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Toward an integrated model
Yi Xu & Fang Liu

The finding of consistent tone-segment alignment in many languages in recent research raises questions about the
temporal organization of speech sounds in general. In this paper we explore the possibility that tonal alignment patterns
can lead to the discovery of general principles of temporal organization in speech. Based on a recent finding about the
segmentability of approximants in English and Mandarin, we propose a general model of temporal organization, in
which the syllable is the basic time structure that specifies the alignment of consonants, vowels, tones and phonation
registers. All these sounds are unified under the term phone defined as a collection of unidirectional articulatory
movements toward a simple or composite target. The phones are temporally organized by the syllable under three
principles: co-onset of initial C and V, sequential offset of coda C, and full synchronization of tone and phonation
register with the syllable. Under the time structure model, true coarticulation, in the strict sense of co-occurrence of
separate phones, occurs only between initial C and V; and there is no anticipatory C to V coarticulation, no
crossconsonantal Vto-V coarticulation, and no carryover coarticulation of any kind.

Bibliographical References

ARVANITI Amalia, D. Robert LADD & Ineke MENNEN 1998. Stability of tonal alignment: the case of Greek prenuclear
accents. Journal of Phonetics 36. 3-25.

ATTERER Michaela & D. Robert LADD 2004. On the phonetics and phonology of ‘segmental anchoring’ of Fo: Evidence
from German. Journal of Phonetics 32. 177-197.

BECKMAN Mary E. & Janet B. PIERREHUMBERT 1986. Intonational structure in Japanese and English. Phonology Yearbook
3. 255-309.

BELL-BERTI Fredericka & Katherine S. HARRIS 1979. Anticipatory coarticulation: Some implications from a study of lip
rounding. The Journal of the Acoustical Society of America 65. 1268-1270.

BELL-BERTI Fredericka & Katherine S. HARRIS 1981. A temporal model of speech production. Phonetica 38. 9-20.

BELL-BERTI Fredericka & Rena A. KRAKOW 1991. Anticipatory velar lowering: A coproduction account. Journal of the
Acoustical Society of America 90. 112- 123.

BELL-BERTI Fredericka, Rena A. KRAKOW, Carole E. GELFER & Suzanne E. BOYCE 1995. Anticipatory and carryover
effects: Implications for models of speech production. In BELL-BERTI Fredericka & Lawrence J. RAPHAEL (eds.) 1995.
Producing Speech: Contemporary Issues. For Katherine Safford Harris. New York: AIP Press. 77-98.

BENGUEREL André-Pierre & Helen A. COWAN 1974. Coarticulation of upper lip protrusion in French. Phonetica 30. 41-55.

BLADON Anthony R.W. & Ameen AL-BAMERNI 1976. Coarticulation resistance of English /l/. Journal of Phonetics 4. 135-
150.

BOYCE Suzanne E. 1990. Coarticulatory organization for lip rounding in Turkish and English. Journal of the Acoustical
Society of America 88. 2584-2595.

BOYCE Suzanne E., Rena A. KRAKOW & Fredericka BELL-BERTI 1992. Phonological underspecification and speech motor
organization. Phonology 8. 210-236.

BRANCAZIO Lawrence & Carol A. FOWLER 1998. On the relevance of locus equations for production and perception of stop
consonants. Perception and Psychophysics 60. 24-50.

BROWMAN Catherine P. & Louis M. GOLDSTEIN 1986. Towards an articulatory phonology. Phonology Yearbook 3. 219-
252.

BROWMAN Catherine P. & Louis M. GOLDSTEIN 1989. Articulatory gestures as phonological units. Phonology 6. 201-251.

BROWMAN Catherine P. & Louis M. GOLDSTEIN 2000. Competing constraints on intergestural coordination and self-
organization of phonological structures. Les Cahiers de I’ ICP, Bulletin de la Communication Parlée 5. 25-34.

BYRD Dani 1996. A phase window framework for articulatory timing. Phonology 13. 139-168.

CHAO Yuen R. 1968. A Grammar of Spoken Chinese. Berkeley, CA: University of California Press.

CHEN Yiya & Yi XU 2006. Production of weak elements in speech — Evidence from Fo patterns of neutral tone in standard
Chinese. Phonetica 63. 47-75.

DANILOFF Raymond G. & Robert E. HAMMARBERG 1973. On defining coarticulation. Journal of Phonetics 1. 239-248.

D’IMPERIO Mariapaola 2001. Focus and tonal structure in Neapolitan Italian. Speech Communication 33. 339-356.

D’IMPERIO Mariapaola 2002. Language-specific and universal constraints on tonal alignment: The nature of targets and
‘anchors’. In Proceedings of the Ist International Conference on Speech Prosody. Aix-en-Provence. France. 11-13
April. 101-106.

FANT Gunnar 1960. Acoustic Theory of Speech Production. The Hague: Mouton.

FARNETANI Edda & Daniel RECASENS 1999. Coarticulation models in recent speech production theories. In HARDCASTLE &
NEWLETT 1999. 31-65.

FELDMAN A. G. 1966. Functional tuning of the nervous system with control of movement or maintenance of a steady
posture — II Controllable parameters of the muscles. Biophysics 11. 565-578.



FELDMAN A. G. 1986. Once more on the Equilibrium-Point hypothesis lambda Model) for motor control. Journal of Motor
Behavior 18. 17-54.

FowLER Carol A. 1994. Invariants, specifiers, cues: An investigation of locus equations as information for place of
articulation. Perception and Psychophysics 55. 597-610.

FOWLER Carol A. & Lawrence BRANCAZIO 2000. Coarticulation resistance of American English consonants and its effects
on transconsonantal vowelto-vowel coarticulation. Language and Speech 43. 1-41.

FusIMURA Osamu 1994. C/D Model: A computational model of phonetic implementation, Language and Computations. In
RisTAD Eric Sven (ed.).DIMACS Proceedings. Providence, RI: American Math Society. 1-20.

FusMurA Osamu 2000. The C/D model and prosodic control of articulatory behavior. Phonetica 57. 128-138.

Fusisakt Hiroya 1983. Dynamic characteristics of voice fundamental frequency in speech and singing. In MACNEILAGE
Peter F. (ed.). The Production of Speech. New York: Springer-Verlag. 39-55.

GICK Bryan 2003. Articulatory correlates of ambisyllabicity in English glides and liquids. In J. LocAL, R. OGDEN & R.
TEMPLE (eds.) 2003. Papers in Laboratory Phonology VI: Constraints on Phonetic Interpretation. Cambridge:
Cambridge University Press. 222-236. Tonal alignment, syllable structure and coarticulation

GINESY Michel & Daniel J. HIRST 1975. Formant transitions and pitch-change in English diphthongs. Travaux de I’ Institut
de Phonétique d’Aix 2. 141-148.

GOLDSMITH John A. 1976. Autosegmental Phonology. Ph. D. dissertation. MIT. [Published in 1979 by Garland Press in
New York].

GOLDSMITH John A. 1990. Autosegmental and Metrical Phonology. Oxford: Blackwell Publishers.

GOLDSTEIN Louis M. & Carol A. FOWLER 2003. Articulatory phonology: a phonology for public language use. In Antje S.
MEYER & Niels O. ScHILLER(eds.) 2003. Phonetics and Phonology in Language Comprehension and Production:
Differences and Similarities. Berlin: Mouton de Gruyter. 159-208.

HARDCASTLE William J. & Nigel HEWLETT 1999. Coarticulation: Theory, Data and Techniques. Cambridge: Cambridge
University Press.

HIRST Daniel J. & Caroline BouzoN 2005. The effect of stress and boundaries on segmental duration in a corpus of
authentic speech British English). Proceedings of Interspeech 2005. Lisbon. Portugal. September 4-8. 29-32.

HOUDE Robert A. 1967. A study of tongue motion during selected speech sounds. University of Michigan. Ph.D.
dissertation.

HUFFMAN Marie K. & Rena A. KRAKOW 1993. Phonetics and Phonology 5: Nasals, Nasalization and the Velum. San
Diego: Academic Press.

JANSE Esther 2003. Word perception in fast speech: artificially time-compressed vs. naturally produced fast speech. Speech
Communication 42. 155-173.

Joos Martin 1948. Acoustic Phonetics. Journal of the Acoustical Society of America 24, suppl. 1-136.

KELSO John A.S. 1984. Phase transitions and critical behavior in human bimanual coordination. American Journal of
Physiology: Regulatory, Integrative and Comparative 246. R1000-R1004.

KELso John A.S., Elliot L. SALTZMAN & Betty TULLER 1986. The dynamical perspective on speech production: data and
theory. Journal of Phonetics 14. 29-59.

KELSo John A.S., D. L. SOUTHARD & D. GOODMAN 1979. On the nature of human interlimb coordination. Science 203.
1029-1031.

KELSO John A.S., Betty TULLER, Eric VATIKIOTIS-BATESON & Carol A. FOWLER 1984. Functionally-specific articulatory
cooperation following jaw perturbations during speech: Evidence for coordinative structures. Journal of Experimental
Psychology: Human Perception and Performance 10. 812- 832.

KozHEVNIKOV Valerij A. & Ludmila A. CHISTOVICH 1965. Speech: Articulation and Perception.Washington, DC: Joint
Publications Research Service.

KRAKOW Rena A. 1999. Physiological organization of syllables: a review. Journal of Phonetics 27. 23-54.

KUHNERT Barbara & Francis NOLAN 1999. The origin of coarticulation. In HARDCASTLE & NEWLETT 1999. 7-30.

LADD D. Robert 1996. Intonational phonology. Cambridge: Cambridge University Press.

LADD D. Robert, Dan FAULKNER, Hanneke FAULKNER & Astrid SCHEPMAN 1999. Constant ‘segmental anchoring’ of Fo
movements under changes in speech rate. Journal of the Acoustical Society of America 106. 1543-1554.

LADD D. Robert, Ineke MENNEN & Astrid SCHEPMAN 2000. Phonological conditioning of peak alignment in rising pitch
accents in Dutch. Journal of the Acoustical Society of America 107. 2685-2696.

LADEFOGED Peter 1983. The linguistic use of different phonation types. In Diane M. BLESS & James H. ABBS (eds.) 1983.
Vocal Fold Physiology: Contemporary Research and Clinical Issues. San Diego: College-Hill Press. 351-360.

LEE Chao-Yang 2000. Lexical Tone in Spoken Word Recognition: A View from Mandarin Chinese. Brown University.
Ph.D. Dissertation.

LIBERMAN Mark & Alan PRINCE 1977. On stress and linguistic thythm. Linguistic Inquiry 8. 249-336.

LINDBLOM Bjorn 1963a. Spectrographic study of vowel reduction. Journal of the Acoustical Society of America 35. 1773-
1781.

LINDBLOM Bjorn 1963b. On vowel reduction. Speech Transmission Laboratory, The Royal Institute of Technology, Sweden.
Report No. 29.

LINDBLOM Bjorn, Harvey M. SussSMAN, Golnaz MODARRESI & Elizabeth BURLINGAME 2002. The trough effect:
Implications for speech motor programming. Phonetica 59. 245-262.



Liu Fang & Yi XU 2003. Underlying targets of initial glides — Evidence from focusrelated Fo alignments in English.
Proceedings of the 15th International Congress of Phonetic Sciences. Barcelona. August 3-9. 1887-1890.

LOFQVIST Anders & Vincent L. GRACCO 1999. Interarticulator programming in VCV sequences: Lip and tongue
movements. Journal of the Acoustical Society of America 105. 1864-1876.

MACNEILAGE Peter F. 1998. The frame/content theory of evolution of speech production. Behavial and Brain Sciences 21.
499-546.

MATTINGLY Ignatius G. 1981. Phonetic representation and speech synthesis by rule. In Terry MYERS, John LAVER & John
M. ANDERSON (eds.) 1981. The cognitive representation of speech. North-Holland: Amsterdam. 415-420.

MENZERATH Paul & Armando DE LACERDA 1933. Koartikulation, Seuerung und Lautabgrenzung. Berlin and Bonn: Fred.
Dummlers.

MOON Seung-Jae & Bjorn LINDBLOM 1994. Interaction between duration, context, and speaking style in English stressed
vowels. Journal of the Acoustical Society of America 96. 40-55.

NELSON W.L. 1983. Physical principles for economies of skilled movements. Biological Cybernetics 46. 135-147.

OnMAN Sven E.G. 1966. Coarticulation in VCV utterances: Spectrographic measurements. Journal of the Acoustical
Society of America 39. 151-168.

PERRIER Pascal, David J. OSTRY & Rafaél LABOISSIERE 1996. The Equilibrium-Point Hypothesis and its Application to
Speech Motor Control. Journal of Speech and Hearing Research 39. 365-377.

PIERREHUMBERT Janet 1980. The Phonology and Phonetics of English Intonation. Ph.D. dissertation, MIT, Cambridge,
MA. [Published in 1987 by Indiana University Linguistics Club, Bloomington].

PIKE Kenneth L. 1948. Tone Languages. Ann Arbor: University of Michigan Press.

PROM-ON Santitham, Yi XU & Bundit THIPAKORN 2006. Quantitative target approximation model: Simulating underlying
mechanisms of tones and intonations. Proceedings of the 31st International Conference on Acoustics, Speech, and
Signal Processing. Toulouse. France. 749-752

RECASENS Daniel 1984a. Timing constraints and coarticulation: Alveolo-palatals and sequences of alveolar + [j] in Catalan.
Phonetica 41. 125-139.

RECASENS Daniel 1984b. Vowel-to-vowel coarticulation in Catalan VCV sequences. Journal of the Acoustical Society of
America 76. 1624-1635.

RECASENS Daniel 1985. Coarticulatory patterns and degrees of coarticulatory resistance in Catalan CV sequences.
Language and Speech 28. 97-114.

SAaLTZMAN Elliot L. & John A. S. KELSO 1987. Skilled actions: A task dynamic approach. Psychological Review 94. 84-
106.

SALTZMAN Elliot L. & Kevin G. MUNHALL 1989. A dynamical approach to gestural patterning in speech production.
Ecological Psychology 1. 333-382.

SPROAT Richard & Osamu FujIMURA 1993. Allophonic variation in English /I/ and its implications for phonetic
implementation. Journal of Phonetics 21.291- 311.

STETSON Raymond H. 1951. Motor Phonetics: a Study of Speech Movements in Action, 2nd edition. Amsterdam: North
Holland.

STEVENS Kenneth N. 2002. Toward a model for lexical access based on acoustic landmarks and distinctive features.
Journal of the Acoustical Society of America 111. 1872-1891.

SussMAN Harvey M., David FRUCHTER, Jon HILBERT & Joseph SIROSH 1998. Linear correlates in the speech signal: The
orderly output constraint. Behavial and Brain Sciences 21. 241-299.

SussMAN Harvey M., Helen A. MCCAFFREY & Sandra A. MATTHEWS 1991. An investigation of locus equations as a source
of relational invariance for stop place categorization. Journal of the Acoustical Society of America 90. 1309-1325.

SussMAN Harvey M. & John WESTBURY 1981. The effects of antagonistic gestures on temporal and amplitude parameters
of anticipatory labial coarticulation. Journal of Speech and Hearing Research 24. 16-24.

TULLER Betty, John A.S. KELSO 1984. The timing of articulatory gestures: Evidence for relational invariants. Journal of the
Acoustical Society of America 76. 1030-1036.

VAN SANTEN J.P.H. & B. M0OBIUS 2000. A quantitative model of Fo generation and alignment. In BOTINIS Antonis (ed.)
2000. Intonation: Analysis, Modelling and Technology. Dordrecht: Kluwer Academic Publishers. 269-288.

VAN SON Rob J.J.H. & Louis C.W. POLS 1999. Perisegmental speech improves consonant and vowel identification. Speech
Communication 29. 1-22.

VAN SANTEN Jan P.H., Esther KLABBERS & Taniya MISHRA this volume. Measurement of Pitch Movement Alignment.
Italian Journal of Linguistics.

WARNER Natasha, Roel SMITS, James M. MCQUEEN & Anne CUTLER 2005. Phonological and statistical effects on timing of
speech perception: Insights from a database of Dutch diphone perception. Speech Communication 46. 53-72.

Woob Sidney A.J. 1996. Assimilation or coarticulation? Evidence from the temporal co-ordination of tongue gestures for
the palatalization of Bulgarian alveolar stops. Journal of Phonetics 24. 139-164.

XU Yi 1994. Production and perception of coarticulated tones. Journal of the Acoustical Society of America 95. 2240-2253.

XU Yi 1997. Contextual tonal variations in Mandarin. Journal of Phonetics 25. 61-83.

XU Yi 1998. Consistency of tone-syllable alignment across different syllable structures and speaking rates. Phonetica 55.
179-203.

Xu Yi 1999. Effects of tone and focus on the formation and alignment of Fo contours. Journal of Phonetics 27. 55-105.



XU Yi 2001. Fundamental frequency peak delay in Mandarin. Phonetica 58. 26- 52.

XU Yi 2002. Articulatory constraints and tonal alignment. In Proceedings of the Ist International Conference on Speech
Prosody. Aix-en-Provence. France. 11-13 April. 91-100.

XU Yi. Forthcoming. How often is maximum speed of articulation approached in speech? To be presented at the 153rd
Meeting of the Acoustical Society of America.

XU Yi & Fang Liu 2002. Segmentation of glides with tonal alignment as reference. In Proceedings of the 7th International
Conference On Spoken Language Processing. Denver. Colorado. September 16-20. 1093-1096.

XU Yi & Fang LiU. In press. Determining the temporal interval of segments with the help of Fo contours. Journal of
Phonetics.

XU Yi & Xuejing SUN 2002. Maximum speed of pitch change and how it may relate to speech. Journal of the Acoustical
Society of America 111. 1399- 1413.

XU Yi & Q.E. WANG 2001. Pitch targets and their realization: Evidence from Mandarin Chinese. Speech Communication
33.319-337.

XU Yi & C.X. XU 2005. Phonetic realization of focus in English declarative intonation. Journal of Phonetics 33. 159-197.



