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ABSTRACT

In or¿ler to study what kinds of categorization features can be
used in the pãrception of tonal contours in Epeech, and to
Cletermine Ìro\,t these ieatures interact with spectraL changes,
four percepÈion experimenÈs ,were carried out. T'lle sti{¡ruli were
conpriãed óf syntñetÍc /"/ vowelg with different tonal
patierns, and listenerg \,tere presented \{'ith an ABx-test
äonfiguration. In t1.e first experiment, steady-state vov'els
were useil. In the three other experiments, a çtap in the tonal
pattern consisting of an intensity drop-pT""999q and followed
¡rt formant tranãitions was inlioduced in different places in
the vowel. T.he results of the tests suggeat that tonal movement
in vowels can be caÈeqorized in terms of pitch movenent such aa
rise-fall and fall-riãe or in terms of pitch levels. Listeners
whocat'egorízedintermgofpitchlevels¿lemonstrated
tendenci_es \.rhich can be interpreted as Ìreighteneil attention to
pitchfrequencyimmediatelyfollo\d'ingspectralchanges'T'hese'eirraitrg. cån naie implicatioãs for production and perception
models of tone and intonation.

1. INTRODUCTION

In stuilying the functions and lasks of the auditory system in
speech perceptíon, at least two levels of frequency ilependen!
anal.ysis can be distinguished. A firs! order frequency analysis
is carríed out based on the mecÌ¡anical properties of the
basalar membrane anil characteristic frequencies and temporal
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reaponses of auditory-nerve fibers. This first-order analysis
can be seen as provitling the raw inaterials for a second-order
analysis of pitch anil timbre (Plomp, 1976; Green, 1976; Young
and Sachs , 1979¡ Gelfand, f98l ).

Currentpsychoacoustic researcÌ¡ and physiologi-ca1 modelling
experiments are generally in agreement that this second-level
analysis, which resolves spectral information and pitch,
involves some degree of central processing (tlomp, I976;
Delgutte, 1982 ) . Although many models of pitch perception
presuppose a spectral resolution of the lohrer harmonics from
which pitch can tt¡èn be iterived (Wightman, 1973; coldstein,
1973¡ TerÌ¡ardt, 1974) it ie still unclear as to what ilegree of
spectral resolution is necessary for pit.ch perception and
exactly what !!T)e of information (spatial or temporal) is used
(Sachs, Young, anil Mi11er, 1982; Delgutte, 1982). A further
question involves the interaction betrdeen spectral cue6 and
pitch cues in speech perception.

The present study is concerneil \'Iith two issues related to
fundamental frequency perception and spectral analysis in
speech. The first issue is an aÈÈempt to define sÌ¡ort-term
memory categorization features in speech-Iike pitch movements.
The second issue is an attempt to st.udy ?tow such categorization
featurea of pitch night intêract with spectral changes during
pitch movement.

Two candidates for pitch movenent. categorization features can
be proposed. One would be a continuous pattern storage
involving categories such as rise-fall and fall-rise. T.he other
possibility would be the storage of discrete pitch frequencies
at given time intervals with movenent then being interpolateil
after the pítch analysis.

Where interaction with spectral changes is concerned,,
categorization features based on continuous pattern storage
might be sensitive to ilisturbances by sucÌ¡ rapid spectral
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cÌ¡anges as formant Èransitions. On the other hand, sPectral
changes associated r,ù-ith conaonants could provide perceptual
boundaries which, wt.en related to Iinguistic structure, migt¡t
facilitate discrete pitch frequency resoJ.utíon.

2. METHOD

A. stimuli design anil Eynthesis
Fundamental frequency cueg in speech such as syllabJ"e stress,
word accents, word tones, etc. are tightly related to lexical
items and are therefore, as categories, acquirecl and processed
centrally as are other features Ìraving tinguistic funcÈions. To

at.tempt to Éreparate lexical function from intonaèion contours,
question-Elatement categories have often been used
(Hadding-Koch and Studdert-Kennedy, 1964; Fourcin, 1980). In
the preEent study, Ìrowever, an ABX test clesign waa used to
force listeners to create categories 'inetead of using
presuppose¿l linguistic categories. The basic categoriee
expected to be created by the listeners were rise-falI and

falI-rise.

A Klatt software synthesizer and a VAX digital computer were
used to synthesize a S\redish /a/ vø¿e]- with formant frequencies
of 600, 925, 2540, and 3320 Hz. (Kratt, 1980; Fant, 1973).
Vowel duration was 3O0 msec. including 30 msec. intensity onset
and offset. Fundamental frequency was systematically varied to
create 18 different stinuli (rig. I ) . T'he Fo con¿our for
stimulus e (aIEo stimulus I), designed to elicit rise-fall
categories, rose from t2O Hz to a turning point of I8O Hz and

then fell to an end point of 100 Hz. The Fo contour for
stimulus B (gtimulus 12), ilesigned to elicit fall-rise
categories, began at I2O Hz fatling to 8O Étz and then riEing to
160 Hz. The difference in end-point frequency was designed to
test the effect of end-point variation on the rise-fal1,
fall-rise calegories, i.e. movement pattern recognition versus
discrete frequency analysis. The 18 8timulí \,tere constructed by
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Figure 1 Stylized Fo contours for the first
set of stimuli, steady-state vowel.
The dashed lines (stimuli 1 and 12)
represent stimuli A and B of the
ABx configuration.

systematically varying the turning point ín steps of 20 Hz from
80 llz to t8O Hz with tlrree ilÍfferent end-point configurations:
10O Hz, 160 Hz and 120 Hz.
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Varying the Fo parameter in the Klatt synthesis prograrn, as is
often the caEe in natural speech, causes concomitant intensity
variations. Àn informal listening test. u8ing LPC vergions of
selected stimuli t/ùith corrected intensity parameterE
dernonstrated that the difference between corrected stimuli and
uncorrected stimuli was marginal and in most cases could not be
perceiveil at aII. In view of the marginal perceptual nature of
the intensity variation ù!¡en compared to Fo variation, the
intensity variations in the stimuli used in the experimenÈE
vrere not corrected. This is not to sêy, however, that
intensity, especially in conjunction with Fo variation, is not
perceptually relevant, but simply that intensity variation due
to Fo changea in the context of these experiments is vieweil as

a concomitant feature of Fo.

An ABX-type test was constructed \trith a 1.3-second pause
between stimulus A and B and. a 2.2-seconal pauEe bet\rreen
etimulus B and X. Between atimulue X and the following À
stimulus there waa a 4.6-second pause. The X Etimuli were
randonized by a computer program and the test was divided up
into blocks of l0 stimuli each. The Èest congisted of IOO ABX

stimuli, the first block of 10 being a buffer block to acquaint
the listenerB \rith the teEt. Each of the 18 different Etimuli
occurreil five times in the remaining 90 stimuli; AII I8 stimuLi
\{ere presented once before any stimuluE wa9 repeated. The same
test configuration \ras alEo used for the second, third an¿l

fourth versions of the test. T}le stimuli \{ere recorded on tape
ueing a Revox PR99 tape recorder. A pause of about I0 seconds
was included between each block. ftle total durat.ion of the test.
was about L5 minutes.

To test the effects of rapid Epectral changes on the
categorLzation of the tonal patterns, four different versions
of the test \dere produced creating four experiments. The first
version coneisted of the steady-etabe /a/ vowel as describecl
above. In the aecond version, a gap, consisting of an intensity
drop preceded and follo\,úed by formant transitions, was
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introduced in the tonal pattern (fig. 21. The first set of
formant transitions extende¿l from'60 msec. into the vowel to 75
msec. Tl:Ie secontl set êxtended from 135 msec. to I5O mgec. into
t?¡e vowel . 'ltre intensity drop began 80 msec. into the vorrel and
ended at 13O msec. This creat.ed /a¡aa/-tife stimuli. Other\rise
the tonal patterns wêre the same as Ln the first version (fig.
3). ln the third version, the gap was placed in the last half
of the vowel; the transitions beginning and ending at I5O - f65
r¡sec. and 225 - 24O msec. respectively, ancl the íntensity drop
extending from 170 to 225 msec. (fig. 4\, This create¿l
/aa¡a/-tite sti¡nuli. In both seconct anil thircl versions the
actual turning point frequency tdas present. In the fourth
version, however, the gap was placed ín lhe middle of the
vowel; transitions beginning and eniling at IO5 - L2O Hz and lg0
- ]-95 Hz respecÈively, with the intensity drop extending from
I2o to I8o Hz. (Fig. 5). T.hese stimuli were /aba/-tike.

fhese manipulations were clone to test which parts of the tonal
pattern are most susceptible Èo possible disturbancee caused by
rapid spectral changes. All other elements of the test
configuration were hetd constanÈ throughout the four different
versions.

B. SubjecÈs
Five menbers of the secretarial staff at the Department of
Linguistics and Phonetics, I¡und University and 31 first-term
students in phonetics participated in the experiments. ÀIl of
the subjects had normal hearing and. were native speakers of
Swedish. To avoid fatigue effects, eacl¡ of the four tesÈs was
adminiatered on a sreparate occasion.

The five staff members parÈi.cipated in a1I four tests while
each individual studênt participated in only one of the four
tests. The tot.al nu¡nber of listeners for each test \ras II for
test I, lI for test 2, 10 for test 3, and 14 for test 4.
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C. Procedure
The test tapes lsere presented in a sound-treate¿l perception lab
via a Revox A77 taPe recorder and Burwen PMB6 orthodynamic
headphones. Each listener was given a printed instruction sheet

anil an answer sheet. The instructions \'tere also read aloud, the
listeners being instructêd to listen to the first two souncls of
each test item and, upon hearing the third sound, to deci'le if
it was most like the first or Èhe second sound and to circle
the corresponding number (t or 2) on the anawer sheet' TÏ¡e tape
was stopped after tlte practice block anël the listeners were

allowed to ask questions. fhe listeners were also given a rest
pause after half the test.

3. RESULTS

A.Steady-staÈe Yogg!
T,Ïre results of the test version consisting of the steady-sLate
vowel were uniform for all listeners. Tlxe test was easy to
perform, and all listeners categorized the stimuli on the basis
of movement Pattern recognition, i.e. rise-faLl or fall-rise
disregarding the differences in enil-point frequency.

Figure 6 strows that stimuli l-4 were categorized as rise-fall
(most like stimulus 1) while stimuli 5 and 6 were hearcl as

fall-rise (most like stimulus L2 ) despite the fact that thê
end-point frequency was the same in al1 6 stimuli ' In the group

of stimuli where the end-point frequency was i-6O Hz, stimuLi
?-9 were heard as rise-fall and stimuli 10-12 as fal-l-rise' The

same pattern of results was obtained in stimuli 13-18 with the
constant stimulus 16 chosen as most like stimuLus 1 ' No

listener chose categories on the basis of enil-point frequency'
although the ¿IÍfference in responses for stimul-i 4 anil 10 could
be interpreted as being influenced by encl-point frequencies'
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Figure 6. Averaged responses for test 1,
steady-state vowe1, showing rise-
fal1 and fall-rj-se categorization.

B.Spectral change early in the vorrrel .

The averaged results for the tes! version where spectral-
changes were placed early in the fÍrst part of lhe vo\rel show a
considerable ambiguity concerning stimulus categories (Fig. 7).
In conèrast. to the results obtained in the steaaly-state vor¡'el
version, stimulus 4 was perceived as most like stimulus 12,
stimuLus 10 as ambiguous and stimulus 16 as most like stimuLus
12. T'hese differences can not be expJ.ained in terms of
end-point frequencies as the categories seem to be formed
contrary to the frequencies of the end-points, i.e. there rrere
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morè stimulus 12 responses to stimuli l-6 and more stimulus I
responses to stimuli 7-12. When the enil-point frequency was 120
Hz, stimuli 13-18, the averageil responses showed rise-fall,
fall-rise categorization, but with much more ambiguity than in
the firat Lest.

fhere was also considerable indívidual_ variation among the
listeners. Basically, responses fell into three classes of
roughly equal size: 1.) those who seemed to perceive categories
contrary to end-poinÈ frequencies, 2. ) those who perceived the
same tonal categories as in the first version, ancl 3.) those
who could no longer perceive the categories (Fig. g).

C. Spectral changes late in the vor/rel .
In this version of the t,est, results \Àrere simil_ar to tÌ¡ose of
the gecond version !,¡ith the exception that the listeners who
perceì.ved caÈegories wtrich were not based on movement pattern
recognition tended to choose categories based on the end-point
frequency. For exarnple, st.imulus 3 which was ambiguous in test
2, \,tas perceived as most like stimulus 1. Stimulus 9, clearly
tnost like stimulus I in test 2, was perceived as most like
stimulus l-2 in this version. Although inclividual variation was
again considerable, Èhe averageil responses show a tendency
towar¿ls end-point cãtegorj_es (fi.g. 9) as there rdere more
stimulus I responses to sti¡nuli 1-6 and more stimulus 12
responses to stimuli 7-12. Ttris tendency is more clearly seen
in individual responses (Fig. lO).

D. SpecÈra1 changes in the middle of the vowel.
In the fourth version of the test, the results hrere almost
iClentical to the results obtaíned from the third test where the
spectral changes occurrecl late in tlte vo\,eel (fig. 1l). There
\das, however, more of a tendency for listeners to perceive
categories base¿l on end-point frequencies in this version than
in any other version of the test as exernplified by Fig. 12.
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E. Summary of the results
In the first version of the test, comprising steady-state
vowels, listeners performed unj-form1y, categorizing the stimuli
in terms of movement ilirection; rise-fall or fall-rise. In the
three other versions, where spectral changes were introiluced in
the vowel, responaes fell into three classes: ambiguous
responses, categorizatíon based on movement ilirection, and

categorízation based on final pitch frequency. However, in the
stimuli vthere spectral changes occurred early in the votrrel, the
group of listeners '.tho did not use movement direction but s¿ill
performed categorizations, seemeil to do so baseCl on the reverse
of the end-point frequencies'

DISCUSSÏON

A. Movement pattern as categorical feature.
The first experiment lras designed to determi.ne if pitch
movement can be used as a categorization feature for tonal
patterna in speech perception. Íhe results for stimuli 3,4,9
and 15, all categorized as sti¡nulus 1, and for stimuli 5, 11,

ancl 17, which rrere categorized as stimulus 12 (Fig. 6), seem to
inilicate that listenera can use the movemenl features rise-fall
and fall-rise to categorize tonal patterns. The results of the
first experiment could also be explained in terms of
turning-point confíguralion where a change in the direction of
the pitch movenent results in a convex or a concavê
corrfiguration. It could be that the perceptual mechanism is
particularly sensítive to c?ranges in pitch movement direction
\rhereby an increasing nì.rmber of periods per time uniÈ followed
by a clecreasing number or vice-versa \,tould be registered by the
perceptual ¡nechanism as an event which could then forrn the
basis for categorization. Whatever the mechanism, the results
indicate that in the absence of spectral changes, movement
pattern rather than end-point frequency level is selected by
list.eners to form the basis for categorization ín this type of
forced choice test.
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Although it is a large step from synthetic vowel stimuLi to
actual speech stimuli, these r.esults suggest the possibility
that languages could make use of movement dírection in the
vowel as a distinctive perceptual feature. Furthermore, the
abiliÈy of about one-third of the lj.steners (12 listeners) to
perform the same movement categories in the stimuli containing
rapid spectral changes indicates that some listeners are able
to interpolate the movement and arrive at t'he same kinits of
categories as in the continuous pattern categorization.
However, the diversity of the responses to the stimuli
containing rapid spectral changes inilicates that spectral
changes do in fact influence patt.ern categories.

B. Pitch level as categorical feature.
In tests 3 and 4, those listeners who perceived categories
which v¡ere not based on movement pat.terns. Eeemed to perform
t}.e categories based on end-point identification. Had it not
beer¡ for the conflicting results of test 2 where listeners
seemecl to perform categories in direct opposition to end-poj_nt
frequencies, the results would seem to point Èovrard some kind
of movement masking effected by the rapid spectral changes.
This masking would lead listeners to use end-points for forming
categories. Ttre results of test 2, hovrever, complicate mat.ters.

In their classic etudy of pitch discrimination for synthetic
vowels, Flanagan and Saslo\r (1958) found slightly more acute
iliscrimination of cÌ¡anges in fundamental frequency in vowels
than in a pure tone. This could mean that 1isteners use the
relatively larger changes in the harmonics present. in the
vowels as an aid in iliscriminating Fo changes. Klatt (1973)
substantiated these results but found that discrimination
performance deteriorated when a linear ramp fundamental
frequency contour was used. in the place of a monotone. t'Hart,
in his stuily of just noticable differences in pitch movement
(1981-), founcl that falls were more ilifficult to judge than
rises anil that. many subjects compareit final_ pitches instead of
sizes of movements. He also reported from Nabelek (reference
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omitted) a separate concentration on the. initial or the final
piÈch if there was a pause between the lo¡^t and high frequency
parts of a stimulus rather lhan a cont.inuous glide.

These findings could be used to help explaín the present
results. If rapitl spectral ehanges are introduced in the vowel,
the load on both the processor anil memory is ilrastically
increased. In some cases, an economy measure may be necessary
whereby the pitch movenent is recoded into pitch levels. In
tests 3 and 4, Èhe final pitch levels correspond to the
end-point frequencies. If the pitch levels are clefined as tlre
average frequency some 30 to 5O msec. after the vo\,Íel onêet
following the stop occlusion, stimulus I in test 2 (see Figure
3) would be stored as low-high and stimulus 12 as high-low.
Stimuli 3-6 might have therefore been classifiecl as high-low
(i.e. most like stimulus 12) while stimuli 7-1O might have been
classified as low-hlgh (i.e. most.Like stimulus 1). This would
account for the difference in results bet\,reen test 2 and tests
3 and 4. Categorization in tÌ¡ese tests would therefore not be
based on end-point frequency but on averagecl frequency level
following the votdel onset' after the stop occlusion.

C. Interactíon w"ith spectral changes.
The results of these experiments indicate that spectral ctranges
occurring during a tonal movefnent can affect the perception of
the tonal contour. During the time period in which rapid
spectral chaåges occur and. immediatety follohring this period,
the perceptual mechanism may be somewhat less sensitive to
pitch rnovement than during a longer steady-state portion of the
vowel. !{hether this insensitivity is a result of an increased
load on the peripheral mechanism or a result of language
acquisition or both remains an open question. However, this
insensitivity to movement could require the pitch perception
mechanism to increase attention to averaged pitch frequency
during this time period. Íhe averaged frequency \¡eould then be
stored in memory as a pitch level, e.g. High, Low or Mid. These
levels could then be used linguistically as categorizalion

85



features.

Tt. is possible, then, that rapid spectral changes such as a
stop release or any consonant release followed by a vowel can
serve as a perceptual boundary marker. This boundary marker
would inhibit perception of continuous pitch movement and,
enhance perception of discrete pitch frequency. The
perceptually important feature of the tonal contour immediatety
following this boundary would be, tt¡erefore, a tonal level.
Continuous movenent as an important feature of the tonal
contour would then need to be placed in a longer, sleady-state
portion of a presumably sÈressecl vowel.

D. PoEsible linguistic implications
The possible perceptual divisi_on of the tonal contour into
sections of differential sensitivity for levers an¿l movement.
might have implications for both production and perception
models of tone and. intonation. Knolrrledge of such sections ancl
ho\"r they relate to the segmental structure of an utterance
could, for example, facil-itate the exact placement of Lorrs and
Highs in production models. An aid for perception moclels would
be in iletermining \,rhat part of the tonal contour is relevant
for memory storage.

The results of these experiments and an explanation involving
differential sensitivity seem to agree with the results
obtained in percept.ion tests aimed at studying the perceptual
cueg necessary to dístinguish tone 3 from tone 4 in Modern
standard Chinese, (eårding, et al. I9g5, this issue). It could
be that Èone languageg are prone to use tonal patterns which
fit pitch sensitivity differences in the perceptual periphery.
These patterns would then be linguistically relevant
reinforcing the selective pitch sensitivity.

Finally, the idea of selective pit.ch sensitivity could
appllcable to speech synthesis and speech recognition
synthesis, the placement of the tonal cont.our in relation

be
In
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the segmental structure could be facilitated, and
recognition, segmental bounclaries could be used as markers
extracting critical parts of the t.onal contour.

tn
for

E. Further issues
Some further issues concerning the perception of pitch and
spectral change lying beyond the scope of the present study
involve perception of pitch immediately prior to spectral
change. Another issue could be the use of non-speech noise Èo

see if the perceptual boundary is constrained to spectral
changes produced by the articulators, Finally, more work needs
to be done using real speech material to more fully understan¿l
the processes involved in the perception of the tonal contour
in speech.
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