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ABSTRACT

Greek is one of the few languages to allow /s/-stop 
and stop-/s/ sequences at three places of articulation 
(bilabial, dental, velar) in word-initial position. This 
study measured the coarticulation of /s/ with the 
preceding or following stop in native Greek-speaking 
children’s and adults’ productions of real words 
beginning with /sp/, /st/, /sk/, /ps/, /ts/, /ks/, in a variety 
of vowel contexts.  The aim was to determine whether 
stop place cues are signaled effectively in the 
spectrum of adjacent /s/ in both types of consonant 
sequences attested in Greek.  FFT spectra were 
calculated for overlapping 10 ms windows from the 
beginning to the end of fricative noise and spectral 
moments were computed in each window. Systematic 
differences in the fricative spectra as a function of the 
adjacent stop consonant were observed in the 
/s/+stop sequence (as in English) and also in the 
stop+/s/ sequence (where the differences in the 
portion after the stop burst proper mirrored the 
patterns at the end of the fricative in the clusters in the 
other order).  Coarticulation was comparable across 
age groups, although there was greater variability in 
children’s productions.
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INTRODUCTION AND RATIONALE

METHOD

• Participants: 
Forty children (10 children at each of the following ages: 
2-, 3-, 4-, and 5-years), and ten young adults (age range: 
20-35 years).
All participants were monolingual native speakers of 
Greek, with normal hearing and speech/language 
development.

• Stimuli: 
Consonant sequences /sp/, /st/, /sk/, /ps/, /ts/, /ks/ placed 
in word-initial position in familiar real words in the 
following vowel contexts /a, e, i, o, u/.  
All stimuli judged as correct by a Greek native 
speaker/phonetician (the first author).

• Word repetition task: Participants asked to repeat each 
word, given auditory prompt.

• Analysis:
Using Praat (Boersma & Weenink, 2001), we generated 
Fast Fourier Transforms (FFT) for each token, from the 
beginning to the end of fricative noise, using 10 ms 
overlapping Hanning windows.
We calculated the spectral center of gravity (centroid) in 
each window (e.g., Munson, 2004)
The centroid trajectories with different number of analysis 
windows were then adjusted to have the same number of 
frames using a smoothing spline method (SS-ANOVA) 
(e.g., Davidson, 2006).

RESULTS: ADULTS DISCUSSION AND CONCLUSION

FUTURE DIRECTIONS

• In future studies, we plan to perform an auditory-based analysis to 
quantify the effect of velar place of articulation on the adjacent 
fricative spectra.  
•We also plan to examine children’s coarticulation patterns in 
incorrect productions for target /s/-stop and stop-/s/ sequences, 
such as reductions to [s], as well as [s]-stop, and  stop-[s] 
substitutions.   
• Moreover, we will examine whether naïve adult listeners can 
predict the preceding or following place of articulation of the stop 
on the sole basis of acoustic information contained in the fricative 
[s] segment.  These analyses are currently under way.
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• Previous work in English has shown that the place of 
articulation of a stop after an /s/ is signaled by modulation of the 
noise spectrum for /s/ as the stop closure is made (e.g., 
Stevens, 1998).
• These transitional cues are reported to resemble the cues for 
the stops next to vowels, and to proceed upward before /t/, 
straight before /k/, and downward before /p/.  In word-final stop-
/s/ clusters the transitions during the beginning part of the 
frication are reported to be the mirror image of the transitions
observed during /s/-stop clusters (e.g., Malécot & Chermak, 
1966).

However, considerably less is known about the effect of a 
stop’s release on an /s/ in consonant sequences at syllable 
onset.
Moreover, limited work has been done in other languages 
to examine whether such coarticulatory effects are 
universal or language-specific.
Furthermore, little is known about children’s development 
of consonant-consonant coarticulation.  
Greek is an excellent language in which to test these 
effects, given that it contrasts all three places of stop 
articulation both before and after /s/ in the same prosodic 
position.

• This study aimed to examine the coarticulation of /s/ with the 
preceding or following stop in Greek children’s and adults’
productions of initial consonant sequences.

•Different places of articulation for the adjacent stop influence the 
spectra of /s/ in different ways, and are an important cue for speech 
perception.
• These effects are similar for /s/-stop and stop-/s/ sequences in 
word-initial position:

The centroid trajectories associated with labial stops are lower
in frequency than those associated with dental stops.

Initial /s/-stop sequences (/sp/ and /st/) are significantly 
different at offset of frication.

Initial stop-/s/ sequences (/ps/ and /ts/) are significantly 
different at onset of frication.

The centroid trajectories of /s/-stop and stop-/s/ sequences are 
mirror images of each other.

These patterns are strikingly similar to those that have been 
reported for English.

• Children and adults show a similar pattern in centroid trajectories, 
though there is variability among child speakers.  
• However, it is not until the age of about 3;5 (years; months) that 
Greek children begin to show contrastive use of coarticulatory stop 
place cues in the fricative noise of /s/-stop and stop-/s/ sequences.  
•Centroids for /k/ showed no distinct pattern.  This is most likely 
related to the bimodal peaks that characterize velar spectra on a 
linear scale.  

We plan to use a psychoacoustic analysis to better 
characterize the transitions observed in /sk/ and /ks/ clusters.

Figure 1.  Centroid trajectories of Greek /s/-stop (top) and stop-/s/ sequences (bottom) elicited at word-initial position by 3 Greek adult 
speakers.  The abscissa represents the scaled 20 frames of analysis windows arranged in time sequence, and the ordinate represents the 
centroid frequencies (first spectral moment).  Each solid trajectory line shows the smoothed mean values of the centroid frequencies 
measured in the /s/-stop and stop-/s/ sequences.  The dotted lines below and above the solid line are the 95% confidence intervals.

Figure 2.  Centroid trajectories of Greek /s/-stop (top) and stop-/s/ sequences (bottom) elicited at word-initial position by Greek child speakers.  
The abscissa represents the scaled 20 frames of analysis windows arranged in time sequence, and the ordinate represents the centroid 
frequencies (first spectral moment). Each solid trajectory line shows the smoothed mean values of the centroid frequencies measured in the 
/s/-stop and stop-/s/ sequences.  The dotted lines below and above the solid line are the 95% confidence intervals.

•Only /s/ clusters with /p/ and /t/ were analyzed.  Centroids for /k/ showed no clear pattern (see 
Discussion).

• There was a significant effect of place: 

There was a significant difference in centroids for /s/-stop sequences at the end of the trajectory.

There was a significant difference in centroids for stop-/s/ sequences at the beginning of the 
trajectory.

• There was a relatively consistent pattern among adults and children, such that higher centroids were 
produced for /s/ in the context of bilabials as opposed to that of dentals.

However, the direction of the transition varied considerably among the younger children, 
particularly for the stop-/s/ sequences.

RESULTS: CHILDREN

C
en

tro
id

 (H
z)

Scaled frames of analysis windows

C
en

tro
id

 (H
z)

Scaled frames of analysis windows



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ELL ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


