposed to be actively maintained in short term memory
may be inhiblted by the increased processlng demands required to encode and
rehsarae the liat of synthetic items. In several experiments on the effects of
noige on short term memory, Rabbitt (1568) found that digits from the early part
of & liat were recalled wmore poorly when the digite from later serial positions
had to be ldentified in noisme. This result was obtained regardless of whether or
not the itema in the early part of the list were presented 1in noise. More

oY
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important, however, the opposite effeact was not observed; that is, recall of
items in the second half of the list was not affected when (tems in the first
half were presented in nolse. Habblitt's reaults are conelstent with the wview

that the process of recognlming digits through nolse reallocates processing
capacity for efficient retention and rehsarsal of items in iemedimte memory. ,

Dur results for the ssrial-ordered recall dats are consistent with Eabbitt's
earlier findings. The effects of the digite embedded in nolse from ister seriel
positions pn gpecall of the digits from earlier serial positions 'im directly
analogous to the effects we ocbserved in the primscy portion of the perlal
position curve for the mynthetic worda. The gynthetic words were, in a sense,
acting e {f they were “noisy” itema by placing inoressed demands on snooding

and/or rehearsal processes because they were initially more difficult to encode
and identify.

Jynthetic worda eand npatural worde presented in noiee may thus be poorly
recalled for two quite different reasoms. First, the items may be poorly
recognized at the time of encoding because of Ispoverished acoustic-phonetic
information due to msaking or perceptosl confualons. Secopd, snd perhape most
relesvant for our purposes, items that are poorly encoded may imterfere with the
rahearssl and subsequoent retention of other items in sctive short term memory,

Whether Gthese Lltems. sre visually-presented digits or wewitorily=-presented
aynthetic wvorde. .

The results of thess recall experiments are closely ralated %o several other
recent findings concerning the intelligibility, perception, and comprebensiom of
aynthetia speech gensrated by the MITalk text-to-speech system. In particular,
luce (Bots 3) bas found several interesting differences in comprehension betwesn
aynthetic snd netural speech when subjects are required to answver various types
of guestions after listening to passages of f[luent connected spesch. He found
thet subjecta perform more poorly for synithetic paasages 6o comprebension
guestions designed to probe the content of a given pasaage. Bowever, subjects
hearing synthetic pascages perform better than those hearing natural pesssges on
questions that probe retention of the surface structure of the pasaagés. These
conprehonsion results suggeat that the subjects’ sattentlon is somshow directed
more towand the superficial (surfacs) properties of the motusl epesch sigmsl in

the aynthetic speech condition thaem to the properties of the sessages in the
natural spasch condition (eee Amrenmon, 1976).

In another study, Pisoni and Koen (Note 4) have recently found differences
in intelligibility of nstural and synthetic words presented in nolee at several
different pignal-W-noise ratios. Intelligibility of aynthetic words is affected
by foles more than the same paturally produced worda. Thum, the =ffects of nolae
produce s greater decrehent on vecognition of the amthetic items presumably

becauss they contein fewer redundant acoustle ocuea to support recognition of the
phonatic strocture.

In pummsry, the present experisents indicate that synthetic speech places
increased processing demends on encoding and/or rehesrsal processes in sbori temm
m=mory than does nmtural speech. Moreover, our results show that traditional
experinental parsdigms in memory research oan be asdvantagecusly applisd to the

_25.
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asssessment of the intelligibility and perceptual processing of synthetic speech.
We believe that increassd processing demands for the encoding and rehearssl of
synthetic speech signals may place importent constraints on the use of wvarious
volce-responsa Jevices in high information load conditiona, partieulsrly in
copditions requiring differentisl allocation of attentlon among seéveral senacry
inputs. In applications auch as alrcraft cockpits or complex command-control
displays, voice-reaponse systems using synthetic speech should be carefully
considersad in. terws of the potential interactiona of specific tasks, perceivera,
and eignoal gquality.
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ABSTHALT

Frevious studies have reported that rise time of pawvtooth waveforms may be
disoriminsted in elther a oategorical-like manner under pome sxperimsntal
conditions or scoording to Webar's law under other condltions. TIn the present
arpsriments, rise time discrimination wea examined with twe experimental
procedurss: the traditlonn]l labeling and ABX tasks uwsed in speech perception
ptudies and &n adsptive tracking procedure used in payehophysical studies. Rine
time varled from 0 me to 80 ss in 10 ms intervals lor pawitooth signals of one
peoond duration. Diescrimination Tapotvioms for sublects who simply discriminated
the nlgnels on any baais whatscever es well as [unctiona for aubjscte who
practiced labeling the endpolnt atimull as “pluek™ mnd “bow” bBefore ARX
diserimination were not categorical in the ABX task. In the sdaptive fracking
procaedurs, the Weber fraction obtained from the JND's of rise time was found to
b a constant above 20 ma rise tilme. The results From the two discrisination
parasdlgms wers then compared by predicting a JND for rise time from the ABX
disorimination data by reference to the underlying paychometric fusction. Using
this method of analymis, discrimination results from previous atudies were shown
b ba guite mimiler %o the discerimination rTesultm chaerved in this stedy. Taken
together, the reasults desonsirats olearly that rise time discrimination of
sawtooth aignais follows predictions derived from Weber's law.
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ILNTRODUCTION

¥ithin the Isst few years there has been & remswed interest in the
ldentification =and discrisisation of ponapesech sounds. The theoretical
maotivation for atudying perception of nonapsech signals has changed somewhat from
earlisr ptudles which simply sttempted to demomstirate that “spesch le specinl”™
(Liberman, Herris, Hoffmsn, mnd Griffith, 1957; Mattingly, Libermsn, Syrdal mnd
Halwsa, 1971; Liberman, Cooper, Shankvellsr snd Studdert-Kennedy, 1967).
Inatead, & numbér of current investigations have been more concerned with finding
paturel sapmitivities in the auditory system for nonspeech signals which might
alpo merve A8 the underlying btmsim for ascountlc features in the perception of
npeech sounds (Miller, Pastore, Wier, Kelly and Uooling, 1976; Pisoni, 1977%
Schouten, '980; Stevena, 1982). One type of nonspeech signal studied thus far
has manipulated tha timing of events at etimulus onset mesociated with the
feature of voloe onset time. BSeveral other studiea have examined amplitude at
ooset. [n particulsr, these studles have investigated variations in ries time mt
atimulus cosetl for aswtooth wavelorme.

In & widely ocited atedy, Cutting and Rosner (1974) reported the firet
compalliing evidence for cetegorical-like perception of nonspeech stimuli. Thay
employed the typicsl procedures osed im speecch perception experiments -- labeling
in combinstion with ABX discrimination. Subjects ceed the labels of "pluck” and
"bouw" to idemtify stisuli generated by n Moog syothesimer, The discrimination
funotions were non-monotonic and showed s typlos]l catsgoricel peak Ln the middle
af the rise time continoam. The generality of ihe perception remulta they
pbhtained was extended to infants |Jusceyk, Hosmer, Cutting, Foard and Samith,

1477) and edulta in cross-continua amdaptation stodies (Femes, Cutting and
Studdert-Kennedy, 19807,

Recently, however, Cutting mnd Hosmer'm results [1574] have beem brought
into question by Rosen and Howell [1981). 'These authors failed to replicate the
sirlier categorical perception results of Cutting and Hosner. BRaosen snd Howell's
ries time stimuli were genernted digltally by & computer rather than with analog
tachniques. Having ladled %o replionte the original flinding, BRosén mnd Howell
then measured the sctual Cutting and Hoener otimuli snd discovered that the
differences in rise time were not equally speced & had been mpwumed. In =
parisa of erperimonts, HNosmen and Howell then determined that ocategorioal
discrimination functiona pould he obtained with stimuli containing viea tima
intervale eimilar %o Cuottlag and Hosner's. However, they could noet obtaln
categorical-like discrimination funotioms with eftlmull spaced with oqual
Ilntervals. In fect, disorimination of egual-intervel stimuli appearsd to follow
Veber's lsw in their ARX experisents. That is, the discrimination was good for
ghort ripe times and decreansd up rise times becams longer. The interpretation
af the discrimination dats in teras of Veber's law waz in good agreement with an
garlier psychophysical study condocted by wven Heuven &nd van den Broske (1979)

who reported constant Weber [ractions caloulated fros an ipdirect measure of the
JND's of rise time.

Cutting (1982) has recently conducted mevers]l experiments in reaponse to the
oriticlsas raised by Rosen and Howell [1981). In two experiments he replicated
lionen &nd Howell's result that asvtooth Btimuld differing 1in egual Jinesr

inerements of riee time nre not categorically perceived. Cutting propoasd mn
spalysis of the ABL diserimination fufietiona which attempted to show that =
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aonatant Weber {raction model wms not Tully sopported by the data either. The
valldlity of thie analyain, however, can be guestioned. Cutting comparsd obtained
discrimination funcklone to another funotlon predictied by a Weber fractlon model.
The predicted functlon assamed that the Weber frection wae constant over the
enktlre riss time conklouum renging (rom '0 to 50 me. However, the Webar fraction
is net usumlly comstant over the antlrsa stimnlus range (o.f. Ceachaider, 1976),
and, |n fmct, van Heyvan and veo den Broeke (1979) showsd that the Weber [raction
Ingreased Tapidly for rise timea less than 20 ma. Thus, the less than perfect
fit of Cutting’'s predlcted functions based on Websr's fraction may be attributed

to hls assumption of & oconetent Waboer fraction for dlscrimimatipn of rise tiee
whefi in Tact such aR smsumption im quentionabls.

In Cutting'a eeport [(1982), the investigstion of rise time was examined
further im = rather unuscal experiment. He clalmed that "Lf & Weber-fraction
view ls correci, oatimull gecesrated Witk equal logerliihmic increments of rise time
ought to yield a flat discrimination funmction.” BEes then pleked an arbitrery
logarithalic increment for generating 6 riss tine coptinuens =nd =aamined the
ptimpll with standurd ddentifTication and ABE discriminantion procedures. Analymis
gf the diserimination results mhowsd that these logarithmicslly opaced otimuld
wers generally percelved categoriomlly. From thess rosults, Cutting concluded
that thers is a “gensral fickleneaasm of the phenomenon of ocategorieal perception
in any stimulus domain™ snd that rise time can be parcalived categorically.

Despite Cutting'm reply to Rosen and Bowell, soveral basic isapsa remsin in
understanding dlacrisinstion of rlse time is both speeck end nonapeech slgnals.
The perception of rise time 4y the onset of a waveform ls & complex auditory
evant. Bubjecta dismoriminate paire of rise timé atimnli somewhat differently
depanding on whather they ars asked to judge their relativa lovdnesa or thair
rate of onset [Cormhuni and Zaboeva, 1962; Nabelek, 196%). While the categorical
perception of other complex scoustle stimnli such am stop consonanta differing In
volce onset time Bas been demonatrated in high uncertslnty paradigms (Liberman et
al., 1957}, nomcategorical perception has also been obtained in low uncertainty
paradigas (Sachs and Grast, 1976; Carney, Widin and Viemelater, 1977) or vhen the
procedures smphasize sttentiosn to stimalus differences (Pisonl end Lagerus,
1974}, Previous studies of rise iime diseriminstlon of sawtooth stimull have not
spocified tha atimulas conditiona under which categorical perception of rise time
pan be obasryed. If rise tlme dlserlminetion follows Weber's lav wnd 18 epimilar
to discrimination of other awdltory signala, wa ehould be sble {0 demonstrate
this experimentally ueing standard psychophyslcoal technigques.

In the present report, we sought %to improve our understanding of the
diseriminstion of riss tise in nonapsech eipgnals. In the First experiment, we
ponducted an independent rveplication of one of Rosen and Howsll's (1981)
experiments for a4 linesrly inoremented rise time contiouum. OGiven the apparent
vontroveray surrcunding Romen and Howell's results, we wanted to replicate the
ABY discrimination functions for 8 npewly generated set of aawtooth stimuoli.
Furthermore, we wanted to oseparate the possible effects af prior labeling

experience on discrimination from a subject's pensory capscity to discriminate
plae time 4difforencea on any baala whatscever.

The second study employsd & more semaltive paychophyaical tamk to directly
gatimats the JVD'se for risms timss for the sams sawtooth stimull:. By calculating
the Webaer fremotion from theds date, rise time discrimination can b compared 1o
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the dimcrimination of wsimpler auditory properties ouch ms frequency and
intenaity. Finally, thas third experimsnt diresctly comparsd the discriminatlon
reanlts obtained in the ABI and the peychophysical task. The subjecta whe
participated in the previous paychophysical t=ak were recalled for this
Sxparimsnt bo participates i the ABX discriminatlon task. The results of tha two
atudiea were comparsd by referescing both wets of deta to the underlying
paychometric function. Using this soalywis, we found that discrimimation of rlae

time followa Weber'sm law, = finding that was in close agresment with Hosen and
Howell's earlier data,

. HEXPERIMENT 1: IDENTIPICATION AND AHX DISORTMINATION
A: MNathod

1, Btimuli

The stimuli gensrated for this sxperisent were intemdad to seplicate &=
glossly es posaible the stimull gensrated by Bossn and Howell (1981, Bxp. 3). 4
nat of nine sawtooth atlmwli was generated digitally om & FOP-11/34 computer.
Each =ignel was aynthesised by addlng together 4in phase the first =leven
slouscidal componenta of a sawtooth wavelorm using a modified werasion of the
progrem SOUND (lLovell and Carterette, 1972). The fundsmental frequency wam 300
He and the anplitude of the harmonice decressed Lo 6 dB etepe from the 66.27 4B
{11 bit) maximom &t the fundsmental. The asplitude envelope impressed at the
pneet of esch atimulus ross linsarly from O to {ta marimum in 1, 10, 20, 30, 40,
K0, &0, 70 and AQ ma of time. The ' ma ramp interacted with the fundamental of
the atimulus mo that thia stimulus reached its maximum smaplitude in about 3 ma.
Thi= stimulus will be nominalily referred %0 ms the O @8 rise time stimulus in
keeping with previous studies. The remaining stimull reached maximum amplltude
at precisely the durations specified by the 10 ms interval onset ramps. From the
marimom, & mecond lLinsar decay ramp was Iimpreased aver the remainlng wavelorm
which reached 0 im 1.02 seconda. Thus, tha overall leagth of ths stimuli
povaried with the duration of the onmat ramps Trom 1020 ma to 1100 ma A in the
revious otudies reported by Rosen and Howsll (1981) and Cutting and Rosmer

1974). Pigure 1 mhows the first 100 ma of the O, 10 and B0 m= stincli.

e iy sy ol ol d o il

Inmart Flgure 1 about here

The atimoli were output under compoter comitrol at & 10 KHa sampling rate
through a 12 bt D/A converter. Stimuli wére low-psssed once at 4.8 KHs, and
then filtered through two cascaded lov-pasa filtera (Krohn-Hite model JI202R) at
7500 Hs with s total roll-off of 48 4B per cotaves, The stlmull were then
smplifisd to & comfortable liotening level and routed to TDH-39 beadphones
located inm a guiet teating room: A consfant output level wem calibrated Bcross
exparimental taaks.
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2. Procedure) [ldentification preceding ABX

All experimental tasks were cootrolled by a PDP=-11/%4 lmbormtory computer.
Subjects were run In small groupe An & quiet room equipped with slx individusl

cubicles interfaced to the cosputer. Hesponses were collected on two-button
reaponse boxes equipped with Teedback and cue lighta.

The experiment consisted of Lwe one-hour pesnions condutted on successive
days. The procedurs was divided into three genoral parta: fesilisrizstion,
fdmmtification teating and discrimination testing. Sesparate written Instrootions

were read by subjects befores each task. Four tasks wers run an Jmy 1. The first
task introdosed pubjects to the O and BD ma vise time sftimull, and their
raapective labela af "pluck” and "bow.” Im thlsa tamk the O and 80 me stimuli
ware presented |n asegquential order 10 times each. The second task. involwved
treining subjects to identify these two “endpoint™ stimuli sa ‘pluck’ snd *bow’
using Tesdback. Each stimulus waa preseated 20 tjimes in & random order. After
gompleting thlis temk, the procedure was repeated with s different random order
but witkout feedback sfter emeh trisl. The results of this task were wsed to
sssess whether subjects met o pre-determined criterion of 30T correel over the 40
trisls to be inoluded in subsequent parta of the exporiment.

Following thia initial tralning phase on Day 1. the identifioatlon task was
run. Subjecta wére presented with the full set of O to B0 wa rise time stimuli
in 2 blocka of 90 trimls each., The atimuli were presented in & random order with

no feedbeck. Bubjects were asked to judge esch stimulus as either °“pluck’ or
.h'il

On Dmy ¢ the subjecta who passed the oriterion initislly recelved & wars-up
sequence contalning 10 repllications of the O and B0 me stimull for labeling with
feadbeck. Subjects were then givem the identification task n second time with
all 9 ptimull presented 10 tines each in s random order.

The final task was & standerd ABY dispcrisinstion test using Tesdbsck for the
correct responas. The responas buttons were rvelabéled as ‘firet sound’ and
"second sound'. All aseven two-atep paira from the rise tims continuum were
presented 20 times esch in all possible ABE triada for & total of 140 trials.
Btimulil within the trisd were meparated by 1 mecond sach. Presentation of each
ABX trisd was paced %o the slowest subject ln & group.

% Procodurs: AEX only

The asame ABE discrisination teat previcualy described was employed héra.
Hewever, ae training or ldentificatlon taska preceded the ALEI task. Written
instructions rtefecrsd to the stimull only as comples sounds .:ﬂuﬂu-ll by &
computer. The responae buttona woere labeled ‘first sound’' and ‘second sound.’
Subjeata Im thia task were prasented with 2 blooks of 140 trials each, a total of
two timeés it somber of ABX trimls thet the previoua subjeats ceceived. Aa
before, the ABL seguences wore presented with Ffecdback indioeting the ocorrect
responsé on each trisml. Fimally, subjects answeéred written gquestiona concerning
the pmture of the atimull at the =nd &f thé experiments] aesalon T0 assesa thalr
auhjestlve Imwpresaiona of the sounds and to determine what atrategies they may
have undd in the disoriminmiion tmask.

[ 1
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4. Bubjects: Identifioetion precediag ABX

Thirty-elght subjecte were recroited from a paid leborstory subject pool.
Subjects were native apeakers of English with no reported history of hearing or
apeech disordera. 3Subjects wore nalve with reapeat to ihis experiment and had no

provious experisnce in psychoscoustic experimenta. Thay were pald B3.00 per hour
for each testlng day.

B. FResulte: Jldentification preceding ABX

In order to have an epqual number of subjects in each condlition to fecilitate
statistical analysia, we determined ln advance of testing that reaulta would ba
analyved from 15 subjects in each group. Thua, subjects with the pooreat
performance 1n the ABI tsak [rom each group were eliminmted until '5 sobjects
renained . In the identificstion preceding ARl procedure, 21 subjects
particlipated Lln the firsl day of %testing. Thres of thess subjects could not
{dentify the pluok and bow mtimull at the 90f criteriom level and were excused
from teating after Day 1. OF the 16 subjects who complated both days, ths thres
worst subjeqts on the ABX tamk with an svermge of 551 correat performence (chance
= S0%) wore dropped ln the final analyses.

Besulta [rom the second day of teatlag sveraged over all 15 subjecta are
displayed in Flg. 2. I[dentificatlion results obtsised on Day | were conaidersd as
prectice with the labeling tesak mnd were npot snsiysed [(urther. Fercent
identification of each piimulus oeing the “pluck™ response in plotted im Pig. 2
a8 A& Tunctlon of rise time duration. The overall ashape of the ldentificatlon
function indleates that mubjects classified the stimuli iato two ressonably
discrete categories of plucks apd bows. BSinoe this experiment was s replloation
of Bosen and Howell's Experiment 3, we may compare the present results %o thelr
findinga (mes their Fig. 5). From lnspection, the two ldentification funetions
BppearT o ba puite similar sd have approximately the asas crossover polnt
between the pluck-bow categories st sbout 30 ma rise tinme.

Inpart Figures 2, 3, and 4 about here

o ——

e B _ 3 ———

Figures 3} and 4 ahow the individusl ddentification and ABY discrimination
functions seaparately for each of the 15 pubjecta. Almcet all sobjects showed
asharp labeling functicne uelng 1008 pluck and bow responses Tor the emd point
ptimuli. These consistent identification Funotions are no doubt the result of
the oariterion teating and practice glven %o subjectsa o8 Day 1. The
identification fumctionm compars quite fTevorahly with those obtalned from
continua such &3 VOT and place of articulation (see for sxample, Abramson and
Lisker, 1970 snd Pigponi, '9T1). Given these labeling [functions, L[ listeners

perceive rise time categorically, we would pertainly sxpect to find categorical
ABL Tunctions from thepss subjecta.

feaults from the AHL task sre plotted as percant correct diserisimation of
ench two-step pair am mn function of the average riee time valoe of the pair.
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Almoat none of the individual subjecta shown in Figures 3 and 4 produced
categorical=-1ike disarimination functiomna. Even subjects like 364 and 5100 who
show sharp and consistent identification functions failed +to displey the
characteristic peaks and troughe in the ABX discrimination function that are
gorrelated with c¢hanges in labeling performance. [n fact, the moat siriking
agpect of the individual ABX functiona is the large subject—to-subject
variability. Thus, subjects who reliably clasmified rise time stimull into pluck
and bow categoriea did not discriminate rise time in a categorical manner.

The AEX function averaged over all 1% subjects is shown in Fig. 2. Thia
function showa an ovarall decrease ipm discrimination from T3 to 53 percent
correct a8 rvise time lporeases in duration. The predicted discrimination
performance from individual identification functions using the Haskins formuls
(Pimoni, 1971} is also plotted im Fig. 2 for comparimon. As expected, the
pradicted diserimination function is quite categorieal. However, as shown in the
Tlgure, the predicted and ohtalned functlons do ot match very clogsely and by a
within subject analyzis of varisance theay were significaptly different
(P{1.,14) = 48.98, p < .001). Thua, from these results we conclude that
differencea in rise time are not categoriocally perceived. Figures 3 and 4
display the individual ABX resgults for the 15 subjects. The same gemersl trend
280 be observed here a3 well.

The group ABX discrimination fTuncticn comparss favorably with the results
reported by Hosen and Howell (1981} in Experiment 3 of thelr study. Beth
diserimination functions fell from around 75% correct discriminationm for the 0-20
ma palr %o oear chance a8 rise time Iinereased. The moat obvicus &iffTerence
between the functions ie the elight 5% increaee in our discrimination resulta at
20 ms whereasa Rosen and Howell's function decreased monotanicelly. (We will eay
more about this difference below in describing the AEX only results.)

Bosen and Howell sauggeated that their ABE discrimination regults can be
predicted from Weber'a law. BSince the precise relation between discrimination
performence in an ABX task and JND's for rlse time predicted by Weber's law was
unknown, Resen and Howsell (1981) employed the signal detection anelysis developed
by Macmillan, Kaplan and Creelman {1977 to predict Weber functions. Since we
directly compare the ABX results with Weber fractlions in Experimenta 2 and 3
below, we suggest tha following ms B eimple test of ¥eber's law for ABX
fupctionas. If the linear correlation of ABE performance with rise time is high
and negative, Weber's law holds. The linear correlation of the group data in
Flg. @ was -.9%. The linear correlation of Hosen and Howell's ABX function
caloulated from date in their Table 1 weaa =.956. In contrast, the linear
correlatlon of an idealiged categoricel ABY function ie gzero. Therefore, the
digerimination resulta obtained in thie experiment as well as in Hosen and
Howell's suggeat that discrimination of rise time followa predictions derived

from Weber's law.

We concluode that the ldentificstion and disoriminaticon resulta obteined in
this etudy closely replicats the results reported earliar by HRosen and Howell
{1981) using an equivalent rise time continuum. The subjecta in the present
etudy wers trained to label the stimuli consistently as pluck or bow. Although
theae subjects identified +the rise time satimull inte disorete perceptuoal
categories, their ABX discriminmtion functions were clearly not categorical by
the traditional definition of the phenomenon [(see Studdert-Kennedy, Liberman,
Harris and Cooper, 1970}.
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¢. Reaults: ABX Only

In order %o find out vhather AR discriminstion of rise time stimull would
be different for subjects not previcusly introdooed to the pluck and bow labels,
data were also collected from 17 subjecis In the ABX only procedurs. The two
poorest subjects with an Average perforsance of S0L correct vere not inoloded in
the Tinal enalyses. Groop results for the Temsizning 15 subjecks in the ABK only
procedure are displayed in Fig., 5. The left hand pamel of Pig. 5 ahows the
results obtained separately from block V' =nd block 2 of thie experiment.
Meerimination improved overmll from block 1 {64.28) to block 2 {67.98). The two
KB Tunetiona were reliably different from obe ancther By a within sublects
anelysis af variance (F(1,14) = .81, p ¢ .03).

insert Plgures 5, 6, and T about here

- . = —

ABY discrimination reaolta are plotted separately for indlvidunl subjesta in
Figures & snd 7. While soms Llaprovemsnt in discrimiomticn can be ssen for all
subjects, learning effecto from block 1 to block 2 were omall overall. Large
subject-to-pubject wariabllity can be observed in the indiwidoml ABX functions
vhich are similar to that shown in Figures J and 4. No clear pattern of reaults
appeara in the individoal subject Tunctioma. BSince thess sublects recelived
feedback for the oorrect preaponse throughout fThe ezperisent nnd were all
perforasing above chance, these results suggest that discrimipation of rise time
in this test Tormat im m 4ifficult task.

The purposs of collecting the AHX only dats was to compare 1t to the ABX
data fTollowing identifisation in the previcws experiment (hereafter called ABYX
after 1D). Bach block Lm the ABX only procedure had the same pumber of triads as
in the ABX after ID tesk. BHlock 2 of the ABX only data 1s most comparable to the
ABXY ufter [D data becwuss both groups hed similar ssocunts of prior listening
experience with tha rise time stimuli. The discriminmatlion resultm Crom these two
blocks of ABX trisls are plotted together in tha right hend pansl of Fig. 5.
Thesa diserimipation functions are very similar overall and did not differ from
one another in an analysis of variance. There waam, of courss, & aigniTicant
difference lm discrimination mcrosa rise time pairs (F(6,168) = 25.11, p € .O4]).
Thus, although individusl AHX functione showed oconslderabls wvariability, the
avarage functlona obtained for the two groups of 15 aubjsctm were comparable. We
conzjode, therafora, that subjects” ability to labal theas riee time stimull as
plucks or bows apparently has Jittle, if any, Infloence on their sbility %o
discrininate difTersscea along the continwam.

A detalled ecxmmination of the shape of the ANl only function (block 2)
revealed s olight peak in discriminstion for the 10-30 ss stimulus pair. It is
not clear what caused thiz peak. Since only slightly more than half of the 30
subjects nctumlly ahowsd an increass from the first to ths sscond atimulus pair,
perhaps the pesk is nothing more than & sampling probtlem. Whatever the reasom,
the overall shape of the dlscriminetion fumctionm ave clearly not categorical.
The ABX only function hed & linear correlation of -.9%4 with ptimulus deration, &
value quite glose to the -.9% wvaluse for the ABX after ID function. Thus, the
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resulta from both ABX conditiona olearly demonstrate that Weber's law holds for
discrimination of rime time In sawtooth signalas.

B, Discussion: Bxperiment 1

The present study provides an independent replication of Hosen end Howell's
recent study (1981, Bxp. 3). Cutting (1982) has almso replicated the overall
reaults of this atudy far a rise time contituum with linear increments of Tise
time. His atimuli differed considerably, however, in parsmeters such as period,
aige of the rime time inoremsnts and range of rise times presented. The oversll
reaults of theme three independent studies indicate that sobjectz can reliably
glageify rise time siimull loto dlescrete perceptual categories such as pluck and
bow: However, asubjoctm do not discriminate these stimuli in the ABX task in =
categorion]l manner. Inetead, thelr discrimination performance ia commistent with
pradiztiona derived from Weber's law. The motivation behind the mext experiment

win to teat thia hypothemis more directly using an appropriate psychophysical
procedurs for eatimating JED'a of rlse time.

II, EXFERIMENT 21 DISCRININATION USISG AR ADAPTIVE PROCEDURE

A widely used adaptive tracking procedure was chosen for this atudy. The
tranaformed up-down procedure developed by Levitt {1970) for estimating the JND
of rise time at a T0.7f correct level of discrimination was modified to run
on=1ine Trom a minlcomputer. Pilot studies #ith this procedure indicated that
subjssts initially found the discrimimation task very difficult. Sipoe our goal
wan to comspare the JED's of rine time to the results obtalped in the ABEX task,
the experinent wan deaigned with the following tesk varisbles in wind. The AHX
disorimination parsdiges may b conaldered & very high uncertainty discriminstiom
task (Harris, 1952). Sachas and Grant {1976) have shown that task uncertainty can
iaflusnce ths sahaps of the cbserved discrimisation fanction. In partlcalar, they
obtained oategorical-like discrimination fonctions for stimuli in & high
gngertaloty taak, bot not in & low oaoeriainty task. Thus, we decided W aTrrange
pur task as muth as possible towards higher aunceriainty comditionma =0 that any
tendancy towarda categorical perception of rise time might be revealed. GSubjects
wara not highly practiced aa is typically the case in paychophyeical experiments
and ws began collecting dats an soon as their discrimination performance
stabilised., The Tiss tiss stimull wvers randomly selected from the continuum
during esch testing sensfion. The overall goal of this experiment was to examine
the shape of Lthe wunderlying dJdiscriminstion functions obtained from thia
paychophyaical procedure for the rise time durationa previcmaly ezamined in the
ldentification and ABI tanks of Experiment 1.

A. HKothod
1. Btimull

Forty-five wmdditiocnal sawtooth stlmull were digitally generated. Each
pawtooth wavelorm wam generated from 11 harmonice as inm the previogs experiment.
The durstiom of nll waveforma, however, wam flxed &t one second. The duration of

the linear snvelops impressed at the oulu'_l:__q_n!' the atimuli varied from 10.0 ma to
=i 5=
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156.7 m=z im 3.3 ms increments (i.e., the period of the 300 Hz fundamental). The
amplitude of the stimulus then decayed linearly to O over tha remainder of the
wavefors. The elight stimull from 10 me to B0 ma in 10 mwa inorementa were the
bass stimuli used ko estimate the JND's 1o discriminetion. Rise time atimuli
shorter than 10 ms were not used in this arperiment because of the "thumpy”
quality of these stimull compared to longer rime time atimuli (see Hosen and
Howell, 1981, p. 163).

All stimuli were output and low-pass filtéred in the same way as In the
previous experiment. Jubjecta limtensd to etimuli over ome pair of matched,
calibrated TDH-39 esarphonea in & wound-treated room [IAD model 401-A). The
output wvoltage was calibrated to a conatant Jevel before esach experimental
geaalon.

Eise time duration at the earphones wam carefully messured for each of the
base stimuli. The earphone wea placed in an artificinl ear connected to ma 1 inch
Bruel and Kjaer condenser microphonme and sound level meter [model 220%) using the
C weighting. The firat 100 ma of each wavaform was displayed and photographed on
a Tektronix storage oscilloscope (model B103H). The only distortion observed in
the photogrephs wes & besaeline offeet probably due to bims In the sarphone or
microphone. The shaps of ths amplitudes envelope at stisulus onset was clearly
linear. The rise time valuss of the base stlsull were msascred independently by
two people and found to be the aame 58 the pominal values, {.e., 10 to BD me.

2. Subjecta

Four students working in the laboratory were recrultesd as paid subjectas for
the sxperiment. Bubjects had little or no experience in liatening to rise time
gtimuli and wone of them had previously participatsd in a paychoacouatic
axpariment. 411 subjects were andlometrically tested for the occtave frequenciea
from 500 to BOOO H: using a Grason-Stadler Modsl 1701 sodiometer. Audiograma for
both ears were within normal renges of individuale in thelr age group of 19 to 23
years.

3. Frocedurs

Uaing = two-interval forced choles task with feedback, the subjecta wera
asked to Indicate which item of each pair of etimuli had the "more gradual
onaet.” For sach run of the tracking procedurs, a base atimulum and an asscointed
inikial stimulos were selected. The longer rise time of the initial atimulus was
choten toc be mbout four times the JND's ostimated by wvan Heuven and van den
Broeke {1979). For the first five reversals in a run, & 10 mB atep Blze was
uwoed. The atep =ise was then decreased ta 3.5 me for two teat reversals.
Finally, the JED was estimsted from the mid-run average of the naxt 10 reversala
at the pla) = .T07 level of correct responmses. On the averages one JHD satimatse
involved about 60 trials.

Stimulus pressntation end dats ogollsction ware under the ocontrol of &
FOP=-11/%4 computer. Hesponses were collected from buttom presses on A Tresponss
box equipped with feedback and ocue 1ights. Bubjects ran individually Lin
approximately one hour sessions. A new random order of preasntation of each of
the elght base atimuli was used esch day. At the beginning of each day, each
subject listened as long a8 he wanted to the pair of initlal and base astimali

— el
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used o the [iret run. Sublects wore tested daily until the JAD eatimates
stabilised. Tha experimental data were +then oollected om the next four

consecutive days. Three of the four subjects ran for a total of eight days, the
fourth subject ran for an additlonal day to eollect further data.

B. Hsaulta

JED eatlmates for each of the four subjects are plotted in Pig. 8 as the
difference in rise time (AAT) for each base stimulus. ART was caleulated from
sach trisl aa the difference Letween the base stimulus rlse time and the mid-run
average rise time. OColng from left to right in Fig. B, the first panel displaya
the mean of the ART valuea, the second pane]l the medisn, snd the third panal the
rangs of the maximum and minimum ART values obtained. Each psnel shows = clesr
overall trend of inoremsing valuss of SAT ms the rise time of the bese astisull
inoreased from 10 to B0 ma. Individusl subject differences cen be observed but
they are not excesolve given the sodest amount of tralning prior to data
gollegtion. The rather saxtremsa values in the range of LBET indicates that riswe
time discrimination ln thip task was very difficult for subjecta, particularly
for long durntion rise time stlmull. BSince subjects occssionslly produced “wild
pointa™ in the trecking procedure, the median diserimination fonctioma are

probably a better eatimate of rise time JND's in this experiment than the mesn
functiona.

lnpert Figure 8 about here

Conbined fonotlons for the four subjects are shown in Fig. 9 for the means
and Fig. 10 for the medlans. The discrimination functions shown in the left hand
pansls of thess two figureas indicate that ART increases with rise time. The
slight decrease ln ART from 10 to % as of about 1.3 ms is less than the step
pige of 5.5 mo betweon stimuli and was costributed primarily by one subject, JL.
The drop in ART at 80 me for the sedlan functlon wme slso contributed by only ome
subject, S5G. Overall, these functiona c¢learly show that subjfecta discriminate
rige time differences well at short rise time dorations, wherems they 4o much

more poorly and display larger mmounts of varisbility at longer rise time
durations.

L R e e it

Inssrt Flgurea 9 and 10 aboutl hers

.. Lo B & 2 ¢ | A S ——— -

If Webar'm law ia applicable to rise time discrimination, then the ART
functicons for the sean and medlan ahould oclomely approximate a straight line.
The high linear carrelmtions of r = .9! (mean) and r = .B8 (medisns) suggest that
these functions are reasopable approximations to straight lines. In addition., we
have caloolated the Weber fraction ms ART/rise time and displayed thess values in
the right hand panels of Pigures 9 and 10. These functions are typical of
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Figure 8. Estimates of the JND's for rise time (ART) a&s a function of rise time
for each of four subjects in Experiment 2. The panels display the mean,
the

mediaa and range of ART wvalueas for the four subjects estimated in
adaptive tracking procedure (see text for details).
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Figure 10. Averaged results from the means shown in Figure 8. The 1left panel
shows the ART median function and its associated regression line, the right
panel displays the Weber fraction calculated from the ORT median function as
ART/RT.
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disérimination data obtsined for aleple auditory dimensions and other seasory
continua where the Weber fraction is lerge st short otimulus values snd then
becomea constant over a wide range of longer stlmulus valoes (GCescheider, 1976).
Hearly conmtant valuesa of the Weber fraction were obtaimed betwessn 30 and B0 ms
rise time for both the mean (= .22) end median (= .31) fusctioms.

0. Discuaslion

The JND's estimated directly in the adaptive tracking procedurs demonstrate
that the disdrimlnation of rise time followa prediotions derived from Weber's
law. Our tesults mre in good overall agreement with those reporied recently by
van Heyvan and van den Broske (1979) who estimated JND's using an indirect method
of &djustment. The asaln difference in the resulte between the fwp astudies
gocurred for basse rise Time value= between O and 50 ma. In our results, AT waa
fairly constant im this range while van Heuvan and van den Broeke reported
ineraasing ART wvalues. As discossed below, this difference may be dus to the
differences La step size between astimulus palps. Our etep size was 3.7 ma
conpared to approrimately 1 ms for their 1000 Ha sine wave. [t 18 alao poaasible

that a floor effect is present in estimating ART whioch depends on stimulus atep
size.

Although wa foumd reaulias that supportsd predictiona derived from Weber's
law, our ezperiment was arranged to Lnclude several h uncertainty task
variables. For similar tssk varisbles, Sachs and Grant lﬁh!rﬂ have reported
non-monotonle, V-shaped Tunctions for measuring the JED of volce ocnset time. In
ths preasnt sxperiment, only one subject, JL, produced a V-ghaped function. 4As a
partial ocheok on the influence of task uncertainty and sobject atrategies, we
aaked subject JL to return so we could measure the JND fer the 10 ms rise time
stimulon in & blocked, low unoeriainty teat at the end of the experiseat. Our
measursmant of her ART fell from approximately 12 ma to 5 ma. This subject
gommanted that her overall lietening strategy had not worked well for thaee
somewhat "thumpy™ stimuli in the usual random order presentation. Interestingly,
Hosen and Howell (1981) have reported previously that their subjects appeared to
have different listening strategiea for the ahort rlse flme atimuli which
influenced the ABX dlacrimination results. Perhaps subjects 1in these
discrimination experimenta should have been sBpeclifically instructed to
discriminate rise time differences meoording to a oriterion based on eilther
loudness or rate of onset as wan done in several earlier experiments (Gershuni
and Zaboeva, [1962; Vigren, Grsevenas and Arpesen,i964; Nabelek, 1965). Thus, at
least some of the wvariabllity obtalned in our ART estimates may be attribotable
td the influence of task uncertainty as vall am subjects' listening atrateglea.

Given the putcome of Erperiments 7 and 2 wé weTe not able to sccount for the
pategorical-like discrimination results Cutting {1982) obtained with an equal
interval logarithmic continuum. Therafore, we sought to develop a method for
directly comparing the resulta from the equal logarithaic and equal linear
inerement continua by referring to the umderlying psychometric funetion. In
order to develop this method, the nert sxperinent was desigoed to specify the
relation between Tunctions obtained in the ABX snd sdaptive irsciking procedures.

— T

-51-



15
Kewlay-Fort and Flaonl. JASA

1Ll. EXFEEINENT 73: TPERTIFICATION AND DISCHININATION USING EXPERIENCED
LISTENERS

All four subjecis who ran in ths sdapiive tracking task af Experiment 2 wars
recalled after 4 weeks and asked to participste in both the idemtification and
ABX tosks used in Experiment | so that the resulis C(ros doth procedures could be
pompared. While theas subjecta wape experienced limtensrs of riss time stimuli,
thay were not famlliar with the pluck and bow labels wesed In the identification
tosking in Experiment 1. A wars-up sequence of 10 preseatations of the 0 and
B0 ma stimuli with feedback weae used o moquaint these subjecte with the pluck
and bow labela. The same set of nine stimull generated for Experiment 1 were
uBed hord. As before, all four subjecta from Expeariment 2 were paid to
participats in this experiment.

A. Hesolbts and dipcussion

ldemtification and ABX dJdiserimloantion functlone averaged over the four
sabjects are presented in Pig. 1! using the same format as for Experiment 1 [ese
Fig- 2). Ipdividual functions are plotted in Fig. 12. The identification
funotions shown here are slightly noisier than those observed in Erxperiment 1.
Thim is probebly true becsuss theas subjeols had ne prior experiemnce with the
idemtiTication task. ALl Tour subjects, however, were able to categorime the
sndpoint stimull as plucks or bows 100K of the time with reascashly sharp
gropaovera between the rceosponse catagories. fverall, bowever, ithese
identifcation funotions are quite aimilar to thome obtmined in Experiment 1.

I ————— -

Insert Figures 11 and 12 about hera

- e - - F

The Lndividual ABX disorimination funotions ahown in Fig. 12 alsc reveal m
grest deasl of subject-to-subjlect variablllty. While thesa subjects perforwed
mlmileriy to thoge 1in Experiment 1, 1t wiep purpriaing to us that those
experionced listeners did not respond more uniformly. The average ABX funotion
ils shown In Pig- 11. While discsrimimation of plae time decreased a8 rise time
iocreaned, this Ffunction is somewhat Jdifferent from the ABX functiions 1in
Experiment 1 shown in Fig. 5. The present function kas more Inflectioms and
reveals higher lavels of discrimination for the longer, 30 to0 70 ma atimulum
pairs. [Nopetheleas, there 1s a strong linear component to the discrimioation
fupotion with r = =-.54. Az ashown clearly in Pig. %1, the predlioted ABX
disporimination functiom does not resemble the observed function. The ocbeserved
ABX discriminetion fumctioms for these four subjects are comnsistemt with the
interpretation we gave in Experiment ' bamed on predictions from Weber's law.

The purpode of this experiment waa to directly compare the ABX
disgrimination resulta with the JND sstimatss ohiained for ths same subjecta in
the previcua experiment. This comparison can be made by interpreting the resulta
from sach experiment im terme of the underlying pesychometrlie functiom. Pirst, we
nead to mccept the [following mseumptions about the psychometric functiom. A
paychometrie function for rise tima wam not sntimated in the adaptive tracking
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procedore ased in this research. We may reasonably assume, however, that
psychoaetric functlons for rise tlme are monotonloally Llnoremsing funotiona.
Since discrimination of risa time as measured by the adaptive tracking prooedure,
ar by the method of adjustmeént (van Heuvan and van den PBroeke, 1979), 1a aimilar
to the discrimisstion of other pensory signala, we will assume that the
paychometric function resembles tha usual ogive shape obtained when percent
correct response (8 plotted as s functlon of ART (e.f. Llevitt, 1970 and
Geacheider, 1976). The important assumption for our analysia 1is that the
psyochometric function may be approzimated by a straight line over some range of
percent correct. In this smalyels, the range will be between %58 and 95% correct
responsea which is appropriate for an ogive where chanse is SO0% ocorrect. A
further assumption we make L that simllar paychometric functiona alss upderlie
ries tise disorimination in the ABX task.

Given the above assumptiicns, a predicted LAT for rise time can be caloulated
from the percant correct responss in the AEX discrimination tamk when the perocent
sorrect reaponse lles on the linear portion of the psychometric function. The
equation for computing this ateaight lins {a:

P8’ ART + B (1]

where p la percent correct. In the ABX bask, the LBET for each discrimination
pair was held conatant at & 20 ma atep sige and a percent correct responss was
gbtained. In the iracking procedure, the percent correct reaponse wes held
gonatant at T0.7f correct and a ART was obtained. Thus, we may obtain an
catimated AHT in the ABL task at the 70.TE correct level of performance by
solving the two simultanecus Bqs. (1) In terms of the intsrcept, b. The result
im Bg. (2) where the slope of the paychometric function, a, is still = parameter
and p ia the obtaloed porcent correct im the AHX task.

tHTpred = 20 + (70.7 - E} {2)
]

While the slops & was not determined in these analyses, some reascnable
bounds on the wvalues Lt can take may be estimsted from dsts obtained in
Experiment 2. A slope of 1 means & percent correct inorease by '8 for each
inorease in ART of 1 ma. This shallow slope implies that an sdditional ART of
25 ma would be necessary to go from TOE correct on the psychometric to 951
corregt. Heferring %o the Tunctions displayed In Fig- 8, it i1a obwiocos that 25
ma is too large. A valoe af 5, on the other hend, is better buot still too stsap.
I we pliok an lntermediste value Tor &, say &8=3, this will &llow uws to solve for
4ATpred Lo Eq. (2). Although the slope of the psychometric becomes shallower at
longer atimulus durations, we will set B to & conatant here. Later we show that
Af & becomea smaller, the results in this compariscn improve even more.

Mgure 13 shows threse satinates of ART aes & fubction of ries tima. From the
adaptive trmcking prooedure, the median functiom from Fig. 10 is plotted as the
beat eatlimate of rlee time diserimination. FPlotted for the same four Bubjects
are the ARTpred values calculated from the ABX results using Bg. (2}, labeled
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ABX, N = 4, lNote that the ABX procedors did not inclede the B0 ms rise time
value. For further comparisom, the JETpred valves for the fifteen subjects in
the ABX after II' procedure from Experiment 1 are also plotted, lsbeled ARX,

=145 The 70 ma point was dropped om the N=15 function becsoee ABFY performance
was only 5% correct.

The shape of the predlcted snd obtained ART funciions from the four
oxperienced llstenera are remarksbly simllar, slthough they &are displaced from
anch other by sbout 12 ma. The Pearson product moment correlatiom coefficieat r
waa ufed o Gdneas :Eithur the shape of tha two fundtiona is similar. In thias
cade, we interpret in percent to mean the axtent to which the shape of one
function, ms massuy by ite variance about its mean, can ba predicted from the
other [(unation. is & measure of the welmilarity of shape which is mnot
ssnsitive to displacements betwsen the funotionm' meanm nor eny differences in
the mbsolute values that these funotionm take mbout thelr meana.

- 8- -

Innert Figurs |7 about here

The ARTpred function corpelated with the medlan function from the same four
subjects had an r = .85 and =.72. That is, 72% of the veriance of the A\RTpred
aurve in the ABL experiment can be predicted from the shape of the mnedian
funotion. Im Fig. 135, the ABX, N = 15 fusction from EBxperiment 1 and the
prasant, ABX; N = 4 Tunciion lie very close %o one another. Correlatiom of the
MTpred values from 10 to B0 ma rise time was r = .92 indicating that 84% of the
shapse of one function La predictable from the other. Farthermore, the
gorrelation r of the ABL, N = 195 Tfunction with the median Tunction was also high
at .89, Teken together, thia mnalysls indicates that there iz s strong relatiom
betwean thes overall shaps of discrisination Cunotions obtained f(rom the ABX
paradign and the adaptive tracking method of estimating ART. We msaume that thim
is true, in pasrt, because the adaptive tracking tesk wes biassed towards higher

atimulus uncertainty conditions making it mpore almilar to the high uncertainty
ABX task.

Wa can now conaider how sstimating the alope a e a conatant equal to 3 Im
Bg. (2} affects the above resulta. Varying a between | and 5 as & conatant Ln
By, (2) will only change the apread of the (RTpred values sbout the mean of the
function, snd thersfore will not affect the Pearsom r. On the other hand, if a
were decrsased as rise time increassn to model the wusual trend of the
paychometric function becoming more ahallow, the ARTpred valuea for longer tise
timea would becoms larger. In this case, the shape of the (RTpred function would

more cloasly resemble the median function and the correlations between the two
gets of data presented sbove would improve.

Given the above analysim for predicting JND's from the ABX taak, we turm to
tha recent findings reportad by Outting (Pig. 4, V0E2) in which he slaimed that
patagorical functions ocan be obtained for eome riss time contlhus. In bia
Experiment ¥, 12 subjects llstened %o two different rise tims conlibus. The
firet continuum hed eoqual linear step siges (16 ms) mnd the obtsined ARX
discrisination function wam aimilar to those of Rosen and Howell (1981} and our
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Bxparinent 1 (Fig. 5). The other contimuum had arbitrarily chosen equal
logarlthnaie step aisen ranging from 9.6 ms to 10.8 ma sz riese time locressed.
The obtalned two-step ABX discrimination function for this continoum hed &
ollightly more categorioal shape. While Quttipng offersd no explanation why the
gamd aublects diperiminated similar stimull according to Weber's law on the ooe
hapd or & more peafly aatagorical basis on the other hand, we halisve we can
resalve thia paradox. To do thie, ve caleulated a ARTpred for Cutting's stimuli
from EBg. 2 by sebatituting the ART atep sise he used im his experimenta for the
20 ma step sise we uysed. In his ASX srperimenta, the otep size for the linesar
atimuli was held constant st 16 ma; the step sise for the logearithmic stimuli
varied from 7-2 me ko 19.7 ma. Tha HETpred for both continua are plotied la Fig.
14 an & Cfunction of the average wvelue for the lineat atimulus pairs (labaled JBO
linear) and the intermediste rime time value for the two-gstep log pairs [labeled
JEC, logl. The first pair of Jog atimuli and the laat pair of linear atimnli
wers dropped from this amalysis becsuse percent corrsot response fell below 55%.
The ARTpred for the foor experienced listeners snd the median JND estimates from
Fig. 'Y mre elso plotted in Fig. 4 for comparisom.

e .

Inssrt Figure 14 about here

Beversl intereating results are displayed in this figure. First, bokth the
linear and the log fonctiona mre nearly atraight linas with llnear regressaion
carrelations of .09 and .97 respectively. The JBC linear [unctiom lieas om top of
tha  HTpred functlon Trom our ABX, N = 4 eiperiment. The JBL log function begins
with AETpred values midwsy beiwsan our two (upotiops and then inoressea linearly
ke réach the same AETpred valoea achisved by ABX, B = 4 subjecta. The JEC log
function showva alscst mo evidence of the peaked, categorical function shown Ln
Cutting's Fig. 4. Although the range of rise times used by Cutting was slightly
emaller than thoss used here, our AEY Tunctions were quite linear over the rangs
pnconpassed by Cutting's log comtinuum. A8 one would expect, the Pearsan
correlation of the JEC log functlom with our median function was wvery high,
F= .98. Jn tha other hand, the range coveared by the JEC linear cootinuum
intluded sn inflectlon point on oour median AAT funotion, se the Pearson r was
low, .83. As wo menticoed earller, bowever, the JEC linear function itself im
monctonically increasing and highly Llloear (regresaion r = .99). Overall, we
ogopclude that 1bwe Tesults for bBoth Cutting's llosar and log contlinua are fully
replicated by the findings of ocur experiments. PFurthermore, we claim that all of
Cutting's results aTe in complete agreement with =280 account of rise tims
discrinination that is based sntirely on predictlons derived from Weber's law.

Bince tha four ART functioms in Pig. 14 are gulte similar in shape, how oan
we wsocount for the dlsplscoment between these functlone? One reasonable
arplanation liea in the step sise betwoen the rilae time atimulua pairs:, In the
tracking procedure, the step aise vas 3.7 ms. In oor ASK taak; the step slse waa
20 ma while Iln Cotting's linesr %ask it wmea 16 ma. The wariables eiep alues for
Cutting's logarithmic stimuli ranged between 7.9 ma mnd 19.7 ms. Eesults shown
in PFig. 14 show that +the AHRTpred functions for the 20 and 16 ma step wlzea
overlap. Tha JEC log funotion achieved similar ORTpred valuss for the l1ast two
log paira baving clse time atep alses of 16.4 and 19.7 ma. The rapidly
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Figure 14. Predicted values of WART calculated from Eg. 2 are drawn in solid
lines for results reported by Cutting (1982) for two rise time continua.
The filled agquares show results for a continuum with equal linear increments
whereas the open circles display the results for a continuum with equal
logarithmic increments. The two ART functions from Fig. 13 are redrawn with
dashed lines for comparison.
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ingreanlng ARTpred values Tor the short rioe time pairs auggeets ithe existencws of
a family of functions for ART which falle between the medlan function {at 3.9 ma)
and the ABX, N = 4 function (mt 20 ms) acoording to the mtep size used in the
experinent. This asccounl amlso provides a firm basls for explaining ths
differances in JHD s betwesn our results nnd those reported by van Heuvan and van
den Broeke (1979). Specifically, they obtsined sn increasing ART functioa for
risa times less than 30 mp, wheress our fumction was [lst. This differecce is
probably mttributable to differences in step slee. These lovestlgators used | As
differencea Tor their stimuli; we used & longer 3.3 me atep sise for our mtimali

which may have introduced & Tloor effect resuliing in & constant S4BT for omall
risa time values,

I¥. CORCLUOSIONS

Several conolusions can be drawn from the present set of sxperiments oo rise
iime diseoriminaticon. TFirat, the diserimination of rliaw time differences for
sawtooth waveflorms asppears to be typleal of discriminstlos of differencen for
other sensory conmtinuam =-- the diseriminatlon followa predictions derived from
Weber's law. [n thia study we showed that an interpretation bassd on Weber's lew
can ba derived from ABX diserimination resaults as well ss by dirveotly setimating
the JAD's of Tise time with sn adaptlve paychophyelcal procedure. Correlational
snalyses confirmed that the predicted JND functiona from the AEY data were
aimllar to the JOAD functiconma obtained fros the tracking procedure, exzcept for an
gffmet attributed to the atep sise of the rloe time continuum. Since Websr's 1sw
olearly applied to the JND's for rise time eetimated directly, we nloo claim Ehst
Weber's law applisn Lo the disorimination funotions obtained from the ABX
parndigm. lNegatively mloping ABX functions for longer rvise time wvalues were
obtalned for all the equal-interval rise time continua inveatigated by Hosen and
oweil {1981) and gvem Cutting {1982) himself. Whils these suthors assumed that
¥ebar's law abould imply segatively eloping dlacriminmtion funotionm, we belleve

the results of the present study have noW clearly demomstrated this to be the
oRae.

hn dinterpretation of the ABY discrimlostlon fupotions o bteorme of
predictions based on Weber's law is importamt becsuse the AEX paradlgm is oftem
used to compare apsech and non-mpesch ocontinua for the purposs of determining
natural semaitivitles in the asuditory syotem [of. Btevena, 1982). TIn the past,
if the ABX discrimination fusctions were monotonic mnd did act show the predicted
discrinination peaks and troughs suggestive of categorical perception, no
apecific altermative axplanations of ithe discriminssion of the otimull wers
proposed. HRow it 18 clear that pegatively sloplng AEX furctions are wvidengéd
that Weber'm law holda for the underliying sensory disori=mination being exsmined.

The nof-categoricel percEptlon of riese flme differences for aawtobth
waveforms ls surprising, however, in light of Delgutte's (1961) recent study aof
the pattern of muditory-nerve [irimgs to speédh soupds. Riee time st the pased
of fricative sounds 18 an scoustic correlate for the distinmiion between the
speech categories of /iff and // (Cerstman, '957). Purthermors, there is
evidence thai this dlatinctlon may be categorically perceived for & /Et7/ to Ji/
rise time contimwum (Culting wnd Bosner, 1974}. Delgutte (1981) obasrved
differences in the patterns of discharge rates between /tf/ and /// which were
interpreted to bhe possible physiclogioal responses essocisted with the

-60-



18
Kewley-Port and Plesoni, JASA

categorical perceptlon of these sounds. Delgutte's findings suggeat the
intriguing posslbility that thera may be differences in perception of rias time
batween nolse in fricatlve waveforms mnd paricdic waveforma much as sawbtooths and
sizuscidal asignale. Indesd, van Huevan and van den Broeke (1979) using the
meéthod of adjustment ahowed that the JHD estimatea for rise time in slnuspidal
pignals ware sonewhal better than for nolse =mignala. Thua, forther lpvestigstion
of the disoriminsation of rise time in apericdie waveforma such sa fricatives is
ovidently varranted based on the present results with periodic signals.

Pinally, we wish to reexamine Cutting's (1982] remsrks ooncerning
ocategoricel peroepiion. We optrongly dissgree with Cutting's ecleim that
catagoricel perception es sssessed by 3ideptificoation and ABX paradigme is &
"fickle~ phenomenon which may “appear and disappear” in curicus waym am task
variahlea are manipulsted experimentally. The offecte of atimulus uncertalnty
Bache and CGrast, 1976; Carney, Widin amd Viesmister, 1977), aod memory load
Fujasakl end Xawashimi, 1970; Pisomi, 1971; Pileonil, 7973) om spesch eound
disorinination are reasonably well understood &% thie time. Ao analyels of
disoriminetion in the ABE parmdlgm mnd ite relation to other discriminstion
paradigms has been undertaken as well by Macmillan, Kaplan and Creelman [1977).
Cutting’'s remapks about the ralationa between identiTication snd discriminatiom
were directed primarily to diffjoulties in interprating his recent results with
ptimnli which w#ere based on wrblirarlily selected wsqual logarithmio ilntearvals.
While hias initial analysis of the ARK discriminsiion results for the log ptimuli
appeared categorical. our re-spalysis of his data demonstrated that the poaks in
the discrimination Tunctions werw sctuslly artifecis of ithe unequal rise time
intervals ha aswlected. Thus, ocontrary to Cutting's remarks, the present
siperimants demonatrats that when careful attention im glven to tamk variables,
the ABX paradigm is walid and useaful for measuring discrimipation of senaory
continua, whether apeech and oopepesch, and for making comparliscns between
YErious con%tinua. Nore importantly, however, la the resclution of what appeaced
to be 8 conflict En %the literature betvwean Hosen mnd Howell wsnd Cutting. Our
results demonsfirate clearly that ries time i» disoriminated in a manner that 1a
conaistent with predictions derived {rom Weber's law. The earlisr reports in the
literatures demonstrating categorical-like dissriminetion of rise time appear to

ba due gprimarily to artifacta in the spacing of oignals ased 6 measurs
diserinination.



19
Kewley-Port and Plsoni, JABA

ACKNOWLEDGMENTS

We wish to thank our ocolleagues Donald E. Robinson, Thomas E. Hanna and
Bobert Gllkey for many frultful discusslons concerning the dealgn and analyeis of
ths adaptive tracking sxperiments. We also thank Paul A. luce Tor helping to rTun
pubjects in the esxperimenta. A preliminary report of thess Tindlings wam
presented before the Socisty ai the 1034 sseting in Chicago, I[L, April, 1982.
The research reported here wes supported by the Hatfonal Institotes of Health,
Fegearah Grant NS<12179and the Ratioaml Tnstitutes of MWental Health, Ressarch
Crant NMH-24027 to Indiana University, Bloomington, IH.

il -51-

s



20
Kewley-Port and Pisgni, JASA

REFERENCED

Abramson, A. 5., asnd Liaker, L. ﬂ]l "Diserininability aleong the wvolcing
continuua: Cross-language testa in Procead of tha 6th htiruntiuﬂl
Congress of Phometic Sciences (Academis, Pr ; 585=5T3.

Carnay, K. E., Wildin, €. P., snd Viemssleter, N. _E) “Noncategorical
perception of stop commonants differing in VOT, ‘* J. ust. Boo. Mm., &2,
961 -970. =~

Cutting, J. E. [1982). "Plucks and bowa are categorically parcaived, sometimes,"
Fercept, Paychophy., 31, 462-4T6.

Cutting, J. B., and Hosmer, B. 5. ([1974). “Categories and boundaries in spesch
and music,” Peroept. Paychophy. 16, 564-570.

Ielgutte, “Hepreseatation of aspeech-like pounds 1o the discharge
plturu.l n udlt&qr-num fibers,” Unpuoblished doctorml thesis, M.I.T.

Pujiseki, H., and Enwaehims, T. [1!!‘:'}. "S8ome experiments on apeech perceptlon
end a1 modal for the perceptual mechenism,” Annual Report of the Englneering
Resenrch lnmtitute, 29, Tokyo: IUmiversity of Tokyo, Faculty of Engineering.

Gershuni, G. V., and Zsboewa, N. V. (1962), “Evaluation of functional
significance of audlbory ayelea responses t¢ exponentially increasing
vide-band molses and tones.” Piwiol. Ih. ES5R 48. NTH [(Translation
T275-Te09).

Gepstman, L. J. (1957). “Perceptual dinensions for the frictiom portionms of
coertain apesch sounds,” Oapublished doctoral Jdlsssrtation, Hew York
Univeral L¥.

Gescheider, G. A. {1976). Paychophysics: Mathod and Theory (John Wiley 4 Bons,
New York].

Harris, J. D Ilﬁi}- “"Eemarks on the determinstion of s differential threshold
by the st-called ABX techmique,” J. Acoust. Soo. Am. 24, 417.

ven Heuvan, V. J. J. PF., and van den Broeke, N. F. H. (1973}. “hAuditory

diperiminetion of rise and decay times in tone and noiee bursts,”™ J. Acoust.
HSoe. Am. 66, 1308-1315.

Jusceyk, P. W., HAosmer, B. 3., Cotting, J. E., Foard, 0. F., and Bmithk, L. B.
{('977). “Categorical percaption of non-apeech acunds by twvo-month ald
tafantsa,” Fercept. Peychophy. 21, 50-54.

Eibersan, Ak. M., Cooper, F. 5., Shankweiler, 0. PF., and Stodderi-Kennsdy, HN.
(1%7). “Perceptiom of tha spesch code,” Paychol. Rew. 74, 431461,

Liberman, A: M., Harria, K. 0., Hoffman, H. 5., and Griffith, 6. C. (1957).
“The disoriminstion of speech sounde within and across phoneme boundaries,”
J. Bxp. Paych. 54, 358-36A.

— i

=63~



|
KEouley-Pori and Piscmi, JASA

Lovell, J- 0., and Carteretie, E. C. ELE':I. "higital generation of acoustic
stimuli,” Behav. Res. Metk. 4 Inotru. 4, !501=155.

Macmllisn, N, A., Eaplam, H. L., and Cresimam, C. I. {_’f_m]. “The paychophyaios
of categorieal perception.” Psych. Rev. 84, 452-471.

Mattingly, I. G., Liberman, A. ®., Eyrdal, A. K., and Halwes, gﬂ].
"bDigerimination Ln Apewch mnd non-apeech modes,” Cog. Paych. 2, :}I |

Killer, J. D., Wier, O, C., Pastors, H. BE., Kelly, ¥W. W., and Dooling, R. N.
{1976). “Diseriminstion snd labeling of nolse-bums sequences with varying

noise Jead times: in ersmple of oategorilcal perceptlon.,” J. Acoust. Bee.
h'I E_I‘ ‘IM'TI

Fabalek, I. % *Discriminability of the rise tine for ooise aad tone
pulsea,” ngress Internatlonal 0'Acoustique, Liege, B28.

Fisgni, D. B. (1971). "On the nsture of ostegorioal perception of mpoech

gounds,” Jupplement to Status Report on Speech Resesrch [(SH-2T), Bew Haven:
Haskins laboratories.

Pimoni, D. B. (1973). Taivditory and phonetic memory codes in the diserimination
of ronsonants and vowels.™ Percept. Paychephy. !3. 293-260.

Pisomi, D. B. (1977). “Identifiontion and discrimimmtion of the relative omset
of two component tones: Implications for voieing perceplion in stopm,” J.
Acount. Boe. Am. 61, VIG2-1361.

Fispai, D. B., and Lasarua, J. H. I:m‘_{]. "Jategarionl mnd non-cstegorieal modem

of speech perception along the vololng continuum,” J. Acoust. Booc. Am. 55,
J20-333.

Bemerm, H. B, Cottling, J. E., sand Stodderti-Eeanedy, N. E#} “Cronn-series
adaptation using =ong and string,” Percept. Paychophy. 4-=530.

Hosen, 8. M., mnd Howell, P. (1981). “Plucks and bows are not catégorically
parcelved ,” Percepl. Paychophy. 30, 156-168,

Sacha, B. M., and OGrant, K. ¥W. (! F }. "Stimulus correlstes in the perception of
volce onmet time E'W!".h Discrimination of speech with high and low
stimulos oncertainty,” J. Aeoust. Sca. Am. 60, S91(a).

Schouten, M. E. H. [1980). “The csse sgalnsl & speech mode of percoptlion,” Aata
Faychologica &4, T1-98,

Stevens, K. N, (1982). "Conatraints imposed by the suditory system on properties
used to claseify apaech sounds: Imta from phonology, aopuatics, =nd

paychonnguatica,” ip The Oognitive Representaticn EE Spesch, edited by
Meyera, T. F., Laver, J. and Anderson, J. |No olland, Amsterdam, in

preas).

Studderi-Kennedy, M., Liberman, A. M., Harria, K., end Cooper, F. 5. (1970).

"The motor theory of speech perception: A reply to lane's critloal review,”
Paych. Bev. TI1, 23d-249.

-6k~



22
Esvley-Port and Pisonmi, JA3A

Vigran, E., Graevenes, K., and Arnesen, G. (1964). “Two experiments concerning
rine time and loudneaa,” J. Acoust. Soo. Am. 36, 1468-1470.






[RESEARCH ON SPEECH PERCEPTION Progress fleport No. T (1981) Indiena University]

Oneet spectrs and formant transitiona in the adult’s and ochild's

parception of place of articulation in stop conaonants

Amnndas C. Walley and Thosas D. Carrell

Speech Resgarch laborastory
Department of Paychology
Indiana Univermity,
Bloomington, IN 47405

This research waa supported, in part, by NIH Ressarch Grant NS-1217%9, WIMH
flesearch Grant MH-24027 and NHINODS Research Gramt HD=119%% to Indiana University

in Bloomington. An earlier version of these findingm was presented at the
mewting of the Acousiical Society in los Angelss, November, 1980.

-7 =



Stevens and Hlumsteln have proposed that the global shape of the CV syllable
onest spectrum provides the listenmer with a primaery end contextumlly isveriant
cue for place of atop comsonant articulation. Contextuslly variable formant
transitions mre, in contrast, olaimed to6 conmtitute secondary cuss Yo plsce of
articulation that, during development, are learned throggh thelir oo-ocourrence
with the prisary spectral omes. In the two experiments reported here, thess
claisms shout the relative importance of the onpet spectrum mnd formant transition
informstion were assessed by obtalping sdults’ end young ohildren's
identifications of synthetic stimuli is which these twe potential oues specified
different places of articualstion. In general, the responses of both adulte and
childres sppeared to be detersined by the Tormant tracsitions of the stimuli.
These results provide little sapport for the claim that sensitivity to the global
properties of the onset spectrum (ss deseribed by Stevens snd Elumstein) underly
plece of artloulation perception or for Btevens snd EHumstelsn's primary ve.
secopndary cue dimtinotion. BHEather, thens findings ere consistent with the view

that dynamic, time-varying infommation im important in the perception of plesce of
articulation.
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INTRODUCTION

A number of studies that have investigated the role of the relsass burst and
formant traasitlons in signslling place of stop consonent artioulation im CW
ayllsbles kave indicated that these acoustio features vary as a funotiom of the
identity of the following vowel (e.g., Cooper, Delattre, Libemman, Borst and
Gerstman, 1953} Dorman, Stoddert-Kennedy and Eaphael, 1977; liberman, Islattre,
Cooper and Gerstmsn, 1954; but see Cole amd Scott, 1974). For example, the
second formant transitiom, which has been thought by some inveatigators to be
important im carrying information aboul place of articulstion, falls foéllowing
consonantal Telsase in /du/, but rises Im fdi/, amd the starting frequenciesa of
the second-fomant transition differ between the two syllables {Cooper et al-,
1952; Lliberman, Cooper, Shankweiler and GStuddert-Eenmedy, 19%67). Indesd, the
relative importance of buret and transition informstion In epecifying place of
nEp gonsonant articulation may also vary in & context-dependent manner (e.g.,
Coopsr et al.,, 1952; Dorman et al., 1977). The comtextual varisbility of the
burst and [ormant transitions assoclated with different places of articulation
would sesm to require the postulation of activs perceptual mechanisms capsble of
esing higher-level lingulstic knowledge to interpret the speech wavelorm in a
f;‘ﬁ?w appropriate menner (e.g., Liberman et sl., 1967; Etevens apd House,

However, the sbsence of actustic-phonetic lovarisnces observed in previous
epeech investigstions may mot be an inkerent characteristic of the speech signal.
Inatead, this “lsck of invariance® may be indicative of a failure to find an
appropriate paychnlogical desaription of the speech wavefors. With Tespect to
place of articulstion, Fant {1960; 1973) end Stevens and Blumstedn (1978;-1981;
Blumateln mnd Stevens, 1979; 1980) have, for exsmple, argued that the burst snd
transition information in the first 10-30 ms of the CV syllable, which sre the
result of one &articulatory geature, provide a eingle, Iintegrated cus *to
consonantal identity that is independent of the following vowel context. Aa
Stevens and Hlumstein (1978) have pointed out, although burste snd formant
tranaitiona are visually distinotive in spectrographic displays, the auditory
aystes does not pecessarily procéss these festures independently of one another.
inther, these scoustic segaents might, in the early otages of awditory analywsis,
emxbine (i such & way thatl they provide the beais for the gonstancy of the plage
of articulation percept.

Hecent attempts to model ithe initial otages of wpeech procesasing, which
mploy more sophisticated methodes of asnalysis than traditional spectrographie
ones, have, in fact, met with some success in identifying lovariant acoustic
correélates of place of artioulstion {(s.g., Humstels and Steveas, 1979
Kewley-Fort, 198Zb; BSearle, Jacobson and Kimberly, 1980; Bearle, Jacobson and
Esymemt, 1979; Stevens and Hlumeatein, 1978). The work of Btevens snd Blumatein
hap been particulsrly influential in prometing the notion that such correlates
axist in the apeech waveform and that these propertiss mediste the perception of
place of articolation [(see alse Mumstein and Stevens, 1980; Btevens and
Blumstein, 1981 ). They have proposed that the relstive alope and diffuseness of
snergy iln the short-term specirum sampled =t consonantal relesse in 8 OV syllable
apecify plece of articulation in a context-independent mannsr: &8 shown in Figure
T, labinls may be
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charsctericed by & diffuse-flat or -falling epectrum, alveolsrs by =
diffuse-rising epectrum, &nd velars by a prominent wmid-Trequency spectrsl peak
(ef. Jakobson, Fant and Halle, 1952). Within Stevens and Humstein's model, the
onset apectrum of a atop CV syllable is obtalned by integrating enmergy over the
first -6 ma of the syllable and using linesr prediction analysis- The
eriterial properties of the onset spectrum then are determined by the atop
relesss burest and the initisl portioms of the firat three formant transitions;
the sameé ppectral shapes sre observed when only the formant tramsitions: are
present in & etimulos, but these shapes are enhanced by the pressnce of the burst
{e.g-, Stevens end Elwmstein, 1978). Thus, the ‘global, context-independent
properties sasvclated with different places of articulatien do pot depend on Tine
detailes of the initial part of the wavefom.

Aocording to Stevens and Howmastein's theory, sensgitivity to the global
propertiea of the onset spectrum provides the basis for the adult
listener's ability to differentially identify place of articulation for stop CV
ayllablea. In contrast, fommant tranadtion information (e.g., ntarting frequency
and formant trajectories) constitutes a secondary, coatext-dependent cue to plece
of wrtioulstion, which may be Llove in absence or distortion of the
primary, invariant spectral cues. Thus, afdults are able to identify plsce of
articulation for two-forment stimuli (Cooper et al., 1952; Delatire, Liberman and
Cooper, 1955), even though these stimull lack the primary spectral properties
(e.g:, Stevens &nd Hlumstein, 1978). However, formant transitions are not
eanéntial for sccurate place categorisation) their main “function® is instesd to

provide & mmooth and continwous change betwesn  the onset spectrum and the
following vowel. -

The sbility to use secondary, context-dependent formant transitions in place
of articclation perception ie one that is, OStevens and EBElumstein suggest,
acquired in development by virtus of thelr oco-ocgurrence with the primary
?mtrﬂ cugn. The prelinguistic infant's discriminstion of place differences
#.5-, Bush and Williams, 1977; Bimas, 1974; Moffitt, 1971; Morse, 1972) le
expleined by assuming that the suditory system im innstely endowed with feature
deteoctors which are semeitive to the D,"rlrl.lnt spectral properties apsociated
with different plsces of articulation.' Thus, the properties of the onset
specirum sre asserted to be primary for the peroeption of plece of articulation
in that: !|) for the adult, they constitute the major and most relisble basis for
the perception of place and 2} developmentally, they are used prior to formant
transition informetion and sensitivity to these properties is imnate-

Iln prder to provide empirical support for their claim that it is sensitivity

to the global properties of a stisulus’ ooeet aspectrum whichk medietes the
perception of place of articulation, Stevens and Elumateip (1978) conducted a

ptudy in which adult listeners were regquired to Lfdemtify synthetic CV syllsbles
from peveral continpa. The stimuli within & comtinuom varied in plece of
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srticulatien (/b-d-gf or /b-g/) in one of three vowel comtexts {/4/, fa/ or /u/f)
and contmined either bursta + transitions, trensitions only, or burste omly. It
was found that the best exesplars (sccording to subjects’ identdifications) of
sach plece category for the burst + transition and the transitionm-only continus
had onset spectrs which posseswsed the propooed primary, context-independent cues.
These spectrsl shapes were not obsérved for stimuli that were Lncomasistently
identified -- i.e., for category boundary etimuli. (Although the burst-only
#tinuli possessed distinctive omseét spectra, they contained an mdditionsl and
conflicting discontinuity snd, sccording to Stevens and Elumstein, wers therefore
inconsistently identified.)

Stevens snd Hlumstein interpreted their results as supporting the notion
that identification of place of articulation is achieved through the operation of
aud itory feature detectors which are sensitive to the gross, iovariant properties
of the onset spectrum. Yet, whether or not sessitivity to these spectral
properties is primarily responsible for wediating perception of plece remsins
unresclved almoe, 1o thelr burst + trameition amd tremsition-enly sti=uli, thess
proparties were confounded (as they undoubtedly are in nstural spesch) with other
acoustic propertiss; asuch as burst [requency and formant transitions, that may
ales provide the listener with information about place of articulatiom. So, for
exsaple, the spectral properties that Stevens and Hlumstein consider to be
distinctive for esch place category may have co-occurred with what ia
perceptually optimal fomant Sranaition infomation for the pame  place
categories, and nondistinctive omset aspectra may hsve besen confounded with
apbiguoua formant transitions. Op the basie of Stevens and Elumstein's results,
the relative importance of a stimulua’ onset spectrum, burst frequency, formant
transitione and V0T in spevifying ita plesce of srticulstiom is mot clear. Their
results merely serve to illustirate that those properiies of the onast spectrmm
which they olals underly the perception of place of srticulation &re associsted
with different places ocategoriea and do mot require the conclusion that thess

propartias are oecessary or &ven sufficient ouwens Tor the specifliocation of place
of articulation.

in a more recentl seriea of experiments, Hlumstein and Stevens {(1980)
presented listemers with truncated versions of syothetic burat + transitiom and
tranaitlon-only CV syllables containing sither movisg or "straight” “transitioms.
Subjects were able to relisbly idemtify the place of articulation of these brief
otimuli, when their onset frequencies corresponded to those of the best exeaplars
of each place category (mccording to the ldentification functions obtaimed in
their previous study; Gtevens and Hlumstein, 1978). From thess resulta Stevens
spd Elumatein congluded that sufficdent information is contained im the [irst
1020 me of the OV waveform to cue jlace of stop consonant articulation Lalthough
the effective durations of their truncated stimuli were longer than they suggestj
sée Kewley-Port, '960). Horeover, becsuse subjects were able to identify stimuli
with straight trensitions, Stevens and Humsteir also srguesd that forsant motions
are not essentiml for place of articulstion perception. According to Jtevens and
Humatein, these results, are consistent with the aootiem that it La the global

properties of the initisl portion of the waveform which are most important 1o the
perception of place of articulatios.

i
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It is not clear, however, that Stevens and Hluwmstein's conclusions are
Warranted, since, for example, formant starting frequencies and onast spectra
ware still confounded in their astraight transition stisuli. A more general
problem with this study, as well == their previows ome (Stevens and Humstein,
1978), ies that the strategy for investigating pisce of articulation perception
has besn to vary burst, VOT and forment tramsition information apd to sssess the
affects of these manipulations on parception, rather than to directly manipulate
properties of the onset apectrum. Soéh sn Epprosch can provide omly indirect
support for the clals that place perception is primarily medisted by the
detection of the relative slope snd diffusenses of spectral enargy at atimulus
onset. A strong test of their theory "...would be to detemmine whether
perception of plesce of articulation depends on mttributes of the gross shape of

the spectrum at onset, Independent of fine details such as burst cheracteristics
und formant onset fﬂqu-ﬁfg'_-{m and Elwstein, 1978, p. 1367).

In the present study, we adopted such an approsch in evaluating twe of the
mnajor claims of Stevens and Humstein's theory -- fi.es., that global properties of
the CV ayllable onset spectrum are primary in the sdult's and the developing
ehild's perception of place of artlioulation. Thess cleims were assessed by
obtaining sdults’ and young children's identifications (in Experiment 1 and
Exrperisent 2, respsctively] of synthetio CV eyllables in which formant tramsition
information specified ome place of articulation, but in which ths onset spectrum
opecified a different (or conflicting) plece of articulstlon. This manipulation
was, following the suggestion of Stevens snd Humstein (1978), schieved by
varying the relstive asplitudes of the lormants at stizzlus ocaset. By exsmining
how llsteners identlfy esuch stimuli, we hoped to detemmine the relstive
contribution of speotral informetion at stimulus onset and transition informetion
to the perception of place of erticulation.

1. EXPERIMENT 1: AINLT PERCEPTION

If Stevens and Blumstein’s claiss concerning the perceptual primacy of t{he
onset spectrum are correct, ome might expect that stimuld in which onget specira
and forment trensitions conflict would be identified by adults in & manner
consiatent with the properties of the onset specitra. For exasple, a stimulus
vhieh hes an onset spectrum spproprimte for a /d/ (i.e., a diffuse-rising shape),
but which has the rising formant transitions characteristic of /b/ in. the context
of jfa/, should be identified as /da/. However, if information residing in &
stimulus’ fommant transitions is relatively more important or salient to
listeners, this stimulus should be ildentified as & /ba/. Of course, it is also
possible that both types of cues are important for the perception of place of
articulation or that, through the asasplitude manipulatiom, other. -important
charscteristica of the otimuli will be distorted and the stimull will simply be

rendered ambiguous. In this case, adults =might not be  able to identify the
stimuli consistently.
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A. Bubjects

Thirty-six Indimna University students, who had little or no experiemce im
listening to synthetlc apeech, served ae wsubjects in. 1‘:!: experiment. Three
additional =ubjects were excluded from the data analysls.” Subjects were éither
paid for their partlolpatiom or recelved oredit towerds an introductory
peychology course in which they were emrolled. Easch subject was a mative speaker

of English and reported no history of mpesch or hearing disorder at the time of
teating.

E. Stimuli

Bine CV ayllables (three comtrol and aisz experimental or "conflicting cue”
stimuli} were comstructed for sach of the two vowel conditiens (/a/ mnd Ju/f)
using & modified version of the Klatt (1980) software digitel speech aynthesiser
(eee HKewley-Port, 1978). ©Each stimulus weas synthesised with the digital
resonstors connected in parallel. In contrast to synthesis in the cascade branch
of the syntheaiser, where Tfommant amplitudes are caleculated automatically,
ayntheais in the parallel mode allows the experimenter to explicitly met and
therefore have some control over the relative amplitodes of the fommants. This
synthesis strategy waa, of course, necessary for comstruction of the conflicting
cu¢ atimuli. The same strategy wes employed in the construction of the control
atimpli. (An earlier pilot study indicated that {dentification accuracy for the
eontrol stimull d4id not depend on whether they hed been aynthesised in the
cascade or in the parallel mode.) &All the stimuli were synthesaized at = 10 EHz
:Hl:plin.g rate, output through s 12-bit D-A comnverter snd low-pass filtered at 4.8

1. Control Stimuli

The control stimuli were modelled after the best exemplars of sach place of
articulation oategory from Stevens and Hlumstein's. (1978) transition-only
/ba-da-ga/ and [bu-du-gu/ continus - L.e., after stimulus 1, 8 and 12, and
ptimulus 1, T and 13, respectively.- Thus, [or one vowel conditlom of the prasant
experiment, the center frequencies (and bandwidthe) of the formante of the
control stimull were appropriate for the steady-stete wvowel fa/ and were set at
T20 (50), 1240 (70), 2500 (110), 3600 (170) and 4500 (250) Hs for B, F2, F3, F4
end F5, respectively. Esch control stimulus in this set had the same starting
frequency of 220 He for F1, but F1 had verying transition duratiomw of 20, 35 and
45 ms for fba/, /da/ and /ger/, respectively. The starting frequenciss of F2Z and
F3 were 900 Hz and 2000 Ha for /B/, 1700 Hz and 2500 Hs for /da/, 1640 Hzx and
2100 He for /gu/ apd the transition dubations for F2 and F3 were 40 me. The
trajectory of esch Tormant from ita atarting frequency to the steady-state value
for the vovel was linsar. P4 and 75 wore steasdy-state fommants and thus had mo
formant transitions. The three control stimuli, /be/, /da/ and /ge/, will be
referred to as stimulus number Ta, 28 and Ja, respectively-

For the other vowel condition /u/, the formsnt frequencies were set -at

170-300 Hs, 1100-100C Ha, 2350 Hs, %200 Hy snd 4500 Hz, for F1, ¥2, ¥3, P4 and
F5, respectively. (The first twe formsnts changed over the frequency Tange
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indicated to aimulate ﬂi‘phthumnﬂmu) The bandwidths of Hhe formants
correaponded to those velues used 4in the /a/ condition. The starting frequency
(apd duration) of the P! traseltion was 180 Hs (15 me) for all three control
etimuli. The ' frequency of F2 and F3 was BOO and 2000 Hs for /bw/, 1600
and 2700, He for /dw/, spd 1400 and 2000 Hs for fgu/.- The duration of these
transitions was 40 ms for all stimull. P4 and F5 were steady-state formants and
did not have any tramsitions. The three comtrol stimuli, /bu/, /duw/ =snd /gu/,
Will be referred to as stismulus 4a, 58 and &8, respectively. |

The duration ¢f voicing for oséh stimulus in both vowel conditions (snd thus
total atimulus duretion) was 255 ms. | The excitation -source f[or the vowel began
abruptly, esuch that the firat glottal pulse ocoincided with the beglimning of the
formant transitions. The amplitude. of wolcing wes constant for 220 me and fell
lionearly. to O dF over the last 35 am of & stimulus. Ths fundsmental-Treguency

contour began at 103 Hz, rvose linsarly to 125 Ezx in 35 me, fell firet to 94 He in
180 ma apd them to 50 Hs in 40 ma.

The onsst apectra of  the control etimuli were obtained weing linear
prediction asalysis similar to that of Btevens and Blumatein (1979). A general
purpose digitsl wsignal processing program, SFECTRUN ~(Kewley-Port, 1979),
preesphasised, windowed and analyzed sach stimulus waveform with 14 linear
prediction coefficienta uwsing the autocorrelstion method. The 25.6 ma window,
which was positiomed &t stimulus smeet, was en extended half-Hamming window; the
first 12.8 ma of the window was rectangular, the following 12.8 ma was &

half-Hiamming window. Thia window differed mlightly from the ertended half-Ksiser
window amployed by Stevens and BElumatein. ;

The ashape of the onset spectrum of each control stimulus (see the top of
Figure 2 for the comtrol stimull im the faf comdition, the top of Pigure 3 for
those in the /u/ condition) was conmismtent

——— - =-r——

Insert Pigure 2 and Figure 3 About Here

— .

with the stimulus' place of articulation as specifisd by ite formsnt trensitions.
Each coset apectrum was accopted by the appropriate Stevens snd Humsiein
template and rejected by the other twe templates (for s detailed description of
these templates and mstching oriteria, ses Elumstein and Stevens, 1579).
Template fitting wes achieved for purposes of the present experiment by obtaining
hard gaples from a Tektremix 4010-1 af the onset spectrs and then comparing them
visually with transparencies of Stevens and Blumstein's' templates. In order to
achleve the desired fits, the relative amplitudes of the fommants were sat to
those values specified -ip Table 1. A value of 66 4B waas chowsen as & baselins

Insert Tabls 1 Abowt Hare

W . e e e i ...
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ONSET SPECTRA OF CONTROL AND CONFLICTING CUE STIMUL!

-/a/s-
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Figure 2. C(mset spectra of the control and conflictipg cue stimuli in the /a&/

condition. HNote that the amplitude scale in this figure differs from that
in Figure 1.
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Walley and Carrell

Table 1. Helstive formant amplitudes (dB) of control snd conflicting
cud etimuli in the /a/ snd fu/ conditioms.

WL

T LI LI e T

Formant

Stisulus Na. Fi F2 3 Fa 4]

/af
1a 65 (13 &6 &6 (1
1t 50 41 (19 T2 (13
le 51 45 69 45 33
28 &6 &0 (17 T4 66
2h B& 60 LT ) 45 41
Zc 54 66 36 36 36
T &1 T4 &1 51 bE
1 &6 57 54 a7 AT
3 61 54 5T 17 63

Ju/f
da B& &6 69 66 66
4b 46 46 B2 69 66
4 47 50 54 T2 69
ta 57 5T 61 66 66
5k &6 6% 59 &1 b&
e L 50 52 6& (1
Ga (0] Te B0 51 Ga
Bb 60 5 63 56 66
be 50 ‘64 64 649 .17
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from which to vary tha relative amplitudes of the formants. In cases where the
emplituds of a given Tormant relative t0 other Tormant amplitudes wes eltersd,
the amplitude of that formant was conmtant for the firet. 2% me of the stimulus
{i.m., for about the duration of the analysis window) wnd them rome [or fell)
linesTly back to the baseline smplitude over the next 25 me of the stimulus.

2. Conflicting Cue Stimmli

Two experimental or conflicting cue stimuli were derived from each comtrol
stimulus. Thus, & total of 12 conflicting cus stimuli (& for esch wvowel
condition) were opooetrocted. A conflicting cuoe etimslus differed from the
original control stimulus omly in that its fommant smplitudes were smanipulated
(eee preceding msection) such that ita onset spectrum specified a place of
articulatlen 4iffersnt from (and thus 4in comnflict with) that specified by its
formant transitiona. (The formant amplitudes employed to achieve this
menipulstion are shown in Teble 1; the onset apeotra, of the conflicting cus
stimuli are shews in Figures Z and 3 beneath thé contrel stimuli from which they
were derived.) 45 sn example, the gonflicting cus stimulus b has the oamné
spectiro-taaporal specifications as contro]l stimulus 1a and les, therefore, by this
particular description a /ba/. However, the onset spectrum of stimulus 1b 18
appropriate for a /da/. BEach conflictinmg cus =stimalus had. an onset spesctrmm
which was mccepted by one of the OGtovens and Hlumstein teaplates, but which was
rejeated by the other two templates -— incloding the one which was ac
appropriste according to the stimulus’' formant tressitions. Thus, stisulus 1
wan, for sxapple, rejected by the lablal template. :

C. Procedure

Half of the subject= were asolgned to the /&/ econdition, the other half to
the [fu/ conditiom. The subjects were told that they would hear
compiter-generated versioms of the syllables "be", "da" and "ga" (or "tu", "du"
and "gu”) and thet they were to ideatify ssch stimulos a8 quickly ss posaible bY

preasing one of three lsbelled responss buttons. 4 <ue-light =ignslled the
presentation of & stimulus.

The subjects firat listensd to a block of stimull, 1in which sach of the
thres control stimuli for that copdition were presented tem times snd each of the
oix gonflicting cue stimuli were presented five times in rendom order (such that
subjects heard an equal proportion of control and conflicting cue stimuli). Thim
block of trials served to familiarise the subjecta with the stimuli snd to allow
them to practice responding. Thees dats wore not analyzed. 1o the. testing phase
of the experiment, subjectsa were presented with 24 repetitions of eagh of the alx
oonf]l loting cuve stimuli apd 48 repetitions of eagh ‘of the three control stimuli
in mpdom order. The stisuli were presented over matobed and galibrated TUH-39
headphones at approximately B0 4B BPL with a maximus inter-trisl isterval of
three assconda. Stimulus presentation and response céllection weare conducted
on=line and controlled by a FDF-11 computer. The entire emperimental sesalon
lapted mpproximmtely 4% minutes.
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b Hesults
', Group inalysis
The sabjects tested in the /a/ condition failed to reapond on only 0.3% of

the trisls (for both control and conflicting cue trials). ' In the /u/ comdition,

subjects failed to respond for ©.4% of the trials (for both control and
conflicting cus trisls}.

Showm on the leftmost pide of emch panel in Figures 4 apd &

Ilnsert Figure 4 and Figure 5 dbout Here

-

ere the group meéan proportiona of correct mmd incorrect ldentifications for each
control stimulus in the /fa/ and /u/ vowsl condition, respectively. As one can
see, the mean proportion of hite for wsach control etimulus is very high- These
identification responses could be based on information provided by a given
stimulus’ formant transitions or on the grosa propertiea of that atimulus' onsst
spectrum. Correct respomses for conmtrol stimuli are therefore lebelled F,5 in
the figures, incorrect respomses are labelled © for “other” (i.e., the control
atimulus was labelled according to 6me of the other two possible place
categorien).

The pattern of identificetion reaponses observed for the oconflicting oue
stimuli in the /a/ condition is represented in Figure 4. The mean proportion of
ldentifications by forment transitlions (which is denoted by F in the figure), by
onset spectrum (8), =nd the mean proportion of “other" (0) responses (i.e,
sccording to the fhird possible place oategor } for saeh con ting cue stimulus
ere ahown to the right of the ocontrol stimulus from which it was derived.
Zubjetta categorimed these conflicting cue atimuli formant tramsitlions
raliasbly more often than expectisd by chance for five of 8ix conflicting cum
stimull (two tmiled, t ® 2,10, 2.57, 109.00, B.23;, T.84, for stimulus 1%, i,
2k, b, and 3o, mpagt‘uiu: P € .05 in all unifh Categorieation by onset
epectrun waa not reliebly greater than chance for any of these five atimuli.
Indeed, categorieation on this basis was reliebly less than thance in most cases
E&T = =4.%, =165.5, =3.T1, =6.08, for stimulus Ih, 2%, b, J3c; p < .0O01).

ining conflicting cue stimulup (20) was relisbly ldentified by ita onset
spectrum (t; .y = 7.30; p ¢ .001) and fdentification of this atimulis on the
basis of 1 Jrlut trannitione wam algnificantly lesa than would be expected by
chance {t.,., = -4.86; p ¢ .001), The significance of thewe tests is indicated
by an utirul (*] abowve the appropriate column (F or §) in Figure 4.

la the /u/ coodition {eee Pigure 5}, all aix of the conflicting cue ‘etimuli
ware reliably identified according to their formant transitions. (For stimulus

4%, 4o, S5b, Sc, 6b and Bo, G = 2.0, 2.3, 1%3, BT, 0.9, 1.9,
respectively p € .05 im all nhﬂ.: Identifications h{ onset spectrum were
reliably helow chance for stimulue 4B, 5b, So, 6b and Go t“.” = =550, =613,

~30-
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SLMMARY OF ADULT IDENTIFICATION DATA
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a glven cottrol stimulus (48, Sa& or 6m).
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=35.6%, -T2.T, -%74, reapectively; p ¢ .002 in all cesesa) and st chancs for
atimolus do.

By this mnalysis of the group dsts, subjects appeared to rely primarily on
formant transition inforsation for identifying plece of articulatiom in the
conflioting cve stimuli. Mevertheless, in some instances, the overall wmean
proportlon of identifications was comaiderably less than for the control stimuli
-~ & result which suggests that subjects experisnced difficulty in making thelr
identifications. This difficulty could be explained in at least two ways.
Assuming, for example, that both forment transition information and the shaps of
the onset spectrum nommally (e.g., for the control stimuli) provide independent
cues for plsce of articulation and that beth cues are adequately speoified within
the experimental stimuli, it could be that the two gues conflict with ome another
in the experimental stimuli end that it is therefore «difficult for aubjecta “to
selectively attend to either cwe. Alternatively, it could be the came that the
stimuli are aimply rendered smbiguous with the smplitude manipulation. Even
though the onset spectrus eand foment tremsitions are stdll apecified in the
stimuli, perhaps neither constitutes s good descoription of the acoustic
information that subjects actually use to identify place of articulation and we
isadvertently alterod pome other criticel information. These issuss were pursusd

by exmmining the parfomance of individual subjects.
2. Individual Bubject Analysis

In the soalysis of the data of individusl subjects, an identification “"rule”
waa inferred from the pattern of a subject’s identifications for sach of tha nine
atisull in the twe vowel conditions. A rule wvas defined as the identification of
a stimulus sccording to & partiocular place category om 60f or more of the trials
for that stimulus. (The probability of deing so by chance is less than .00 h‘ a
Chi-square temt.) At the left of esch of the three panela in Pigure & is shown
the number of

. — =

Insert Figure & About Here

subjecta that correctly identified each control stimulus in the /a/ condition by
this eriterion. Here the rule is referred % as F,5, alnce mubjects could have
used either formant tremsitiona, the omset spectrum, or both to identify a
stinulus. To the right of the control stimulus in each panel is shown the numbsr
of subjects that identified the two conflicting cue stimull (derived from that
control stimulua) mnﬁu. to & formant transition rule (F], an onset spectrum
rale {8), or with the “other” third response (0). Also shown for each control
and conflicting cue stimuwlus in the Tigure is the number u! subjecta who did not
respond mocording to ome of these rules, but instead divided thelr responsea
among the thres place cetegories and thus responded inconsistently (1).
Individual subjects’ rule uee in the /u/ condition is represented in Figure 7.

.
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Insert Figure T About Here

From Figures € apd T 1t can be peen that elthough placing formant
trannitions and onset wepectra in conflict with one another did increass
inconajstencies In the responses of some subjects, the majority of subjects were
vary oonsistent In uaing either a formant- or an onset spectrum-besed rule --
even for stimulus 1b, 1e, 4b emd 4deg. This suggests that the poorer
identification peen in the group data for these stimuli was not dus to the
ambiguous nature of the otimuli, but pather may be sattributed to individual
differences in the type of cue used to ldentify plece of articulation. For
example, 10 subjects conalstently identified stimulus 4¢ (in the /u/ condition)
by & formunt transition rule, whereas 5 subjects consistently identified this
same stimolum according to its onset spectrum (i.e., ss /Jgu/). ‘This sort of
Tfinding would appear to indicate that both cues may be used by adults and that
neither is primary in the pense that, in the fece of & conflict betwsen the two
cuss, one aloepe is always pelected B the basis for stimulus identification.
Neverthelesa, 1t 1a quite obvious from this analysis, a2 well as the group one,
that formant-based responses to the conflicting cue stimuli predomineted.

E. Diocusaion

From the results of Experiment 1, it is apparent that subjects were able to
identify the conflicting cus stimull either on the besis of formant tranmitlonm
information or the shape of their onset spectra (e Tinding which was both
subject- and stimulus-depsndent). To this extent, the results are consistent
with Stevens and Eluwmstein's contention that the two cues co-exist in the atep OV
waveflorm and support the perception of plece of articulation. Howewer, neither
cos is sufficiemt in iteelfl %o account for tha fdentification dataj i.8., when
the "primary” and “secondary” cues conflicted, subjects did not rely sxclusively
on one of thess cues to identify sl]l the stimwli. DThis fact lends little support
to the utility of a primary vs. secondary cue distinction. Moreaver, the
results indicste that formant tranaition Iinformation may contribute in an
important way to the specification of plece of srticulation. Deapite the fact
that the “primary”™ properties of the omset spectrum were present in a given
gomflicting cue stimulus, listepers’ fdentificatione of the stimulum !-n.lrlllr
agreed with its place of asrticulstion ss specified by the “secondary” formant
transitioms. This finding argues stromgly sgeinst Stevens and Elumstein's claim
that the globel properties of the onset spectrum provide the major basis for the
perception of place of articulation inm syllsble-initial stop consonants.

EXPERINENT 2: CHILDREN'S FEECEPTION

Stevens and Hlumstein (1978; 1951; Blumstein and Stevens, 19795 1980) hava
proposed that innate seasitivity toe the relstive slope and dJdiffusensas of
spectre]l energy &t stimulus onset allows the infant to derive the appropriate

=55
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place categories from the mtop CV waveform. In comtrast, the ashility to. use
formant transition information for stop comsonmant identification is, according to
their scoount, ome which im sequired in developssnt -- through a process similar
to ingldental learning; because secgondary, comteri-dependent formént trensltloos
nomally co-occur with tha primary, invariant propertiea of the onsat spectrum,
the developing child eventually comes t> be sble to use the secondary cue [e.g-,
in the absence or distortien of the primary one).

There has to dete been 1ittle empiriosl resesrch directed &t ﬂ-lu-tu‘
Stevens and Hlumstein's developmental claims {(but see Aslin and Walley, 1980).
In Experisent 2, we attempted to do po by studying how young childrem (of about 5
years of age] identify atep consonant ayllables in which the properties of the
onset spectrum and formant trapsition information conflict with eagh other. The
resulta of Experiment ' lodiceated that formant transitions do not assume merely
secondary importance relstive to the onset epectrum in sdult perceptlion. Yet, if
formant transition cues are learned only incidently, it might be sxpected that
the ability to use them would pot be fully developed in young  ohildren.
Therefore, young children might eoxperience greater difficulty in using thie
information whem it coaflicta with the properties of the onset speatrum (am din
the conflicting cue stimull of Expesrimsnt l%- than when it does not conflict (aa
in the comtrel stimuli of Experiment 1).

A. Bubjecta

Ten children (mean age = 5 years, | month; range = 4,1 - 6,0) served =
subjects in the experiment. Eix additiomal children (mean age = 4,5; range = 4,0
- 5,8) pgnin!.pl“d in the expsriment, but their data were excluded [rom the
enelysis.” BSubjectsa were obtalned by placing =sn sdvertisesent 4n a, local
nowspaper and woere pald for their participmtion. Nome of the subjects, socording
to their parents’ report, had any history of hearing or speech disorder.

B. Stimuli

The stimull used in this erperiment were the nine {three contrel and six
conflicting cue) stimull of the /a/ comdition in Experiment 1.

C. Procedure

Each subject wes tested individually in two sessions on separate days {with
mot more than ope day intervening betveen sessions}. A subject wanm meated in
front of a responoe box which hed three "lsbelled" meeponse buttonn. The labels
for the response butions were three visually distimctive, certoon faces. [The
subject was told thst he/mhs would later listen to a computer making the sounds
“ba”, “dn" and “gan” and that he/she wes to press the nose of the person that made
the sounds aa they were presented.

=BY =
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1. Training

In the trainiag phase of Sesslom 1, the subject was first taught to
associsate the ayllables “ba”, "da” mnd "ga™ with & certain face and response
button. The experimenter (ACW), who wan seated beside the subject, explained
which sound esch of the three people made and then produced orally five tokens of
each of the three syliables in & predetermined random order- The subject was
asked to press the nose of the person who asde eech sound. Hesponses were
regorded manually by the experimenter, who provided the subject with feedback on
each trisl. If a child responded correctly on 14 of the last 15 of these oral
training trisls (& maximum of 45 trials were given), he/she sdvanced to the
second phase of tralning. Otherwise, the subjsot was considered to have failed
treining and the seanion wan terminated. Om ths second day of testing, this part
of training was eliminated; the child was simply reminded which scund esch of the

three people made and waa “retrained” with 1% pressntations of the synthetic
contrel stimull (mee below).

In the second phase of training, the subject wad presented over hsad
with five tokens of the thres control etimuli (i.e., stimulus 1, 28 and ina
predetermined random order. Agaln the ohild wan asked to indicate which person
had made a wsound by presaing ome of the three response bottoms. The
experimanter, who ales listensd 5 the ptimuli over headphones, observed and
recorded the subject's responses manovally and provided feedback. The same
eriterion as that uaed in the firat phase of training was adopted to determine
whether or not the subject advanced to the testing phases of the experiment.

Z. Teating

In the testing phame of sach sesalon, the subject heard alx presentations of
each of the nine (three control, eixr conflicting cue) stimuli in random order.
Thus, in the two testing sesslona of the experiment, the subject heard each
stimulus twelve times. The child was told that he/she shouwld coatinue to
indjcate vhat sound was heard by preasing one of the three response buttons and
that a light would come on to indicate when & soupd wes sbhout to ocour.

T™e inter-trial ipterval wss controlled by the experimenter and waas
therefore varisble (although the maximum interval wms 30 seconds). Thia
arrangesent allowed the child to maks ocomments ®pd to esk queations during
teating and permitted the experimenter to encourage the child to complete the
task in an attentive manner. A&l]l other sspects of stimulus presentation and
ragponse collection were controlled om=-lime by a PIP-11 computer. The aynthetle
otimuli were pressnted over matched and calibrated TIH-39 headphones &t

approximately 80 4B (S8PL). Each testing session lested approximately 20-%0
minutes.
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D. Hesults
1. Group Anmlysis

A was the case for the adulte tested in Experiment 1, the children tested

in the present experiment feiled to respond on only & very small pumber of trials
(0.5% of the cenflicting cue trisls).

The mean proportiom of correct idemtificationa by children for sach of the
control stimuli in Experiment 2 was very high. These proportioma are showm,
together with the mean proportion of incorrect responses for a given contrel

stimulus, to the left of each pmnel in Flgure 6. The aean proportion of
identificationa

L e R SR S

lnsert Figurs B About Here

sccording to formant transitions (F) and to onset spectrum (§) and the mean
proportion of “other" responses (0) Tor each oconflioting oue stimulus are
displayed %o the right of the ocontrol stimulus from which 1t was derived.
Children ijdentified five of the six conflicting cue stimull agcording to- thedr
formant trepsitions relisbly more often than would be expeoted by ohance
{two-tailed, tig) = 10.88, 4.05, 172.94, 353.80, 147.%7, for sbimulus b, 1e, 2b,
b and 3¢, tively; p ¢ -01 im all cases). Categorisation by onset npectrum
was not, therefore, grester than chance for any 'of thess stimuli; for four of
thess five stimuli, identifications by onset spectrum were mignificantly below
chance (¢ = 3,62, -765.00, -%91.25, -5T7.89, for stimulum Yb; 2b, %b, Yoj {v{.
). € jcting cue stimulus 2c wes relisbly categorised according to 1its
onset spectrum Itf] = W.00; p ¢ .001) and was categorited ita formant
tranaitions at a ?.nnl below chance [t g =24.18; p € 001}, TFrom this
analysis, it appears that children, :Iixpt.h- adults in Experiment 1, relied

primarily on formant tramsitiom infommation in order to identify the conflicting
cus stimuli.

2. Individual Subject Data

Az in Experiment 1, an idemtification rule was inferred from ths pattern of
sach subject’'s idenmtification responses for sach of the nine stimuli. A rule was
defined ma the jdentification of a stimulus sccording to a particular
category on €7% or more of the trials for that stimulus. E'ng- probability of
doing s¢ by chence 1is less than .02 by a hi-sguare test.“) The nmber of

subjects that correctly identified = given control stimulus is shown to ths left
6f sach ¢of the three panals in Figure 9. To the

= H8=
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Inpert Figure 9 About Here

right of a control stimulus is shown the pumber of subjects that identified the
two conflioting cue stimuli derived from that control stimulus by & formant
transition rule (F), an omset spectum rule (3), or hy the third possible place
gategory {0}, The figure mlso shows the number of subjecta who identified each
oontrol and conflicting cue stimulus in an inconsistent mannsr (1).

The conflict between the formant transitions and omneet spectrum of - the
¢xperimental stimull prodoced = slight inoresse in incomsistent responses for
some of the subjects for three of the stimull {1k, 1o and 2g&), but, dn general,
subjects responded in s very consistent manner. Thus, the young subjects in this
experiment did not appear to experience any extenaive difficulty in making their
identifications. Their responses were, for the most part, in agresment with the
lace of articulation of e stisulus as epecified by 1ite formant transitionms.
wever, identification responses for stimulus 2¢ did appear to be based om
information in the onset spectrum of that otimulus.

E. Tiscussion

The group and individus]l identification resulta obtaised in Experiment 2
with children were virtuoally idenmtical te those obtaiped in Experiment 1 with
sdults in the /a/ condition; i.e., although stimulus 2¢ was identified sccording
to its onset spectrum, overall the children's reaponses for oconflicting cue
atimull appeared to be determined by formant transitioms. These responses were
quite consistent as indicated by the number of subjecta thet identified esach
#timulus gcocording to s rule. Our findings oconcerning the consistemoy of
children’'s identification responsés may be contrasted with the inconsistent
responsas by adults for similar stimull recently obsérved by Elumetein, Issacs
and Mertus (1981). The performmance of the children tested in Experiment 2 is
also at verismce with the results of a study conducted by Elliott, longinmotti,
Meyer, Baz snd Zucker (1981), in which age-related differences in the ability to
label plece of articulation for synthetlis voloced stop consonanta without bursts
were observed. These developmental differences appesr to depend in part on the
fact thet jyoung children require relatively greater stimulus dintensities  to
perform sccuretely in wvarioun listening tasks employing speech and  nonapesch
stimuli (see E1liot, Ionginotti, Clifton and Meyer, 1981). However, it 18 quite
evidept from our results that there wers no asubstantisl differepces in  the
sbility of edults and children to label the control and/or the conflicting ocue

stimuli ﬂru thess stimull were presented st the same intensity to both groupa of
Bubjects .

The identification results observed hers for young children argue sgainst
Stevens snd Elummstein's clals that formant transitlions constitute a secondary cue
to place of articulation which is scquired in developgment by virtue of the
co-occurfence of formant trenait{ions and prisary loforsstion contained im the CV

-31-
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syllabtle onset spectrum. If this were true, one might expect, ss suggestsd
aarlier, that children would be ufable to respond on the basis of formast
transition infommation in & consistent memver. Apparently, children had . #o
diffieulty using such information +to0 fdentify place of articulatiom in these
synthetic atop consopants. It could be ergued that the ability %o use this
informatlon in completely acquired in children of the age thet weé tesged. Yet,
since Otevens and HEumstein's theory sesserte that properties of the onsat
spectrum are primary for the aduli’s perception of place of articulation, it
would still predict that children's responses should have been ‘consistent with
these proparties. This prediction was not upheld. Eather, {ormant-based
responses predominated for the children tested in this experiment.

II1, GENEHAL DIBCUSSION

The results obtained in Experiments 1 and 2 of the present study provide
little empirical support for Stevens and Elupstein’s claim (1978; 1981 ; Eumstein
and Stevens, 1979; 1980) that sensitivity to certain distimctive and invariant
proparties of the CV syllable onset spectrum provides the primary basis for place
of articulstion perception in the adult amd the young child. ¥or do these
resulte support the clalm that formant transition information is, relative fo the
onaet apectrum, secondary in sigoalling place of articulstion. Whén adults and
children were meguired to identify synthetic ptimuli in which forsant trapsitions
conflicted with place of articulatiom as specified by the onsest spectrum, their
reaponoes wore, in fact, almoat entirely determined by the formant trensitioms.
Norsover, both sdults’ and children's responses were made in & very consistent
nanner indicating that the conflict which was phrysically present in the stimuli
did not produce any extemsive perceptusl conflict (see, however, BElumstein et
al., 19681). The consistency with which children identifiesd thess conflicting cus

8timoli would also ssem to argue against the potion that formant transitiom cues
have only a sscondary, develomental status.

It s possible that the critical properties of the onset spectrum were not
apacified optimally im our cemfllcoting ocuwe stimuli. With our manipulation of
relative formant smplitudes, we might have been more suécesaful in matching some
of the etimull to Stevens and EHumstein's templates than we were for others.
However, if we had succeeded to varying degrees in matching the atimuli to the
appropriste templates (amd if, in fact, these templates incorporate properties
that are importamt for the identification of place of »stop consonant
articulation), many more inconsistencies in vesponding should have been observed
in our data. MNoreover, since Stevens and Humsteln assert that it is the global
properties of the onset spectrum which uniquely snd lovariantly characterisza &
glven place of articulation, identification performance should not depend pn such
precise matebes. (1f it does, thenm the propertiss of the onset spectrum do not
constitute the sort of robust dues that Stevens and Hlumstein have intended them
be.)] The asme argument would mesm to rule out the possibility that Stevens and
Elumstein’s templates sre themselves mersly incorrect in their local detaila.

The finding of the present study that adulte’ and childres's responses to

pur conflicting cus wstimuli agresd overall with place of articulation as
specifisd by formant transition information ia conmiatent with the poaltion of

-g5-
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Literman et sl. (1967). These investigators have maiotained that the directieon
and extent of the second and third formant tramsitions are important cues for
place of srticulstlon. Because this poeition derives its maln support from the
results of studies with synthetic epsech, 1t is isportast to note that studies
with naturasl speech have ehown that fomant transitlion informatiom is sufficiemnt
for distinguishing plece of articulation only within pertaim vowel contexta
(e.g., Dorman et 8l., 1977; Kewley-Fort, 1962s; Ohde and Scharf, 1577).° In
patursl spesch, formant transitions are not only contert-dependent correlstes of
place of articulation, but, within particular vowel ocohtexts, they may be
inmufficisnt cues for dutj_n,tﬂl.hinq place of articulation. Iorman et &l. {14877)
did find that tokens of patural labial and alveolar voiced mtops, in the context
of /fa/ and [u/, were identified by listeners with moderate to hlgh scguracy when
only volced transitions were retained in. the stimuli. - The Jidentificstion
responses obtained in the present atudy for the aynthetic conflioting oug atimuli
aré, therefore, consistent with these observations using natural apeech.

In light of the general comtext dependency and nondistinctivenssa of formént
trensitions obeerved in these studles of natural speech, we would not wish to
argus then that formant transitieon information conatitutesa the beat descriptiom
of the scoustic informstion which listesers use %o identify plece of articulation
in normal speech processing. MNoreover, although the majority of our adult and
child subjects were ahle to identify our conflicting cue otisuli quite
consiastently, this wma not true of all subjecta. With respect then Yo invarisnt
characterisations of the acowstic/auditery correlates pf place of srticulation,
the demonstration that sdults’ snd children‘'s identification responses were made
on the basis of tramsitional information in the omsets of the conflicting cue
stimull is perhaps most compatible with Hewley-Port's (1980) account of the
sooustic cues for plece of articulation perception im stops. EKewley-Fort's
analysis employs dynamigally changing spectral properties to describe ‘place of
erticulation and retains information about the fine temporsl structure of the
initial portion of the CV waveform. However, Rer charscterisstion of the
difference between /b/ and /4/ in terms of wspectral tilt, like GStevens and
Elumstein"s, were pot generally supported by our research. Therafore, although
recent {nvestlgationa, such as those of Stevens and H umstein and of Eewley-Fort,
have met with some sucocess in describing invariant scoustic correlates of place
of srticulstion, the results reported here indicate that these charscterisstions
8till do not sdequately capture the atimulus information listeners may use in the
perception of different place of articuletlon categoriea.



18
Walley and Carrell

ACKNOW LEDGMENTS

This resesrch wes supported in part by NIH research grant N5<12179-05 and
NIMH ressarch grant MH-24027-06 +to0 [pdisps Univeraity, Bloomington amd by a
doctoral fellowship swarded to the first suthor by the Resesarch Council of
Canada. The results of Experiment 1 were presented io prelimloary form at the
100th heeting of the Acoustical Society of Mmerica in lLoe Angeles, Californias iam
Movember, 19B0. We gratefully ackpowledge the valuable contributiona of L. B.
dmith and D. BE. Piaoni to this research. We also thank D. Kewley-Port amd our
reviewers for their helpful comments on an esrlier draft of this paper. Reprints
aay be obtaioed from the first suthor at the addreese above.

-85



19
Welley and Carrell

FOOTHOTES

t-‘l-lthuu.gh previcus demopatrations of the infant's ability te discriminste

place of articulation differences in stop consonants would appear to lend support
te the argument that some iovariant property must exist in the acoustic events
associated with sach plage of srticulation ostegory, it 1s important fo reaslige
that thess studiea have not shown that infants possess the perceptual ebilities
which Stevens and Hlumstein imply they doj i.e., these studies have not shown,
for example, that infants perceive syllables such ss /du/ apd fdi/ as ‘being
gimilar with respect to their initial consonants, but only that they are capable
of discriminating plece of articulation differemces within & particular vowel
coptext. The existence of inverisnt =scoustic cerralates certainly need not be
assumed in order to account Tor this ability. Fodor, Garrett and Brill (1975)
have, it is true, reported evidence of perceptual conhstancy im infanta for
volceless atop consonants differing in place of articolation, btut their evidence
is rather weak (see Aslin, PFisoni and Jusceyk, 1982) snd their findings have not
beeén replicated {(ef. Kete and Juscsyk, 1980). )

El'.'lna- of these subjects failed to reapond on 22 of the test trials. The
other two subjects responded in what was considered to be an inappropriate manner
for control stisulus 4a. This etimulus which, acedrding to either ita Tormant
transitions or onset spectrum, should be identified ss /bu/, was identified es
JSeu/ more than 60% of the time by one of thesse subjectsa. The other subject

identified +this stimulus in what was determined %o be an unacceptably
inconsistent manner.

SHE chose to model and manipulate Stevens and Blumsatein's transition-only
ptimuli rather than the more natural burst + transltion stimuli. This wes done
in order to aveld having to decide which, if asny, propertiea of the burst should,
in sdditiom %0 thosa of the formant trensitions, be modified to achieve the
desired combinatiom of the oneet aspectrum and formant trensition cuss. It wes
felt that which of these two types of stimuli (i.e., buret + transltion or
transition-only) was selected for testing Stevens and Elumetein's theory should
net be crucial to the outcome of the present experiment, since Stevens and
Elumetein c¢leim that their trensition-only etimuli heve distinetive &and
context-independent onset spectra and their shapes are merely enhanced by the
presence of the release burst.

Yas1tn and Walley (1980) found that six-month-old infsnte were able to
discriminate two-formant tokens of Jda/ end /gaf, evem though the onset spectra
of these stimuli did not have those properties which Stevens and Elumstein
propose characterize mlveoclar and velar plece of erticulation and which they
milntain sadiate place discrimination in infants.

EIT]:I.!‘H subjects failed to pass training with the eorally produced stimuli and
one subjeot falled to pass with the synthetic stimuli in less than 45 trials.
Therefora, these subjects were not tested. The remaining two children completed

testing, but thair data were excluded from the anslysis because they responded dn
80 upecceptably inconsistent mamner for oma of the control etimuli.

_gEIF
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ET'IIJ.I level of plpha wae ohosen for the apalysis of the children’'a data
because they were given 12 rather than the 24 or 48 trisls per stimulus that the
adults recelved. Therefore, it was mot possible to obtmin the mestlution
oecessary to classify the children ss baving used o particular rule for alpha =
«O1 without beilng much more atringent than in the analysis of the sdult dats.

?ln 8 J-way ANOVA (PLACE x CONSISTENCY x AGE), we examined the consistency
-Hh which jmdividusl children &nd sdults identified each of the nine stimuli in
the /a/ series, using ! - Beletive H sz & measure of the smount of upcertsinty
E-ml in & ;im subject's categoriszatiom of a atimulus {mee Attoeave, 1959;
TR, o maln effect of Age wam obtained, nor did JAge interact
-uunmu; iith any other factor, indicating that ghildren and mdulta did not
differ in their responding for any of the stimuli.

Byewley-Port (19B2s) did observe that Af the onmet frequencios of the second
and third formant tramsitions were combined in a two-dimensional, F2 x FJ apace,
then, givem vowel contert, place of articulstion eategories could be

distinguished from one another. However, it is not clear bhow the auditory aystem
would mepresent this informatiom.

gldutifi.nltlun of velar tokens in the Dorman et al. study was very poor
whan oply the wvoiced transitions were retained -- & result which is not
consistent with the performssce for velars In our atuly. Superior performance in
our atudy might be attributed to the fact that the second and third formant
trapsitione of asynthetic velar stimuli come artificially eloss together in
comparison to thoss of natural tokens (Kewley-Port, 1980). This feature may

gomehow provide listeners with information by which to identify & eynthetic
stimulus ss velar.

-57-
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ABSTHACT

Two recent accounts of the accustic cuss which specify place of articulation
in eyllable-initial stop consonants claim that they ars located in the initial
portions of the CV waveform and are context-free. Stevens and Eluwmateln {J.
Acoust. Soc. Am., 64,1358-1368 (1978)] have described the spectral properties of
these cuss ss static, while Kewley-Port [J. Acoust. Soc. Am., im press (1982)]
describes thess cues as dypamic. Three perceptual erperimants were conducted fto
teat predictions derived. from these accounts. Experiment 1 demonstrated that
scoustic cuss for place of articulation are located in the imitial 20 to 40 ma of
natural stop-vowel syllables. HNext short mynthetic CV's modeled wfter natural
ayllatles were generated using either a digital, parallel-resonance ajynthesizer
in Experiment 2 or linear prediction ayntheais in Experiment 5. One set of
synthetic stimuli preserved the static spectral properties proposed by Stevens
and Hlumstein. Another set of mynthetic stimuli preserved the dynamic properties
suggested by Kewley-Port. Listeners in both experimenta could identify place of
artioulstion sigoificantly better from stimuld which preserved ' the dynamic
acoustic properties of stop waveforms than from the static onset spectra.
Evidently the dynamic structure of the initial stop-vowel articulatory geature

can be preserved in context-free scoustic oues which listenera use to identify
Flace of articuletion.
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INTROZUCTION

The wearch for scoustic cues to ploge of articulation ip initial wmtop
consonsnts has focused on twe different sources of information in the stop-vowel
ayllable: context-free and ocontext-dependent. The context-free aource has
psually been taken to be the stop releass burat, represented as a single, static
epeotral section and described im the terminology of distinctive featurse theory
(Halle,  Hughes and HRadley, 1957; Pant, 1960; Stevens, 1975; Stevens and
Blumstein, 1978), ‘The context-dependent source has wsuslly been taken to be the
stop-vowel formant tramesitions, represented as dynamic variatioms in the
distribution eof energy within restricted reglonm of the spectrun and described
with an emphasis on their origins in the stop articulatory gesture {Libersan,
Delattra, Osoper, and Gerstman, 1954; liberman, Cooper, Shankweller and
Studdert-Kennedy, 1967; Liberman and Studdert-Kennedy, 1978). Finally, some
investigators have etudied the combined role of release bursts and formant
trangitions, stressing varistiom in the effective weights of the two cues &8 &
function of eontext {l..':nnpn'r. Dslattre, Libearman, Borsat and GCerstman, 1952
Fischer-Jorgensen, 1972; Domman, Studdert-Kennedy snd Baphael, 1977)

The research reported here atteapts to combine a vievw of stop-consonant
place information as ioveriant, context-free and largely lecated in the releass
burat with & view of the information as dynasic rather than static.. The
assumption of invariance derives, in part, from the scoustic theory of speech
production (Fant, 1960; Stevenas and HBlumstein, 1978), according to which
invariant acoustic properties, associated with particulsr places of articulation;
should lie in the brief initial portiona of & OV waveform, encompasaing Yoth
burst and tranmition. The sssumption of dynamic rather than static properties
derives frem previous work of Kewley-Fort (15980, 1982b), and is intended &s an
esxplicit alternative to the assumptiona of Stevens and BElwmstein (1978, 1081) who
hsve recently argued for (nvariant cuea t¢ consonant percepticm.

Stevens and Elumatein have ‘puggested that the auditory system integrates
spectral energy over approrimately 20 ma at the onset of & release buret. This
statie spectrim is said to contain the gross apegtral properties that dimtinguish
among  places of articulation. Elumatein and Stevens (1979) teated aspectral
templates, visually matched to = single, static spectrum positioned At the burast
onset, and chtained B4J correct place i{demtification. Ey contrast, Kewley-Fort
{(1980; 1962b) noted that, since short-term wpectral istegrations in the suditory
system are rapidly updated to preserve temporally chamging spectral inforsation
(Sehroeder, Atal and Haell, 1979}, the rusning epectra of linear prediction
analyais might provide & more appropriate visual representstion of the rapidly
changing auditory information. Kewley-Fort (1962b) defined three time-varying
features to distinguismk plsce of articulatien visuslly im' the running Bpeotra,
end showed that judges could vse these features to identify place of articulation
B8% correctly from running spectral displays of the first 40 ma of CV mByllablesa.

4 more detailed look at the specific spectral and temporal preperties of

these twe propossls for place cues reveals other interesting similarities and
differences. The imvarianot scoustic cues for place proposed by Stevens and
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Blumstein (1981) may be distinguished on the besis of spectral properties alone.
There is ne temporal dimension because spectrel energy le integrated cver a fized
£5.6 ms window. The groes shapea of  the omset @spectra are described aa
diffuse-riming for bilabisls, diffuse-falling for alveolars and compact for
velars. Io contrast, the three time-varying festures proposed by Kewley-Port
(1980; 1982%) have both spectral and temporsl dimensions. The first feature is
the spectral tilt of the burst observed in approximately the first 5 ma of the
stop-vowal waveform. TLlt of burst is desoribed es rising for slveolars, flat or
falling for bilablala, and having unspecified tilt for wvelars. Thus, the
spectral properties of the burst for bilebials and alveolars have the same
escription for Kewley-Port ms for Stevens and Elumateln. The temporal
dimension, however, is differenmt because Stevens and Hlumsetein integrate snergy
over & longer window. Thua, onset spectra usually contain some vowael transltion
information, vhereas the initial 5 ms window of Kewley-Fort reprementa only the
burst apsctrum.

The second time-varying feature is the presence or absence of mid-{requency
pesks extending in time for st lesst 20 ms. Extended mid-frequency peaks are
reliable acoustic correlates of velar place, while gquickly dissipeting peaks are
not (Famt, 1968, p. 223). Clearly, the spectral quality of the extended
mid-frequency peaks is the same as that of Stevens and Blumstein's compact onset
spectra. However, while temporsl extension is essential for Kewley-Fort, it is
irrelevant for Stevens and Humstein, since their basic premise is that spectral
onergy is integrated over g fixed time window. Nomethsless, thay have atated
(Blumstein and Stevens, 1980, p. 661) that perhaps "s longer time is necessary to
build up & representation of the ‘compact” onset apectrum in the asuditory

syatem." Tha studiea reported here investigate the pecessity of longer duration
waveforme for velars in some detsil.

e third time-varying feature for Kewley-Port (1982b) is late onset of an
F1 peak relative to the burst. This is essentially a measure of VOT (voice ocnset
time), previcusly shown to cerrelate with place eof articulation (Lisker and
Abrempon, 1964}. In the running spectral analysis, the late onset feature is
viewed as a sécondary festure specifylng velar place of artlculation. This
feature ssaumes that detalls of the change from frication te volicing play a role
in place identification. The feature has no counterpart in OStovems and

Elumatein's account, because the fixed time window integrates energy over both
the frigative and wolced portions of the OV waveform.

To examine the similarities mnd diffarences between these sets of static and
dynamic accustic properties, three perceptual experiments were copducted. In
Experiment 1, we investigated how much stimulus information is needed Trom the
initial portions of natural stop waveforma te 4identify place of articulation
sccurstely. Wore specifically, we sought +¢ detemmine whether place of
srticulation could be identified accurately from 20 ms waveform segmentis as
Stevens and Hlumatein have claimed. Experiments 2 and 3 were designed to examine
whether static or dynamiec scoustic properties are used by listemers to identify
plece 1o short stop consomant-vowel waveforms. These experiments compared the
perception of meturel speech segments with two sets of synthetic stimuli. One
sat of synthetic stimuli modeled the Stevens =nd Humstein omset spectra; the
other wee petterned after the time-varying features proposed by Kewley-Fort.
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Experiment 2 used s digitel, persilel resonance aynthesiser; Experiment 3
réepliceted the results weing linesr prediction synthesis. The overall goal of
this research wes to determine whether the scoustic structure that supports the

perception of place of articulation in English step consenants is mors properly
described a8 static or dynsmic in nature.

I. EIPERINENT 1: IIENTIFICATION (F TRUNCATED NATUHAL CV'e

The purpesa of Experiment 1 was to detersine the duration of the initial
porticon of & stop-vowel syllable npecessary to identify place of articulation
accurately. A related, though much less detailed, study was carried ocut recently
by Tekieli snd Cullinem (1979). Thay measured the minisum duration necessary for
listeners to idemtify consonants and vowels correcily from the electronically
geted, initial portions of CV aylimbles, spoken by & aingls talker. The suthors
did not score identification of place &f articulstion separstsly from veolecing,
but their results indicate that place of mrticoletion, sversged over the =ix

English stopa, was identified correctly more than 95% of the tims from 30 ms
vaveform durationa.

Experiment 1 of the present study was searly completed when Hlumstein and
Stevens (1980) reported a series of experiments ezsmining durations in imitial
perticns of synthetic CV stimulis They concluded (p. G60) that "information with
regard to place of articulation for a volced stop comsonant residea in the
initial 10-20 me of & consenant-vowe]l ayllable.” Unfortumately, the stimuli amd
procedures employed in their study make it difficult to generalise the results to
the identification of nmaturally produced CV's. The bursts in thelr synthetic
stimuli were acoustically impoverished aince they were generated with oaly one
formant of excited energy. Furthermore, Hlumstein and Stevens (1980) slways
prasented their results in terma of the duration of the volced portiom of the
stimuli. Since the stimull resembling natural CV's contained apericdic bursts
preceding the volced portions, the ashortest, so-called 10 ma stimuli actually
varied in duration from 20 me for /bu/ to 39 mm for /gi/. Therefore, a relisble
estimate of the minimum duration necesmary to ldentify place of artigulstion in
pafural CV's cannot be determined [rom the results of the Hlumatein end Stevens

In Experiment 1, then, we wought to determine directly how much place
information asctually resides in the early portions of nsturel stop conscmsnt
syllsbles. The present experiment examines this guestion with naturally spoken
consonant-vowel ayllables obtained from twe male talkers in five different vowel
contexta. The speriodic and following wavelorm segments were edited and measured

digital by computer. Maive listeners were required to ddentify - place of
lﬁlﬂﬂﬂiﬂ in short truncated CV'e at verious wsveform durations.
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A. Nethod

1. Btimuli: CV syllablas

A set of 30 CV syllables spoken by two male talkers (EP and TF) was chosen
from & larger set of utterances used in an earlier experimect (Kewley-Port,
1981b) . The myllables consisted of all combinatioms of fmitial /b,d,8/ and the
vowsls /i,0,8,0,u/, ome syllsble from esch talker. These syllsbles were resd in
tha carrier sentence, “Teddy said CV* from rendom ‘lista in = =ound attenusted
room and redorded on an Ampex AG-500 tepe recorder. The sentences were lov-pase
filtered at 4.9 kHr and digitised with & 12 bit A/D converter at & 10.0 kHs

pample rate using a FOP 11/05 computer; they were then sdited oo that only the
target CV was permansntly stored om disk.

Bsfore the wmet of petop-vowel ayllables was edited further for 4thia
sxpériment, we checked thet listenera could correctly identify the consonanta in
the full ayllables. A computer progrem was used to rundomisze and output the 30
full ayllsbles threugh a 12 bit /A converter for reconding on mudie tape. The
tape consisted of 10 blocka of the 30 CV'ep for a total of %00 trimla. Bix sadve
subjects listenad to the tepe over headphones in a quiet room. ALl subjecta ware
pald for their services. Subjects were given inetructiona to write dowm the
letter which corresponded te¢ the consonant they heard st the beginning of each
aylliable. The response set, therefore, was the open wset of all Eaglish
conaonAanta. fiesultas showed that subjects correctly ddentified the stop
consenants in the full syllables at a level of 99.8% correct; with no consonant
reaponges other than b, d er g. Evidently, sll %0 original OV ayllables may be
conaiderad good exemplars of the stop consonant the talkers had 4{ntended to
produce-

2. Stimuli: Waveform editing

Esch of the 30 original CV's was then edited digitally o retain only the
initisl portions eof the waveforms. Five differsnt cuta were made at mere
crossings to produce five truncated stops from emoh original CV msyllable. Fer
jdf end fgf, the first cot wes made just before the firet voloing pulme. This
aperiodic portiom of the waveform, contalining the stop relesse burat and
aspiration, will be referred to as the burst. Ite mean durstion was 14 ma for
Id} and 21 ms for /g/- The second cut imcluded the burst und the first pitoh
pulse. For /b/, it was mot always possible teo obtaln & burst-enly waveform
porition because vwolcing was occasionally continuoum from the carrier phrass,
"Teddy said™ into the voiced stop syllshle. Thus, the Tirst waveform out for /b/
included the burat snd the first pltch pulse with a sean duration of 13 ms: The
next cut included the burst and two pitch puless. The remaining cuts for all
stops were made s¢ that the waveform segments included the burat plus 3, 5, or 7
piteh pulsea. The total number of test etimuli produced by this editing
procedure was 150, with duraticns ranging from 6 to 111 ms in length.

After the data were collected and mnalysed for this erperiment, the initial
pattern of results suggested that ome stisulus should be reexamined to determine
if a waveform editing error hed cccurred. This stisulus wes the burat plus one
piteh pulee /de/ from apeaker KP. Exsmisation of the waveform em the CET
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revesled that the lsst digitized point missed the sern crosaing by about 30R.
Although the resulting click could not be easily heard in the 19 ms satimulus, it
was perceptible and did appear to interfere with the subjecta’ ocorrect
identifioation of the stimuluos as slveclar.

i FProcedure

The ezperimental session began with & brief familiarisation task, followed
by the identification teat. Acdic tapes were produced by & computer program that
selected the digital waveforms on disk and then output the ptimuli through the
I/A convertar. The identification tapes conaisted of =mix blocks of all 150
truncated stope. Stops were randomized within blocks, with three seconds bétwesn
stimuli and seven seconds safter esch block of 50 stimuli. Twe tapes were made
for the familiarisation taek preceding consomnant identification. The first tape
contained s subset of 60 of the 150 truncated stops in & sequence from /b/ to J&/f
to g/, half from each tslker. The second iteape copteined 25 sdditional truncated
stops in a random sequence, sevéral selected from esch talker.

The Lldentification test was given om two deyas [lay | included the ahort
familiarisation taska plum the forced choice identification test for the first
three blocks of test trials. Hesponsea were slways recorded by hand on prepared
ansver forms. For consonant identification, the respomses were: b, 4, g. p. &
k. Although all stimuli were edited from veiced stop consonants, pilot work had
indioated that naive subjects were more comfortsble identifying the shortest
waveforms with the voiceless stop responses, p, t, and k.

Subjects listened %o the stimuli through TDE-39 earphones in & quiest testing
reom. Audle tapes were jplayed back om an Ampex AG-500 tape recorder. A
gpomfortable listening level for the brief stisuli wes selected and & single
répoated stimulus recorded om each tape was osed to calibrate the listening level
for sll tapea. UOsparate written ilostructicns were givem for each task. Subjects
vere contacted through a lsboratory subject pool snd were peid #6 for two days of
testing. OSubjects were phonetically neive end hed ne known histery of & hearing
or speech disorder st the tiss of testing as assessed by & pretést questionnalre.

B. Hesulta

Ten subjects participated in the identificetion task. Ome =ubject siipped
50 msny responses on the first day that she was aesked pot. te Teturn for the
second day of testing. Thus, resulte were analyzed from nine subjects, providing
s total of 54 data points for esch truncated stimulus. Responses were scored ag
correct when plsce of articulatiom was correctly identified regardless of the
voicing feature. Collapeing over all regpénses and stimuli, subjects identified
plece of articulation correctly on 9%.2% eof all trials, This level of
performance ia surprising when we consider that over half of the stimuli were
ghorter than 45 me. Helatively little effect of learming could be obhserved from
Isy 1 to Isy 2, n changs in the menn percent correct from 92.8BF to 93.TE.

Identification of the stimuli from the two talkers was the same &t 95% correct
pwarall .
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Insert Figure | about here
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Besults for Experiment | are summarised in Flg. ). Idestification funotions
sveraged across vowels are plotted separately for essch stop and each talker
scoording to the ommber of pitch pulees in the stimuli. The functions are very

gimilar for both talkers and therefors provide an interpal replication of the
basic results.

ldentification performance for /b/ starts with an aversge of 908 correct
identification for the burst plus one pitch pulee stisulus and rises to pearly
1004 gorrect with the pext pltch pulese. The identification functions for /d/ are
pimilar to theee for /b, but they rise scmewhat more greduslly to 1008 correct.
The identification performance for /g/ differs from both /b and f4/. For the
burst-only segnent, idemtifllcatiom is pet very scourate with perfomance at sbout
TO0% correct. Furthersore, /g/ identification functions never reach the 1003
sorrect level evem for the longest stimuli, ms do the /b/ end 4/ functions.

Inpert Flgures 2, 3 and 4 sabout hare

Te examine io more detall the relations between +the durstions of the
truncated stops and the correct identification of plece, the resultas are plotted
separately for all 30 CV's in Figures 2, J pnd 4. [deptification performance for
all vewel contexzts of /b/, showm in Fig. 2, is slmilar to the average functions
shown in Fig. 1. Individoml functioms for /d/ im Fig. 3 are also quite similar
to the average /d/ functions with two exceptions. First, the /Jdo/ burst was
identified correctly only 443 eof the time for Bpeaker TF. The short 6 mas
duration alone cannot explaipn this peor level of ldentification, since there were
twe /b/'s whone duration was alsc € ms but these were identified B86F correctly.
The second axception was the /da/ stimulus from talker EF which elicited the only
pon-mono tonde {dentifiostion funotdon inm the experiment. Apparently, the

wavefors editing error described above reduced the correct identification of the
mlvaolar stop.

The results for /g/ demonstrated substantislly meore vowel context dependency
effects than 4id these for /b/ or /4/ s cap be seen in Fig. 4. The mest unusual
identifioation fupctions were obtained for the /gl stimuli. Identification was
poor at all waveform durstions end wes less than S0f for the longest (93 ms)
stimplus. The identificetion of /fge/ wam nmlso quite poor for the burst-snly
segeents , but inoressed with three pitch pulsesa to better than 95% correct. The
identificetion functions for the beck vowela with fg/ &re guite similer to those
for /b/ mnd /d/. Apparently, /g/ before front vowels, with & more palstal place
of articulation, was more difficult for subjects to identify than /g/ before back
vowels, with s velar plece of articulsticon.
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T summarise, oaive subjects wers able to identify plece of articulation
gerrectly from the injtial portions of natural step CV syllsbles. The shortest
waveforn (burst-enly for /d/ and /g/ or burst plus ome pitch pulse for /b/) was
identified with greater than B0 acouracy fer 24 out of the 30 CV's sxsmined.
The identificatiem functioms for /[gi/ 4iffered substsntially froe &ll others;

identification performance was leas than 60% correct sven for the longeat
duration stimuli.

2. [Megussion

The results from Experiment | can be used to evaluate both the Elumstein and
Stevems' (1979) etatie onset bspectirs hypothesis and Kewley-Port's (1982h)
proposed time-varying festures. FHlumatein and Stevens teated their onset spectra
hypotbesis experimentslly using vieual templates desigoed to fit spectral
sections of the first 25.6 ms of a stop wveform. After windowing, the result
spectrs had an effective duration of 20 ma. To facllitate comparisons; a dash
wertloal line bse been drawm fn Mlgures 2; % and 4 at 20 ma. The interssction of
an ijdentification function with the dashed line indicates the predicted response
socursacy for identificsetion of place from the firet 20 ma of & test stimulus.
The 20 me iJdentificsetion velues were eostimated separately for all 30 oV'a
({smpothing over the bad /da/ stimulus for EP). These values were then averaged

across vowels end talkers for esch consopant and are shown in the first column of
Table 1.

———— -

Insart Table 1 about here

mmmm -

Aa shown in the table, the first 20 me of & stop waveform contains
sufficient place information for /b/ (96% cerrect) and /4/ (94% correct), but not
for /g/ (79% correct). Errors for /g/ were mot unifommly distributed but
occurred mostly for the syllables /gi/ and /ge/; that ia, for /g/ before fromt
vowsla. Thua, the results forf /b/ and /4/ appear to be coneistent with Stevena
and Elgmstein's hypothesis of & fizxed time window. The resulta for /g/ are
gléarly not compatible with this hypotheais.

Consider now en plternative hypotheels that it ia the dymamic changee in the
distribution of spectral energy over time that specify differences in place of
articulation. The most important feature for distinguishing /b/ from /d/ in
Kewley-Port'e three Teature system ls the tilt of the spectrum ot burst onset.
The feature system slso requires that the extended mid-frequency peaks occurring
in the running spectra of /b/ or /4/ be absent. OGince information about speciral
tilt of the burst and absence of the ald=-frequency pesim resides in the sarliest
portions of the stop waveform, this feature system lamplies that idemtification of
/t/ epd /4/ should be quite good for very short truncated stimuli. The high

level of identificaticm perfommance cbserved for the first 20 ms of /b/ and /fd&/
as shown in Table I ie conmlstent with thia hypothesis.
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Table 1. Percent correct identification eatimated at 20
8timulus durstions sversged scross vowsls and talkers.

e -
Durstion
Consonant 20 ma 40 me
b 9% 9
d 94 98
g T3 20

L e T T T T T Ll L T LTI T ]
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n the other hend, consider the time-varying features for /g/. both the
definiticone of late ooset of F1 and extended mid-frequency peaks imply that meore
than 20 ma of &5 step waveform is needed to iLdentify /g/ ocorrectly. The

identification functiens shown in Fig. 4 indicate that relstively high levels of
identification of /g/ were achieved at durations of 40 te 50 we for all vowela

except /i/. In order to quantify the identification performance of /g/ at longer
waveforn durations, 40 ms identification valuss were located on Figures 2, % and
4. Forty millisecond velues were chosen here because the durstion of spectrsl
information displayed 1In the elght frames in Kewley-Port's (1982b} runaing
gpectra experiment was 40 ms. The 40 ms identification values for each consomant
waere averaged over vowels and talkers and are pressnted in Table 1. These
results indicate subataptial improvement in {dentificetiom of /g/ from the 20 ms
poict at 733 correct to the 40 me point at 90% correct. In the case of /b/ sod
/d4/, performance was close te the 100% moymptote level.

To summsrize, the resulta from naive listeners’ identificatien of truncsted
CV syllables showed that /b/ and /d/ could be Ldentified at 94% or better from
the information contained in the first 20 ma of ths waveform. We conclode that
either the Stevens and Elumstein's (1978) onset spectrum or the running trum
of Kewley-Fort (1982b) is ndequate to specl{y invariant place cues hrm and
J4/. Velar stops, on the other hand, are poorly identified (73%) from the [irst
20 ms of wavefomm, and evidently require longer wavelorm durations for accurate
identificetion. Frem this result we conclude that the time-varying spectral
foaturea proposed by Kewley-Fort are likely to prove mere successful overall at
specifying relisble inforsation for place of artioulstion im CV syllebles. . By
corollary, Etevens and Elumatein's fixed 20 ms integration time is less likely to
capture the acowstic cuss for lpluﬂ:i_n; valar. place, and thelr later hypotheals
(1980} of "a longer time" for velars identificsticn is more plausible.

The contradiction between the supposed fized time window for omset spectrs
and this medified hypothesis for velars is, bhovever, difficult te reconcile with
the proposal that onset spectra are  detected by innate property-detecting
mechanisms in the human auditery aystem (Stevens end Elumstein, 1978, p-1367;
Elumstein and Stevens, 1979). These property detecicrs are intended io specify

age of articulation as o phonetic festure within distinctive feature theory
Chomaky and Halle, 1968). They are therefere insensitive to details of acoustic
structure or phonetic context, belng desdgned to specify pléace of articulation
net enly for imitial stopa, but for final otops and for oasal consonants as well.
The role of a fixed integreation windew in Stevens snd EHlumstein's innate property
deteotor theory Ia to fit them for this fusctien by elimipating the - temporal
dimenaion and making the onset apectras mere shstract. The results of the present
experiment, and thope of Hlumstein and Stevens themssives {1980), suggest that
the temporal dimemsion mhould not be disregarded and that static onset spectrs
alone are not poffioient to epecify cuee for place of articulstion in step
consonants (see alpe the recent findings of Walley end Carrell, 19682)-
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I1. EXPERIMENT 2: IDENTIFICATION OF SHORT SYNTHETIC CV's

The purpese of Experiment 2 wes to make a more direct teat of the inferences
drawn from Experiment | by perceptual study of synthetic CV ayllsbles constructed
according toe the rival static and dynamic patterna. The idea behind fthe
gxperiment was, in fact, slluded to earlier by Stevens end Blumstein themselves:

A ptronger test of (the) theory weuld be to determine whethar
perception of place af articulatien depende on attributea of the grose
shape of the spectrom at onset, independent of fine detsils such as
burst characteristics and forment cnset frequencies (1978, p. 1367).

cinoce nalve subjecta wers reasonably successful in identifying place, in the
truncated natiural speech atimull of Experiment 1, we adepted the desdign of that
experiment fer use here. Twe aseta of ftruncated synthetic stimuli were
constructed to test +the static end dynemic hypotheses. In the present
experiment, subjects first participated in an identification task uasing truncated
natursl speech CV's. Subjects who could identify place coerrectly for the natural
epesch atimuli were then required to identify etimuli from both synthetic
stimulus sets.

In wmddition to sn l1dentification response for esch stimulus, we alse
guathered & confidence rating to indicate whether & subject thought his reaponse
was & guess, was surely correct, or was somevhere betwean the twe. We were
particulerly interested in whether subjects would be ae confident about the

Eﬂrrec: identificetien of the synthesized atimuli ss they were sbout the natural
atimuli.

h. Stlmuli: Synthesis parsmeters

The success of this experiment depends on clearly steted and executed
principles fer synthesising the two stimulus sets, one derived from Stevens and
Blumstein static onset sepectrs (hereafter called S+B) snd the other frem
time-verying features in running spectra (hereafter called ES). ' Each synthesized
ayllable was modeled after the appropriste natural syllsble by visual spectral
matching techniques. Spectral arcalysis of the natural stimuli was carried cut by
linear prediction analysis ma implemented in the SFECTEIM program (Kewlay-Fort,
1979). The S+ and K5 stimuli were synthesiged on the KIATT digital synthesiger
(Klatt, 1580} g= implemented in the KLTEXC pregrsm (Kewley-Port, 1978).

Three independemt wvarisbles, consonant type, wvowel type and duration wers
manipolated in Experimemt 2; in addition te stimulus set type. Three conscnants
Jb,d,g/ were paired with the three vowels fi,s,u/ to produce & base set of nine
LV sryllables, asach &t three weveform durstiioms: 20, 3 and 40 ma. Thege
duretions spanned the 20 ms dorstion et which /b and /4/ were scourately

identifisd in Experiment 1, and the 40 ms duration at which /g’ (except for /gi/)
wes accurately identified.

=L16-
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The natural etlmuli coosisted of the nine bese ayllables spoken by talker
iF. Esch eyllable was snalywed by the SFECTHUM program to determine that the
proponed featurea for place of articulation could be correctly identified by both
the Humstein and Stevens' templates (1979) and the rumnning spectral festure
apalyein. The IJFECTHUN program wes used to celoulate the omset spectrum by &
procedure identical to that used by Hlumstein and Stevens (1579), with the
exception of substituting m one-half Hamming window for & cne-helf Kaiser window.
All enset spectra were visually oxsmined on m CHT graphies displey. Oaly nstursl
CV'sm wheose wpectra clearly fit the overall ~ template descriptiona of
diffuse-rining, diffuse-falling or compact, amd whioh & red to meet g1l the
template rules desoribed by Hlumstein and Stevena (1975), were sccepted. The
running spectral display for each ayllable war alse exsmined toc ses that it
contalned good exemplars of the time-varying features. For velar syllables an
sdditional criterion was checked: the onset spectrum for velars was required to
inglude an F1 peak, se that the resulting synthesised waveforms would all hsve &
voloed component. 1f all eriteris were not meit, another utterance spoken by
talker EP in the pame recerding sesslon was selécted. [In the end, five of the
nine npetural OV's, /bi,d4,bs,bu,gu/ were taken from the stimgli uweed in
Exporiment 1. The natural ayllables were then edited digitally at merc crosaings
to approximate the 20, 30 and 40 me wavefors durations as closely as pessible.
The average durations proved to be 21 ma, %0 ms and 39 ms respectively.

For the aynthetic stimull, the overall strategy was to keep &8s many of the
aynthoeais paramoters as possible the same between the 5+B and RE sets, while
incorporating differepces in the ptatié verous dynasic ascoustic propertiies. To
accomplish this, the KLATT aynthesiper was configured as a parallal formant
synthesigar with six formants (Klatt, 1980). Glottal resonance characteristics
were shaped for talker EF's /i/ and then kept constant. Nasal rescnances were
net used. The fundamental f(requency was oel te a constant 100 Hx. Synthesis
perameters always, termipated exzactly at the 20, 30 eor 40 ms durstions.

Fortunately, ne synthesised waveforas had appreciable baseline coffsets since the
fundsmental was 100 He.

The synthesis of the S+5 stimulil was accoaplished in several mtapa. With
the KLATT synthesizer, it was posaible to genorate & steady-state atimulus such
thet its spectrum &t any point matched the overall shape of the caloculated 25.6
ms onset spectrim of the origical nstural CV. Jewever, it was not spparent
whether these steady-state otimuli would be perceived an stop-consonants or as
vowels. In the speech perception literature, it has gonerally beon assumed that
& rising F1 tranaitios is &n important wmanper - oue for tha clmss of atep
conscoants (Lelattre, Libersan and Cooper, 1555; Btevens and House, 1956; Fant,
1960, libersan et al., 1967). For this reason, Hlumetein apnd Stevens (1580, p.
651) weed riming Fi'es in their syntheals of otherwise steady-state oconsonant
stimuli. However, Kewlay-Port (1982a) observed that & rising F1 transition
cannot alwsys be messured in stop-vowel syllables, in particular, for the vowels
fif mod fu/. Bince Lt was mot clear what kind of M transitions should be used
in the aynthetic 5+8 stimuli, we carried oot & pilot experiment using the 5+B
stimuli synthesised with and without F1 franaitiens, te determine if listeners
would judge stimuli with ¥1 transitiona am more atop=like than stimuli with F)
steady-atates [(see Kewlesy-Port, 1980 for a more detailed demgription of this
study). Simce the outoome showed & slight advantage for otimuli ocontaining F1
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tranmitionn, we used tha F1 tranmition values measured from the natursl CV's a8
synthasln parameters for the 5+8 atimuli.

lnsert Figure S5 about here

Figure 5 ahows the match between the onset spectra of the finsl synthesised
848 stisulus for /ga/ snd the metural /ga/ stimulus. A gotd spectrsl match wes
obtained by mdjusting only the bandwidth and smplitude parameters calculated from

the original linear prodiction specirum: The velcing source [.l'l'} wns alweys set
o ite waximum welus.

dyntheaia parameters for the RE stimuli were derived from previous studies
of EF's wtop-vowel syllables. The running spectra, as shown in Fig. 6, were
preduced by calculating the linear prediction smoothed spectra at 5 ms intervals
following the procedures described in Kewley-Fort (1982b). The firat frame shows
the stop relesse burst which was amlways positioned st the center of the 20 ms
Hamming window. The other sources of parsmeter infometion were the average
formant transitions and VOT velues calculated for 5 repetitions of each of EP'a
syllebles (Kewley-Port, 1982a, Appendixz). The oynthesis procedures always
started by carefully matching the burst frame because it contains the spectral
tilt infermation in the rumning spectrs analyeis. After the burat frame, the
aversge VOT valuss were approxisated as /b/ = O ms, /&/ = 10 ma and fgf = 20 ma
using the sspiration scurce in the synthesiser. The spectval shape of these and
succesding frames wos determined by imserting the aversge velues of the
transition parameters (frequency and durstion) after the release burst. The
amplitude of the volcing source always started at 5 4B belew the maximum, and
incresssd to the maximum in 5 ma. 15 sddition, careful specttal matohing of the
volceless frames for g/ was often needed, in order to preserve the sid-frequency
peaks following the burst frame. Figure 6 shows the rumning spectrum for the
natural /ga/, aod the final symthesised B3 /ga/. 'The synthesis mnatching
procedurs focused on the opectral %1t of the burst frame, and en the
ald-frequency peaks featurs of the veiceless framea, but not on other speciral
properties of thepe (ramea.

Thus, the overall procedure for generating the HS stimuli was not based on
frame-by-frame spectral matching of the matural and synthetic stimuli. While the
burst framea were spectirally matched, which meant coa frame for /b/ and /d/, and
the four voiceless frames for g/, the remaining synthesis parameters were

determined easentially by rule using sversge values of the formant transitions.
The fimal B5 otimuli were then synthesized at the 20, 30 and 40 ms durations by

duleting parsmster linea in the forpant transitions which extended beyond the
specified valuea.
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Insert Figure & about here

------- . RN P O . —

Whataver merita er weskneasss thers were in the synthesis of the 5+B and &S
atimuli, the procedures for bath setsa were developsd on the basis &f visual
apeciral mafching alens. We should neote, incidentally, that 4o the 20 ms

stimull, the spectral information contributed by the following veowel context WBE
equally represented in both the RS apd 5+B seta.

B. DProcedurs

The teating precedures were controlled op<line by = PDP-11,/0% computer.
Stimuli were output at 10 kMg sampling rvate threugh 12-bit D/A4 converters,
low-pama filtered et 4.8 kHe and then presented eover TDH-%9 sarphones. The output
smplitude wea calibrated acress psesaions At & copfortable listening level.
Butten presa responses were collected from up to &ix asubjects et m time amd
atered on disk. The basic design ef the present expeviment was intended to
follew closely that of Experiment 1, allowing for the appropriete changes frem
audie tape recordings end written reapomses to &n on-line computer controlled
perceptual sxperiment.

The testing procedures were spread out over twe days. Day 1 served %o ecreen
subjectsa audiometricmlly, and to train and teat them with the natural spesch
atimuli. Op Isy 2, eubjects identified eonly the aynthetic stimuli. OSubjecta
wera excluded from the experiment after Day 1 if they idemtified the natural
Btimuli essentislly at chance, thet is to say, if sach of the nine natural apeasch

syllables, sveraged over all dursticns, wes identified cerrectly less than 40% of
the time.

Respooges were collected oo a séven botton response bex with feedback
lights. Becsuse voicing was not an expoerimental varisble, the consonant respooss
buttons were lsbeled “B/P" for bilabial, "D/T" for alveclsar, end "G/K" for velar.
Three additiomal buttons were labeled with the coofidence rating responsea sas

“Vaery sure", "Sure"” or "Guess". The confidence rating categeries were defined as
follows &n the writteo inetruction sheeta:

Confidence Ratinga:

++ Very sure the consonent wae cervectly identified.

+ Repsonably sure the conapnant waa cerractly
idantified.

- Consenant responas Tepressnta only a chance gusss.
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Ench Erisl wam aeignaled by & cus light Bnd both & coosonant reaponee and a

confidence rating were collected (or each atimulua en each trigel 4in  the
&x parimant .

n Dmy 1, emch mubject wan ecreoned by an eudiometric teat for the octave
frequanciea Trom 500 te BOCO He at a sound pressure level of 20 4B (ANSI-1963)
using an Grason-Stadler Model 1701 audiometer. Twe fasiliarization tasks were
than conducted uaing the 27 truncated natural spesch stimuli. The first, called
“cund familisrisation,” required listening to all 27 natural etimuli once. In
tha second familiacviestion tesk, two vepetitions of each natural stimulus were
prepented to the subjecta randomly with feedback. Subjects were then instructed
on hew to carry cut the identification tamk and enter their confidemce ratings-
For the natursl set of stimuli, subjects heard five blocks of two repetiticos of
osach atimuluam for a total of 10 triale per etimulus. Stimulus presentation was
paced to the slowest subject's responses. HNo feedback wam given in this test.

Subjects returning on Dmy 2 were not told about differsmcem in the natures of
the atimull te be pressnted. Instructions merely stated, “"You will be listening
to additional short conseopant stimuli one-at-s-time.” Mo fammiliarization trials
wete prasented on lay 2 and subjects bagan the identification test directly,
baving previcualy listened te only the natural speech stimuli on Lay 1. The 27
3+B stimuli and the 27 RS stisuli wers fully randomiszed within one stimulus hlock
ef 54 triale. Subjects listensd to ten blooks of etisuli. Esch subject
therefore provided a total of 10 responses to each stimulus. Subjects wvere
obhtaingd through a laboratory subject pool and were paid 3 a day for teating.

bone of the subjects who participated im Experiment | was cootacted for this
ax perimant.

C. Basulta

0f the tweniy-one subjects tested, oma subject did pot pass the sudlometric
screening test and was dropped from further testing. Ten aubjects did not
achieve the 40% correct level of performance with the matural stimuli on [my 1
and were asked not to return for teating on Imy 2. Thus, data were collected

from all three sata of stisuli for 10 aubjects, resulting im 100 dats points per
stimulus.

To masean the contributions of the variablea to identification of place of
articulation, & four-way analyais ¢f variapce over stisulus typs, consonant,
vowel and stimulus duration was copducted. When appropriate, one-way analyses of
variaoce were calculated using s Scheffe post-boc soalysism at the p < .05 level.
Frobability levels greater tham .05 veres considered oon-slgnificant.

Imsart Table JI about hers

=122~



Kewley-Port, Piscni & Studdert-Kennedy

Teble II. Percentages of reaponse messures collected in Experiment 2
presented for each stimulus type &veraged over vowel and consonant
iype, Bnd astimulus duraticn. -

e = - FraEdsaiiaEsedisaEsdisses S FEEsia@nm
Eesponae Hatural Synthetie, Syothetic,
Mepasuros Speech RS S5+8
Corract conscnant 94 78 68
identification
Gueaa rating (=) 4 3 11
Sure rating (+) 21 21 26
Very sure mating (++) 75 T6 63

ErFETETTEE T ST TR OO NTECESOErFEErEsErrEasSESESEsEEsEE RS EE I TEEE
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A pummsry of the results obtainsd for the thres stimulus seta i shown im
Table 11, The first row presents the percent correct consonant identification
for each stimulus set sveraged over the conscnant and vowel types, and stimulus
durstion. As in Experiment |, wsubjects wmhowed high levels of scourscy in
identifying place from very brief initial portions of natural etop consomants-.
The overall percent correct waa 94%. Performance levels for both sets of
synthetic etimuli fell below that of ths natural apesch stimuli. - Consonanta were
identified better with the RS stimuli (788 correct) than with the 5+8 stimuld
(65% correct). The stimulus types, natural, RS and B+B, formed three distinet
ordered categories in the post-hoo analysis 1{1.2}-49* T4, p € .001). Consonanta
were ildentified more accurately for the matural speech stimuli than for the ES

gynthetic stisuld, and more accurately for the RS stimuli tham for the 5+B
synthetic atimuli, reapsctively.

The pext three rows in Tabls 1] summarize the confidence rating Tesulta,
computed as the percentage of sach confidence rating response obtained for each
stimulus set. These results show that subjects were equally confident of their
respondes to the natural] and ES stimuli, bui wers (easa confident of thelir
responses to the 5+ stimuli. Evidently, thers were aspecta of the nstural &nd

ES stimuli that subjects judged s similar to each other, but dissimilar to the
&+B stimuli.

o

Insert Figure T about here

The main effects of each of the experimental variables -- consonant type,
vowel type and stimulus durstion -— on percent correct conesonant ldentification
for each stimulys set are shown in Fig. 7. Ferfomance descreased from the
netural to the ES and then sgein from the E to the 5+B stimull meross all

varishle types but ome (F{2, B) = 78.28, p ¢ .001). For /b/ syllables, the B+B
set was better than the Ei set.

The effects of sach experiments]l varisble were then examlined In more
detail. Mo differences were observed in identification performance among /b/.
/4 snd g/ (F(2, B} = 1,05, ¥5) por smong the throe waveform durationa(F(2, 8) =

.68, ES). For the vowels, differepces in perfommance level were silgnificant
(F(2, B8) = &7.63, p ¢ .001): conscnanta were identifisd better befors the vowel

Jjaf (9% correct) thar before /Ju/ (80% ocorrsct) or befere /i/ (66X corcect).
Vowel type formed three distinct groups in the post-hoc analysis (F(1, 2} =
42.26, p < .001). YVowel context, therefore, had an important effect on the
identification of conscoants. 1t is interesting that the vowal /a/, often used in

ayothetic speech perception studies of stop-vowel syllables, provided the most
relisble context for stop identification.

The identification results are broken down sepacately by aaoh exporimental
variable in the nine penels of Fig. 8. This figure 1llustrates the major spurces

of the variation observed im the average ildentification funcotionms shown in Fig.
T
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lnsert Flgure B about heare

The ordered performance levels of the natural, ES apd §+B stinuli were
Fﬂur"d for all conditions except for the coneonant /b/ and Tor the syllsmble
gi/. Figure 8 shows that consonant identification was better for the S5+B
compared to the HS sets for /bi/ and /bu/, although not for /ba/. A poat-hoc
spectral amalysis of the S /bi/ wnd /bu/ #timuli{ revealed an additional varisble
previously overlooked in our earlier analyses. Although the spectral tilt and
ehape of the burst frames were carefully matohed, the relative levels of =mignal
energy im the burst freme differed between the natural and HS stimuli: the
bursts for ES /bi/ eod [bu/ were & dB higher than. the buret for their natural
counterparts. The higher saplitude burets resulted from & synthesis rule
isplementing a constant woicing source for all synthesised myllables. This ruls,

intended to keep the Source constant acroas plece, was arbitrery and evidently
resul ted in an artifact ism these stimull.

Further study of burst energy for five repetitions of talker RP's stops with
& wowel contexts revealsd systematic differspces  ip emplitude for place of
articulation. These differenpces were nol repressnted in either the HS or 3B sets
of stimuli. We do not, of course, know for certmin that plsce of erticulseticm in
ES /pi/ end /b wos misidentified becauss of ths unnaturally louwd bursts.

hevertheless, this posasibility served as part of the sotivation for the next
eXperiment.

The effect of vowel context was pot unifors scross the comsoneots (see
Figure 8). In fmct, consonant and vowel types intersct (F(4, 24) = 26.22, p <
001), a8 do consonant type, vowsl type and etimulus set {stimulus I comsoment,
F(4, 24) = 36.63, p < 001 stimulus X vowal, F(4, 24) = 7-07, p ¢ .001; stimulua
1 consopant X vowel, F(H, 32) = 10,77, p ¢ .CO1). [Evidently, individual
copsonant-vowel ayllables contributed differentislly to the overall effects of

tha ordered differvence in performance levels betwesn the patural, and S5+B
stimuli.

43 shown imn Fig. 8, variatlion in waveform durations hed a very small effect
oo ideptificstion performance. Freom Beperiment 1, we had expected that several
of the patural stimuli (especially /gl/) would ehow an improvement in conschant
identiflication with stimulus duratlon. This result wes, in fect, ohserved since
foif, fduf smd /gi/ all showed inorvased identification performance with longer
durstior wvavelfoms. For the synthetio RE and §+B stimuli, however, consonant
identification did not improve with longer stimulus durations.

Fimally, if the confidence rating wcale was reliable, higher confidence
ratings should correlste with an inoreaée in correct responses. We exsmined this
relation by calculating the conditiomal probability of cbtaining & correct

reaponse, O, for esch vating oategoery, KRj, mse P{C/Rj). These oconditional
probabilities are plotted in Fig. 9.

=136



——— MNatural o——0 RS — 5+08

[ a w
100 / - T —e—a—a ;ﬁ
a0 - = -
m- ~_._,_—l'l-"-“ a W
20 - =] =
T T T T ] ] L] L] L]
=
=
&
oo "'-—-F-Il—q— -
[ ;f ; Eﬂ
- 80 4 T !
=
W 4 k ]
- A T - -
= 20 - - . g S—d
&
[ T T T T T T T T T
x
wt
a.
I - o -
W
BO - ./L\ o ; o ‘___h‘
80 3::?5::: A Lhnﬂkﬂx1 -
g
40 4 - -
20+ - -
20 30 4 éﬂ iﬂ ;0 éﬂ i@ ;0

_ DURATION  (ms)

Figure 8. Percent correct consonant identification plotted separately for each

experimental variable, stimulus type, stop vowel context, atimulus duration
and conacnant.



1T
Kewlay-Fort, Pisoni & Studdert-Kennedy

B e e e e e LI T Pt

Ipsert Figure 9 sbout here

B TR B O SN R e e

Subjects’' oconfidence ratings were highly correlsted with their asbility to
identify plece of articulation correctly in the three asets of stimuli. The
conditional probabilities displayed here are, of couras, a combined measure of
the cerrect identification of place and the selected confidence rating categodry.
These messures mre alsc reported separately in Teble I1.) This combined measure
confirws the rank order effects obaerved acroes the three stimulua sets. The
patural atimull had higher conditional probabilitiea than elther of the two
synthetic stimulus seta. For all confidence rating categories, however, subjects

were more likely to idemtify place of articulation correctly from the ES etimuli
than from the S+BH stimull.

I. DISCUSSION

The reaults of Experiment 2 showed that listenera correatly identified place
on B8% of the 3+B stisulus trials. Of the nine 5+B syllable typee sxamined, only
threa, /baf, /bu/ &nd fde/, wers identified better that 85% correct. The
remaining six CV's averaged only 553 corvect identificetion. Evidently, subjects
cannot relisbly identify plece of articulation from informetiom econtmined in only
the overall gross shape of the onset spectra of short step CV waveforms.

This conclusion 48 strengthened by the comparison betweean the 348 stimuli
and the HS stimuli. Since the HS atimuli were modeled after the ssme natural
epeech stimuli as the 5+B atimuli, their omset spectras should be good exemplars
of the onset spectra for the three places ol artieulation. A post-hoe comparison
of the onset apectra for the RS stimull and the S+B stimuli showed that the RS
onoat epectra were, indeed, good place exemplars--in fact, for half of the
comparisons the onset spectra for the ES apd S5+H stimuelil were virtually
indistinguisheble. Thus, both the satstic omset spectre properties and the
dynamic runnipg spectral featurea are present in the K8 stimwli. OSince subjects
gorrectly identified plasce omn 78% of the BES trisla, they gained 10% in
identification om performence from fhe &added Jdynamically changing plece
information. Ten percent la not a lamge overall incoreass in performance, but the
sources of the ingreasse, Be shown in Fig. 8, bring the differsnces betw=en the
two Btimulus seta into sharper focus. TFor the three 5+B sylleblem with high
levels of identification, (/ba, bu, ds/) two of the ES stimuli, [be/ apd fda/,
alas hed high levels of didentification. But for the aix 5+F abtimuli with poor
levels of identification, four of the HS stimuli showed substentisl improvement
{/di du,ga,gu/). In fact, the average {dentifiesation scoresa for these alx
atimull increased from 5HY for the 34B set to 75% for the HS set, & gain of 203

Moreover, if we cmit K3 /bi/ and /bu/ {for which & synthesis errcr was mude)
the HS gtimuli were jdentified correctly on B7% of all trials. For helf of the
CV's, the identification functioms for the natural epeech end HS stimuli were
virtually indistinguishable (see Fig. B)}. Since the synthesis procedures for the
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ES stimuli were primarily ruls governsd rather ‘than baped on frame-by-freme
spectral msatching, the difference of 7% between 87% for the RS etimuli and 943%
for patural atimuli suggesta that the synthesis rules did a resscnably good job

¢f capturing the dynamic acouwstie information that specifies pleace of
articulation iz thesa ayllables.

Finally, the confidence matings as shown in Table IT establish that subjects
vere equally confidest about identification of the natural and RE stimuli, but
vere less confident of their responses %o the 5+B stimuli. &ince the natural
stimuli and the RS stimuli preserve both the presumed properties of the static
onset apectira and the [ine temporal details of the early portions of  the
wavefprm, while the 5+ stimuli preserve only the static propertiss of the shape
ef the onset spectra, the grouping of the confidence rvatinga would aseem to
reflect the gain of & dynamic over a static description of step consonant onaset.

I11. EXPERINENT 3¢ 1DENTIPICATION OF SHONT LPC SYNTHESIZED CV'S

The previous experiment tested the adequacy of onset spectrs &s ‘ascoustic
cuas to place of articulation in stop-vowel sylliables. Vhila the ocutcome was
clear, the erperiment oould be criticised on two counts. First, the wvisual
matching procedure empleoyed iz aynthesis might be subject to experimenter bias.
Second, umnatural relative levels of energy present in the bursta of all the
syothetic stimuli might have influvenced the mesults. The present experiment waas

designed to mepliosts the previous experiment using procedures designed to
counter thess criticlems.

Two sets of stimuli were myntheaised from linear predictiom coefficienta
darived froa the same natural stisull a8 osed in Experiment 2.  (ne pet wES
aynthesaiged [rom the coefficienta specifying only the onset spsctra ss defined by
Stevena and Hlumetein: spectral infomaticn was constant throughout the stimulus.
Thesas stimuli will be referred t© as the onsst spectra (05) stimuli. The other
pot was aynthemiged with the linesr prediction coefficients used fo produce
running epectra (see Pig. 6). These ccefficlienta were updated every 5 ms. These
aynthenised stimuli will be referred to as the time-varying (T-¥) stimuli.

In" linear prediction synthesis, Tundsments] freguency amd oversll amplitude
are controlled independently of the analysis coefficlents. For both the US and
T=Y ptimuli, the fundemental fregquency was sel to 100 He. The relative amplitude
of both sets was adjusted so that the energy present in the first 20 ms of each
ayliable in the three stimulps sets was equal. ‘Thus, these stisuli werse
pyntheaised by computer algorithme gquite independently of the exrperimenter except
for matohing HME ensrgy in the first 20 ma. Murthermore, uasing this procedure
any offect that burat epergy might have as an scoustic cwe %o place of
artioulation would be held constant soross all stisulus types.

In order to test the major difference between Stevens and BElmstein's [1978)
conast spectra sccount end Kewley-Port's (1982%b) time-varying festure soalysis, ve
will focus cur snelyses on the 20 mEs stipuli. The onsel specira, burat eoeTgy
and vowel context information was the same for ssch 20 me CV in the netursl, 085

pnd T-V sets. (In contrest, the 40 we nstursl and T-V sets preserved more wowel
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context inforsetion than the 40 ms 0S5 set.) Thus, the primary difference between
the two, 20 ma eynthetic stimulus sets, was the statie or dynamie quality of the
apectral infometion used to¢ specify place of articuletion.

A.  Stimuli

Since there was no overall improvement in consonant identification over the
three stimulus duretions exemined in Experiment Z, only the 20 and 40 ms stimuli

were used in this experiment. COtherwise, the same natural CV ayllables used in
Experiment 2 were used here.

The linear predictiom coefficients previously oalculated for symthesising
the 5+B and RS stimuli in Experiment 2 were used sgesin in this -experiment for
synthesiging the 08 and T-V stimuli. A program (MODSYN) was written by the first
author for asyathesizing waveforme from a set of reflection ceoafficients.
hirbitrary pitch and amplitude parameters could alse be input. The TWOMVL
algovithn of Markel and Gray (1976, sec. 5.5.2) was implemented with a pulaze
generator a8 the piteh source or & pseudo-Gaussian random number generator as the
frication souvrce to synthesize the wavefoms. fn 05 sgtimulos was first
aynthesiged from the ooefficienta for the oneset aspectra aleng with a gadin
eatimate and & pitoh of 100 He. After synthesis, the emergy in the firat 20 ma
of the stimulus wae caleulated. If this emergy did not match the calculated
energy in the first 20 ma of the natural syllable within 1 'dB, the input gein was
adjusted sppropristely and the 05 stimulus was resynthesized. The energy in the
firat 20 me of the natural syllables relative to the 12 bit waveform wis measured
as: /i) = 77 dB, /ba/ = 78 4B, /bu/ = 72 4B, fdi/ = 68 dB, /da/ = 72 4B, /du/ =
&7 dB, fgi/ = 61 dB, /ga/ = 61 4B, and fgu/ = &% dB. The T-V atimuli were
aynthesized from the coefficients of the rumning epectra at a 5 ma frame rate
with & relative gain value estimated algorithmicalily for each {reme. The pame
VOT welues ueed in Experiment 2 were empleyed here. Volgeless framea used the
fricative source while volced frames were synthealized with a pitch of 100 Hs.
Whén necessary, the firet 20 ma of ensrgy in each T-V stimulus was est. to matech

the natursl etimulus by adjusting the relative gain for sll frames by a fixzed
amount .

B. Frocedure

The procedure of Experiment 3 was identical to that of Experiment 2 except
that cne=-third fewer satimuli wers presspnted because the 30 me duratlion WwWas
dropped. Both identificstiom and confidénce rating reaponses were collected over
two days of testing. Subjects were obtained through = laboratory subject pool
end paid $3.50 m day. BNena of the subjecte who participated in the first two
eiperiments was copntacted for thie study.
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C. Hesults and [Mecussion

All seventeen subjects participating in the experiment paseed a Bsoreening
sudicmetric test. One failed to return on the second day, and six others did not
achieve the 408 correct level of performance op the pstursl speech stimuli.
Thus, 10 subjecta participsted io both daya of testing, resnlting in 100 data

pointe per stimulus. The same otatistical snslyses performed in the  previous
experiment were used here.

Table 1II summarises the results. The findings are similsr to those of
Exporiment 2, mhown in Table II. Consonants in natural CV stimuli were again
identified 94% correctly for place, while the synthesised stimuli were identified
correctly less often. As before, the stimulus seta fomed three distinct groups
with the oatural stimull jdentified most mccurately, T-V stimuli identified less
sccurately (B87%) and the 05 stimuli even less accurstely (598) (F{1,2) = 80.0, p
¢ «0001). 'The oonfidence retings were alse similsar te thoss previcusly
golleoted. Subjects rated the natural spesch stimuli snd T-V stieuli at roughly

the same high levels of confidence, while the 05 stimuli were rated at a lower
everall level of confldence.

The main effects of each of the stimules varisbles in terms of percent
correct comsonant identification are shown in Fig. 10. In these deta, the main
result of decrossing performance levels of identification from matural to T-V and
from T-V to 05 stimuli was preserved across all the variable types (F(2,7) =

142.4, p ¢ .001)., Thum, ths results of Experiment 3 clesrly replicate the main
stimulus manipulations found in Ixpeariment £.

L o 2 R N 1 _ L _ L .

Inwert Table 111 and Figure 10 about here

We can compare the overall sain effect of stimulua type across Experiments 2
and 3 directly in the following way. In both eéxperiments, stimulus type was
described ae natursl, dyommic or statle. The npatural stimuli presented in both
experiments were in fact the same sigoala. The ic stimull refer to the ES
{runming spectra) stimuli in Experiment & and the T-V (time-varyiog) stimuli in
this experiment. Both sets preserved the dynamic varistion in the stop-vowel
stoustic structure. The 5+8 (Stevens & Hlumstein) and 05 (cnset spectrs) stimuli
are gilled static because they preserved the ssme coset spectral information, but
differed primarily in energy level and the presence or absence of an Fi

transition, A two-way mnalysis of variance of the three stimulus typea scrose
both experiments showed that the main effect of stimulus type 1in the two
expariments was iodeed very similar. That is, the ildentification of the three
stimulus categories was wignificantly different (F(2,3) = 113,6, p < .0001),
while results betwssn experiments were sssentislly fhe same (F(7,3) = .002, BS).

While the identification of the natural stimuli in beth experiments waa

clearly the same (9438), there were several differences between the synthetic
stimulus pets. The dynamic T-V set showed s mignificant 9% improvement over the
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Table I1T. Percemtage of response messures collected inm Experiment 73

for each stimulus type aversged over vowel and oonacnant type, and
atimulus duration.
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RS met {t = 3.06, p <.002). Comparing Fig. 7 with Fig. 10, we can see that the
sain reason for this improvement ia the better identificatiom of bilsbials for
the T-V stimuli. This result confima ecur previcus hypothesis that unnatursl
burat smplitudes in the esynthetic RI astimuli in Experiment 2 depressed
perfomance for billabial identification. Ancother improvement inm the dynsamic
etimoli in Experiment 35 was an increase in consopant idantification from the 20
te the 40 ma stimmli. This increase, shown in Fig. 10, parsllels the improvement
in the matural stisuli, giving rise to an overall significant effect of duration
in the experiment (F(1,7) = 4.9, € .0%). ‘Taken together, the effects of the
main varisbles on Tthe patural dynamic stimuli in Experiment 3 are more
gimilsr ‘than they were in Experiment 2. In other words, the linear predictiom
synthesis with patural burst saplitudes produced more paturel pounding stimuli
then the perallel resonance synthesls procedures.

- -

Insert Figure 11 about here

By comtrast, the static 08 stimuli wore identified significantly less well,
by roughly 9%, than the 5+E stimull of Experiment 2 (t = 2.45, p ¢ .02). The
source ¢f this decrease in perfommance becomes evident wken we bresk down percent
correct consonant identification ssparately for esch experimental variable in the
nine penels of Fig. 11. The results from the two experimenin, =a shown in
Figurea 8 and 11, are similar, apart from the already mentioped differences in
the main varisbles. One ¢ther striking difference appesrs for the /ba/ and /da/
static onset apectra stimuli: cerrect identification dropa by en average of D63
gcross experiments. The primary difference between these stimulus sets was the
presence of F! transitions in the 5+B stimuli but mot the U5 stimuli. The pilet
atudy carried out in conneotion with Experiment 2 showed that of the nioe
syllables investigated, moet improvement in identificstion of the F1 transition
stimuli was obtained for the syllebles /ba/ and /da/. The present findings

confirm the perceptual impoertance of the Fl transition in identification of the
consonant in thess ayllables.

The resulta displayed in Flg. 11 also reveal that the 7% decresse in
identification between the natural and T-V stimuli wes lergely dus to poor
identification of two T-V syllables, /bi/ and /gi/. In strong contrast, a large
diffevence [%%) between the 05 ptimuli and the natural stimuli was cbeerved for
& of the § ayllables (all but /ba/, /bu/ and /gs/). Thus, for moet of the shovt
syllables, linear prediction synthesised stimuli preserving detailed wavefomm
structure wers identifisd at roughly the same levels as the natural ayllablaes-
Synthesiged ayllables pressrving only the static oneet spectra informatlion,
however, were idémtified much more poorly overall than the natural stimuli.
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- -

Iopert Table IV about hars

-

The conditional probabilitiea, P{C/Rj), of obtaining a correct conscnant
identification for a given confidence rating were alse ocaloulated for each
stimulus type in this experiment. The relation of the P(C/R)) velues across
atimulus types for this experiment was the same as that cbeserved in the previcus
experiment (Fig. 9). 'Therefore, the values for this sxparimant are presanted
enly im tabular form in Table IV. Subjects again reported high levels of
confidence in their responses to the npatural mnd dynamic T-V etimuli, but
relstively lower levels of confidence to the static (08) stimull.

Earlier we noted that the 20 ma stimuli in this experiment can be used to
evalusta the predictiome derived from the hypotheses of Stevens and Elumstein
(1978) emd Kewley-Port (1982b) concerning accustic cues for place of
articulstion. Each 20 ma syllable in the three stimulus seta had the same oneet
spectra. For the estursl and T-V atimuli, the additional temporal var in
ppectra]l ensrgy from the burst inte the wvolcing onset were also present.
Although & 20 ms stimulus is unususlly brief, our msub)ects indlcated they were
nmuch less confidemt oversll of their identification of the stetic 08 ptimuli than
of the spectrally changing gtimuli (for exsmple, 285 guessea for 20 ms 05 stimuli
compared to 10§ guesses averaged over patural and T-¥Y 20 ms astipuli). ‘Thuas,
subjecta clearly perceived a difference in quality betwsen the spectrally static
and dynamically changing stimuli, evem though they were only 20 ms in durstion.

¥We aloo sxamined whether there were any differencea in ths ldentification of
20 me atimuli frem each stisulus type dwe to differences in  plage of
articulstion. A twvo-way analysis of variance for the 20 ms stimull slose showed
significant differencea for both stimulus type and place of artloulation (P{2,4)
= 31.5, ¢ 001 for etimulus; F(2,4) = 11.0, p € .00l for glace).
ldentification of the natural and T-Y stimuli wers grouped together in the
post-hoo analysis, while the 05 stimali were peparately categorised (F(1, 2) =

24.1, p < .001). (Percent correct identificatien for patural = 50%, for T-V = 843
End for 08 = 60&. |

The BStevena and Humstein onset spectra hypothesis would predict 1
leovelp of identifigation for all three places of articulstlom, or parhaps
might be worse than /b%/ amd /d/, Lf it takem looger tise to build up &n
unasbiguous [g/ onset spectrum (of. Hlumstein and Stevens, 1980, p. 652). The
time-varying featurs snslysis of Kewley-Port (1581b) predicts that identification
of 20 ma stismuli should be similar and high for /b/ and f4/, but somevhat lower
for /g/. This predictlon was confirmed by the dats shown in Pig. 12. Figure 12
shows percent change in consonmnt identification eover atimulup duretion in
separsts panels for each stimulus type. Percent identificaticn of /b/ end /
weres not different for either the natural {t = .7, HS) or T-V {(t = 1.%4, B3
stisuli veaing a one-way analysis of variance with a priori contraata; therafore,
these values wers averaged together and plotted using the b-d aymbol on Pig., 12.
Further snslysia confirmed that /b/ and /d4/ were identified corvectly more often
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Table [V. Probablility of obtaining a ecorrect rospoose when a
confideénce rating reaponse was chosen, P{C/fj), for each stimulua type.
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Stimulus Type
Confidence Hatinga Hatural T=¥ o3
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than /g/ for both the natural (t = 2.6%, %1 01) and -V (t = 2.57, A -01)

sets. Thus, for the epectrally changing T-Y stimuli, our predictions were fully
supported .

Insert Figure 12 about here

While our sccount makes no prediction about the steady-state 05 stimuli,
Stevens and Elumstein would presussably expect the same pattern of results.
Bowever, these predictions were not confirmed for the 05 stimwli: /b/ was
identified algnificantly better thas /d/ (& = T.59, p < .0001), but
identificetion scores averaged over /b/ and /d4/ were lower than for /g/.
Furthermore, /b/ end g/ wers grouped together in & post-hoc zmalysis (aversg
identification T68). /4/ was identified corvectly much less often (28%) (F(1, 23
= 0.4, p ¢ 001}, ‘'Thua, predicticns derived from Stevens and Humstein's
hypotheses concerning the relative levels of identificstion of the three placea
of srtleulstion wers ot oupported.

Az previgusly mentioned in the discussion of Experimemt 1, Kewlay-Port's
(1962b) hypothesis of time-varying festures predicts that identification of velar
Place of srticulation should improve two Telatively high levels with an increass
in durstion from 20 to 40 ms, while performsnce for /b/ and /d/ should. show
little change- On the other hand, sloce 20 ms velars were poorly identified im
this experiment, BGtevens and Elumstein would preswmably predict that wvelar
identificetion should improve at a 40 me duration, as the compact shape of the
velar onset spectrs becomes mores salisnt. These predictions were tested by
snalysis of varlance. In a three-way amalysis of place of articulstiom (/b va
Jd/f), stimulus duration and stimulus type (natursl ve. T-V), there wss = =mall,
though significant, difference cof 4% in identification between the natural and
T-V stimuli (F{1,3)} = 6.84, p = .01), but no significant difference for place of
articulation (F(1,3) = 1.61, W8} or for duration (F(1,3) = 2.70, ES) (see in Fig.
12). In & peparate analysis of stimulus duration by stimelus type for g/, thers
was e significant improvement in identification for the longer stimuli (F{1,2) =
7.75, p € .006)}, but no difference between the nstural and T-V stimuli (F(1,2) =
3-99, E}I- Theae tesults are entirely cpnaistent with the time-varying features
bypothesis. By contrast, the predietion derived from Stevens and Elumstein's
approach of improved velar identification with Aincreased duration was mnot
supperted for the onsel spectra stimull, eince the correct idemtifieation for QO
/gf stimuli fell alightly from the 20 to 40 me durations (Fig. 12). We conolude
that & static representation of cnset spectras In stop consonants is clearly less
successful in gharactericing the ucoumtic ocues to place of mrticulation than o
time-varying, running spectrum. This outoome is in good overall agreement with
the results of the previous experiments.
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displayed separately for each stimulus type. Consonant responses for /b/
and /d/ were averaged together for the natural and T-V stimulus types.
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IV. GERERAL DISCUSSION

For GStevens apd Blumatein (1978, 1981} the “primary" and invariant
corralatea of place of srticulation ara located in & single, atatic spectral
pection Bt aylleble oneet. “Secondary™ correlates are to ba found in the
time-varying, context-dependent formant trensitions (Elumstein and Stevens, 1979,
p.- 1015}, In fact, formant trapsitiona are gaid merely to “provide the ascoustic
material that links the trapsieat events at the onset to the alowly varying
spectral characteristica ¢f the vowel" {Blumstein apd Stevens, 1980, p. 680).
Thia point of view 18 esmentially identicel to that of Cole and Scott {1974).
However, the theoretical arguments of Fapt (1968, 1973) and the results of the
running epectral analysls presented earlier by Kewley-Port (1582b) demcnstrate
that the distinction batween primary, static properties and secondary, dynamic
propertieas im arbitvary and empirically unjusatified (of. alee the pergeptual
study by Walley and Carrell, 1482},

Moreover, the concluslon to be drawn from the present experiments is that,
while irvariant acouetie correlmtes of place of articulation may indeed be found
st ayllable onset, they are not adequately described by static spectral sectiona.
Rather, the primary perceptual correlstes are time-varylog spectral properties
that reflect the movements of articulatory relesse--whetbher the rapid release

typical of lebial end &lveclar stope or the slower relesse typicel of wvelars
{F'-ﬂt-| 1%3. 'Fll. 2’2}]1

More generally, the preaent experisents desmonstrate that to idectify the
invarient with the static, end the dypesmic with the contextually-dependent, i=
felae, If the apectral correlatea of a phonetic segment Aderive from an
erticulatory gesture, and if the eseence of gesture is structural change, then
the spectral correlatea muat reflegt that change. - But, of courss, patterns of
chenge mey be invariant across B variety of contexts, a¢ that the recognition of

the dymamics of articulation doas not imply lack of invariance in the acoustic
signal .
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INTRODUCTION

Within the pext few yesars, we can expect t0 see an extensive proliferation
of very mophismticated speech processing devices Ln varlous types of map-machine
comnunication aystems. These speech processing devices will affect almoat every
sepect of our daily lives from voice warning and feedback systems in sutomobiles
and household appliances to voice data entry systems using cooventlopal telephone
linoa. At the present time, there in already a fairly wide diversity of low-coat
copsumer-oriented products on the market. And, it will not be long before much
mored specialited devices such a8 low-cost resding sschinss for the blind,
speaking alde for the deaf amd voice-controlled instructional systema will be
widely available to & large number of pecple whe have spscial needs.

Al though tha field of volce technology ham progressed st a substantisl rate
over the lust fav years, the same observation dosm not apply &8 eesily to
questiona copcerning how human observers process (i.e., percelve, enmcode and
interpret) synthetic speech. At the present time, there in relatively little
koown about the perception and comprehension of wmynthetlic speech, particularly
aynthetic spesch gensrated sutomatically by rule. Morsover; and perhaps even moTe
importantly, thare has besn little if any banic research on the proceassing of
aynthetic speech by humsn obeervers under conditions of infommation overload;
that ia, under conditions where the listener's mttentional demanda are severely
copstraioed by the presentetiom of wultiple inopute Irom verious  sensory
modal ities puch =8 those eccountered, for szample, in an siroraft cockplt, a

comples command-control enviroment or computer-ansimted inatructional
application.

In the sectionm below, 1 will sumsarise mome of the mecent afforts we have
made Lo evaluating the gquality of the aspeech gensrated by one particular
tex t-to-epeach system, the MITalk syatem (Allem, 1961). Our evaluation surveyed
several demains including deteiled exsmination of phoneme intelligibility, word
recognition in sentences and comprehension of relatively long passages of fluent
gonnected mpsech. More recent work has looked at more deteiled questiona
surround ing the mental processing time required to lnltlate manual responses %o
synthetie speech. Finally, in another seriea of sxperiments, we have examined the
cognitive processés used to perceive and rempember aynthetic and natural
under conditions of infermation overload where the observer is required to carcy
out meveral complex cognitive tasks at the same time.

BASIC COMSTRAINTS ON FPERCEPTION

It seems appropriates at this point to summarize & Tevw preliminary
aasusptions about the way cognitive paychologists have lpoked at the performance
of bupan observers in various types of informsation procesaing tasks. In any
context, wvhether it be & lsboratory experiment or m prectical application
requiring volce 1/0, we assume that a&n observer's performance reflecta the
operation of three basic comstraints: (1) limitations on the human observer, (2)

constraints on the speech signal snd (3] the specific task demands.

The firat comstralnt deals with the limitatioms of the human information
processing aystem to perceive, encode, store amd retrleve information presented
to the sensory modalities. Because the nervous system cannot saintsin all aspects
of monsory atimulation and =must integrate energy over time, very Ssevere
provessing limitations have been found in the capacity to eocode and store TaW
sonsory data. To circumvent these capacity limitationa, semsory information sust
be pacoded or tranaformed into more ebetract forma for etorage in memory and
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gubgequent processing pperations {Lindsay & Normen, 1977). - The bulk of research
on this problem hsa identified ghort-term memory (STM) as the mejor scurce of the
limitation on proceasing senaory ioput (Shiffrin & Schoeider, 1977). The amount
of lpformation that can be proceasssd in and out of working memory ia aseverely
limited by the asubjects’ sttentional atate, hia pest experience and the gquality
of the stimulus diaplay presented to him.

The second conatraint coocerna the structure of the apeech signal. Spesch
signalas represent the physical menifestation of m pomplex and hierarchically
organieed esystem of linguwiatic roulea thet, oo the one hapd, map scounde oo to
meaninga, aod om the otherhand, map meenings beck on to sounds. At the loweat
level in this aystem, the distipoctive propertiea of the signal are conatrained by
vocal tract acoustice and articulstion. The choice and arrangement of speech
sounds in worda is conatreined by the phonologiesl rulea of language. In turn,
the arrangement of apecific wordse 1inm sentences 18 constraimed by the ayotax.
Fipally, the meaning of individuale worde and the overall meaninga of pentences
ta ponstraiped by amemantica. The cootributionm of theas wvarious asurces of
knowledge to perception will very subatantially from isolated words to santences
to pesasgesa of fluent combtinoous opeechs

Fionlly, the third conatraint deals with the apecific task demanda
confronting fthe observer. Humans &re unvaually flexible in their ability to
develop apecialized perceptusl end cognitive atretegiea that cen maximize
performence under differing tesk demenda. There is now aubatantial behavioral
data im tha literature demonstrating the powerful effects of perceptual set, the
role of differestial instructions, subject expectancies and the influence of
long-term f{amilarity, and practice on & variety of perceptual and cognitive
E«aalm- These atudiea demonstrate that observera are capable of varying the
depth of processing”™ thet s stimulus receives depending on the requirements of
the taak. Im short, human observera are capable of adopting gquite different

atrategles depending o the meeds snd requirements of the information processing
taaka presented to them.

It should be clear from the brief deseription that an observer's performance
in any paychological experiment or for that matter any practical applicetion,
will mneceasarily entail ‘the lnteracticon of all three typea of consatraints,
although to differarnt degrees depending on the specific listeming comditions. In
the sectionas below, 1 will summarize aseveral recent studies that have attempted
te make use of these differential constreinta on performance to develop
appropriats experimentsal methodologies for eveluation of synthetic speech over a
wide rapge of taak demands.

IHITIAL PERCEPTUAL EVALUATION OF MITALK

Several Yearsa ago we carried ocut an eévaluation of the intelligibility and
comprehension of the synthetis speech produced by MITelk: ‘The MIT Unreatricted
Text-to-spesch Syatem (Pisoni & Hunnicutt, 1980). Aa the ten year affort to
build An unrestricted text-to-speech system drew %o a close at MIT, it seemed
appropriate to carry ocut 5 perceptusl evsluetiom of the guality of the apeech
output produced by the ayatem in order to establieh an initisl benchmark level of
parformence. In addition, the results of such an evalustion study would also
prove valuable in uncoveripg &ny eerious problema in the design and current
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implementation of the system and in designing methodology and experimental
procedurea for evaluating the speech output of other volce response systems.

AMthough we wanted £o obtain an objective messure the segonental
intelligibility of the speech output produced by the =system, we were also
interentsd in finding out bow well paive listepers could understand continuous
speech produced by the system. This was thought to be an important aspect of the
evaluation of total system perfomance since a veraion of the current aystem was
to be implomented ap & functionsl reading machise for the blind (Allen, 19'?3'}-
In osrrying out the evaluation, we patternsd ssveral mspects of the testing after
earlier work dome on the Haskins laboratories reading machine project (Kye &
Gaitenby, 1973, 1974). However, we alsc added several other testa to galn
additionn]l Informstion about word redognitiom in meeningful osentences and
listening comprehension for passages of flusnt coptinuous text. These ware
deaigned to provide information about: (1) phoneme recognition, (2) word
recognition in sentences and (3) listening comprehension. The results summarised
in this sectlon &re based entirely on memsures of performance accuragy, and, &
such, they provide only relatively gross estimates of the differences in
perception between matursl and synthetic speech. In the next section, I will
describe several asore recent experimenta that use more sensitive behavioral
mesgures 0 sxamine processing differencea in perception of synthetic and natural
apeech.

Phoname hmﬂm

The Modified Hhyme Test (MET) was used %o peasure segmental intelligibility.
Thie perceptual test was chosen primarily becsuse it is reliable, showa little
effect of learning and is easy to mdminister to maive listemers. OSeventy-two
naive undergraduste studentsa served as listensrs. They listened to a ningle
isolated monoayllabic English word om each test trial and them identified the
teat iltem from smong six possible response alternatives. The teat conaisted of
50 trials. All stimull were pressnted over high-quality headphones at &
comfortable listening level.

Overall performance on the mynthetic wspeech showed only 6.9% errors.
Parfomsancs was somswhat bettsr for consomants in imitisl position (4.6%) than
final position (9.%%). Anslysis of the Tesponse errors across manner olasses
showed pystematic differences in the distributiona of errors for consonants in
intial and finel position. While the overall level of performance for the
synthetic speech i lower than that obtained using naturel speech, a difference
of 6.%5, the level of performance appears to be high enough for many
text-to-speech applicetions where higher-level linguistic context would be
expected 40 ocontribute to jprocessss of word orecogoition and sentence
comprenenslion.

It is also poseible that performance for the synthetic speech was inflated
by the use of the forced-choice testing format of the MHT test. The msount of
uncertainty in & perceptual test ia substantlally reduced when the subject has %o

choosa from mmong only six response alternativea that are presented to him befors
sach test triml thanm when the number of response alternatives ia unlimited. How

well would subjects do with synthetic epeech if the number of reaponse
nltarnatives was affectively the mubjects’ entire lexicon? Teo anawer this
question we ram two additional groups of listeners with an open, fres-reaponse
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format. As before, subjects heard a single word on each trial. However, thay
were roquired to write down whatever word they heard and to the guesa if
necessary. The error rate for the matural speech incressed only slightly from
0.6% to 2.8f. However, the error rate for the synthetic speech increased much
more dramatlcally from 6.9% to 24.6%, & difference of 17.7%. Thus, although the
segmontal intelligibility for the synthetic speech initially appeared to be guite
good when measured with &8 treditiomel closed-response siz-alternative
forced-choloe teating procedurs, subssquent tests wusing an open, [ree-response
format revealed substentially worse perfommance.

In summary, the results of the Modified Ehyme Test revealed high levels of
negnental intelligibility of the speech outmit from the NiTalk text-to-aperech
ayatem using naive liatensara as subjects. Unfortunately, the oontribution of
other sources of knowledge to perception cannot be eatimated from traditiomal
moasures of segmental intelligibility dnvolving parception of isolated wordm.
The role of prosody, speech timing anmd the systematle differences in segmental
durations--what &re referred to sz "eentence-level effects” in perception can
only be atudied with sentential materiala.

Inr:l; lluﬁ!n:l.tim ip Sentences

To evaluate word recognition performance in sentenca contexta, we decided to
obtéin two different sets of dsta. One set was ocollected using 100 of the
Harvard Paychoacoustic Sentances (Egam, 1948). These test sentences are all
meaningful and contain a wide range of different ayntactic gonmtructicna. In
sddition, the various pegments]l phonemes of English are represented 1in these

sentences in accordance with their frequemoy of ococcurrence in the language (see
also Aimeworth, 1974).

¥e mlso collected word recognitiom date with a second set of sentences.
These were 100 syntactically nomal but smmantically anommlous sentences that Hye
and Gaitenby (1974) developed at Haskins laboratories for use in evaluating the
intelligibility of their text-to-speech system. These teat sentences pemmit a
much finer =sseasment of the avsilability and quality of "bottom-up”
scpustic-phonetic informstion and its potential comtributiom %o word recégnition.
Since the materials are all mearingless sentences, the ind ividual worde cannot be
fdentified or predicted from the listemer's knowledge of the sentential context
or his pemmntic interpretation. Thus, the results obtained with these ssntences
should provide an estimste of +the upper bound on the contributiom of
acoustic-phonetic information to word recognition in sentence contexts.

Twenty-ona naive adult subjecte received the Harvard test sentences snd &n
sdditional twenty-three subjects received the Haskiss test sentences. The
materinls were presented one-st-a-time in a self-paced format., Subjects listened

te each sentence and then attempted to transoribe it ismediately. The sentences
ware output at 4 apeaking rate in excess of 150 words per minute.

Correct word recognition for the Harvard sentences was gquite good with am
overall mean of 93.2% correct word recognition. Of the &£.T% arrora observed,
30.3% were omissions of complete wordes while the remainder consisted of segmental
grrore involving substlitotiooe, deléetiona and transpositions. In no  case,
however, did subjects generate permisaible nonwords that could ocour ms potential
lexical items in English.
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An  expected, word recognition performance for the Haskins anomalous
pentences was oubatantislly worse tham the Harvard ssotences, with ‘a mean of
T8.7% oorrect word recognition. Of the 21.3% errors recorded for the Haskins
sentencea, only 113 were omissione of complete words. The difference in error
patterna, particularly in termma of, the nwmber of smismiona, between the two types
of oentence contexts suggeats a substantial differsnce in the subjects’
rm-ptm strategies in the two tests. OSubjects used & much looser criterion
or identifying words inm the Haskine mnomalous sentences since the pmmber of

permimsible alternativea wes substantially greater than those in the Hsrvard
santetces .

The results of the two word-recognition tests demonstrate that the level of
word recognition perfommance depends & great deal on the particulsr test format
ased and the type of information available to the subject. In one sense, the
results of these two tests can be thought of as approximatioma to the upper and
lower bounds om the accuracy of word Twoognition performance. Um the one hand,
the Harvard meanisngful sentences provide an indicetion of how word recognitios
might proceed when both semantic and syntsctic information is available to a
listensr under nommal listenisg oconditions. On the other band, the Haskina
anomalous pentencea direct the subjecta’ astteption ospecifically to  the
sanmory-perceptual input and therefore provide an estimmte of the reliance on the
aotuntic-phonetic informstion and sentence analysis rogtioes available for word
recognition in the absence of several important contextual comstrainta.

Listening Comprehenaion

One of the factors that obvioualy plays am important rele in listening
comprehension is the quality of the imitial dinput sigaal--that is, the
intelligibility eof the apeecch aigmal Lteelf. But iptelligibility is only ome
feotor thet affects speech perception and spoken language understanding. As we
have oeen from our wearlier reaults, &sttention opoet eles b8 givenm 1o Lthe
gontribution of higher-lavels of Imowledge to perception and comprehonsion
(Pisoni, 1975). 1In this last part of our evalustion study, we wanted to obtais
some preliminary estimate of how well listeners understand the lingulstic comtent
of cootinuous fluent ppeech produced by the MITalk text-to-apeech mystes.
Frevious evaluations of ayothetic aspesch genorated by other text-to-apesch
aystems heve been concerned primarily with segmental  intelldigibility (Lems,
phonsae intelligibility) or limtensr preferences of the guality or naturalness of
the speech (Mclugh, 1976).

To exsmine this problem, we selected fifteen narrstive passages and an
appropriate sst of multiple-choice test gqusstions from several standardized adult
reading comprehension tests. The passages were gquite diverse, covering a wide
range of topica, writing atyles and vocabulary.

¥e tested three groupa of nalve mubjects with 20 subjects in each group.
One group of subjects listensd to eynthetic versions of the passages, another
lintenad to matural espeech while a third group resd the pascages silently. ALl
three groups anavered the smme set of test guestions issediately after esach
peBsaga .-

The comprehension results for the three groups are summarised in Table 1.
Avaraged over the last thirteen test passages, the reading group showed a T2
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advantage over the aynthetic spesch group. However, the difference Iin
poerformance hetween thesa two groups appeared only in the firet balfl of the test.
By the second half, performance for the ayathetlc group iaproved by over 108
whereas performance for the reading group remaipned the same. Although the scores

for the natural speech group ware alightly lower overall, npe improvement was
observed in their performance scross both halves of the teat.

EEAESSS SRS S

Insert Table 1 aboul here

The finding of improved performance in the sscond half of the test for
subjectas in the listenming group is comsistent with the sarlisr resulta from the
ward recognition teats which showed that recognition perforsance improves for
synthetic spesch after only & short pariod of exposure. When the thres
comprehenasion groups were compared on the same passagea in the last half of the
test, their perfommance is eguivalent. This result suggestsa that  the overall
difference between the groups is probably due to familisrity with the output of
the aynthesiser and not dove to any inherent difference in the bamic strategles
used in comprehending or understanding the conteat of these passagen (see alse
Carlson, OGranstrom & larssem, 1976). This oconclusjon is ntrengthensd even
further by the observatiom that the thirteen passages ars highly correlated
{r= +.97) acrosa reading and listening conditions.

The wmsultiple-choice ocomprehension test that we used in the imitial
evaluation study was probably too groaa to distinguish between new kmowladge
acquired from listening to text and previous kmowledge cobtained from inferences
drawn at the time of comprebension or lster at the time of teating. To separate
these disgues, luce (1982) recently completed a detalled pstudy of the
comprehension of fluent synthetic speech osing more apecific probe items in &
quéation and asnawering format. As in the previous study, subjects listensd to
pesssges of continuous flusnt aynthetic spesch. After presentation of sach
passaga, thay were reguired to answer four Gtest quastiona about their
understanding of the informstion expressed in the passage. Oubjects wers told to
ensver these YES-NU questioms besed on kmowledge geined from listening to the
passage and not from prior infommation brought to the testing altuation.
Mepasures of sccuracy and responsse latemoy were obtained in the question-anawering
task. The results shovwed two interesting patterms. Firat, for adcursoy 1ln
juestion-anaswering, performance on surface ptructurs questlons was, better for
gynthetic pessages than natursl passages. However, perfomance on ths other
three typea of guestions which is beased on more sbatract information was better
for the asturally produced passages than the asynthetically produced ocnes.
The question-answering latencies showed no consistent difference across synthetic
and nstural passages slthough the reaponse times wers related to the “depth of
processing” required to answer the gquestioms- DSurfsce atruoture guestions vere
respended to fester then high and low propositios queations, and, these ln turn,
were responded to faster than the ifference quesationa. This pattern of reaulta
suggests that synthetic speech may force subjects to attend more closely to the
phyaical or surface phonologics]l properties of the aigmel. This realloostion of
attention may therefore place somevhat grester demsnds on the cognitive processen
involved in word recognition, laxical 'search and comprehension of meaningful
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TABLE 1

Percent Correct Performance on Comprahenslon Test

lat Half Znd Half Total
MITalk 641 74.89 10.3
Matural £5.6 6H.5 67.B
Reading P61 T7. 2 .2
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connected espeech. luce's findings are consistent with other dats showing »
strong intersction between depth of processing and sallocation of attention to
different levels of linguistic infomation in the apeech signsl.

PROCESSING TIME STUDIES AND CAPACITY DEMAKDS 1IN SHORT-TERM NEMORY

da noted sarlisr, our imitial evaluation of the synthetic speech genarated
by the NITalk aystem relied entirely on performance wmessures involving response
stCuracy. Hscemntly, we completed an experiment thet was simed at measuring the
processing time required bo recogniese oatural end synthetic words and permiasible
nonwords. In carrying out this study, we wanted to know how loog it tekea &
bussn obsérver to recognise an isolated word snd how the procsas of word
recognition might be affected by the quality of the initial acoustic-phonatic
informstion in the speech aignal.

Lexical Decision Task

To measure how long it takes an obeerver to recognise isolated words, we
nsed & lexiosl decision tesk (Pieenl, 1961). In this tsesk, subjects are
presented with sither & word or m nonword stimulus item on each trisl. The
subject is required to classify the item &8s either & "word" or & “nomword" as
fapt as poassible by preasing one of twe buttons located on =& mm panel in
front of him. Hyemples of the stimul! are shown in Tshle &.

Insert Table 2 about here

The resulta for the firat block of 100 trisls in the experiment are showm in
Figure 1. On the rlght, we have plotted the overail mccurscy in terms of percent
porrect for the natural and synthetic items. Word snd ponword responsen are
dieplayed e= the parasster im this figure. MNotice that parformance is betier
overall for the natural speech items (98f correct) than the synthetic ones (798
correct). Moreover, these differences are pressnt for both word and npomword
regponses alike.

Insert Flgure ! atout here

The penel on the left of this [ligure displays the response times for porrect
responsea to word and ponword wstimuli. The response times for netural speech
stimuli are conzistently faster thar the respopse times for the synthetic
etimull. The oversll difference between the two typea of speech eignalas was 145
milliseconds {meec). The differences between the word and nonword resppnses were

comparable scrosa the two types of speech mignale; the overall difference was 140
meed.
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Examplea of Test

{. PRONMINENT
2. BAKED

1. TINY

4. GLABS

E. PARENTS
6. TOLD

T. BLACK
HB. CONCERTS
9. DARE
10. BABSLE
17. CRITIC
12. BOUSHT
1%. FAIR

14. GORGEOUS
15. COLORED

Evaloation of Volce Heapooms Syatems

TABLE 2

Stimuldi Uesd in
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Lexieal Decision Task

1.
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BEPFT
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The results of this expsrimsnt indicste that aynthetic spesth mequires more
cognitive processing time to execute menus]l responses. We have found strong and
consistent evidence that reaponses to both word and monword stimuli are affectad
more-or-less equivalently when the test items are syothetic speech. The pattemm
of findings from this study osuggests that the differences in processing time
between patural and synthetic spesch probably lie at processing stages invelved
in word recognition mnd the extractiom of basic acoustic-phometic Lnformatlion
from the speech waveform -~ that 1s, the early pattern recognition process itself

rather than at the more cognitive levels imvolved in lexiesl search or retrieval
of worda from the mental lexicon.

Capscity Limitations

The findings we have discussed 80 far demonstrate the existence of both
perceptusl and cognitive Aifficulties Lin processing synthetic apeech signals.
Becently, Tim Feustel, Paul luce and I earried out = series of experiments te pin
down the specific locus of these difficulties in the: infommation procesaing
system. In these experimenta, we wore interested in detemmining whether the
previously demonatrated differemces ip perception betwsen natural and synthetie
peech could be sttributed to sncoding and rehearsal processes in short-temrm
memory (STM] or whether they were more perceptual in nature--that is, if the
difficulties lie in the extraction of the importsnt scoustic-phonetic information
from the speech signal (msee Feustel, Iuce & Fisoni, 1981).

If the obeerved differsnces in processing synthetic speech are due to
encoding difficulties at relatively early stages of perception, then thare should
be & messurable inersass in the cogaitive demande that oynthetic speech sigmals
lace on the limited resources available in S™. These additiomal proceasing
emands should then provide relatively less svallsble capacity for any secondary
task that the listeners mlght be asked to perfom &t the sese tine (Rabbitk,
1968). 1If this is true, then aa the difficulty of the secondary task increases,
performance on that task should decrease more rapidly for synthetic than for
natursl speech. To otudy thim problem we exemined recall of limta of wordm. We
selected this experimental procedurs because the difficulty of recall tasks can
be eanily and reliably manipulated eand differences in théese procedures are now
well understood by cognitive peycholegists.

In pur first experiment, we presented six lista of 25 monpsyllabic words to
subjects over headphones for free recall. Three of the lists were synthetic and
three wers oatural. The lists were presented at three different presentation
rates: 1, 2 snd 5 peconds (sec) per word.- The subjects’ task was simply to
recall ms many of the words from each list as possible during a 90 sec recall
period immediately following presentstiom of each liat.

The, pradiction for this experiment was gquite straightforward, asm the rate of
presentation increased, the recall performsnce for the aynthetic lista should
decrease more repldly than perforspance for the matural lista. This result was
expected because any encoding diffioulties in 5TH produced by the synthetic lists
should influence the subjecta’ abllity to rehearse and store the words.

The resulta are smhown in Figure 2, The two graphs show the probability of
word recall s = fumction of its poeition on the 1ist -- what cognitive
peychologista call serisl position curvea. The upper parsl shows the patural
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lists, the lower panel the aynthetic llata. The three curvea correspond to the
three presentation rates. HNote that the mte mmunipulation had the  predicted
effect of inoreasing the dilfficulty of the recasl] taek. In both paneld, there im
En orderly decresss In the probability of recall &a the presestation rate
increases. The effect is lsrgest im the early serial poaitions -~ the "primacy”
portion of the ocurves mnd smsilest at the later positions -- the "medency”
portion of the curve. This wes expected because the lsat word In the list ‘ls
atill present and being rehesrsed in STN as the recall period begina. UNote that
the synthetic words ere recelled more poorly overall than the natural words and
that the overall shsps of the curves is guite similar for both the Batural and
synthetic lista. Thare is no clesr indication i our amalyses that the aynthetlo
words required additional capacity or attention during enceding. However, the
preaentation rate of | sec per word may not have been fasi encugh to produce any
reliable affects in this teating format. MNoreover, it is possihle that subjects

were not belng pushed to their capacity limitationa since omly one item was
preasgnted at a time.

Insert Figure £ about here

In prder %0 incresse the siress on 5T, we ren s second experisent in which
we adapted a memory pre-loed technique originmally developed by Baddeley and Hitch
{1974). This technique comsistes of loading STR with a sbort list of diglts or
lettera which the subjects ere esked to wmaintein in pemery (Ll.9. sctively
rehearne) throughout preseotation of the word lists. In this wexperiment,
eubjectes limtened to three synthetic and thres matursl lista. FPrior bo skch word
list the subjecta saw & list of either 0, 3, or 6 digits presented visually, ons
at a time, on a CAT monitor. OSubjects were told to remember the digite in the
exsct serlsl order in which they were presented. After the auditory items were
presented, the subjects were first required to report the digit list and then to
recall as many of the words from the list &8 they could remember.

Figure 3 shows the results for word recall. The average nimber of worda
recalled ia plotted es & functlon of the digit pre-load. The reaults agree
clossly with those from the flirst experiment. Both pre-losd and word type affect
recall. The magnitude of +the differsnce in recall performance between the
netural and mymthetic word liste 4in mbout the same =3 in the previous study.
However, when the perfomance on recall of the pre-load items is exsmined, &
different pioture emerges. Figure 4 diaplays the opumber of subjeocta  who
correctly recalled gll of the pre-load digits in the exact serial order in which
they wore pmnntuﬂ_.-_ The expected interaciion is presemt for Tecall of the
pre-load digits. The number of subjects correctly recalling the digite decreased

more mpldly for the synthetic limtas as the lead on STM incressed from J to 6
1tems .

Insert Jigurem J 4 4 about here
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The results from the sscond recall experisent using the pre-losd techaigque
indicate that synthetic speech is, in some manner, disrupilng the subjecta"
ability to maintain infommation in STN. Noreover, thia disruption appears to
occur only under conditions of memory stress whem the subject must sotively
naintain information comcurrently ic STM. The obvious ioterpretation of thias
effact, end the one we prefer, is that the subjects are “Borrowing” frea the
limited capecity needed for maintenance rehearsal of the digits in 6TK in onder
to encode the synthetic word lists.

Two conclusions mey be drawm from these recall experiments. Flrst, the
large constant decrement in recall perfomance observed in the firet two
experiments is probably due to a misencoding of some of the synthetic words in
the lista &t an early perceptual level. OSecond, and perhape more important, as
ghown in our last experiment, the perceptual difficulties in the processing of
synthetie speech aled appear %0 be duo to increased procesaing desands for these
atimgli in STM. We belleve these processing demands and the reallocation of
resoirces may place important constraints on the use of synthetic apsech in voice
response deviceas that ere used in high inforsation load conditions much a8
sirveraft cockpita, flight éimulaters, end computer assslated Lnstructlonal devicea
where the humen observer is ocarrying out mére thsn one compler cognitive téak st
8 time. In such applications, the use of synthetlc apeech may produce processing

decrements that cannpt be overcome by consclous real-losation of resources and
&t tentiom.

SUMMART AND CONCLDSIONS

Our results om the - perception of mynthetie apesch have important
implications for the deaign, selesotion and uwse of volce-response systsms thsat are
% e osed in wvarioue airborme applications such as cockpit deaign and
interaction, air traffic control enviromment, training of pllots and other
military persomnel to operate complex equipment and manage control aystems under
hostile conditioms. Moreover, our recent findings are gquite relevant to ssveral
basic guestions surrounding man-machine interactiom using natural lunguage. It
ehould be obvious that additional research %» oclearly needed to gain a better
understanding of the precise differences in pérception between natural and
eynthetic speech. Well-wotivated decislons @ oonocerning the oholoe and
implementation of varicus voice reaponse aystems cannot be made until A mumber of
important psychological problems are examined 4n greater detail. Basic ressarch
in woice techmology over the pext few years should be directed at questlions such
as: (1) the effects of moise and distortion on perception of aynthetic speschj
{2} perception of synthetic speech under various listening conditions requiring
differential cognitive and sttentional demsnds; (3) rosptusl and ocognitive
procesaing time for recognition of aynthetic apeech; (4) effecte of prectice and
familiarity: (5) comparstive evaluations of various commercially svailable speech
synthesizers and synthesis-bty-rule systess; (6) questiona surrounding the role of
naturslness om intelligibility; end (7) relationships between traditional
forced -choice measures of isolated word recognitionm and perception of worde and
comprehension of sentences in fluent speech where many sources of Ilmowlsdge
intérect. Research on several of thess problems is currently belng carried out
in pur leboratory st Indisna Universlty-
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fow do the various commerclelly evailable text-to-apeech and volce-responss
aystems perform? At the present time, we simply do mot kmow. To our knovledge,
ne aystematic comparative evaluations have ever been undertsken to assess the
performance charscteriaticm of these systems. From our informal observations, it
is quite apparent that these producta differ quite substantially from each other
in leval pf speech quality and intelligibility and they way require many houra of
practice esnd familiarity before the synthetic aspeech can be recognised and
undsratood &t levels comparable to natural speech. In some cames, performance
levals may never reach those obtained with natural speech.

Fore seriously, however, is the fsct that at the present time there simply
gre nd uniform standarde for evelusting the gquality snd intelligibility of the
speech produced by wmpesch synthesizers or volce responee systems. This is
unfortunste because after some thirty years of basic research ¢n spesch, the
wideapread use of text-to-speech and voice-response aystems is nov & realistic
goal. The obstacles are no longer questions of basic research Ainte the
principlea of spesch production, perception and linguistic mnalysis; rather they
are pimply the practicsl matters of implementation and economics.
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ABSTHRACOT

Bradley (1978} has proposed thet the distinction betwsen open- and
closed-class words is a poaychologically plaueible notion. She has presented
svidence that purports to show thet closed-olass words gre retrioved from the
mental lexicon by m compututiomally efficient mechsnism thet 1s indepefidént of
the machanism responaible for retrieval of opsm-clama words. In & visual lexical
decision experiment uming opan- and clossd-class words and nonwords, W& found
further evidence for the paychological plausibility of the open-/closed-claas
distinetion. However, 1t 18 argued that the locus of this distinction as
asnessed by the visual lexloal decision paradigm lies in sither the sesrch or
comparison stagea and that separate retrieval mechaniama for open- end
¢losed-class words Ln the lexicon peed not be postulnted.
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Visual Lexical Tecision Timea for Open- and Cloead-Claess

Vorda and Nonwoprda

Bradley (1978; see alsc Bradley, Carrett, snd Zurif, 1980) has recently
shown that the traditiomal distinction between "content™ and “function™ words may
have important implications for theories of langusge processing that attempt to
sgcount for lexlcel scceae and psentence ocomprebension. TFrom & series of
expariments on norsal and aphasic subjecta, Eradley obtained evidence suggesting
that two separate retrieval mechaniems, one for funotion or “closed-clasa™ items
and one f{or content or "open-class" itema, are operative in accessing the sental
lexicon. The motivation for proposing two independent retrieval mechanisms comen
from the finding that aceesa to the met of claned-class words is computationally
more effilolent than access to the set of opon-olose words. If Lt la true that
closed-class words are accessed st reduced computntlional oost, the burden of
deriving atructural analyseas of sentenoes 1n fluent text or speech would be
conaiderably redoced. That is, the parssr would have lmmadiate ascoesa %0 the
glosed-class wocabulary from which & structural analysis of s sentence could be
guickly ‘Tuilt. Eatablishing the “paychologleal plawsibility™ of the
open-/elosed-clane distinction may therefore prove to be of great importance not
ooly for models of lexical sccesa but alsc Tor modals that attempt to ascount for
the parsing of (luent Lext snd comtinucus apesch.

Before reviewing the evidence for the paychological plau=ibility of the
opan-/olosed-alans distinotion, ft is perhaps best 10 digress here and discuss
what 1is typloally meant by open- and closed-class words. Friea [1952) Ls
frequantly clted as one of the firet to explicitly separate words imto the two
olasses of oontent and function worda. He includes articles, prepositions,
pronouns, numbsra, copjunctions, and auxilisry verbes in the clssa of fumctlon
worda, and mouns, verbha, adjectivea, and mdverbe in the class of comtent words.
Aecording to Fries, funotion worde mct me grammatical operators, whereds conmtent
words carry semantiec information. More sxplioltly, Bolinger (1975) atates that
the job of funotion words, or “grammatical morphemes,” 18 to:

“serva the mals carriers of seaning, the lexical worde: to relate
them, refer back to them, combhine thes or separste them, sugment or
diminish them, substitote for them, and mo on. Grammatical morphemss
hover about the lexical words aod groups of vords, attaching themaslves
in front or behind and sometimes 1in the middle; theyr get leas
attention, are less clesrly artioulsted and lsss frequently mcoented,
and thelr second-class oitizenship lesads ta . . . changes and
reductions and loases of sound . . ." (pp. 119-120).

The dichotomy between function and content words is by oo means clear=cut,
but the above definlitions should give the reader some feel for vhat does and doses
not conmtitute & function or content word. However, because af the arbitrariness
of the distinctlon, considerable dimagreemsnt haa Arisen concerning what words
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phould bs included in aither of the tws classes. Te ciroumvent thesa
disagreements, BEredley has adopted the more nectral terms “cpen-clasa®™ and
"plosed-cless™ to refer to the basie Adistisction between the two word-fors
0leg@es, and we will comply in the remainder of this report with this comvention.
Thass newer labels cover roughly the same sets of words: Closed-class words are
worda from minor lexical categories thakt are relatively fixed in nusber and

resigt addition: open-olasa words are words from major lexical categories that
may be added to freely.

A number of other oharacteristies of eclosed-cless wvords serves 1o
gdistinguiah them from opan-clasa worda. Firet, the number of clossd-clsss wWords
is extremsly =mall in comparison to the pumber of cpen-clees words. Second, as
Bolinger (1975) pointed out, oclomsd-clans words are typically unatressed in
fluent speech (see Selkirk, 1972, 1980), slthough “stresslessness” of
gloged-clase wards is oot & complately oconmletent phenomencn. For this reasin;
Flanagan, Coker, Esbiner, Bchaefer, nnd Uméda {1970) have postulated a category
of intermediate words containing lems Atressed open-class words and more atressed
clossd-class words. HNevertheless, the lack of stress speskera generally asslgn
to cloped-class words suggesta that they may carry less “information™ than
open-clase words [0'Shaughnessy, 1976). The line of reasoning supporting this
clsim ia a8 follows: If closed-claas words Are unstressed and frequantly
reduced, tha perceiver should be able to more easily predict closed-class than
open~-¢lass words from context. MAnd, because the degres of predictability of a
given word is the inoverse of the information load cerried by that word, it
followe that the clossd-class worda carry leas information. This obasrvation han
important implications for tha hypotheaism that a separate retrieval sschaninm ia
operative in scceasing clossd-class words, for the overall low information load
of closed-class worde may allow for computationally more efficient retrieval from
the lexicon.

A third characteristic of elosed-clasa words that distinguishes theam from
open-class words was demonstrated by Miller, Newman, and Friedman (1958). Im
their study, Miller et al, showed a stronger relationship between the length and
frequeney of closed-class words than betwean the length and Ffrequency of
open-class words. 1In partlecular, Miller et 8l. found that 4s the length of
closed-clsss words increases, ihe frequency of these words decreases. The
open-class words, on the other hand, show " much more democratic division of
reaponsibility” (p- 384), with frequency being a poor predictor of lemgth. The
implication from the Miller et al. findings is that constraints exiat on the
length of the closed-claas worde. These constreints are st least intultively
gimaiatent with the notion of a meparste retrievel mechanism that accesass the
closad-claas items at a considerabls reduction in computational coat. ['I'hlu
umtn.}.ntu may be langusgs apecific, howavar. Sea Willer, Wewman, and Frisdman
(1osa].

Apart from Bradley's atudy, which we will discuss below, empirical support
for the open-/closed-class distinction has come from a variety of sourceas. In
studies of speech production errora, Garrett {1976,1979) has shown & marked
differanca hbetwean the nusbar and fype of trEnspomitions that occur with
ppén=class words and those that oocur with closed-class words. Language
acquisition studies have shown that closed-clase words are relatively late in

-170-



4
Visual Lexical Decision Timea

eppearing in the productions of young children, resulting in telegraphic apesch
(Brown and Bellugi, 1964). However, Helsom (1973, see mlac Nelpgn, 1981) has
obaerved that some childrenm produce pronouns and other grammatical fanctors early
in lenguage acquisition, mlthough, as she notea, “whether thess termn opuld be
considered ‘vocabulary items' [is] problemstic, =ince they [are] usually embedded
in what [sppear] te be unamalysed formulas or routines. . ." [Neloon, 1081, P
172). 1In sddition to the research on speech production errors and language
ecquisition, Epstein (19601) has shown that closed-class items (ineluding bound
grammatical morphemes) facllitate memory for strings of nonwords.

In studies on proofreading errora, Hsber and Schindler (1981) have shown
ihat, all things belng equal, aubjects are lesa likely %o detect missapellings in
vlosed-class words than in open-class worde. Healy (1976, 1980) has likewise
ahown that aubjects make s large numbsr of errors in letter detection tamks om
one particular closed-clamsm word, the word the. Although Drewnowaki{ and Healy
{1977) mrgus that all common words may be ‘unitimed,” or processed in unite
higher than the letter lovel, thelir results, in conjunctilon with the Habsr and
Schindler (indinge, euggest that vieual procesaing of closed-class words may be,
in some senss, more ~superficinl” than wvisual processing of open-classs wondas.
This concluslon is alsg supported by results from Ferrea and Asronson (1981) whe
found that in rapid serial visual presentation of continuous teaxt, subjests spend
less tlme readlng closed-class words than open—class words (ses alse Perres,
1981). Thus, there appoars to be s corollary in the visual realm to the
“stresalessness” characteristic of plosed-clsss words im fluwent speech. ‘That ia,
subjects spead less time processing closed-class wordas presented visually in
context becauss of high predictabllity and a concomitant low informstlon load.

We now turm to the most compelling evidenne for the open-/oclossd-classe
digtinction. TVeing & visual lexiosl desialon peradigs, Bradley EBTE] found that
normal subjects are not senaitive % the frequency of clossd-clans words, whersaas
subjects sre sensitive to the frequency of open-class words, ms has besn well
documented. In additiomn; she found that closed-class words smbeddsd In initial
portione of pomworda do0 not produce the interference effect well-dooumented for
open-class words esmbadded in the initial portlon of nonwords (Taft and Foratsr,
1975, 1976}, ‘Taken together, these two results suggest the operation of a
retrieval mechanism for olosed-clasm words that ia separste from the retrieval
mechaniam for opsn-claaa worda: The retrisval sechaniss for cloasd-glass wordas
appéara to be insensitive o word freguemcy (however, =mee the discussion of the
Gordor and Carssnssa [1982) atudy belovw) and 1a alsc nmot prone to nonwerd

interference effects, presumably because &l the manner in which this partioular
retrievel mechanism freata visuvally presented word forma.

This latter characteriatic of the closed-class retrieval mechaniss deserves
further elaboration. Taft and PForster (1975, 1976) have shoun that 1f the
initial portion of ® nonword contains an actual word in the lsmguage, reaction
times mre longer for deciding that the itea (8 & nomword than if the item does
not contain & veal word in its initial portiom. This result is interpreted as
showing that the presence of a word In the initial portion of the nomword ia
sufficient to temporarily “trick™ the retrieval mechanism into asccepting the
nonverd as A word. Subsequent checks om the latter portion of the noaword causes
a rojection of the item ss a word.
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Bradley (1978) tested the possibility that closed-class worda sabedded in
the initial portions of nonworda would pot produce the interference effect, and,
a8 mentioned above, she fTound no Iinterference affscta for closed-class words.
Aceording to Bradley, two acoounts of thia lack of interference for closed=clansa
words are possible: (1) Closed-class words are not sccessed vis the retrieval
meéchanism for open=clasa words which uses the imitial portioms of worda to
activate candidate representations in ths lexicon; or (2) closed-cless words are
available to the same mechanism that retrieves open-clsss words, but when
embedded in nonwords, closed-class nonword iltema are rejected at little or no
time cost. Before conaiderling whioh of these mlternstives ism the betier one, wve
firat turn to two additional experiments of Bradley's with aphasic subjects and
then review a recent sritigism of ome of her findinga.

Bradley (1976) performed the same two visual lexical declaion experimenta
described sbove on subjecta with Broca'sa aphagin. BSoma patienta afflicted with
Broca's aphasis are described sa “sgrammatic” because of their putative inability
to process gramsatical sorphesea. Bradley reasoned that {f agrammatisnm la saused
by “"damage™ to the retrieval mechanism for closed-clasa words, aphasic subjecta
should not show dJdifferential treatment of opes- &nd closed-cliaos words.
Copsistent with bher sxpectations, Bradley found that sphasica were sanmitive %o
the [requency of clossd-clans words and msoreovar they showed the pooword
interference effect for nopwords contaiming closed-clsss worda. Apparently,
Broca'o aphasis is at least, in part, typifisd by am ipability to treat open- and
cloped=-clasa words differentially.

Although Bradley's results suggest that the open-/closed-class distinction
ia pesychologically plaumible and, more important, that there may ba two ssparntes
retrieval mechanisms for the word-form slessses, & recent atudy by Gordomn and
Caramazza (19682) has onlled into guestion one of Bradlay'es major fisdings. In
particular, Gordon and Carsmaszs failed to replicate Bradley's sxperiment showing
that normal subjeckts are ineensitive to the Ffrequemcy of closed-class words.
They argus that both the Trequancy ranges compared by Bradley and the mnascciated
statiastice were f{nappropriate. Once these factors were sccounted for, Gordon snd
Caramasss found & definlte sensitivity on the part of their wsubjecta to the
frequency of ¢losad=-clasa i tems.

Gordon and Caramaszsa's findings do not vitiate Bradley's claims, however,
for ths conclomions from the nonword interference affect still mtand, am do the
results (rom her experimenta on lataral saymmetries and word clames not discussed
here. We therefore attempted to elaborate on Bradley's conclusiona concerning
nonword forms of zlosed-claes worde by conducting s visual lexioal decleion
axrperinent in which nonwords constructed from open- and olosed-clusms words were
used. Inataad of wslng sonwords constructed %o contaln real word forma, wa
conpared aonwords systeéematically permuted from open- and closed-class words.
Rore apeclflcally, we replaced one vowel phonems in each ayllable of open- and
glosed-class words with & vowel phonsme that traceformed the words into nonwords.
By employing such a manipulation we were able to test (1) the possible existence
of graphemic cuee to word class snd (2) thée size of the search set of open- and
glonsd-clame words matched for freguency. We reasonod that if graphemlic cuea to
wWord eclass exiat, ths reaction times for rejecting closasd-clama ponworda and
open-clans nonwords shoold reflect a mear complete search of both vocabularies.

- Td=



6

Viaual Lexloanl Decimlon Timea

If the resciion times for the two sets of noowords phould differ, we would than

be in a position &0 make some preliminary claims about a disesoclation within the
lexicon between open- and closed-class words.

HETHOD

8 ecte

The sublects were 24 undergraduvates at Ilndiana University. All wers pative
Engligh apeakers and received course credli for their participation.

Btimuli

ONE bundred end twe words were usad &0 ooneatruot two experimental limte.
Each of these words fell Loto one of four categories: (1] high freguenay
closed-clase words, (2) low frequency olosed-clase words, (%) high freguency
open-class words, and {4) low frequency open-class words. All frequencies were
obtained from Kucera and !m&l:‘?ﬂﬂ}. The frequancies of the high frequency
cloged-clans worda were all above T250 per million in the EKucera and FPrancis
corpua., The frequencies of the low frequancy closed-clams and high frequency
open-class words fell between 173 and 1984 per million. The frequencles of the
low frequency open-class wordas were a&ll one:. The lov frequenay clossd-class
words and the high freguency open-class words were therefore matched for
frequency, word length, and number of phooemes, and % teata showed that the two
sets of words did npot differ significantly on any wsccount (for frequsnmoy,
t{80)=0.33, pr0.25, for lemgth, t(BO0}=0.96, p>0.10, and for pumber of phonsmes,
Ela0)=0.23, p>0.40).

From esach of these worda, & nonword (tem was conatructed by replacing ome
vowel phoneme in each syllable with & vowel phoneme that rendersd the word &
nooword form. This was done to preserve the consonantal structare (and mcet of
the overall graphemic structure} of the word im its corresponding nomword form.
All nonwords were pronounceable wnd, as best as could be determined, were
composed of legal sequencea of lettera. The nonwords did oot &#iffer aignificantly
in word lemgth (t(80)=0.890, p>0.10) or number of phonemea (L(B0)=0.91, p>0.10}.
Examplea of the wvords and nonwords made from them are Lnstesd-anstud and
PROgTaR-pragrum,

The four clapess of words were eveanly divided and asalgned to two assparats
lists. The nonwords were then divided and assigned to ome of thess twe lists,
Ho ponword was asalgned to the list that ocontoined the word from which it was
derived. This procedure produced two lists of 51 words and 41 noowords each.

Procedurs

The words and noowords were pandomized and presented ongd At & time in the
canter of a CRT videodisplay monitor (GBC Model MV 10-4). Subjects recelved only
one of the two experimental liats. All of the words were pressnted In capital
letters to essess directly the eaffects of the graphemic structurs of ths stimull
with as little confounding of word shape as possible. Subjecta responded "word”
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or "nonword” to esch item by pressing appropriately labelled buttons on response
boxes in front of them. BSubjects wors instructed to respond “word™ evem if they
did nmot know what the word meant but atlll believed it tc be a real word in the
English language. Heaponmes and latencles were recorded and the entire
experiment was run on=line under the control of & FOP 11/%4 computer. Subjecta
were run in small groups of between [our and six subjects sach.

RE3ULTS

Figure 1 ahows the perdoent correct Tor sach of the foar categories of worda
and nonwords.

[nsert Figure 1 sbout here

Overall, thers wvan mo ajgnificoant trend for nomwords to bhe reaponded to loas
aceurately than words (F{1,23)=0.07, p>0.70}. However, wxeluding the low
frequency open-class items, worda in general wers responded to with 95 teo 99
percent acouracy, whoreoas moocurscy Tor nonworde dropped to B8 %t 91  parcent,
which resulted in a significant word-momword 4ifference (F(1,23)-12.47, p<.002).
Apparently, the low frequency open-class words, because they have a freguency of
only one ln tha Kucers and Frapcis corpus, ere so rare in the lagicon am to be
relatively indistinguishable from nonwords for our subjects, whereas the nonvorda
mads from them were eaally Ldentified &5 ponwords. Low [requency open-class
items excluded, no other main effects (F(2,48)=1.53, pP0.20}) or interactions
(F(2,46)=0.99, pr0.30)} wers cbaerved.

Figure 2 showa the reaction timess for tha worda snd oonworda for sach of the
four catagory typas. Hesotlon timea are shown for correct responaea only.

Inaert Figura 2 about hers

O . L S B

The overall trend was for nonwordas to be responded to more alowly than the
words (F(1,23)=17.64, p{.0003), except for the low frequency open-clsms words.
The axplanation we aoffered for the accuracy data for the low frequenocy opan-olaan
itéms appeara to hold here as well: Subjects apparently have s wvery difficuls
tiné making dJdécislons regarding the ufcommon open-class worda which, as wa
nentioned asbove, were in fact wvery low fregquemcy words. Subjects were able,
howsver, to decids more guickly snd mccurately that thes nonwords made from the
low frequency open-clasa words were, in fact; nomwords.

Of special interest here, however, is the pattern of results obtained for
the high frequency open-class words and the low frequency closed-class words. Aas
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Figure 2. HReaction times for open- and c¢losed-class words and

nonwords.
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we mentiened esarlier, thess two categoriea were matched for frequency and letter
lapgth. Hote that for the words in both of these categories, there was
edgentlally no difference in reaction times, thus experimentally validating the
claim that the low frequency closed-class and high frequency open-clees words
were matched for freguency and length. However, the nmean respoose times to
decide om the lexical atatus of nponwords made from open-class words was
gpproximately 150 meec longer than the fimes to declde on the lexical status of
nonwerdas made from a closad-clasa wopda. This effect resulted in a slgnificant
difference beiween the low frequency closed-class items and the high freguency
open-class items (P(1,23),=7.49, p<0.02), ss well ss a significant interection
EE;i,EE}*EE‘13. Pﬁ.ﬂﬂﬂ1j. Alss note that the difference in reection £imeas
batween closed-cless words and nonwords overall are approximately egual, thus
producing no interaction (F(1,23)=0.39, E}ﬁ-ﬁﬂﬁ. That is, the slopes of the
lines for both the high frequency closed-class and low frequency closed-clesa
items mre essentially identical, whereas 8 greater increase in resctlon times
from words to nonwords was obtained for the high frequency open-clasa words.

LISCUSSION

The large differenceé in mean reaction times between the high fregquency
open=-class and low frequency closed-cless ponwords suggeats that therse may ba two
important and interrelated propertiea of lerxical amccesa from vieuslly preasented
word-forma: (1) Retrieval of 4items from the lexicon may be selasctively directed
to either the open- or closed-class vocabularies; and (2) the selection of which
vocabulary to be searched is based, in part, on graphemic cuss ito word-form
cless. Given the demonstrations by lLandawer and Streeter (1973) and Eukel (1980)
that there ere graphemic and phonotactlc cuea to word frequency, it 18 by no
means surprising that cleoassd-class items may be differentisted from open-class
items on the btesis of graphemic structure. However, it is not immediately clear
at what atage of procesaing the grapheamie atructure of a word form becomss an
lmportant fector. 1In other words, one must esk if the graphemic structure of
elosad-cless worde makes them easler to encode, if graphesic structure serves as
g cue to which vocabulary to search, or if graphemic structure speeds compAErison
of input items and lexical represeptatidns.

By graphemic structure we are referring to any number of regulsr seguences
of lettera and redundencise of oconsonent clusters that characterize the
glosed=-glasa words. Although we have oo stringent fTormal defindtlon of the
graphemic structure of closed-ecless itema at this time, our resulta show that
aubjecta ere able to treat open~- and closed-clasa nponwords differentislly.
Becauses these nonwordas bear little or no information aside from what thelr

graphemic structure relates, we belleve our results support the hypothesis that
graphemic cuss to word-class membership exist.

Glanger and Ehremreich (1979) have recently addressed the issue of encoding
with regard to the word fregquenoy effect and have concluded thet the word
frequeney effect iz independent of encoding variables. They cite meveral studies
{8tanners, Jastrzembski, and Westbrook, 197%; Landauer, IMdoer, and Fowlkes, Note
t: and Backer and ¥illiom, 1977} that have employed Sternberg's (1969) esdditive
fagtors anelysia to determine if word frequency and various encoding variablea
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have intersctive effects. These studies have all ahown that word frequency and
certain wvariablss known to affect encoding have additive, pot intersctive,
affects, thus supporting the notion that word (requency does mot affect encoding
procemsea. Bacause the proposal that word frequéncy may affect encoding is
baped, in part, on Landaper and Streeter's {1973) demonstration that
high=froquency words are similar graphemically. it is po great inferential leap
te generalime the argument of the ALindependence of encoding snd grapheaic
ptructure to the case of closed-clasa words.

Having dismimsed on the bamis of the available svidence that the resction
tima differencea cbaerved in our experiment batween high frequency open-class and
low frequency uolosed-class nonwords did not arise in the encoding atage, what
then accounts for the resulta obtained? At least two possibilities exiat: (1)
Saarch of the set of closed-class words can be termlnatad earlier than search of
the set of open-class words because of the smaller set size of the glosed-clase
voesbulary; or (2) comparison processes involving closed-class nonwords Aare
carried out more quickly and/or efficlently than comparison processes for
opan=-glass oomwords. In shor%, the lecum of our results may be attributed to
alther the ssarch sitages or the comparison stage in lexlcal accesa.

If we mdopt a model of lexical wmcéess similsr to that of Foreter (1976,
1979), we can charscierize the lexical eccess process im & visual lexical
decision task sa follows: When an item i presented, an orthographic code for
that input item is bullt. This code im then used to search sequentially through
a list of word-forms in the lexlcon. If & match for the imput item im found,
pearch terminates. If no matceh Is found, search is terminated eithsr after an
exhaustive search or after a response-time deadline iz excesdod. Because the
Ltems we are attempting Yo mccount for are nonwords and are probably not
reprosented in the lexicon st tha time of first pressntation, esearch of the

lexicon will either be exhauntive or will contious umtil the subject terminaten
searching after some given tlaws.

1f, as ws have argusd, esarly deolsiona about the membership of an Ltsm in
one of the two word-form olaspes cAn be mads on the basis of graphemic oues, thea
search may be directed to ome of two lista ln the lexicon, one list coatalning
the closed-class words mnd one acontalning the open-clasa words. If we assume
that search of sither vocabulary in the lexicon begine with higher freguancy
words and continmes through suoccessively lowsr frequency worde, then open- and
closed-oleas wvords matched for frequency will be accessed in an squivalent time
ppan, which is precisely what we found. However, when nonwordas are presanted
that are similar graphemlcally to either open- or closed-class wordm, an sstimate
of the tise needed to complete am exhaustive or near exhaustive search of the
open~ and closed-class wvocabularies is obtained from the time needed to decide
that &n input word-fors is a nonword. Becauss the set of closed-class wordas is
connsiderably smaller than the set of open-class words satohed for frequency, a
atruetural dissocimtion af tha lexicon into open- and closed-alass wvooabularisa
ahould reveal itself in fasmter resction times for rejecting nonwords mads from
c¢losed-class words than for rejecting nonwords made from open-olass words. This
again la precisely what we found.
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An explanastion in terme of differencea in search timea is attractive im its
pimplicity and pointa directly to a structural dlssocclation in the lexicon
between the open- and c¢losed-clasa vocabularies. Alss, given this interpretation
of our findings, it iz eassy to imcorporate the open-Sclosed-class distinetionm
into many exizting models of lexical scceas {although Morton's logogen model mey
prove more problematic, unlesa one is willing to postulate two sets of logogens,

one for eéach word-form clasas). However, an alternative explanation of our
regulis is posaible.

As wa noted in the introduction, the results reported by Healy (1978,13980),
Trewnowski and Healy (1977), Haber and Schindler (1981), and Ferres and Aaronson
(1981) muggest that closed-class words may be visually procesased in parcaptual
unita above the letter level. In other words, closed-cleass words mey bte highly
automatiged, In Schneider and Bhiffrin'a (1977; Shiffrin and Schnelder, 1977)
terma, asnd may be accessed with little computational effort. If this ia the
gage, after preliminary graphemic ouea have directed aearch toward the
ologed-¢leres vocAabulary, comparison processes may be almost effortless given the
level of the unit at which the comparisocn is made. That is, the graphamic
strugture of glosed-clazs worda may be ac coheaive that any deviation from thila
gtrusture would be immedistely ldentified. Thus, nonwords made from cleosed-olass
words could be compared to the repressntations for closed-class words and
rejected at little or me time cost.

Botice that this sxplanation need not assume, as we have, that there is =
real atructural dissociastion betwsen the open- and closed-class vocabulariez in
tha lexicon. The differences In reaction times we obtained between high
frequency open-clasa and low frequency closed-class nonwords may simply be the
reault of fester comparieson times for elosed-class ltems. Thus, ooe oeed #ot
propose a diatinet atructural disaceiatiom of the two vocabularies in arder to
agcount for the present results. Howsver, placing the locus of the reactiom time
differencea in the compariscn stege is tantamount to propeaing & functiomal
dissoclation of the vocabularies.

An explanation in terme of differenges in the compariaon stage appeara o be
somewhat enomalous given the recent findings of Habar and Sthindler (1981} wha
showed that closed-cless words "conceal their misprints” (p. 573} better than
apan-clans worda of the same length. If misprints in closed-clasa words are
likely to be mimsed, it may ba that mére rather than leaa time ls apent In the
comparison stage for cerrectly identifying thet an item made from s oleosed-class
word Ls 8 nonword. That is, any discrepancies noted in highly unltined
glosgd=cless items may roquire & time-consuming decomposition of the item prior
toc ocomparison. However, in the Haber and Schindler atudy, 1t is unclear whether
syntactic predictabllity (or contextual constreint in generasl) caused subjects to
overlook mlaprintas in closed-clasa words or whether processing of the word-forms
sbove the letter level (i.e., unitization) was the asource of the errors in
datecting misprints. In fect, as Haber &and Echindler note, both predictability
and unitization may have contributed to their resaoltis.

Because thers was little, if any, influence of syntactic predictability im

our atudy, we sre left with the pos=ibility that disturbances in highly cchesive
graphemic atructures are extremely salient to the resder and therefore reduce
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comparigon timess. MHoresver, glven cur finding that clossd-classs nomwords were
aetually reaponded to slightly more sccurately than open-class nouwords matched
for length and frequengy, LY im not likely that the closed-clase items im our
study were oconeealing thelr misprinta. In fact, as we obsoerved, the misprints
become more rathar than leas salleant. Obvioualy, further experiments will have
to ba performed in order to declde betwesn the ssarch and aomparison hypothesan.

Under either bhypothesls, though, we have found no comvineing evidence ®o
support Bradley’'s notion that there are separate retrieval sechanisms for the
open- and olosed-clams vooabularies. If we take the search hypothesis to be an
edequate moccount of our results, we may then propose a structural dissocistion in
the lsxicon betwesan the open- and olosed-clamm vocabularies. I1f such a dichotomy
should erist, the computational efficliency presamably afforded by = saparate
retrieval mechanias for closed-class vorda is esslly accounted for by the reduced
sisea of the search set. On the other hand, 1f we adopt the comparison-stage
bypothenis, we need propose npeither separsts retrisval sechanisms nor a
atruntural dissociation of the open- amnd closed-class vwocebularies 1In  the
lexioon. However, we may still propose s fTunctional distinctiom betwesn the
dpen~- And olosed-clases vooabularies. That ia, closed-class words oo the whole
may be more highly unitiged or sutomatised than open-class words matched for
frequency and lemgth. Thus, the hypothesiged computatlonal efficiency invelved
in retrieving closed-alann words may ceaalt from an extremaly ocoheaive graphemle
structure that allows fast mnd effortless retrievel of aslosed-clase words from
the lexicon (see Shiffrin, Dussis, and Schasider, 1981).

In wsummary, neither of the hypothensa we have conaldersd favar the
poatulation of separats retrieval mechanisms for the open- and closed-class
vocabularisa. In the introduction, we mentlomed two alternativea that Bradley
suggeated oould account for her nonword Lnterference resulinm Tor closed-clase
items. Considering the evidence pressnted here, wo prefer +the msscond
elternative: Nonwords domstructed so thAl they contals closed-clsss worda In
thoeir initisl positionm produce B0 ilnterference effocts bscavase they omn be
rejectsd at little or oo time cost, presumably becamss graphemic cuss &o
word=forn olasa aré sufficieat to allow fast rejectlon of sonwords comtaining
closed-claes words or because the graphemic etruoture of closed-class items im
such that 1t allowa fast Aand afficient comparisom of L%sms to Tepressntations
residing in the lexicon. In spitée of this <concluaion, ths paychologloal
plausibility of the open-/closed-class distinction remalne intsrt. However,
identifying the source of the differences between the twoe word-form oléss has
proven Jdifficult. In mhort, our resulis ooggest that the locus of the
distinotion may lle in s structural dispocistion of the open— and glosed-olaas
vogabulatiea in the lexicom or 18 & fumnctional dissoecistion Invelving
differential comparison processes for ¢loasd-clmss items.
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Listenars detected open eclass word targeta (i.e. nouns, verbs and
ad jegtives) more accurately than olosed class targets (i.e. determiners,
prépositions and conjunctions] in m dual-task paradigm that required simultanecus
prooesaing of fluent apasch for comprehension. The results provide direct
behavioral svidence that the open-closed eclass diatinction reflects & Ffundaméntal

dichotomy im the mental lexicon that 1s deployed in the real-time procemssing of
fluent mpasch.
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Damage to Broca's area of the brain is [requently aamccianted with the
omission of closed clama words in apesch productiion and ecarresponding abooreal
deficits in responding to closed cless worde in listening, reading and writing
tr,2]. Open olass words do not appear to be affected 1n the osame way.
Additionsl differsnces in processing beiwean open and closed clasa words are
avidenced by error petterna in epeech prodooction, by momory mnd parsding
parformance of sentemces in the presence snd sbsence of closed class words, by
differential patterns of langusge development im the normal population and by
resulta from proofreading amd eye movement studiem. For szample, word exzchange
srrora in apeech produckion, e.g. "1 left the briefesse in my pigar.®, are
rentricted to transpositions of either closed clasa or open clmas ltems [9).
Also, cloaed oless words generally appear later than open class words in the
apeech snd comprehension performence of children [(4). Behaviors] dats from
proofresding mnd eye movement studies also polat to differences In reading opsn
and clomed clesas words: More visusl aetiention ie given to openm clsam wordas when
we normally read. Ghort, olesed class worda are rarely fizated during silent
reading {5). And, more errors occur for closed class worda in tasks requiring
detection of particulsr letter targets or misspellings in written passagos (5).

The prepeni atudy examined the perception of opem smd closed slass words in
A task that reguired listenera o comprehend continuous ppeech. Ueing &
dusl-tank paradigm, we found that normal listeners sttendsd more to opsn clams
worda Lthan cloped class wordes. This fipding provides direct behavioral evidemoas
for a word clasa distinotion in processing flusmt speech. The results suggest
that the menlal lexicon may be stiructured imto two classes of words whioh play
vagtly diffarsnt roles in the real-tise analysls of spoken lsnguage.

In our study, open and closed olass terget words in opoken psassges werse
saloctively replaced by envelope-shaped mnoise. Listemers wara required to
monitor for the presence of these poise targets while they &ttempted to
understand the passages. The sseumption umderlying this “dual-task” procedure io
that the compuilational processes lnfloencing the recognition of the original word
in context also affest the asccurscy of noise detection (6). The target words
varied on threes parssctera: word clasa '[npu Yo. r:hu&]. word length | short vs.
long), mnd comtextual constraint (CC) == defined here ss the predictability of
the targetl word from the prior left-to-right contest | low or high] (7).

Ten passages of connected text were ochosen from scientific artielea and
gpeschen. Each pasmage oontaimed |6 target words; half ware open clasa and half
weres closed class items, The conteztual conetraint for each target word was
determined \ndependently using & variant of the (loge procedure (B8,9). UVaing
this procedure, we calculated an index of contaxtual constraint for each target
word, based on inter-subject prediction agreement: A highly consirained item
corresponded to a word ihat was predictable from prior context; an item of "low"
conatraint corresponded to a word that wam unpredictable.

The test passages wers rusd at & normal tate by & male speaker, low—pass
filtered and stored digitally vim a 12-bit A/D converter. The beginning and end
of each target word were located in the passages using & digitslly controlled
wsveform editor; these wpegmenta of spesch were then replaced entiraly by new
segmenta that consisted of envelope-shaped polea. The replaceméent noise was
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matoched te the duration and amplitude of the origioal segments of the waveform
corresponding to sach of the target words {(10). Figure | shows examples of sound

ppodtrograma of an orlginal Llntact target word, %5!. (Panel A) and the target
(Panel B) after i1t was replaced with envelope-shaped noise.

Inaert Figure 1 about harce

For each passage, five trune-false comprehensicn questions were comstructed.
The primary comprehonsion task was designed ta ensure that subjects actuslly
attended to the content of each spoken passage and performed normal cogndtive
activitiea concurremtly with the wonitoring taamk. Two experimental conditioms
varied the amount of prior contertusl knowledge availasble (pressnce or ahsence of
typed transcripta) and the response mode.

In the trensoripi comdltlon, 40 listooeras had typed veralonsa of each of the
spoken passages available in fromt of them while they listened to the speech over
hendphoras. Subjecin vers inzstructed to listen and try to understand the contemt
and meaning of the passages. At the aame time, they were slsc required to mondtor
for the pressnce of nolss targets in the apesch. Listensra reaponded %o the
neise targets by marking their locatlon d4ireally om the transcripta. Listeners
in thie condition hmd visual accepas 1o the identity of the actusl target wonda in
front of them. Thus, their responses were strongly related To both lexicsl and
contextusl properiles of the target words ln the passages.

In the second condition, mncothar groap of %8 subjects listensd to the same
spoken passagea without transcripta. Thus, only informsation from the preceding
apoken context, end from the nolee target itself, coacld be used to detect the
twat iltems. Listeners responded to the nolas targeta by pressing & botton that
was interfaced to a minicomputer. 1In both conditions, the writtes compreheasion
queations were ansvered immediately after presentatlon of sach passage.

The proportion of correat target detectlons %o each test item was collected
for sach peassge (11). The mean detectlon results summed over the ten passagen
are shown in Figure 2 as proportiona of correct detections. The left-hand panal
displays the data from the Transcript Condition in which subjects had the written
passage in Tromt of them; the right-hand pansl showe the data from the Mo
Transcript Condition, im which subjects llatensd only to the spesch wilithout any
contextual auppori.

inmert Flgurs 2 about hare

In both conditlons, & wlgnificent word class sifect was obtalasd: Open
olees targete wera detected @more often than <losed class targeta. Eln the
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Transoript Comdition, 1[‘ % =173.17,p<.00011 in the No Transoript Condition,
aw}'ﬂﬁﬂ. $.005.] o bwe affects of contertual comatraint of the target

wars+ obaerved, por were any eiganificant correlationa foupd tetwesn
detection accuracy and comprehension poores for each pesssage. Open claam targetis
wars detescted more sccourately in the Transcript Condition, while &losed elass
items were opnaffected by this manipulation (F =15.94, E-:.mﬂ, Thua, our
major fipding i=s that scrpas Both Llateming oﬁiﬁ rg, open oclams LArgota were
datected with eaignificantly greater Accoracy than closed claas VYargeis,
regardleas of target word durmtion, knowlesdgs of prior comtext =nd response mode.

The present monitoring data Lndicate that word clsaa, in part, determines
the level at which epoken words are proceseed by liateners durlng comprehension
of mpoken language. The word olass @«ffect occurs whean the materlsls are
presentad suditorily, wvisually or in both eensory modalities: Both in reading
text and in listening %o fluent apssch, more of the reader-listensr’ s consclous
attention is mllocated to apan clasa wordas than to closed clams words. The
linguisties]lly wmotivated distinokiom between open and closed class words
therefore has important behavicoral impligations for the on-llne processing of
fluent apeech, alsce it may reflect a fundamental structural dichotomy Ln the
organisstion of words in the wental lexicon. Such a structural dichotomy of the
lexicon msy facilitate on-line word recogmitiom processea and subseqguent
syntactic snalyses ‘that enable repid isclation end Lnterpretatlon of msaning
gparried by open class words during listeming comprehension (12].

In saummatTy, the present results demonstrate that open and cloasd class words
are processed differentially by sdult listemere in percelving passages of fluent
ppesch, The flnding that closed clsps nolse targets mre more dLffioulti to debect
than opon cless noles ftargetsa 1@ consletent with the motlon that closed class
words form a specinl subast of the vocabulary of a language and ssrve o sarkers
to the grammatical organisatbion of sentences (1,12). Our behaviorsl data from
the en-line perception of fluant speech add to the growing body of developmental,
neurological and paycholingulstio research that wsupporta Gthe existemce aof
important processing differences based on the structural distinction batwesen cpen
and plosed class itema in the mental lexicon. Taken togother with these earlier
fipndinga, oor resulis {ndlewte that a Ffuanctional dichotomy of the leticon Lnta
two word classea say facilitste paraing and subsequent seamntic interpretation
that depends, in large part, on prior detailed structursl analyses of the
linguistie input. Dur flodings descnstrate that soch a dichotomy is displayed in
the behavior of listensre when asked o comprohend passages of fluent apesch.
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Racent work has demonatrated that place of artigulation in ipltdial voiced
stops cam be accuretely identifled from visual dieplaye of linear pradiction
smoothed apectra updated at 5 meec intervals (Xewlsy-Port, 1982). The present
regearch satends this snalysie In severzl diredtlona. Firat, the wisual dlsplays
were modlfied %o incorporate awdltory flllering and other frequency
charsoteristics of the ear. Decond, our sarlieor time-verying features were
redefined to describe asyllable initis]l stops in fuent speech. In the present
exparinont, we axsmined ayllables beginning with voiced snd wolosless stops
paired with flve vowels. Two males and two (emalea read the ayllables in &
carrier phrass st fast, normal, and slow tempos. Employing s predefined set of
tiss-varying features, judgea first attempted to locnte the burst and were then
required to ldemtify plmoe of articulation 1n the wvieusl displiays. The resultas
indicated that the new tlme-varying Teaturea werw adeguate for identifying place
of articulaticn invarisntly acroes wvolced and volgeless stopa, talkers, and
ppeaking rates.
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Kewley-FPort (1982) has recently reported & atudy of the invarisnt
time-varying acountic properties of voleced stope. 1In this study, tokens of the
atopa /b/, /4/, and g/ before eight vowels were obtained from tvo nale talkers
and cna femals lalksr. Visual displaye of the linear pradistion runalag spestra
for the Cirst 40 maee of each oonesonant-vowel ayllable were prepared for
inspsction. Froa theaes displays, threa time-varying featursn for 1dentifying
place of mrtleulation were formally defined. Judgea were then asked ta
determine, Trom the display=, plase of artisulation on the basla of the thres
featurea. Kewloy-Port found that the Judges were sble to suoccesafully ldeantify
place of articulstion for B8% of the displays. Upon closer exasination of the
data, it waa found that although place was Ldentilied Invariantly acrosa wowel
eontexts, Lt was pot ldentified invariantly across speskers. [n particular,
tdentification of i'ﬁtu of articulation was considerably worse for the femsle
talker than for the two mals talkers.

In the pressnt atudy, wa addressed the problem of speocilylag timé-—varylag
festures +thal are inpvariant across talkers ee well as wvowel oontexts. In
sddition, followlng suggestions made by Kewley-Fort {1982}, we extended the
original ressarch in & nomber of waym. Pirat, we modified the mnmlysis of the
frequancy charmotariatics of the waveforms in order to more clomsly modal the
moditory (lltering properties of the oar. Second, we collacted a new data basa
from two additlonal male and Swo additlomal females talkera producing both voliced
end volocelesa initial etep consonants. Fipally, iom & prelisinary attempt ta
generalise Kewlay-Fort's findings ta connécted tert, consomant-vowsl syllables
were spoken in m carrier phrase at three speaking rates: normal, faat, snd slow.

In the previcus study, running apsotral displsyes for sach conscaant-vowal
eyllable wara prepared. In this atudy, theass displeys were modified to Lnclods
suditory filtaring. For theae auditory filtered displays, new bime-verying
features wers alao defined. In addition t6 ldentifying placa of artlculation am
the basis of these pew Teaturea, the Jjudges in this study were asked to Ldentifly
the onset of the burat and the onset of vololng. The purpose of tha present
experiment, therefors, wasd t0 determine Lf the new tlme-varying featursa derived
from visudl displays of the avdicory Filtered running speotrel Jdiaplayes noold be
succesalully eaployed by jodges to ildentify the burst {ramse am well as plage of
articulation. Roreover, we were igtercated in determining whether thess fentures
wore ipvarisnt sgross vowsl contexte; talkera, and speaking rateda-

The experiment consisted of tvo parts- In the first part, wé examined only
the volcelemn ntop consonants [fp/y /t/, /i/. 1In the second part, wé exhmined

both voleed and voiceless stop commonante produced et three different spesking
ratea.

Method

Data collection. The atimuli for both parte of the wexperiment were
collected ia & slngle =sssaion for sach talker. The talkern warew recorded whils
they read %0 stop comsonant-vowel ayllables smbsdded in the carrier phrase “Teddy
said ." The syllables conmiated of all combinations of /b.d,.g.p.t.k/ paired
with the vowela /i me a,9,uf. Each list of 30 syllables in the carrier phrase
was Tandomizsd and the atimoll were pressmtsd one et & Yime omn & CHT videodisplay
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mond tor (GBC Model MV-10A) under computer control. The talkers were recorded in
4 sound treated booth (IAC Model 40VA) using an Electro-Voice DOS4 misrephone and
an Ampex AG-500 tapereccrder. The talkerm resd five bhlocks of the 30 sentences.
Bach talker was instrucked to read esch sentence ot A normal rate.

Iz pddition; one male and one female talker read [Clve blocke of the same
atimtll at a fast rate followed by five blocks at a alow rate. The presentation
of the atimull in tho fast end slow conditions wam identical to the presentationm
of the atimull in ths norsal rate condition.

Dats analysia. Tokens from esch talker from the third and fourth blocks of
nontences were low-paas f{iltered at 4.8 kHz and digitized at a 10 kHz sampling
rates wiAR & twelve-bit analog-to=-dlgital oonverter. Whem & token waa deemsd
unpsgeptable hecaust of a slsprosunciation or because of nolseé 4in the aignal,
asother btoken of the same utterance was taken from the fifth block of eentencea.
Mispronusciations were fev and occurred soatly a the alow speaking Tate.

After digitieing, the atop consonant-vowel syllablies were apliced ouk of the
carrier sentenows using the waveform editing program, WAVES {see Luce and
Carrell, 1982). The syllablea were then edited mo that at least &0 msec of the
Blop eclosure was included Im the weveform. To produce the ronning speciral
disglaya, linsar prediction analymis was carried out using the program STECTEUM
{Kewlay-Port, 1979). Twenty mesc wavafora segments were first pre-emphasined.
Then, uwsing & 25.6 asec Hamming window, fourtess autocorrelation coefficients
wore ocslculated. Esch spectral section was caloulated oming a 2596 point FFT,
with the “franes™ being updated every five meec. The firast apectral section vas
poaitioned during the atop closure such that betwesn one and six frames of
clesure randomly préeceded the burat frame. A total of 15 frames (T0 msec) wers
analyzed for each ayllable.

& linear predictionm running wpectrum for the syllable /bu/ displayed on a
gtanderd linsar frequancy aris s shown in the top half of Fig. 1.

Insert Figure | aboot here

1t was argued in the previcum study {(Kewley-Port, 1982) that representing energy
in dB and updating the gpeciral framss eveary five masc 1p appropriats for
podelling thé processing of apsech by the sar. However, thia {s not trus for tha
frequency representation rendered by linear prediciion analysis. The bandwidth
of the [(requenty analysisa performed by the ear is a0l equal =crosa all
frequencien, as Lt 1s represented in the top display in Fig. 1, but Loetead
inoreases mnp [{requency Lloorempes. Varicus edtimates of mudltory bandwidth have
been made in the past and thay range from &t moat ooe-halfl octave bandwidtha 1o
ooe=tenth ootave bandwidthe. The rangee oost often Teported are ahown by the
hatched ares in Fig. 2.
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Figure 1. Linear prediction runmhing spectral displays for /bu/f
with (bottom panel} and without {top panel) auditory
filtering.
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Ingert Figure 2 about here

The bark scale, proposed by Zwicker (1961), is ahown as an upper limit, while
ong=oixth octave flltering similar to that proposed by Patterson (1976) is shown
as the lower limit. Bote how inappropriste the linesr predictionm bandwidihs,
labellesd LP, are for modelling the frequency analysia performed by the ear.

To simulate auditory filtering in this study, one-sixth octave bandwidths
were chosen following Patterson's resultas (Patterson, 1976; Pattersom and
Nimmo-8aith, 1980). The filter shaps was trapesoldal and had a 7% dB/octave
roll-off in tim akirts. These filtera were convolved with the linear prediction
amoothed gpectrm to produce suditory Tiltered specirem. The [(regquency scale was
changed to tha technical Mel scale for displaying the rumning spectra, an example
gf which ia shown in the lower halfl of Fig. 1. An suditory [iltered running
apectra was produced in this way for sach syllable atudied.

Four time-varying featurea were Tormally defined for the auditory Tilteced
running spectral dieplays. The first feature--the occurrence of an abrupt
incresse inp enérgy at high frequetcles--was defined to sllow ldentification of
the burst frame. The second Cfeature--ithe onset of = promionent, narrow,
low-fregquency peak that is continuous with mccesding frames--waa defined to
nllow identification of onset of voicing. The third snd fourth fesatures were
defined to allow assignment of place of articalation. Thess two Testupes--the
ppectral tilt of the burat and suoceeding voloeleas frames and the pressnce or
abaence of mid-frequency peaks sxtending in time--were based onm predictions made
by the mcountis theory of aspeech production (Pant, 1960, 197%; Stevens and
Blumatein, 1978). One feature used ln the previous study was dropped from this
gnalyei=s. This featoure, called late omset of low freguency energy, 18 a messure
of voice-pnset time (VO0T). DSince thiree spesking rates were seed In this study,
it waa pragumed that this festurs would not be [nvariant acroas the utterances
axamined hers.

Judging. To 4illustrate how theae featurss wers used in Jjuedging the

diaplays, we will refer to Flg. 3, vhere examplea of tha running apectral
displays Tor fp1/f, /da/. and [ku/ are shown.

Insert Figure 5 about here

Tvo graduate studenta in payohology with Tormal Eraining lo phonetics served
a2 Jjudges in this experimeat. FPor each diaplay, the judgea wore lAstructed to
locate the burat frame and the onset of volicing, 1f present, and then to decide
on the spesctral tilt and the presence or absence of mid-frequency peaks. To
locate the buret frame, the judges were instructed to find the flrot frame In
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frequency are displayed using the technical Mel scale.

-203-



for /pi/,

Auditory filtered running spectral displays

/da/, and fku/.

Figure 3.
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which there was an obvions increase in high-frequency energy and to record the
number of that frame on thelr response shests. In Fig. 5, the burat gecurs in
the third framée for /pi/ end /da/ and in the fifth frame for /ku/.

Hext, the Jjudges indicated the number of the firet frame 1n which & low
frequency peak became prominent and appeared continucue for the remaining frames.
This frame defined the oneet of voloing. In Fig. 3, the onset of voleing for
fda/ begina in the seventh frame. Although /pi/ and /ku/ do show low frequency
peaks, the poaks are not continuous with the remaining frames. Thus, no onset of
voicing is present in these displays. [n thess cssea, the judges recorded an N
(for "not woioed™). Whes low frequency peaks began in the closure Irames

continued for the resaining frases, the Judges recorded a © (for "continuous
voicing™ ).

In this manner, tha burat frase and up toc &ir succssding volcelsas frames
wera ldentified. Judgea then decided on the apectral tllt of these frames and
recorded mn F Af the spectral tllt of the burst end voiceless frunes wss flat or
slightly rising toward higher frequencles and an B if the [rames were distinetly
rising. Spsctiral tilt wes subassquently used to asslgn plaocs to the bilabials and
dentala. Flat or slightly risisg buret and voicelese frames sre correlated with
bilabials and distinctly rising frames are correlated with dentals (Fant, 19604
Stevens snd Hlumstels, 1978; see /pi/ and fda/ in Fig. 3).

Finally; the judges were required So identify the presence or absesnce of a
progminent mid-lrequency poak starting on the burst frame and sxtending Tor thres
or more framas. If mid-frequency peaks were present, they were locatad batwess
the ticke on the display (sea /ku/ in Plg. %}. The ticks wers positioned on the
displey mocording to & vocal traet normalizstion Tule proposed in the previocus
study (Kewlsy-Port, 1982). This rule is based on Fant's (1960) propossl that the
spectral peaak for velars is associnted with F2 for low, bsck vowelas and ¥3 or F§
for high, front vowels. Thua, the low frequénoy tick In thess Adlsplays was
positioned at the talker's F2 for fu/ and the high frequency tleok was positioned
at the F2 value of fi/ plus 500 Hs.

After judging the foor features, ths naaipgnment matrixz ahown In Table 1 was
bsed to datermine place of articulation.

- .

Tnsert Tahle 1 about here

o i -

If tilt was Judged as flat or Tallling and no mid-frequency peaks wWere observed,
the display was laballed as a bilabdal. If the tilt was dlstinotly rising and no
mid-frequency peaks were observed, the display wss labelled as & dental. If

mid-frequency peaks were present, the 4iaplay was labellsd as s velar regardleas
of spectral tlit.

Judging of the vieusl displays for both parts of the szperiment was carried
ogut in two asaaiona. TIn the first sessiom, the two judgea were Llmstructed om the
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Table 1. Assignment matrix used in judging place of articulation.

ASSTGNMENT MATRIX

TiLT Mip~Frequency Peaks PLACE
F N BiLaziaL
R N DEnTAL
& ¥ VELAR

f &

(* INDICATES EITHER F oR R)
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application of the definitions of the four time-varying features. Written
versions of these definitions were available to the judges during both sessions.
The judges then independently determined the location of the burst frame, the
onset of voicing, and place of articulation. If there was disagreement between
the judges on the assignment of place of articulation, the displays on which the
judges disagreed were presented again in a second session in which the judges
collaborated. If the judges were unable to agree on the assignment of any of the
features in the collaborative judging session, they were instructed to mark on
their response sheet that the feature was ambiguous.

Results

The overall results are shown in Tables 2 and 3.

—— - ——— ——— - —— - - . - =

Individual Jjudging of the 288 displays was surprisingly poor, with place being
correctly identified in only 49% of the displays. To evaluate the source of
these errors, the feature assignments for each Jjudge were compared, as shown in
Table 3. It appeared that judges disagreed most often on assigning spectral tilt
for the voiceless consonants. Often, the spectral tilt of voiceless stops
changed from the burst frame over the first six frames (40 msec). Prior to the
collaborative judging session, the judges were were reminded to examine the tilt
over the first six voiceless frames and to weigh the later frames more heavily
when in doubt. After further examination of the errors made in the individual
judging session, we agreed with the judges that 6% of the displays clearly
contained the inappropriate features for identifying place. Therefore, these
displays were excluded from further analysis of the collaborative jJjudging.
Results from the 122 displays examined in the collaborative judging session are
shown in Table 2. Place was incorrectly identified 6% of the time and 2% of the
features were judged as ambiguous. Thus, after collaborative judging, overall
correct place identification rose to 86%.

Table 4 shows the results for the first part of the experiment, which was
aimed at evaluating the effectiveness of the new features for identifying place
of articulation for voiceless stops.

s T S -

- - o —

Two tokens from four talkers of all possible combinations of /p,t,k/ and /i,ae,,
u/ resulted in 96 voiceless stop-vowel syllables. A three-way analysis of
variance (talker X consonant X vowel) showed that place of articulation was
identified invariantly across all talkers, Eﬂ3,8)=1.0, p>.4, although the percent
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Table 2. Overall percent error in identification of place for
individual and collaborative judging.

PLACE IDENTIFICATION RESULTS

PERCENT
ErrROR
INDIVIDUAL JuDGING OF 288 DisPLAYS:
PLace NoT IpenTiF1ep CorrReCTLY BY BoTH JUDGES c1

CoLLABORATIVE JUDGING OF 122 DispLaAvs:
(Excrupep 18 DispLAYs JuDGED INCORRECTLY BY BoTH
JUDGES AND EXPERIMENTERS)
FEATURES JUDGED AS AMBIGUOUS
PLacE INCORRECTLY IDENTIFIED

- — - - > S = = v - - ——— - - E——— T - = A - - - - - - - - - - - - - -

CoMBINED RESULTS: 86% CorRRECT PLACE IDENTIFICATION
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Table 3. Agreement between the

feature to the running

expressed in percent.

FEATURE

two

judges in assigning the

AGREEMENT RESULTS

BurRsT FRAME

VoicIinGg FRaME

TiLT oF BursT

Mip-FREQUENCY PEAKS

-209-

AGREED
ONE FRAME DIFFERENCE
OTHER DI1FFERENCES

AGREED
ONE FrRAME DIFFERENCE
OTHER DIFFERENCES

AGREED

AGREED

spectra for individual

79%
127
97z

68%
14%
18%

65%

88%

judging



Table 4. Percent correct place identification for voiceless stops

across talker, consonant, and vowel.

VOICELESS

STOP
N =98

RESULTS

.PercenT CORRECT

VARIABLE PLACE [DENTIFICATION SIGNIFICANCE
TALKER: MaLE 1 92 N.S
MALE 2 79
FEMALE 1 92
FEMALE 2 92
CONSONANT: P ql N.S
t g7
K 87
VOWEL : L 96 p< .02
® 96
o) 71
< 92
ToTAL: 89
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correct identification for the second male talker was lower than for the other
three talkers. Place identification across consonants was likewise equivalent,
Eﬂ2,8)=.11, p>.8. Vowel context, however, resulted in a significant difference,
F(3,8)=5.67, p<.02., because of the poor identification performance on the vowel
75/. In shor?} 89% of the voiceless stops were identified correctly.

The second part of the experiment was designed to approximate some of the
conditions found in fluent speech, namely different talkers' speaking rates. The
experimental variables and results are shown in Table 5.

Running spectral displays were constructed from two tokens from one male and one
female talker of all combinations of /p,t,k,b,d,g/ and /i,a,u/ spoken at three
different rates (fast, normal, and slow) which resulted in 216 syllables. A
five-way analysis of variance (talker X consonant X vowel X rate X voice) showed
that the features were adequate in identifying place invariantly across talkers,
F(1,8)=.68, p>.4, consonants, F(2,8)=.51, p>.6, vowel context, F(2,8)=.89, p>.4,
and rate, F(2,8)=.892, p>.4. Although the normal rate produced better
identification, it did not result in a statistically significant difference
between speaking rates.

Voiced stops were, however, identified more poorly than voiceless stops,
Eﬁ1,8)=8.3, p<.01, across all three rates. On closer examination of the data, we
found this result to be caused by significantly poorer identification of the
voiced stops at the fast and slow rates. Eighty-nine percent of the voiced stops
were identified correctly at the normal rate, but 75% of the voiced stops were
identified correctly at only the fast and slow rates. - Rate had no effect,
however, on the identification of place for the voiceless stops. Overall, 86% of
the displays were identified correctly.

Discussion

The present study addressed several problems raised in Kewley-Port's (1982)
study of place of articulation. Changing the running spectral displays from
linear prediction spectra to auditory filtered spectra apparently made judgement
of the tilt of the burst more difficult. Some of these difficulties were related
to the indirect method used to produce the auditory filtered spectra. TFurther
research should employ a more direct method of deriving the auditory filtered

display, such as those proposed by Klatt (1976; 1979) and Flanagan and
Christensen (1980).

Two phonetic variables examined in the previous study were also included
here. As before, place was identified invariantly across vowel context, although
the poorer performance for /o/ merits further investigation. A new rule for
locating a talker's mid-frequency range on the displays was implemented. Results
showed that this rule was an improvement over the rule used in the previous study
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Table 5. Percent correct place identification for the three

speaking rates across talker, rate, consonant, voicing, and
vowel.

RATE RESULTS

(N = 216)
PERCENT CORRECT
VARIABLE PLACE [DENTIFICATION SIGNIFICANCE
TaLker: MaLe 1 84 N, S,
FemaLe 1 88
RATE: NORMAL 30 N, S,
FasT &5
SLow 83
PLACE: BILABIAL 89 N.S.
- DeENTAL ' 86
VELAR 83
VoICcING: VOICED | 80 P < .02
VOICELESS 93
VOwWEL: L 90 N.S.
a 85
L 83

ToTAL: 86

-212-



8
Kewley-Port and Luce

which resulted in identification of place invariantly across male and female
talkers.

The present data base included both voiced and voiceless stop consonants
produced at three different speaking rates. While identification of place was
quite good for the voiceless stops using the time-varying features, the voiced
stops were identified more poorly than in the earlier study. This result is
probably related to the change from 1linear prediction to auditory filtered
displays. . One other possibility is that the poor performance on the voiced stops
produced at the slow and fast rates may reflect poor identification of these

stops auditorily. This i1s being investigated in a perception experiment that is
currently underway. ;

The time-varying features employed in this study were used to locate the
stop burst and the onset of voicing. Judges agreed on the choice of the burst
frame within one frame 91% of the time (see Table 3). This feature of an abrupt
change in high frequency energy was easy to observe in the visual displays and
will hopefully serve to identify the classes of stop consonants from other
phonetic class in fluent speech. The feature which located the onset of voicing
served only to identify the voiceless frames for judging the tilt of burst. That
is, the tilt of burst feature was not defined over a fixed temporal interval as
in the Kewley-Port (1982) study, but rather varied according the number of
voiceless frames present. Delgutte (1980) provides a good rationale for this
approach. He suggests that the auditory system may process voiceless, low energy
gounds differently than high energy voiced sounds. PFurthermore, he suggests that
the abrupt onset of either high frequency energy or low frequency voicing is a
strongly marked event in the auditory system. Delgutte's hypotheses can be
interpreted for the features employed in this study as follows: An abrupt change
in high frequency energy signals the onset of a stop burst. The tilt of the
spectral energy in succeeding voiceless frames is integrated over a time period
of about 30 to 40 msec unless there is an abrupt onset of voicing. The onset of
voicing terminates judgment of voiceless spectral tilt. If the burst and voicing
onset occur simultaneously (as it normally would for /b/ and sometimes /d/), then
the tilt of burst can be identified from the first five to ten msec of energy.
It is clear from this description. that the identification of place of
articulation and voicing are interdependent in this analysis. While the judgment
of the phonetic feature of voicing was not specifically made in this study, this
is obviously an important next step for our research.

In summary, we believe we have successfully extended Kewley-Port's (1982)
original findings in a number of important ways. Our results also further
validate the use of time-varying features derived from running spectral displays
to identify invariant cues to place of articulation. These features appear to be
adequate for identification of the feature of voicing as well.
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In Defense of Segmental Representations in Speech Processing

Introduction

When Dennis Klatt first proposed this special session on models of speech
perception he asked me if I would be willing %o present a paper defending the
phoneme in speech processing. At first I was a little reluctant to do this
because a number of people have been arguing strongly over the last few years
against the use of segmental representations such as phonemes, including Dennis
himself (see Klatt, 1980). However, I agreed to undertake this job mainly as an
intellectual and, to some extent, as a theoretical exercise to see if I could
marshall up enough evidence to convince myself that segmental representations
such as phonemes were worth arguing about in public. Having now spent several
weeks thinking and talking about the problems, I am convinced that it is worth
raising some of the 0ld issues again and worth bringing them out in the open for
further consideration at a session such as this one. Before going into the
background and arguments, I want to make it clear at the outset that I do not
plan to present a new model or account of speech perception that claims to solve
all of the old problems that people have been working on for thirty years (see
Pisoni, 1978 for a review). Instead, my goal in this presentation is much more
modest. In the time allocated I want to reexamine some of the historical reasons
for supposing that segmental representations play an important role in speech
processing. I plan to do this by first examining several of the obvious
linguistic facts that are typically cited about the structure of human language,
particularly as they relate to phonetics and phonology. Next, I will briefly
summarize some of the psychological or processing data that is often cited as
support for the existence of segmental representations. Finally, I will briefly
consider several contemporary models of word recognition and lexical access in
order to make several of their underlying assumptions more explicit in light of

ny previous observations about the need for segmental representations in speech
processing.

For a number of years there has been a debate going on in journals, at
meetings, and in backrooms concerning the use of segmental (i.e., phonemic)
representations in on-going speech perception. Several theorists have totally
abandoned reliance on computing an intermediate level of representation in favor
of direct access models of speech perception (Klatt, 1979; Marslen-Wilson &
Welsh, 1978). In models such as these, words are recognized without an analysis
of their "internal structure" into computational elements 1like phonemes or
morphemes. Proponents of this view have argued that their recognition models do
not require the postulation of theoretical entities like phonemes or segments. I
hope to show that while these theorists have attempted to ignore or even deny the
existence of these processing units, such units nevertheless play an important --
if not critical role in these accounts of the word recognition process. Indeed,

I hope to show that while these units are not explicitly acknowledged they are
tacitly assumed by all theorists.
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A. Linguiétic Evidence for Segmental Representations

One of the fundamental assumptions of 1linguistic analysis is that the
continuously varying speech signal can be broken down into a sequence of discrete
units such as phones, phonetic segments or speech sounds. This assumption is
central to our current conceptions of language as a system of rules which govern
the sound patterns and sequences used to encode meanings and has been assumed
since the days of the Sanskirt grammarians and as far back as Pannini. There are
numerous reasons for postulating segmental representations in language. Among
them are a few observations (see Kenstowicz & Kisseberth, 1977). These are shown
in Table I.

Alternations. In most languages of the world, there are morphemes or words
that have more than one phonetic realization. Various types of phonological
rules have been formulated to select the appropriate phonetic alternative in
different contexts. These rules operate on a specific aspect of the internal
structure of words -- that is, they operate on segments, or the features of
segments. We know that this aspect of linguistic behavior is rule governed
because speakers can produce the correct inflection to nouns they never heard
before. And, the pronunciation assigned to these novel forms follows a general
principle. Similar observations can be made of languages that have vowel
harmony. Presented with novel utterances, adults produce the correct phonetic
forms by rule and these rules operate on segment-size of units.

Systematic Regularities. We know from phonological analyses of many
languages that there are systematic regularities in the sound structure of the
morphemes of +the 1language. While some phonetic properties of a particular
morpheme may be idiosyncratic or arbitrary, other properties reflect general
manifestations of regularities in the sound patterns of the specific language.
These regularities are controlled by rules which operate on segments or, more
precisely, features of segments. The important point to emphasize here is that a
description of the 1linguistic generalization requires analysis of words into
their internal structure, a structure consisting of a linear sequence of sound
types or phonemes.

In short, the mere existence of phonological processes and operations in
spoken languages supports the assumption that speech is organized into a sequence
of discrete units. Deletion and insertion rules apply to single segments in
words rather than to whole words. The metathesis of adjacent sounds in an
utterance indicates that the sounds are discrete entities that can be dissociated
from the context they are encoded in. Moreover, rules which assign lexical

stress to words require an analysis into discrete consonant and vowel segmental
units.

Historical Sound Changes. Finally, additional support for the existence of
segments comes from the detailed synchronic and diachronic analyses that have
been done on sound changes in language. Differences in dialect as well as
changes that have occurred in languages over time appear to be easily captured by
rules that operate on the internal structure of words, specifically segments and
features.

SRR
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B. Psychological Evidence for Segmental Representations.

The psychological evidence in support of segmental representations is very
diverse and I will only summarize a few examples here. Each of these could be
elaborated on at greater length. Table II provides several examples.

Orthography and Writing Systems. Another source of evidence comes from
observations of speakers of unwritten languages who are attempting to develop
writing systems. In his well-known article "The Psychological Reality of
Phonemes," Sapir (1933, reprinted, 1963) cites several examples of where the
orthographic choices of an illiterate speaker revealed a conscious awareness of
phonological structure of his language. More recently, Read (1971, 1975) has
described a number of examples of children who have invented their own
orthographies spontaneously. The children's initial encounters with print show a
systematic awareness of the segmental structure of language. Such observations
would not be possible unless adults and eventually children had the abilities to
analyze spoken language into representations consisting of discrete segments such
as phonemes. Indeed, it has been suggested recently that young children's
ability to learn to read an alphabetic writing system is highly dependent on the
development of phonemic analysis skills -- that is, skills that permit the child
to consciously analyze speech into segmental units such as phonemes (Gleitman &
Rozin, 1977; Treiman & Baron, in press).

Language Games. The existence of language games based on insertion of a
sound sequence at specifiable points in a word, the movement of a sound or sound
sequence from one point to another or the deletion of a sound or sound sequence
provides additional support for the existence of segmental representations of the
internal structure of words. The existence of rhymes and the metrical structure
of poetry all involve the awareness, in one way or another, that words have an
internal structure and organization to them and that this structure can be
represented as a sequence of discrete linear units distributed in time.

Speech Production Errors. An examination of errors in speech production has
provided strong evidence that words and morphemes are represented in the lexicon
in terms of some sort of segmental representation such as phonetic segments or
phonemes. The high frequency of single segment speech errors such as
substitutions and exchanges reveal evidence of the phonological structure of the
language. It has been difficult, if not impossible, to explain these kinds of
errors without assuming some kind of segmental representation in the organization
of speech production (see Fromkin, 1980; Shattuck-Hufnagel & Klatt, 1979).

Speech Perception Studies. Over the years there have been many perceptual
findings that can be interpreted as support for an analysis of speech into
segmental representations (see Table III for examples of experimental
procedures). Perhaps the most compelling data have come from numerous
experiments involving an analysis 6f errors and confusions in short-term memory
and of the errors produced in listening to words and nonsense syllables presented
in noise (see Wickelgren, 1966; Miller & Nicely, 1955). While some of these
findings were originally interpreted as support for various types of feature
systems, they also provide strong evidence, in my view, for the idea that the
listener carries out an analysis of the internal structure of the stimulus input
into dimensions for encoding and storage in memory. However, these findings are
not considered to be compelling to some investigators since they have also been
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subject to alternative interpretations because of the specific task requirements.
Apparently, the size of the perceptual unit changes as the level of analysis
shifts according to the experimental task and instructions to subjects (see Savin
& Bever, 1970; Foss & Swinney, 1973). If perceptual and short-term memory data
were the only findings that could be cited in support of segmental
representations, one might feel a 1little uneasy. However, there are other

converging sources of evidence from perceptual studies which provide additional
support for this view.

For example, there have been numerous reports describing the phoneme
restoration effect, a phenomena that demonstrates the on-line synthesis of the
segmental properties of fluent speech by the listener as it is heard (Warren,
1976). - Numerous studies have been carried out by psycholinguists using the
phoneme monitoring technique in which subjects are required to detect the
presence of a specified target phoneme while listening to sentences or short
utterances (Foss & Blank, 1980). Although some earlier findings suggested that
listeners first recognized the word and then carried out an analysis of the
segments within the word, other more recent findings indicate that subjects can
detect phonemes in nonwords that are not present in the lexicon (Blank, 1979).
Thus, subjects can detect phonemes based on two sources of knowledge, information
from the sensory input and information developed from their knowledge of the
phonological structure of the language.

A large body of data has also been collected on the detection of
mispronunciations in fluent speech. While these findings have been interpreted
recently by Cole as support for the primacy of word recognition in speech
perception, the findings can, in my view, just as easily be used to support the
idea that listeners can gain access to the internal structure of words in terms
of their segmental representations, and they can do this while listening to
continuous speech (Cole & Jakimik, 1980).

Finally, in terms of perceptual data, there is a small body of data on
misperceptions of fluent speech. The errors collected in these studies suggest
that a very large portion of the misperceptions involve segments rather than
whole words (Bond & Garnes, 1980). ;

C. Models of Word Recognition and Lexical Access

At the present time there are about four or five different models of spoken
word recognition and lexical access described in the published literature. These
are outlined in Table 1IV. Unfortunately, it 1is very difficult to make
comparisons among these models because they use quite different experimental
tasks (i.e., recognition, shadowing, lexical decision and detection of
mispronunciations) and attempt to account for a number of different phenomena
(word frequency effect, context effects, word length effect, speed and earliness
of word recognition). 1In some cases, the models make strong psychological claims
about human speech perception as in the LAFS model of Klatt although no empirical
data have ever been collected to test the basic assumptions (Klatt, 1979, 1980).
In other cases, the models are based primarily on behavioral data collected with
humans such as Morton's Logogen Model or Marslen-Wilson's Cohort Model (Morton,
1979; Marslen-Wilson & Tyler, 1980). These models make few claims about
implementing their approach as a working computational device on a machine. What
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is of interest in these current models is the degree to which they assume the
existence of segmental representations in order to solve the primary recognition
problem (see Table V for a list of major issues). Before going into the details
of several of these models, it will be useful to provide some working definitions
of precisely what is meant by "word recognition" and "lexical access" since these
have often been confused in the literature. By word recognition, I mean those
computational processes by which a listener identifies the phonetic and/or
phonological form of a spoken utterance. That is, word recognition may be
thought of as a form of pattern recognition. Thus, the psychological processes
used in word recognition will be the same whether the input consists of words or
nonwords. A good deal of the work carried out over the last thirty years has
been concerned with what I call the "primary recognition problem." That is, how
the form of a spoken utterance is recognized from an analysis of the acoustic
waveform. Conscious identification of all of the phonetic segments is not
necessary although it is certainly possible under special circumstances when a
listener's attention is directed specifically to the sound structure of an
utterance. Under normal listening conditions the listener does not have to
identify the phonetic input to recognize the words.

By lexical access, I mean those computational processes that are involved in
the activation of the meaning or meanings of words that currently exist in the
listener's mental lexicon. I assume that the morphemes of a language are stored
by the listener in his lexicon along with appropriate information about their
syntactic and semantic attributes and their possible phonological forms. Thus, a
word 1is accessed from the lexicon when its phonetic form or forms has been
matched with some appropriate representation previously stored in the lexicon or
with some representation generated by phonological and/or morphological rules.
In the latter case, these rules provide the listener with the ability to
recognize and understand novel words that he has never heard before.

Keeping in mind this distinction Dbetween word recognition and lexical
access, let me now turn to a Dbrief examination of four models of word
recognition: Morton's LOGOGEN model, Klatt's LAFS model, Marslen-Wilson's COHORT
model, and Forster's Autonomous Search Model. The first three models may be
thought of as only models of word recognition, in the sense defined above, since
they have very little to say about the structure of the lexicon or the types of
representations that are used in accessing the meanings of words. In contrast,
Forster's model is primarily concerned with lexical access. Nevertheless, we
will consider each of them briefly in order to characterize what they have to say

about segmental representations in speech perception and the process of word
recognition.

Morton's Logogen Model. The Logogen model was formulated to account for
several effects found in the visual word recognition literature, specifically,
the word frequency effect and the effects of context on perceptual recognition
(Morton, 1979). To deal with both of these effects, Morton postulated the
existence of a hypothetical entity known as a Logogen -- a computational device
that acts as a counter and accepts input from both the sensory input and context.
Bach word has a logogen associated with it that has a particular threshold for
activation. To deal with the word frequency effect, Morton proposed that high
frequency words have lower thresholds than low frequency words. And, to deal
with the effects of context on perceptual recognition, he proposed that
sentential context, for example, could selectively modify the threshold of a
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logogen by lowering its sensitivity and therefore making the word more available
for response. Morton's model has no lexicon, in the sense used above, nor is it
very specific about the representation of information in a logogen. For the most
part, Morton assumes that words are holistic entities and are recognized
passively through template matching techniques. The logogen model says little
about analyzing the internal structure of words in terms of phonemes or morphemes
or the need for segmental representations.

Klatt's LAFS Model. Based on the apparent success of the HARPY speech
understanding system (Lowerre & Reddy, 1979), Klatt has argued that it is
possible, in principle, to carry out lexical access without any intermediate
analysis of words into segments or phonemes (Klatt, 1979). By precompiling a
network of context sensitive spectra for all word sequences in the language,
Klatt believes that he will be able to recognize words directly without
segmentation into phonemes or segments. The key to. his proposal lies in two
assumptions. First, that it is possible to precompile a network of spectral
templates that will be able to deal with the context conditioned variation of
segments in words produced by different speakers in different phonetic
environments. Second, that low-level decisions are delayed pending additional
information from the lexical level. The reason for this latter assumption, the
assumption of "delayed binding," is Klatt's assertion that the recognition system
needs to be able to recover from "errorful interpretation" which might occur if
lower level acoustic-phonetic information in the signal were discarded after some
initial form of phonetic categorization. Although not explicit, Klatt's model
assumes that words do, in fact, have an internal structure that consists of a
linear sequence of segments such as phonemes. To avoid dealing with abstract
entities such as phonemes or segments, Klatt has simply substituted diphone-like
computational wunits (i.e., context-sensitive spectral templates) and then
precompiled this information into a passive network structure. Nevertheless, it
should be pointed out here that his proposed system is crucially dependent on the
recovery of the internal structure of words for primary recognition to take
place. And, his proposed system is crucially dependent on the assumption that
words consist of a linear sequence of segments with phoneme-like properties. On
the surface it would appear that this system avoids the need to compute a
distinct level of representation corresponding to phonemes or segments. However,
on careful examination it can be shown that the information about the internal
organization of words is actually encoded into the structural organization of the
spectral network itself. To deal with new words and place their spectral
properties in the network, Klatt had to develop another system, SCRIBER, which
uses an analysis-by-synthesis scheme %o enter the spectral properties of new
words in the lexicon (Klatt, 1980).

Marslen-Wilson's COHORT Theory. Perhaps the most detailed account of word
recognition to date is Marslen-Wilson's Cohort Theory (Marslen-Wilson & Tyler,
1980). The key to this theory of word recognition is the notion of a set of
"word initial cohorts" or recognition candidates. These are defined by the
acoustic-phonetic commonality of the initial sound sequences of words. A
particular word is "recognized" at that point -- the "critical recognition point"
where the word is uniquely distinguished from any other word in the Ilanguage
beginning with the same initial sound sequence. The theory accounts for the
facilitatory effects of context in word recognition by assuming, as in the
logogen model, that context acts to lower the threshold values for recognition of
a particular word. However, context can also be used to deactivate noncandidate
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words and therefore reduce the size of word initial cohort set that is active at
any time. The interaction of context with the sensory input is assumed to occur
at the level of word recognition (see Marslen-Wilson & Welsh, 1978). Processing
at early sensory levels is assumed to occur automatically and is not influenced
by other higher-order sources of knowledge. While specifically avoiding the
problem of characterizing the representation of the acoustic-phonetic input by
using euphemisms such as "sound sequences" or "sounds" or "sensory input," the
cohort +theory as well as LAFS is crucially dependent on the fundamental
assumption that words have an internal structure to them and that structure must
be recovered ~for primary recognition. Words are simply not undifferentiated
wholistic processing entities. In cohort theory, the set of word initial cohorts
that are activated is defined, in principle, by the internal segmental structure
of the linear arrangement of speech sounds. To say, as Marslen-Wilson has done
repeatedly, that his theory makes no claim about the structure of the input to
the word recognition system in terms of phonemic representations is simply to
deny the existence of a prima facie assumption that 1is central to the
organization of his word initial cohort set. The theory, as currently
formulated, would never work if the internal structure of words could not be
described as a sequence of segment-like units.

Forster's Autonomous Search Model. Forster's Autonomous Search Model is
primarily concerned with problems of lexical access although it is relevant to
the present discussion because it specifically assumes that access to the lexicon
can be carried out through various access files (Forster, 1979). Among these
routes to the lexicon is a phonologically organized access file. This file
contains a description of the phonetic composition of words in the language along
with a pointer giving direct access to the corresponding entry in the master
file. Within an access file, words are grouped in bins. And, within each bin
words are arranged according to frequency. Locating a particular word requires a
search through the bin. One of the nice features of Forster's model which is
based almost entirely on data from visual perception of words is that access to
the master file is possible through a number of different access files; semantic,
syntactic and phonological information as well as orthographic information can be
used to locate an entry in the lexicon.

Of the models considered thus far, Forster's is the only one that explicitly
proposes lexical access via a segmental phonological code or representation (see
Table Iv). And, while the structure of Forster's lexicon is
morphologically-based, search of the access file can only be initiated serially
with bottom-up sensory information provided by the primary word recognition
processes. Forster maintains autonomous levels in his model; as a consequence,
higher-order semantic and syntactic information cannot be used to influence
lower-level decisions involved in word recognition or 1lexical access. Thus,
Forster argues that sentential context normally plays no role in the lexical
access process. Sentential context and other sources of knowledge are only used
post-lexically after an entry has been located in the master file. The primary
search process through the phonological access file therefore functions
autonomously and the search is dependent entirelyon the bottom-up
acoustic-phonetic properties of the input signal.

While Forster's model has several desirable features associated with it such
as the phonological access file and a morpheme-based 1lexicon, its major
deficiency, in my view, lies in the assumption of autonomous levels of processing
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and its inability to support interactive processing between and among various
knowledge sources (Marslen-Wilson, 1975). There is strong evidence that words
can be recognized very rapidly without a complete and detailed analysis of their
sensory inputs. In several elegant experiments using a "gating procedure,”
Grosjean (1980) has shown very strong relations in word recognition between
sentential context and the amount of stimulus information needed for
identification of words. By eliminating the autonomy assumption and
incorporating interaction between knowledge sources, Forster's model could easily
account for the effects of higher-order sentence 1level constraints on word
recognition while at the same time making use of segmental representations in
primary recognition and lexical access.

D. Summary and Conclusions

The main point of this paper has been to argue for the importance of
segmental representations in speech processing. Are words in spoken language
simply undifferentiated holistic entities without dimensional organization or do
they have a complex and rule-governed internal structure that needs to be
recovered 1in accessing <their meaning? After considering several sources of
evidence, I am led to the position that some form of segmental
representation--whether it be phones, segments, phonemes or speech sounds, is
absolutely necessary to gain entry into the lexicon and recover the meaning of
words. To deny that segmental representations exist or that they need not be
"computed" during word recognition is simply, in my view, to ignore a fundamental
property of language that words have an internal structure and a principled
dimensional organization to them. This structure is rule-governed and is a
distinctive property of spoken language. I would argue that this structure must
be recovered either directly or indirectly for words to be recognized and their
meanings  accessed from the mental lexicon. The evidence that other theorists
cite against mediation is certainly relevant to issues of word recognition and
spoken language understanding but it is by no means conclusive. As I have tried
to show, a number of the recent accounts that have explicitly denied the
existence of segments have actually tacitly assumed them anyway in their
analyses. TFor these analyses to work out correctly, segmental analysis must be
assumed in precompiling the LAFS network or in computing the acoustic-phonetic
input "on the fly" as in COHORT theory.

Some of you may wonder why I have had little to say in this paper about the
very earliest stages of speech processing and why I have not mentioned Motor
Theory, Analysis-by-Synthesis or even Feature Detectors, all of which suppose the
computation of an autonomous level of phonetic representation. Many theorists no
longer believe seriously that convincing evidence can be found for an autonomous
level of processing that is independent of syntax, morphology and semantics; that
is, an independent level corresponding to a linear sequence of phones. Moreover,
and perhaps more importantly, the questions of interest in speech perception
today are no longer ones dealing with the acoustic cues to nonsense syllables or
the perception of phonetic features, phonemes or syllables in isolated contexts.
Some of these are outlined in Table V. Instead, the major focus of recent work
and interest has now shifted to questions concerning word recognition and to a
more general concern for spoken language understanding, particularly the
processing of meaningful connected fluent speech by human 1listeners.
Investigators are much more interested in studying the perception of fluent
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speech under more "naturalistic" conditions where various sources of knowledge
can be used to support word recognition and language understanding. Hopefully
this special session on word recognition will serve as a catalyst to encourage
more research and discussion of these problems. There are many important basic

issues that need to be resolved; the most critical of which must surely be the
issue of representations in speech processing.
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Abstract

Recent research presented to the Society by Feustel, Luce, and Pisoni (1981)
showed that recall of synthetic word lists under conditions of increased load on
short-term memory is consistently poorer than recall of natural word lists. 1In
an attempt to extend these findings to the perception and comprehension of
continuous synthetic speech, we carried out an experiment in which subjects were
presented short meaningful passages of fluent synthetic or natural speech. After
presentation of each passage, the subjects were required to answer gquestions
keyed to various levels of linguistic information represented in the passages.
The results showed that the synthetically produced passages forced subjects to
attend more closely to the physical properties of the speech signal itself.
These findings indicate that synthetic speech places increased demands on the

cognitive processes involved in comprehension and understanding of meaningful
connected speech.
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At the 1last meeting of the Society, Feustel, Luce, and Pisoni (1981)
presented the results from a series of experiments involving recall of lists of
isolated synthetic and natural words. In these studies, we attempted to locate
the source of previously demonstrated difficulties in the perception of synthetic
speech. In particular, we were interested in determining whether the decreased
intelligibility of synthetic speech could be attributed to encoding or rehearsal
processes in short-term memory or whether these difficulties lie at some lower

level of processing, such as the extraction of acoustic-phonetic information from
the speech waveform.

To identify the factors that are responsible for the reduced intelligibility
of synthetic speech, we required subjects to recall short lists of synthetic and
natural words under various conditions of load on short-term memory. We reasoned
that if processing of synthetic speech places increased demands on short-term
memory, then reducing the available processing capacity should have greater

effects on subjects' ability to recall synthetic word lists than natural word
lists.

To assess the effect of reducing the capacity of short-term memory on the
processing of the speech stimuli, we presented both the natural and synthetic
word lists at three presentation rates: two, three, and five seconds per word.
We predicted that at faster rates of presentation the reduced capacity to encode
or rehearse the word lists would more severely reduce the number of synthetic
words recalled relative to the number of natural words recalled. Our predictions
were not borne out. Recall of the synthetic word lists was poorer overall, but

increasing presentation rate did not differentially affect recall of the
synthetic lists compared to the natural ones.

Because this manipulation of presentation rate may have placed too few
demands on short-term memory, we performed a second experiment in which subjects
were required to remember either zero, three, or five digits that were presented
visually on a CRT display prior to the presentation of the word lists. Again, we
reasoned that increasing the number of digits to be held in memory would reduce

the capacity for encoding or rehearsing the words, thus differentially affecting
recall of the synthetic word lists.

As in the first experiment, we found no differential decrease in recall of
the synthetic words as the number of digits to be remembered increased.

—— e

However, as Figure 1 shows, we did find that the number of subjects who were able

to correctly recall all of the digits decreased more rapidly for the synthetic
lists than the natural lists as the load on short-term memory increased from

three to six items. That is, performance on the digit task was differentially
affected by having to recall a list of synthetic words.
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In a third experiment, we were able to demonstrate more clearly the
differential role of capacity demands in the perception of synthetic word lists.
We .presented subjects with short 1lists of synthetic and natural words and
required them to recall the words in the exact order in which they were
presented. (In the previous two experiments subjects were allowed to recall the
words in any order.)

As Figure 2 shows, subjects' ability to recall the synthetic words from the
beginning of the lists was significantly reduced relative to the recall of the
natural words from the beginning of the lists. In other words, the primacy
portion of the serial position curve for the synthetic word lists--seen on the
left-hand side of this graph--was significantly lower than the primacy portion
for the natural lists, whereas the recency portions of these two curves--seen on
the right hand side of the graph--did not diplay such a difference. This
difference in the primacy portion of the curves indicates that subjects are
having relatively more difficulty encoding or rehearsing the earlier presented
synthetic words. This finding, in conjunction with the earlier findings,
strongly suggests that encoding and/or rehearsal processes in short-term memory
are differentially affected in the processing of synthetic speech relative to
natural speech.

Having identified one of +the factors that affects intelligibility of
synthetic speech, we were interested in assessing what effects, if any, these
increased processing demands would have on the perception and comprehension of
fluent synthetic speech. Recently, at a meeting of the Psychonomics Society,
Jenkins and Franklin (1981) reported that recall of the gist of passages of
synthetic speech is not demonstrably worse than recall of passages of natural
speech. However, they used very simple grade school materials and their recall
measure--memory for gist--was extremely insensitive. In light of our results
with recall of word lists, however, we expected that a more sensitive measure of
comprehension than free recall would reveal differences in the comprehension of
synthetic and natural texts.

Method

Materials. To measure subjects' comprehension of fluent text, four types of
questions were devised that were keyed 1o various levels of linguistic
information within the text. Examples of these are shown in Figure 3.
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‘The questions were based on those used in a recent experiment by Brunner and
Pisoni (1982). The first type of question was aimed at determining the subjects'
memory for the surface structural aspects of a text. Specifically, these
questions involved asking the subjects if a particular word had occurred in the
text. When the surface structure question was false, one of two types of foils
were presented: Either a "synonomous" word or a "rhyming" word could replace the
word that had actually occurred in the text.

The second type of question--the high proposition question--queried
subjects' memory for a particular theme or larger message in the text. The third
type of question--the low proposition question--examined subjects' memory for
some detail presented in the text. The labels "high" and "low" refer to levels
within the propositional hierarchy of the text (see Kintsch and van Dijk, 1978).
Propositions high in +this hierarchy are assumed to convey more general
information in the text whereas low propositions are assumed to convey more
detailed information. Finally, the inference question required that subjects
draw some conclusion that was not explicitly stated in the text. These last
three question types were constructed to examine subjects' comprehension of the
semantic information or content of the passages. In contrast, the first type of
question was designed to assess recall of structural information.

Procedure. Four groups of five subjects each were tested. Two of the
groups heard short passages of fluent connected speech produced by the MITalk
text-to~speech system and two groups heard passages read by a male speaker. Both
the synthetic and natural passages were identical in content. All passages were
digitized via a 12-bit analog-to-digital converter and presented to the subjects
through matched and calibrated Telephonics (TDH-39) headphones. The passages
were presented at 80 dB SPL against a background of wideband white noise at 50 4B
SPL.

Twelve passages were presented to all four groups. The first two passages
presented in each session were practice passages to familiarize the subjects with
thé experimental procedure and the speaker's voices. There were ten experimental
texts in all.

After presentation of a single passage, subjects were visually presented one
of each of the four types of questions on a CRT videodisplay monitor (GBC model
MV-10A). The order of presentation of the questions was randomized for each
text. Following each question subjects responded YES or NO to the surface
structure questions and TRUE or FALSE to the remaining questions by pressing the
appropriately labelled button on response boxes in front of them. Subjects were
instructed to be as quick but as accurate as possible. Responses and latencies
were recorded. The entire experiment was run under the control of a PDP 11/34
computer. .
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EXAMPLES OF COMPREHENSION QUESTIONS KEYED TO STRUCTURE OF TEXT

SURFACE STRUCTURE

o

DID THE WORD "FAIRLY” OCCUR IN THIS STORY?
DID THE WORD “REASONABLY” OCCUR IN THIS STORY?

DiD THE WORD "BARELY"” OCCUR IN THIS STORY?

HIGH PROPOSITION

THE LENS BUYER MUST BE CAUTIOUS. TRUE
THE LENS BUYER MUST BE WEALTHY. FALSE

LOW PROPOSITION

TRUE

FALSE (SYNONYMOUS)
FALSE (RHYME)

DEFICIENCIES OF LARGE-APERTURED LENSES ARE EVIDENT IN ENLARGED PRINTS. TRUE

DEFICIENCIES OF LARGE-APERTURED LENSES ARE NOT EVIDENT IN ENLARGED PRINTS. FALSE

INFERENCE QUESTIONS

THE BEST LENSES ARE NOT NECESSARILY EXPENSIVE.
THE BEST LENSES ARE USUALLY EXPENSIVE.

Figure 3.

TRUE
FALSE
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Results and Discussion

Figure 4 shows the reaction times for each question type for both the
synthetic and natural texts.

As expected from the earlier study by Brunner and Pisoni, reaction times were
fastest to surface structure questions, followed by high proposition, low
proposition, and inference questions, in that order. No differences were found

between response times for the synthetic and natural passages nor were there any
interactions.

Figure 5 shows the percent correct for each question type for the natural
and synthetic passages.

For the high, low, and inference questions we found significantly lower
performance for the synthetic versus natural passages, F(1,18) = 4.43, p < .05.
Comprehension of the semantic content of the synthetic passages does appear to be
affected relative to comprehension of the natural passages. Of special interest
here, however, is the reversal of these results for the surface structure
questions which resulted in a significant interaction, F(3,54) = 3.76, p < .02.
Recall that the surface structure questions were aimed at evaluating the
subjects' memory for particular words in the text. In this case, subjects'
performance was actually better for the synthetic passages than for the natural
passages, F(1,18) = 4.33, p < .05. This result is completely consistent with the
view that synthetic speech requires greater processing demands. If subjects must
spend more time encoding the surface phonological properties of synthetic speech,
they should subsequently be better able to answer questions aimed at addressing
memory for surface structure. Given that human observers are 1limited in
processing capacity, if more time is spent processing the surface structure of a
synthetic text, then comprehension will no doubt suffer as a consequence of
reallocation of resources. This is precisely what we found in this study.

Conclusion

These results clearly indicate that with sensitive enough measures of
comprehension and memory for fluent text, the increased processing demands
demonstrated for isolated synthetic word lists can be shown to generalize to the
processing of synthetic speech. We believe the line of research we have been

——,
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pursuing on the perception and comprehension of synthetic speech demonstrates
important limitations on the processing of synthetic speech by human observers.
Furthermore, these limitations have important implications for the implementation
of synthetic speech systems in less that ideal environments where human observers
are required to accurately and rapidly perceive and comprehend messages encoded
with synthetic speech. Under conditions of increased demand on the cognitive
mechanisms involved in speech processing, synthetic speech may detract from other
tasks the listener is engaged in as well as increase the probability of errors in
perception and comprehension.
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Abstract

Despite the extensive literature on the intelligibility of natural speech in
noise, relatively little is currently known about the deleterious effects of
noise on the perception (i.e., recognition, identification and understanding) of
gynthetic speech. This paper summarizes the results of a study that examined the
effects of noise on the intelligibility of synthetically produced monosyllabic
words using the traditional Modified Rhyme Test (MRT). Over a range of S/N
ratios, we found that synthetic speech suffers a greater decrement in performance
than naturally produced speech. Moreover, the decrement in performance was even
greater when the MRT response format was changed from a closed six-alternative
forced choice procedure to an open free response format. These findings have
implications for voice response systems that employ synthetic speech in noisy
listening environments where intelligibility of the linguistic message may be at
a premium.
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Within the next few years, there will be an extensive proliferation of
various types of voice response devices in man-machine communication systems.
Such systems will no doubt see application in situations such as: text-to-speech
reading machines for the blind, speaking aids for the deaf, talking computer
terminals, computer-aided instruction and sophisticated warning and informational
systems in aircraft as well as a variety of consumer oriented products. The
development of such automated voice response systems is no longer a matter of
basic research and product development--the technology is currently available in
the form of specialized speech processing devices which can be integrated into
numerous systems requiring voice I/0.

Over the last three years we have been carrying out a program of basic
research in our laboratory at Indiana University that is aimed, in part, at
gaining a better understanding of how human observers perceive and understand
synthetic speech that is generated automatically by rule. Our studies have
looked at traditional measures of phoneme intelligibility in isolated words as
well as perception of words in various types of sentential contexts where the
amount of top-down linguistic knowledge has been manipulated. In addition, we
have been exploring how human observers perceive, interpret and "understand"
relatively long passages of meaningful connected speech that have been generated
entirely by rule with a text-to-speech system. The results of these initial
investigations were presented at the ICASSP meeting by Pisoni & Hunnicutt in
1980. More detailed studies on "processing time" and short-term recall for lists
of natural and synthetic speech were presented at the Miami meeting of the
Society. And, several papers will be presented at this meeting extending our
initial work in a number of important directions.

Our earlier studies taken together with these more recent experiments using
a variety of experimental techniques and a number of different types of
perceptual and linguistic units suggest that important perceptual and cognitive
limitations are present when synthetic speech is wused in a variety of
psychological tasks from phoneme recognition to word recognition to spoken
language comprehension. Moreover, these differences in perception between
natural and synthetic speech manifest themselves not only in terms of measures of
response -.accuracy but also estimates of the psychological processing time
required to execute manual and vocal responses to synthetic speech signals.

We ©believe that well-motivated decisions concerning the choice and
implementation of various voice response systems cannot be made until a number of

important psychological problems are examined. Basic research in voice

— e,
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Sample Test Trials from the

Modified Rhyme Test
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technology is needed at this time on questions such as: (1) the effects of
various kinds of noise on perception of synthetic speech; (2) perception of
synthetic speech wunder various listening conditions requiring differential
cognitive and attentional demands; (3) processing time studies of recognition and
interpretation of synthetic speech; (4) effects of practice and familiarity; (5)
comprehension of fluent continuous synthetic speech and the dinteraction of
various knowledge sources in speech perception; (6) interaction of prosodic and
segmental cues in perception of synthetic speech; (7) comparative evaluations of
various commercially available speech synthesizers and synthesis-by-rule systems;
(8) relations between size of message set and specific task requirements for use
with synthetic speech; (9) questions surrounding naturalness and the effects of
using synthetic speech on intelligibility; (10) relationships between traditional
forced-choice measures of 1isolated word recognition and perception and
comprehension of words and sentences in fluent speech where many different
sources of knowledge interact in complex ways.

Research questions such as these should be examined wunder carefully
controlled laboratory testing conditions in which comparisons between
synthetically produced speech and natural speech can be undertaken. These
studies will need to be done under various attentional and task specific testing
conditions in order to map out the possible interactions between the observer,
signal and task demands. Moreover, relevant information concerning the
time-course of perceptual learning and adaptation to synthetic speech input
should be examined as well in these studies with both naive and practiced
observers since the amount of familiarity and experience with synthetic speech

substantially affects its perception and comprehension, particularly under
adverse listening conditions.

In the present paper we wish to report the results of a recent study that
examined the effects of noise on the intelligibility of synthetically produced
speech. To study intelligibility of isolated words, we used the Modified Rhyme
Test. The testing format is illustrated in Figure 3 below.

=

The Modified Rhyme Test is a six-alternative forced-choice procedure that
uses monosyllabic English words. We selected this test because it is reliable,
shows little effect of learning and is easy to administer to naive listeners.
Twelve groups of undergraduate students served as listeners. Six groups of
subjects heard the MRT words in the traditional forced-choice format; the other
six heard the same items in an open or "free-response" format in which they were
required to write down what English word they heard on each trial.

The synthetic stimuli were generated automatically by rule on the MITalk
text-to-speech system. The natural stimuli were produced by a male talker. The
300 test items from each set were digitized via a 12 bit A-D, stored on disk
files and then output via a 12 bit D-A during the actual experimental sessions.
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For each test format we examined performance for natural and synthetic words
at three different speech-to-noise ratios: +30, +20 and O dB. The speech was
always presented at an average of 80 dB SPL against a background of broadband
white noise which was attenuated for the particular conditions. All signals were

presented through TDH-39 headphones. The experimental sequences were controlled
on-line with a PDP-11 computer.

Figure 4 shows the overall performance for our twelve groups of listeners at
three S/N ratios. The closed response format is shown by the filled boxes, the
open response format is shown by the open boxes. Natural speech is displayed as
the triangles, synthetic speech is displayed as circles in this figure.

Notice that, in each case, performance for the synthetic speech is worse
than the natural speech. And, note in particular, that for both natural and
synthetic speech, performance is worse using an open free-response format than
the standard forced-choice format. The drop in performance is quite apparent as
we go from +20 to O dB for both natural and synthetic speech. We have not run
the +10 dB S/N condition yet but we plan to do so within the next few months.

Figure 5 shows a table of difference scores for natural and synthetic speech
as a function of testing format. The difference in performance at +20 and O S/N
is shown in each box. Notice that for the MRT closed format on the left, the
difference in performance is greater for the synthetic speech than the natural
speech. And, going from left to right, the differences are consistently larger
for the open format than the closed format. Turning to the open response format
shown in the right hand column, we see that the differences between natural and
synthetic speech are about the same, although the difference is slightly larger
for natural speech. Notice also that performance for both natural and synthetic

speech at O dB S/N ratio is extremely low and probably represents a floor effect
for the synthetic speech.

We had expected the differences in performance to be even larger for the
synthetic speech when the response format was changed from forced-choice to
free-response but the floor effect may have prevented this from occurring in this
experiment.

In summary, we have found that intelligibility of synthetic speech is
affected more by masking noise +than natural speech in the +traditional
forced-choice MRT format. ©Performance for both natural and synthetic speech
decreased when the same items were presented in a free-response or open format.

Our findings therefore suggest that synthetic speech may be affected to a greater
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NATURAL SPEECH

SYNTHETIC SPEECH

Figure 5.

MRT CLOSED OPEN RESPONSE
S/N S/N
+20 o) +20 o)
972 69.5 88.9 40.3
IN=27.7 N=48.6
S/N | S/N
+20 _O0 +20 _O0
89.4 566 735 289
N=32.8 N\=44.6

Difference scores for natural and synthetic
speech across the two types of response formats in
the MRT test.
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degree than natural speech wunder various conditions of signal distortion.
Moreover, such signal distortions may interact with the requirements of the
processing task and the observer to produce deliterious effects on speech
intelligibility that are unknown at the present time. Although there is an
extensive 1literature on the 1intelligibility of natural speech in noise,
relatively little is known about the effects of noise on the perception and
comprehension of synthetic speech. Our study represents a first attempt to
obtain empirical data on this issue. Other research dealing with the effects of
noise on word recognition in sentences and the interaction of different knowledge
sources 1s currently underway in our laboratory. We hope to report these
findings at future meetings of the Society.
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Abstract

At the last meeting of the Society in Miami, one of us (Pisoni) presented
results from a speeded classification task demonstrating increased processing
time for recognition of synthetic speech. In a lexical decision task, we showed
an overall increase in response time of 145 msec for synthetically produced words
and nonwords over naturally produced control items. Moreover, there was no
interaction between signal type and classification response suggesting that the
observed differences were due to early stages of perceptual analysis in which the
segmental representation is developed from the acoustic-phonetic input. In the
present investigation, we were interested in determining whether the observed
differences in processing time between natural and synthetic speech could be
attenuated or possibly eliminated by practice with the experimental materials and
task over several days. We ran ten undergraduate subjects for five days in the
lexical decision task. As expected, accuracy improved and latency decreased over
the test sessions. However, the relative differences in response latency between
natural and synthetic items remained roughly constant. Thus, the earlier
differences observed in this speeded classification task do not appear to be a
result of the subjects' unfamiliarity with synthetic speech. Rather they seem to
reflect real differences in the perceptual and cognitive processes used to
extract segmental information from the speech signal.
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Over the last few years, the field of voice technology has advanced at an

enormous rate. Within the next few years, there will be an extensive
proliferation of various +types of voice response devices in man-machine
communication systems. Such systems will be applied in areas such as:

text-to-speech reading machines for the blind, speaking aids for the deaf,
computer aided instruction, feedback devices in aircraft, and other complex
machinery. However, despite this progress, relatively little research has been
directed at Dbasic questions concerning how human observers process (i.e.,
perceive, encode and interpret) speech signals generated by these devices.

At the last meeting of the Society, Pisoni (1981) presented results from a
speeded classification task demonstrating increased processing time for
recognition of synthetic speech. Subjects performed a lexical decision task in
which they had to classify items as either "words" or "nonwords." The results
showed an overall increase of 145 msec in response time for synthetically
produced items over naturally produced control items. Moreover, there was no
interaction between signal +type and classification response. These results
suggest that the observed differences were due to early stages of perceptual
analysis in which the segmental representation is developed or extracted from the
acoustic-phonetic input. The experiment reported by Pisoni was run with naive
observers who had little, if any, familiarity with synthetic speech. It is not
clear how subjects might perform in the lexical decision task with practice and
with greater familiarity with the synthetic materials.

The present investigation was therefore designed to determine whether the
observed differences in processing time between natural and synthetic speech
could be attentuated or possibly eliminated by practice with the experimental
task and materials over several days. Ten undergraduate subjects performed a
lexical decision task for one hour a day for five consecutive days. The subject
was required to classify acoustic stimulus items as either a "word" or a
"nonword" as fast as possible by pressing one of two buttons located on a
response box in front of him.

- - - —

Figure 1 shows some examples of the word and nonword stimuli used in the
experiment. The nonword stimuli shown on the right were matched in number of
syllables with the word stimuli on the left. Subjects were presented with two
blocks of 100 trials on each day. Each block contained 50 words and 50 nonwords.
Half of the items in a block were natural speech tokens produced by Dennis Klatt,

and half were synthetic speech tokens produced by the MITalk text-to-speech
system.
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PROMINENT .
BAKED . .
TINY + o« s
GLASS . .
PARENTS
TOLD + + .
BLACK . .
CONCERTS .
DARK + +
BABBLE . .
1. criTIC |
12, BOUGHT . .
13, pAIN . .

O WOONOY UL EWN

—

14, GORGEOUS .

15, coLoreD

Figure 1. Examples

of

the lexical decision task.

word and

nonword

PRADAMENT
BEPT.
TADGY
GEEP
PEEMERS

TAVED

BAEP

CAELIMPS

DuT
BURTLE
CRAENICK
BUPPED
GAETLESS
COOBERED

stimuli used in
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The results are shown in Figure 2. On the left are the results for word
stimulus items and on the right are the results for nonword stimulus items.
First, please direct your attention to the error rates that are shown at the
~bottom of the slide. Notice that the error rates for natural words and nonwords
remain relatively constant for Days 2, 3, 4, and 5. The error rates for
synthetic words and nonwords decline over days. However, the difference was only
reliable for synthetic words.

The panels at the top of the slide display response times for correct
responses to word and nonword stimuli. The response times for natural speech
stimuli are consistently faster than the response times for the synthetic
stimuli. The overall difference is 89 msec. As shown in the slide, the natural
versus synthetic difference is greater for words than for nonwords. Notice that
although there is a decrease in response time over days, the difference between
natural and synthetic stimuli is maintained.

Since the present investigation was primarily concerned with a change in the
observed differences in processing time between natural and synthetic speech with
several days practice, a comparison of the results obtained by Pisoni (1981) and

the fifth day of practice in the present investigation was of special interest to
UsS. ) ;

—— e — e " e o

The panel on the left of this figure displays the averaged results of Day 1
in the Pisoni (1981) study. On the right are the results of Day 5 for the
present investigation. Notice that overall the results are very similar, except
that the responses for the fifth day are faster.

Therefore, while overall accuracy increased, and response times decreased
across the 5 day period of this study, the relative differences in response
latency between natural and synthetic items remained roughly constant. It
appears, therefore, that the earlier differences observed in the speeded
classification task are not primarily a result of subjects being unfamiliar with
synthetic speech. The present investigation demonstrates that practice over a
five day period does not eliminate the observed differences in processing time
between natural and synthetic speech. Thus, the differences in response latency
reflect real differences in +the perceptual and cognitive processes used to
extract segmental information from the speech signal, particularly for
synthetically produced speech signals.

Although the effects of short-term familiarity do not appear to improve
performance in perception of synthetic speech, it is not clear what the effects
would be for very long term practice in listening to synthetic stimuli (i.e.,
over a period of several weeks or months). Obviously, further studies will need
to be conducted to determine the effects of long-term practice and the exact
locus of these perceptual and cognitive differences in the human information
processing system. For the present, however, our results and the ones presented
earlier in Miami by Pisoni demonstrate reliable and potentially important
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differences in processing time for recognition of synthetic words and nonwords.
Such processing time differences in perception between natural and synthetic
speech may well have important implications for applications where a human
observer's attentional resources are severely limited. Such situations include
having to process and respond to information from several sensory modalities at

the same time, such as in +the <cockpit of an aircraft, or in complex
command-control environments.
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Abstract

Findings from previous perception studies examining the effects of semantic
and syntactic language constraints showed that subjects' performance was best
when constraints were not violated and worst when both constraints were violated.
The present study was an attempt to assess these findings for the production of
speech. Subjects read grammatical, anomalous, and ungrammatical isolated
sentences and grammatical, anomalous, and ungrammatical passages. Words from six
lexical categories were digitally measured. The results show that speakers use
nouns and adverbs as semantically governing units, or "islands of reliability”.
The results indicate that semantic constraints are more important in the
production of speech than syntactic constraints. The differential effects of

context may have implications for the development of data bases used in automatic
speech recognition.
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Several years ago a series of studies was undertaken to determine .how

perception and comprehension of sentences were affected when syntactic and
semantic constraints were violated.

Miller and Isard (1963) asked subjects to shadow fifty grammatical, fifty
anomalous, and fifty ungrammatical sentences. Examples of these are seen in the
first figure. They found that percent correct shadowing increased as a function
of sentence type and concluded that semantic and syntactic rules were involved in
sentence perception. Marks and Miller (1964), again using grammatical,
anomalous, and ungrammatical sentences, found in a free recall task that subjects
were able to recall sentences better when fewer semantic and/or syntactic rules
were violated. Wang (1970) found that subject comprehension ratings and
recognition memory was best for grammatical sentences and worst for ungrammatical
sentences; anomalous sentences consistently fell in the middle.

These three studies address only how a listener responds to violations of
syntactic and semantic rules in perceptual and memory tasks. In the following
study we examined how a speaker acts in producing these violations.
Specifically, we were interested in what would happen to durations of individual
words from six lexical categories when semantic and/or syntactic rules were
violated. The six lexical categories examined were: nouns, verbs, adjectives,
adverbs, prepositions, and articles. We expected that for all lexical categories
duration would be influenced by the sentence type. That is, duration of a word
would be 1longer in an anomalous sentence, with semantic violations, than a
normal, grammatical sentence. Duration would be longest in an ungrammatical
sentence, which has both semantic and syntactic violations.

Experiment 1

In the first experiment, the sentences generated by Miller and Isard were
randomized by computer and presented individually on a CRT monitor to seven paid
subjects from Indiana University. The subjects were asked to read each sentence
aloud. Their productions were recorded on audio tape by one of the
experimenters.

Five to nine tokens from each of the six lexical categories--nouns, verbs,
adjectives, adverbs, prepositions, articles--had been selected before the
recordings. The target words were measured from digital oscillograms of the
recordings to the nearest .001 second.
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EXAMPLE SENTENCES

(FRoM MILLER AND ISARD, 1963)

GRAMMAT ICAL:

THE BRIGHTLY COLORED TOYS PLEASED CHILDREN.

THE SECRET MIRACLE' INGREDIENT WORKED WONDERS,

ANOMALOUS:

THE NATIONALLY DISGUISED TOYS COVERED CUSTOMERS.

THE FRENZIED GREY INGREDIENT FRAYED AUTOGRAPHS,

UNGRAMMATICAL:

NEEDED ADVERTISED CLEVERLY THE TOYS STREETS,

AUTOGRAPHS LATIN MARE WORKED STICKY THE.

Figure 1.
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The results are shown in the second figure. The two panels show the mean
durations for each 1lexical category across grammatical, anomalous, and
ungrammatical sentences. There are significant differences in duration across
the three types of sentence contexts for all function words in the left panel and
for all content words in the right panel, except for nouns and adverbs. The
significant differences at the p < .05 level are on the order of 70 msec for
adjectives, 70 msec for verbs, 40 msec for prepositions, and 80 msec for
articles. Where the durations are significantly different, they are shortest for
the grammatical sentences and 1longest for the ungrammatical sentences, with
anomalous between, as we expected.

These results indicate that word duration for most syntactic categories is
lengthened when semantic rules are violated and lengthened even more when both
syntactic and semantic constraints are violated. However, nouns and adverbs
appear to remain constant, suggesting that they may act as some informational
unit for the speaker, perhaps as "islands of reliability". The observance of a
lack of a uniform durational effect across all categories suggests that violation
of semantic and syntactic rules in speech production is more complex, at least
for content words, than we initially expected.

Chomsky (1965) has argued that verbs and adjectives are selectionally
restricted by a relatively free noun. Nouns therefore semantically restrict or
govern the choice of a verb and adjective. Adverbs, although much less studied,
also act in a more unrestricted manner (Chomsky, 1965; Jackendoff, 1972;
0'Shaugnessy, 1976). Adverbs are very rich in meaning and could provide for a
stricter, more informative semantic interpretation of a sentence when they are
present. A speaker may therefore treat nouns and adverbs as semantically
governing units and then compensate in speech production for the other syntactic
categories through increases in duration.

Experiment 2

A second experiment was carried out to see if we would obtain these same
results when the same six lexical categories occurred in grammatical, anomalous,
and ungrammatical passages of fluent text. In short, we wanted to see if greater
context would affect +the durational results found with isolated sentences;

particularly if nouns and adverbs maintained constant durations across these
contexts.

A reading passage about geology served as the grammatical passage.
Anomalous and ungrammatical passages were constructed from this. Three Indiana
University undergraduates were recorded while reading the passages aloud. Target
words were then digitally measured as in the first experiment.
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The third figure shows the results of this experiment. As in the previous
experiment, for all content words and function words the mean durations are
shortest for the grammatical passages. However, only nouns and adverbs show
gsignificant durational changes across the three types of contexts. These
significant differences are on the order of 80 msec for both nouns and adverbs.
Context appears to reverse the findings of the first experiment.

Looking only at the content words in the right panel of the figure, we see
that mean durations for adverbs and nouns in the anomalous and ungrammatical
contexts are much longer in relation to their mean durations in the grammatical
context, but there is little difference in mean duration between the anomalous
and ungrammatical contexts. Again, anomalous and ungrammatical passages are
gimilar because they both violate semantic rules. They are different, however,
in that only ungrammatical passages violate syntactic rules as well as semantic
rules. The minimal durational differences between anomalous and ungrammatical
sentences suggest that syntactic violations do not produce lengthening in nouns
and adverbs. Thus, meaning may be the most important constraint for lexical
categories which selectionally restrict other categories in the grammar or which
provide for a richer semantic interpretation of a sentence. Moreover, given more
context, violation of semantic constraints affects the duration of those lexical
categories which act as restrictive semantic units for the speaker.

Summary and Conclusion

This study suggests that speakers are sensitive to semantic and syntactic
constraints in the production of speech. One way speakers compensate when these
constraints are violated is by lengthening the durations of words in sentences.
However, we did not find that all lexical categories acted alike nor that all
categories necessarily varied in duration despite the same rule violations.

The most interesting result, in our view, involved the content words. Nouns
and adverbs consistently opposed verbs and adjectives in the isolate sentences
and in connected text. We noted that nouns and adverbs have traditionally been
thought to be semantically more important categories in the grammar. As such,
they serve as governing units for the speaker when semantic violations occurred.
In the isolated sentences, where the context was limited, speakers used these
categories to stabilize the violations, and did not need to compensate with
longer durations. However, the other categories were lengthened in order to
compensate for their violation of the governing units. On the other hand, when
anomalous and ungrammatical sentences were embedded in longer passages, the
speaker over-compensated for the violations by lengthening the units--nouns and
adverbs--which semantically govern in an attempt to rectify the violations by
emphasizing their function in the grammar. Verbs and adjectives were, then, not
the speakers' focus; these categories were produced at their inherent durations
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for the speakers regardless of any violations. We suggest that a larger context
depends more heavily on semantic constraints for individual sentences within it.
Moreover, we suggest that semantic constraints may be more important for the
speaker than syntactic constraints and, in turn, these appear to influence the
speaker's control over the durations of words in speech. We believe the results
of this study may have implications for the construction of large-scale data
bases which have been used recently in speech recognition systems. If the
durations of words 1in sentences are affected by semantic and syntactic
constraints, such factors will obviously have to be incorporated in some way into
the algorithms currently used to recognize the acoustic-phonetic properties of
words in fluent speech.
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WAVMOD was developed to provide a comprehensive integrated package for
manipulating natural and synthetic digitized acoustic waveforms. The WAVMOD
program consists of a support structure and various signal processing routines.
The support structure is composed of stimulus file handlers, a level control
system, a segment file management system, and an operation logging system. The

signal processing routines provide the means to modify or replace digitized
waveforms.

WAVMOD Functions

The fundamental modifications are signal replacement operations. These
replacements consist of +tone, envelope noise, and white noise. A fourth

modification, level adjustment, is available as an independent commahd, as well
as within the other modification commands.

An important feature of WAVMOD is that it provides the user with the
capability to modify a digitized speech stimulus file entirely, or by selected
segments. Another program on the SRL system, WAVES, provides the facility to
view, edit, and preview digitized signals (see Luce and Carrell, 1982). Waves may
be used in conjunction with WAVMOD to define segment times. Since modification

proceeds on a sample-by-sample basis, the resolution of the segment time is .1
msec for a 10KHz sampling rate.

WAVMOD was designed to accommodate novice and experienced users without
sacrifice of speed or clarity. An independent monitor screen is utiligzed as an
adjunct to +the terminal screen for display of menu information that would
otherwise cause loss of program continuity if presented on the terminal screen.
The adjunct screen displays include the WAVMOD session 1log, SEGMENT file
contents, and options within the commands. Furthermore, the user can invoke a
display of menus or options by simply typing a carriage return in response to a
prompt. These two features provide important information to the novice, yet the
experienced user need not be burdened with unnecessary detail. The parameter
prompts allow default values to further simplify the user interaction. At various

points in WAVMOD, the user may abort the current command and return to the WAVMOD
command entry.

WAVMOD uses special terminology for the input and output stimulus files to
emphasize their functions in this system. The input file is refered to as the
SOURCE file, and the output file is the RESULTANT file. In addition to the
stimulus files, LOG files and SEGMENT files are created and maintained by WAVMOD.
The LOG is a text record of all WAVMOD operations, and is compatible with
sequential access text files. A LOG file is kept with a stimulus file as a "lab

notebook"” to ensure that detailed documentation of the stimulus generation is
available.
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Additions to the Original Package

The menu of WAVMOD modifications has been expanded to include glottal-like
modulation of the SOURCE waveform (generally time varying sinusoids), and a
signal and noise mixer. To accommodate the needs of new experimental paradigms, a
user command was installed to provide a mechanism for expansion without the need
for alteration of the program's core structure. With the US subroutine, a
knowledgeable programmer can develop software, in a cookbook fashion, to
implement specialized replacement or signal processing modifications. The current
SRL system version of WAVMOD has a user extension configured with five new
commands. The first two invoke a second digital signal mixer which is used to
combine two signals together with selectable level ratios. The second pair of
commands form a versatile digital filter system to meet specialized requirements
not available with analog equipment, and the last command performs infinite peak
clipping. The WAVMOD menu is listed in Table 1.

WAVMOD Hardware Requirements

The basic version of WAVMOD (not including the user extensions) can operate
with an RKO5 disk drive, EIS arithmetic and 28k of memory with the DEC RT-11 SJ
operating system. The SRL system configuration that supports the full version of
WAVMOD is considerably larger. The disc drive used for the digitized file is an
80mbyte CDC 9762 unit. A VRM-11 video monitor and a VI-100 terminal provide the
user interface facility. In addition, an FP-11A floating point hardware unit and

80k of extended memory support the advanced signal processing features.
(see Forshee, 1979)

WAVMOD File Commands

The OW command invokes the disc file management system. Stimulus file
names can be any six character name, but the device name and the extension are
added by WAVMOD. These are (DK:) and (.STM) respectively. Stimulus files are
composed of a header block and one or more blocks of digitized waveform. The
header block contains the name, date and time of creation, a one line user
description, and the length of the file in minutes and seconds. There are two
basic modes of file handling. The first is an input copy to an output file. The
second is a single file mode, where the file is quite long and more efficiently
copied in the monitor. In addition to the file open command, there are two
associated commands. The first is the abort command, AB, which terminates all
WAVMOD activity and returns control immediately to the monitor. The second
command, EX, completes the transfer of the remaining portion of the SOURCE file
to the RESULTANT file and exits WAVMOD. The copy process in the exit command can
represent a substantial period of time for a long file. The AB command skips this
final transfer and deletes the RESULTANT file to avoid consuming excess time.
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AB
EC
EN
EX
GL
LT
LV
ML
oW
QF
SF
SN
TO
Uus
VL
WN

Table 1

WAVMOD COMMANDS

ABORT AND RETURN TO MONITOR IMMEDIATELY
EXPERIMENT CONTROL FLAG ENTRY

ENVELOPE SHAPED NOISE

EXIT (CLOSE FILES AND RETURN TO MONITOR)
GLOTTAL MODULATION

LISTEN TO RESULTANT

SEGMENT LEVEL ADJUST

MEASURE AND RECORD SEGMENT LEVEL

OPEN NEW FILES (CLOSES OLD FILES)

QUERY FILE NAMES AND TIME POINTERS
SEGMENT FILE CREATION

SIGNAL TO NOISE MIX

TONE REPLACEMENT

USER EXTENSION

VIEW CURRENT SESSION LOG

WHITE NOISE REPLACEMENT
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The scope of WAVMOD operations within a stimulus file is controlled with a
SEGMENT list. The SEGMENT files command, SF, is used to create, SEGMENT lists,
and to save them on disc as SEGMENT files. The SEGMENT file has the same six
letter name as the stimulus file, but uses the .WSF extension. Segments are
identified by number from one to a maximum of sixty four. The SF command gives
the user considerable flexibility in creating, modifying and saving SEGMENT
lists. Table 2 provides a list of the SF command options.

Segment control within the commands permits the user to establish one of
three modes. Option 1 starts the command operation at the current file pointer
time, and stops at the end of the file. This option is selected when modifying a
complete stimulus file. Option 2 allows a list of segment times to be entered
from the keyboard to define one or more segments for the command. Option % copies
the SEGMENT file 1list established by the SF command into the segment control
buffer. Two additional options are available to view the SEGMENT list, and to
abort the command in the case of an error.

Level Control

Waveform energy may be adjusted with command LV and in replacement
modification commands. The level of the segment may be a level relative to the
input waveform, or an absolute level. The user is asked to establish level
control at the start of each segment in a command. When segment control options 2
or 3 are in effect, two or more segments will be modified in a WAVMOD command.
Group mode duplicates the user's responses from the first segment of the group
for all subsequent segments within a command. Group control provides automation
to the WAVMOD system, substantially reducing time in generating large numbers of
new stimuli. All level control options are valid in the group mode.

Two options are available for replacement modifications. The equivalent
RMS level adjustment, E, provides a means of control with reference to the level
of the input waveform. A measurement of the input segment is added to an offset
gpecified by the user. The resulting value then controls the replacement signal
level. Peak 1level, P, is used to set an absolute peak level for replacement
signals. Since replacement signals have a defined ratio of peak to RMS (tone RMS
is 3 dB below peak, and white noise BMS is 6 dB below the peak), the absolute RMS
can also be set with the P option.

Level adjustment of the SOURCE can be controlled in three ways. Control
relative to the RMS level of the input signal, R, allows a new level to be
specified as an offset. Peakclips are calculated prior to modification and the
user is given a warning message. The offset may then be changed to provide the
proper maximum. Scaling, S, applies a direct ratio to the SOURCE to produce a
new level. The ratio can be considered in terms of either peak or RMS since for
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Table 2

The SEGMENT File Command Options.

DESCRIPTION

Modify the current segment file list by adding an offset
to the beginning time of all segments.

Change the begin and end times of a segment. The range of
the new values starts at the previous segment end time, and
extends to the following segment begin time.

Display the contents of the current SEGMENT file on the

VR monitor screen.

Modify the current SEGMENT file list by subtracting an
offset from the end time of all segments.

Insert a segment after the segment specified.

Keyboard entry of a SEGMENT list is the first step in
creating a SEGMENT file. Up to 64 nonoverlapping
sequential SEGMENT time pairs may be entered.

Load the SEGMENT file from a disc SEGMENT file.

Print (record) the current SEGMENT list in the WAVMOD log.
Remove the specified segment from the list.

Save the current SEGMENT file list as disc file.

Exit the SF command and return to WAVMOD command entry.
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scaling, the results are the same. The scaling control is useful for reduction of
a signal when the absolute value or the result is not of concern. Scaling
provides a warning for peak clips prior to segment modification. The target
level control adjusts the signal to an absolute RMS value. The dB value provided
by the user and the measured RMS level of the SOURCE are used to calculate an
offset ratio. This ratio is then used to adjust the SOURCE level to the target
level. As in the relative control, the user is given a warning about clipping
prior to the modification.

In addition to the level control options, there are two other functions of
the level control system. The first is the ramp control option K. Attack and
decay rate (ramps) of a signal are important in suppressing onset and offset
clicks. The tone replacement operation enables the ramping option automatically.
The default values for the ramp durations have been set to 20 msec (determined
with listening tests on the SRL headphone system). The last function is the
measurement option, M. This option measures three aspects of the segment signal
level. These are the RMS level, the peak voltage, and the peak voltage expressed
in dB. The RMS level is a good indication of relative loudness, while the peak
value must be considered in order to avoid clipping distortion. The SRL system
uses 12 bit A/D and D/A converters which have a maximum peak level of 10.24 volts
(66.2 dB above .005 volts).

WAVMOD Modification Commands

WAVMOD signal modifications are the heart of the system. There are six
operations in the core version of the program. Level adjustment of the input
waveform may be performed with the level control system. Additionally, attack and
decay ramps can be imposed on the waveform with this command.

Tone replacement generates a pure sinewave tone which may be used to
replace the signal in the specified segment. The frequency range for the tone may
be from 50 to 4800 Hz. Envelope shaped noise follows a procedure developed by
0'Malley and Peterson (0'Malley, 1966). This procedure preservesthe

instantaneous envelope and exact RMS energy of the waveform while obliterating
formant and related spectral cues. The SRL digital version is implemented with a
large normally distributed pseudo random table that provides a number sequence.
Values from the sequence are compared to a switch point value which, when
exceeded, reverses the signal's polarity. The switch point is set to a level
that produces a mean reversal rate of 3000 times per second.

In the Signal-to-Noise mix operation, the SOURCE signal is mixed with a
background signal of Tone, Envelope noise, or White ©Noise. White noise
replacement replaces the SOURCE waveform with White Gaussian noise. The second
standard deviation of the noise (Z=2) is used as a reference for the level
control by arbitrarily making it the peak voltage reference. The average peak
level will be 6dB above the RMS, but 4% of the peaks will clip.

The function of the glottal modulation command is to impose a triangular
envelope on time varying sinusoids. The effect of this manipulation is to give
sidebands to the component tones of the SOURCE. Spectrograms of resulting

-281-



5
WAVMOD

waveforms contain patterns similar to those of speech formants. In addition,
vertical striations of the glottal pulses are present in wideband spectrograms.

Utility Commands

Several utility commands are available to give the user access to various
types of information. SOURCE file level can be measured with the ML command. This
is useful for verification of stimulus levels. A listening test command allows
the user to review the results of a modification with the audio system. QF will
display the current file time pointer, and the file names of the SOURCE and
RESULTANT, and VL provides a display of the LOG file on the video monitor.

The experiment control command inserts control flags into the stimulus
file. The digitized audio data requires 12 bits of the 16 bits in each PDP-11
data word. The remaining four bits will be utilized as real-time flags to signal
one of 15 possible conditions. These can be hardware controls, or program flags.
The flags will be accurate to .1 msec for precise sychronization to the waveform.
(The DAC hardware to intercept these flags will be implemented very shortly.)

The User Command system

The US command invokes the user extension system. This is a system of
program expansion to enable the addition of new modifications in a structured
manner. USER commands comprising three special modification systems are presently
available in WAVMOD. The most complex is the digital filtering command. The
filter is of the direct form type, and can implement 62 poles and 63 zeros. The
filter coefficients are obtained from a common array that is loaded with the LC
command. Filters are designed using routines from the IEEE signal processing
package. (The Digital Signal Processing Committee of the IEEE, 1979). The load
coefficient command can input a filter parameter file or select one of several
immediate mode standard filters. These standard filters are of a general purpose
nature and may be used with 1little knowledge of the complexities of filter
design.

The signal mixer combines the SOURCE file segments with the signal in the
mix buffer in a sequential fashion. The buffer pointer may be cycled, so that the
contents can be used repeatedly. The load mixer buffer command takes a signal
from a SOURCE file that is to be a background signal and loads it into the mixer
buffer. This buffer is 80k words of extended memory.

The infinite peak clipper amplifies the SOURCE signal to remove all level
information. The zero crossings are preserved, and the peak level is 66 dB. The
output can be obtained as either the clipped signal, or as a series of narrow
spikes that indicate polarity and axis crossings.
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Session Example

A WAVMOD session 1is presented to provide an example of the user
environment. A 1000 Hz tone is to be inserted into a stimulus consisting of a
2000 Hz tone. A SEGMENT file will be created to save the segment times for later
use in a perceptual experiment.

The first step is the RUN WAVMOD command in the RT-11 monitor. File option
1 is selected to open the files. The SOURCE name specified is TONE, and the
RESULTANT name is TUTOR. An identifier line for the file header is also entered.
WAVMOD now requests a command entry. For the first operation, the SF command is
gelected. The K option provides for the entry of a SEGMENT 1list. The segments
are: (.1,.15) (.2,.25). The segfile list is now displayed on the video screen.
The S option saves the file on disc, and the X option returns control to the
WAVMOD command entry. Figure 1 shows the LOG record that was generated by this
sequence of WAVMOD commands.

The TO command is used to insert a tone into the the file. Segment control
option 3 is used to specify the SEGMENT list that was created in the SF command.
A frequency value of 1000 Hz is entered for the tone. The group level control
mode is used, and option P selects peak level. The default peak dB level is used.
WAVMOD begins modification with segment time messages on the terminal screen to
provide an indication of progress. If any peakclips occur, the user is informed
of those immediately. When tone is finished, the the EX command will end the
WAVMOD session. Figure 2 is a WAVES display of the first segment of the waveform
after modification. Note the ramps at the start and end of the inserted tone.

Summary

WAVMOD has been in use for over one year in our laboratory. It has been
successful in meeting it's initial goals of signal modification, and has
demonstrated flexibility in supporting expansion in a variety of directions. The
modular design of WAVMOD will be able to support future signal processing needs
with various additions of custom FORTRAN modules to the current program version.
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WAVMOD SESSION LOG 20-MAY-82 @ 14:37:17

>TONE.STM (SOURCE) WAS CREATED WITH WAVMOD ON
TEST TONE OF 2000 HZ AT 60DB RMS.
>TUTOR.3TM (RESULTANT) DURATION=

REPLACE SEGMENTS OF THE SOURCE WITH TONES.

#SEGMENT FILE ENTERED

1= 0.1000, 0.1500 2= 0.2000, 0.2500
#SAVE SEGMENT FILE

SEGMENT FILE: TUTOR.WSF CREATED ON:
2 SEGS FOR TUTOR

1= 0.1000, 0.1500 2= 0.2000, 0.2500

4TONE REPLACEMENT
0.1000, 0.1500 53.00 DB RMS(P @ 56.00 DB) AT=

0. PEAK CLIPS
0.2000, 0.2500 53.00 DB RMS(P @ 56.00 DB) AT=
0. PEAK CLIPS

PAGE 1 (NL= 22)
28-APR-82 @ 18:18:34

0.3216 SECONDS

20-MAY-32

20.0M8, DT= 20.0MS
FREQUENCY=1000.HZ
20.0MS, DT= 20.0MS

FREQUENCY=1000.HZ

** SOURCE FILE TONE.STM AND RESULTANT FILE TUTOR.STM ARE CLOSED **

Figure 1. WAVMOD session log for the tutorial

Notes:

1. > designates stimulus file names.

2. # marks the WAVMOD operation to follow.

3. 0.1000, 0.1500 are the first segment times

4. 53 dB is the level for the segment.

5. P@ 56 dAB is the level given in the Peak option.

6. AT, DT are the ramp times.
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Introduction

WAVES is an interactive program for creating and editing waveforms on the
PDP-11/34 computer in the Speech Research Laboratory. The version of WAVES
currently implemented on our system was adapted by Tim Smith from an earlier
version of the program written for the PDP-11/40 computer in the Psychoacoustics
Research Laboratory at Northwestern University (Smith, 1981). WAVES was designed
to provide users with a powerful and flexible means of measuring and editing
digitized waveforms through the use of interactive computer graphics. Since its

implementation, the WAVES program has proved to be an invaluable research tool in
our laboratory.

WAVES was written in Macro-11 and runs as a background job under the RT-11
foreground/background monitor. In addition to the PDP-11/34 computer, the
hardware used by WAVES includes an ADDS Regent 100 console terminal, two 80
megabyte CDC disks, a DEC VT-11 graphics display system, 12-bit analog-to-digital
and 12-bit digital-to-analog converters, and floating-point processor hardware.
The two 80 megabyte disks are used for creating and temporarily storing waveform
files. In principle, at a sampling rate of 10 kHz a maximum of 133 minutes of
digitized waveforms can be stored on each disk, although in actual practice some
disk space is used for storage of the operating system and other system programs,
including WAVES. Hardcopies of the graphics displays created by WAVES using the
VT-11 display system can be obtained by copying the display to a Tektronix 4010
terminal and using a Tektronix 4631 hardcopy unit (see Forshee, 1979).

WAVES Command Modes

The WAVES program operates under two command modes: an edit mode and an
immediate mode. Each command in the edit mode consists of two characters, the

first of which is always an E (for "Edit"). The edit mode commands are given in
Table 1.

The edit mode commands are primarily wused for inputting and outputting
waveform files; that is, for sampling from the analog-to-digital converter and
for playing waveform files over the digital-to-analog converter. These commands
are also used for establishing and deleting begin and end marks within a waveform
file, making measurements, and performing various kinds of utility functions.

Immediate mode commands are single characters used to control the display of
the waveform file on the screen of the VT-11 display system. WAVES immediate
mode commands are given in Table 2.
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Command

EA

EB

EC

ED

EE

EH

ET

EJ

EX

EM

EN

EO

EP

ER

ES

ET

EW

EX

EZ

Table 1.

WAVES Edit Mode Commands
(Adapted from Smith, 1981)

Action
deletes begin marker
marks begin point of edit segment
closes output file
deletes begin and end markers
marks end point of edit segment

dislpays immediate mode keypad
configuration (help command)

copies VT-11 display to the Tektronix
4010

Jumps toe any point in the waveform file
kills output file

types the menu of WAVES optiens on the
terminal

deletes end marker
writes edit segment to output file

reproduces waveform over the D/A
converter

establishes input file

samples from the A/D converter
changes sample rate
establishes output file

exits from WAVES

writes specified number of =zeros *to
output file
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Sampling and Reading Waveform Files

Upon entering the WAVES program, the user must give one of two edit mode
commands: BES or ER. The BS ("Edit Sample") command causes WAVES to sample a
waveform from the 12-bit analog-to-digital converter. After issuing the ES
command, WAVES prompts the user for a file name and for the length in seconds of
the waveform to be digitized. Waveforms may be digitized from either a
previously recorded audio tape or on-line from a microphone at a remote user's
station. After sampling, WAVES asks the user if he/she wishes to open the
waveform file. If the user responds YES, the waveform is displayed on the VT-11
display screen. If the user responds NO, WAVES is ready to digitize or edit
another waveform or to return to the monitor.

The second edit mode command that may be issued upon entering WAVES is ER
("Edit Read"). This command allows the user to open an already digitized
waveform file. If the file exists, it will be displayed on the VT-11. If the
file is not found, an appropriate error message is given to the user.

Waveform Display and Immediate Mode Commands

An example of a waveform display is shown in Figure 1.

s e o -

The display shown in Figure 1 covers an effective 1024 points of the digital
waveform, although only every other point is displayed in order to reduce
flicker. Time 1s represented on the horizontal axis and amplitude in volts is
represented on the vertical axis. Because this waveform was digitized at a
sampling rate of 10 kHz, the time window of this display is 102.4 msec, as
indicated in the upper right-hand corner of the display. Also shown in the upper
right-hand corner is the amplitude of the waveform at the center-line cursor (the
vertical line in the center of the display) and the name of the waveform file.
In the left-hand corner of the display, the locations in seconds of the begin and
end marks are shown. The duration of the waveform segment between these two
marks is also shown. In this display, no begin and end marks have been
designated, so the location of these marks has defaulted to the beginning and
ending of the waveform file.
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Key Label

STOP SCROLL

SCROLL <

SCROLL >

POINT <

POINT >

VIEW MODE

READOUTS

RESET TIME

Table 2.

WAVES Immediate Mode Commands

(Adapted from Smith, 1981)

Action

stops scrolling of waveform display on
VT-11

scrolls waveform display toward beginning
of file

scrolls waveform display toward end of
file

steps waveform display one point toward
beginning of file

steps waveform display one point toward
end of file

changes size of display window on VT-11

toggles numeric readouts on VT-11 on - and
off

resets time 0.0 sec to the point in the
waveform file currently displayed at the
center line cursor
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Once displayed, the user has a number of options in viewing the waveform
using the immediate mode commands. The immediate mode commands are assigned to
the O through 7 keys and thus can be conveniently invoked using the numeric
keypad on the ADDS terminal. Return is not required after an immediate mode
command. Striking the 1 key causes the waveform to scroll off to the left of the
VT-11 screen toward the beginning of the waveform file. Striking the 2 key
causes the waveform to scroll in the opposite direction. Repeatedly striking
either of these keys causes the scroll rate to increase. When the display is
scrolling in one direction, striking the key to scroll in the opposite direction
causes the scroll rate to slow; with repeated striking, the direction of the
scroll will reverse. Scrolling may be stopped at any time by striking the zero
or "stop scroll” key. Keys 4 and 5 may be used to scroll the waveform display
one point at a time for more precise control when editing waveforms.

Three additional immediate mode commands are "view mode", assigned to the 3
key, “"reset time", assigned to the 6 key, and "read outs", assigned to the 7 key.
The "view mode" command causes the normal waveform display of 1024 points to be
reduced to 256 points, thus reducing the time window to 25.6 msec and thereby
expanding the waveform display. Figure 2 shows an expanded portion of the
waveform shown in Figure 1.

o

Striking the "view mode" key again causes the display to revert to the
normal time window. The "reset time" command causes the zero time reference
point--originally at the beginning of the file--to be set to the location of the
center-line cursor, which can be defined by the user. Finally, the "read outs"
command allows the user to erase the read outs from the top corners of the
display. Striking the 7 key again redisplays the read outs.

Measuring and Editing a Waveform File

WAVES allows fast and precise measurement of segments within a waveform
file. When an input file has been activated, the beginning of the segment to be
measured can be located using the immediate mode commands. Once the center-line
cursor is positioned exactly at the beginning of the segment to be measured, the
EB ("Edit Begin") command can be used to establish the begin mark. The
center-line cursor may then be moved to the end of the segment being measured and
the EE ("Edit End") command may be used to establish an end mark. Upon
establishing the end mark, the duration of the segment will be shown
automatically in the upper left-hand corner of the display. Figure 3 shows a
portion of a waveform with the begin and end marks established.
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Insert Figure 3 about here

By employing the immediate mode commands to position the begin and end
nmarks, editing of waveform files becomes a simple process that is conceptually
similar to manual splicing of audio tape. Once the cursors are positioned at the
desired points within the waveform file, the portion of the file between the
begin and end marks can be written to an output file. Writing to the output file
can continue until the file is closed, with each new segment being concatenated
onto the end of the previously written segment or segments.

To illustrate a typical sequence of commands used in editing a waveform,
consider the problem of "splicing off" the vowel /a/ from the consonant-vowel
syllable /ba/ and adding to the /b/ an /i/ from the syllable /ki/. First, the
input file containing the /ba/ is opened and the center-line cursor is located at
the onset of the vowel /a/. The center-line cursor is then designated as the end
mark using the EE command. (The begin mark, when unspecified, defaults to the
beginning of the file. We will assume that the onset of the /b/ marks the
beginning of this waveform file.) To assure that the desired segment has been
located, the EP ("Edit Play") command can be given in order to listen to the
segment between the begin and end marks. The EW ("Edit Write") command is now
used to create an output file, at which time the file is named. The EO ("Edit
Output") command is then used to write the portion of the input waveform file up
to the end mark to the previously established output file. That is, the segment
/b/ is written to the output file. Although only one output file may be open at
a time, any number of input files may be activated. Thus, the waveform file
containing /ki/ can now be opened and the center-line cursor placed at the onset
of the vowel /i/. Because we are interested in writing the latter portion of the
file--the segment /i/--to the output file, the center-line cursor is designated
as the begin mark using the EB command. The E0O command is then used to write the
/i/ to the output file. The output file contains the waveforms from the /b/ in
the /ba/ syllable and the /i/ in the /ki/ syllable. Because our editing session
is complete, the EC ("Edit Close") command is used to close the output file.

This example illustrates the ease afforded by the WAVES program in digitally
splicing and recombining waveform files. A variety of editing tasks can be
quickly and almost effortlessly handled by WAVES, such as truncating waveform
files, increasing or decreasing the duration of fricatives, vowels, bursts, and
closures, and inserting periods of silence at any point in the file. This last
task can be accomplished by using the EZ ("Edit Zero") command to write a
specified number of zeros to the output file.
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Summary

WAVES provides the user with a powerful and efficient means of digitally
measuring and editing waveform files in a precise but conceptually simple manner.
Through the use of the immediate mode commands to manipulate the waveform
display, WAVES allows easy inspection of the waveform. In addition, WAVES
provides a user-oriented means of digitally splicing and recombining waveform
files to create new files to be used in perceptual research.
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