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6KDURQ�2YLDWW=

&HQWHU�IRU�+XPDQ�&RPSXWHU�&RPPXQLFDWLRQ��'HSDUWPHQW�RI�&RPSXWHU�6FLHQFH
2UHJRQ�*UDGXDWH�,QVWLWXWH�RI�6FLHQFH�	�7HFKQRORJ\

ABSTRACT

:KHQ� XVLQJ� LQWHUDFWLYH� V\VWHPV�� SHRSOH� DGDSW� WKHLU� VSHHFK
GXULQJ�DWWHPSWV�WR�UHVROYH�V\VWHP�UHFRJQLWLRQ�HUURUV��7KLV�SDSHU
VXPPDUL]HV� WKH� WZR�VWDJH� &RPSXWHU�HOLFLWHG� +\SHUDUWLFXODWH
$GDSWDWLRQ� 0RGHO� �&+$0��*ZKLFK� DFFRXQWV� IRU� V\VWHPDWLF
FKDQJHV� LQ� KXPDQ� VSHHFK� GXULQJ� LQWHUDFWLYH� HUURU� KDQGOLQJ�
$FFRUGLQJ� WR� &+$0�� 6WDJH� ,� DGDSWDWLRQ� LV� PDQLIHVW� DV� D
VLQJXODU�FKDQJH�LQYROYLQJ� WKH� LQFUHDVHG�GXUDWLRQ�RI�VSHHFK�DQG
SDXVHV�� 7KLV� FKDQJH� LV� DVVRFLDWHG� ZLWK� D� PRGHUDWH� GHJUHH� RI
K\SHUDUWLFXODWLRQ�� ZKLFK� RFFXUV� GXULQJ� D� ORZ� UDWH� RI� V\VWHP
HUURUV��,Q�FRQWUDVW��6WDJH�,,�DGDSWDWLRQV�DUH�DVVRFLDWHG�ZLWK�PRUH
H[WUHPH� K\SHUDUWLFXODWLRQ� GXULQJ� D� KLJK� V\VWHP� HUURU� UDWH�� ,W
HQWDLOV� FKDQJH� LQ� PXOWLSOH� IHDWXUHV� RI� VSHHFK²� LQFOXGLQJ
GXUDWLRQ��DUWLFXODWLRQ��LQWRQDWLRQ�SDWWHUQ��IXQGDPHQWDO�IUHTXHQF\
DQG� DPSOLWXGH�� 7KLV� SDSHU� VXPPDUL]HV� WKH� HPSLULFDO� ILQGLQJV
DQG�OLQJXLVWLF�WKHRU\�XSRQ�ZKLFK�&+$0�LV�EDVHG��DV�ZHOO�DV�WKH
PRGHO¶V� PDLQ� SUHGLFWLRQV�� )LQDOO\�� WKH� LPSOLFDWLRQV� RI� &+$0
DUH� GLVFXVVHG� IRU� GHVLJQLQJ� IXWXUH� LQWHUDFWLYH� V\VWHPV� ZLWK
LPSURYHG�HUURU�KDQGOLQJ�

1.� INTRODUCTION

:KHQ� VSHDNLQJ� WR� LQWHUDFWLYH� V\VWHPV�� UHFHQW� UHVHDUFK� KDV
GHPRQVWUDWHG� WKDW� SHRSOH� W\SLFDOO\� DGDSW� WKHLU� ODQJXDJH� GXULQJ
DWWHPSWV� WR� UHVROYH� V\VWHP� UHFRJQLWLRQ� HUURUV� �2YLDWW�
0DF(DFKHUQ�	�/HYRZ��������2YLDWW��/HYRZ�	�0DF(DFKHUQ��LQ
SUHVV�� 2YLDWW�� %HUQDUG� 	� /HYRZ�� LQ� SUHVV��� 7KLV� FKDQJH� LQ
VSHDNLQJ�VW\OH�WRZDUG�K\SHUDUWLFXODWH�VSHHFK�LQYROYHV�D�VW\OL]HG
DQG�FODULILHG�IRUP�RI�SURQXQFLDWLRQ�WKDW�VSHDNHUV�URXWLQHO\�DGRSW
ZKHQ�WKH\�WU\�WR�FRPPXQLFDWH�ZLWK��DW�ULVN��KXPDQ�OLVWHQHUV��LQ
DGYHUVH� HQYLURQPHQWV� �H�J��� QRLVH��� RU� GXULQJ
PLVFRPPXQLFDWLRQV�� 8QIRUWXQDWHO\�� K\SHUDUWLFXODWH� VSHHFK
LQWURGXFHV�GLIILFXOW�VRXUFHV�RI�YDULDELOLW\�LQWR�WKH�WDVN�RI�VSRNHQ
ODQJXDJH�SURFHVVLQJ²�ZKLFK�KDV�EHHQ�DVVRFLDWHG�ZLWK�HOHYDWHG
UDWHV� RI� V\VWHP� UHFRJQLWLRQ� IDLOXUH� �/HYRZ�� ������ 6KULEHUJ�
������

7KH� JRDO� RI� WKH� SUHVHQW� SDSHU� LV� WR� VXPPDUL]H� &+$0²� WKH
&RPSXWHU�HOLFLWHG� +\SHUDUWLFXODWH� $GDSWDWLRQ� 0RGHO�� &+$0
ZDV� GHYHORSHG� DV� D� PRGHO� WR� DFFRXQW� IRU� K\SHUDUWLFXODWH
DGDSWDWLRQV� REVHUYHG� LQ� XVHUV¶� VSHHFK� GXULQJ� V\VWHP� HUURU
KDQGOLQJ�� 7KLV� SDSHU� VXPPDUL]HV� WKH� HPSLULFDO� ILQGLQJV� DQG

                                                
∗ 7KLV�UHVHDUFK�ZDV�VXSSRUWHG�E\�*UDQW�1R��,5,���������IURP
WKH�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�DQG�E\�WKH�,QWHO�&RUSRUDWLRQ�
= $XWKRU�� � &HQWHU� IRU� +XPDQ�&RPSXWHU� &RPPXQLFDWLRQ�
'HSDUWPHQW�RI�&RPSXWHU�6FLHQFH��2UHJRQ�*UDGXDWH�,QVWLWXWH�RI
6FLHQFH�	�7HFKQRORJ\��3�2��%R[��������3RUWODQG��25�������
�RYLDWW#FVH�RJL�HGX��KWWS���ZZZ�FVH�RJL�HGX�&+&&��

OLQJXLVWLF� WKHRU\� XSRQ� ZKLFK� &+$0� LV� EDVHG�� DV� ZHOO� DV� WKH
PRGHO¶V�PDLQ�SUHGLFWLRQV�

2.� THE ORIGINS OF CHAM

7KH�&+$0�PRGHO� GHULYHV� IURP� UHFHQW� HPSLULFDO� ILQGLQJV�� DQG
KDV� EHHQ� PRWLYDWHG� E\� WKHRUHWLFDO� OLQJXLVWLF� FRQFHSWV� RQ� � WKH
WRSLF�RI�K\SHUDUWLFXODWLRQ�

2.1. Linguistic Theory

Based on experimental phonetics data involving interpersonal
speech, Lindblom and colleagues have argued that speakers
make a moment-by-moment assessment of their listener’s need
for explicit signal information, and they adapt their speech
production to the perceived needs of their listener in a given
communicative context (Lindblom, 1990; Lindblom et al., 1992).
According to Lindblom’s H & H theory, this adaptation varies
actively along a continuum from hypo- to hyper-clear speech.
Hypo-clear speech is relatively relaxed, and contains
phonological reductions. A hypo-clear speech style involves
minimal expenditure of articulatory effort by the speaker, and
instead relies more on the listener’s ability to fill in missing
signal information from knowledge. In contrast, hyper-clear
articulation is a clarified style that requires more speaker effort
in order to achieve ideal target values for the acoustic form of
vowels and consonants, thereby relying less on listener
knowledge. Essentially, Lindblom and colleagues maintain that
speaking style ranges from hypo- to hyper-clear in a way that
contributes substantial variability to the speech signal.

2.2. Empirical Findings

5HFHQW� UHVHDUFK� RQ� KXPDQ�FRPSXWHU� LQWHUDFWLRQ� GXULQJ� V\VWHP
HUURU�UHVROXWLRQ�KDV�DQDO\]HG�WKH�W\SH�DQG�PDJQLWXGH�RI�VSHHFK
DGDSWDWLRQV��ZLWK�D� VSHFLDO� IRFXV�RQ� WKH� DFRXVWLF�� SURVRGLF� DQG
SKRQRORJLFDO� IHDWXUHV� RI� K\SHUDUWLFXODWH� VSHHFK�� � ,Q� WKHVH
VWXGLHV�� D� VHPL�DXWRPDWLF� VLPXODWLRQ� PHWKRG� ZDV� XVHG� IRU
FROOHFWLQJ� GDWD� RQ� VSRNHQ� LQSXW� GXULQJ� V\VWHP� HUURU� KDQGOLQJ
�2YLDWW�� 0DF(DFKHUQ� DQG� /HYRZ�� ������ 2YLDWW�� /HYRZ�
0DF(DFKHUQ�DQG�0RUHWRQ�� LQ�SUHVV��2YLDWW��%HUQDUG�	�/HYRZ�
LQ� SUHVV��� 7KLV� WHFKQLTXH� XVHG� D� UDQGRP� HUURU� JHQHUDWLRQ
FDSDELOLW\� WKDW� ZDV� DGDSWHG� WR� VLPXODWH� GLIIHUHQW� UHFRJQLWLRQ
HUURU�UDWHV��H�J��� ORZ��KLJK���GLIIHUHQW� W\SHV�RI� UHFRJQLWLRQ�HUURU
�H�J��� UHMHFWLRQV�� VXEVWLWXWLRQV��� GLIIHUHQW� FKDUDFWHULVWLFV� RI
UHFRJQLWLRQ�HUURU��H�J���VLQJOH�HUURU��HUURU�VSLUDOV���DQG�VR�IRUWK�

'XULQJ�WKH�WHVW�SURFHGXUH��IRU�H[DPSOH��XVHUV�LQSXW�VSHHFK�VXFK
DV�� ³6DQ� )UDQFLVFR� DLUSRUW�´� � EXW� UHFHLYHG� IHHGEDFN� IURP� WKH
V\VWHP� FRQILUPLQJ� ³6DQ� 'LHJR� DLUSRUW�´� )ROORZLQJ� WKLV
VLPXODWHG� VXEVWLWXWLRQ� HUURU�� XVHUV� WKHQ� W\SLFDOO\� UHVSRQGHG� E\
UHSHDWLQJ�WKHLU�LQLWLDO�VSRNHQ�LQSXW�



TABLE I - SUMMARY OF ABSOLUTE CHANGE IN LINGUISTIC FEATURES OF
STAGE I & II HYPERARTICULATION, a) BASED ON PAST & PRESENT RESEARCH b)

Linguistic Feature Stage I Change c) Stage II Change

Duration:
     Pause interjection +.57 pauses +.32 — +.38 pauses d)

     Pause elongation + 97 msec  +78 — +102 msec
     Speech elongation +190 msec +127— +171 msec

Articulation:
     Hyper-clear phonology  N.S.    +6 — +9% e)

     Disfluencies  N.S. −.25 — −.25 f)

Pitch:
     Intonation - final fall  N.S.    +9 — +9% g)

     Pitch minimum  N.S. -2.2 — –2.7 hz

Amplitude:
     Amplitude maximum  N.S.   N.S./ + 0.3 dB

(a) Values listed represent absolute change from original to repeat input for statistically significant changes  (N.S. =
not significant).
(b) Cumulative data included from past and present research are indicated in regular and bold font, respectively.
Values based on the present research are averages across all error types.  Values based on past findings are taken
from Oviatt, MacEachern & Levow (1998).
(c) Stage I changes were associated with a 6.5% overall error rate per utterances input, and Stage II changes with a
20% rate (upper bounds of the Stage II range based on spiral errors that repeated 1-6 times).
(d) Data represent change in average number of pauses per utterance in multiword utterances.
(e) Data represent change in percent of utterances with a phonological  alternation involving a hyperarticulate shift.
(f) Data represent change in rate of disfluencies per 100 words.
(g) Data represent change in percent of utterances with a final falling intonation contour.

7KLV�VLPXODWLRQ�PHWKRG�DQG�LWV�QRYHO�HUURU�JHQHUDWLRQ�FDSDELOLW\
ZDV� XVHG� WR� FROOHFW� DQG� FRPSDUH� VDPSOHV� RI� XVHUV¶� VSHHFK
LPPHGLDWHO\� EHIRUH� DQG� DIWHU� VLPXODWHG� V\VWHP� UHFRJQLWLRQ
HUURUV�� 7KHVH� GDWD� RQ� PDWFKHG� RULJLQDO�UHSHDW� XWWHUDQFH� SDLUV
WKHQ� ZHUH� DQDO\]HG� IRU� WKH� W\SH� DQG� PDJQLWXGH� RI� OLQJXLVWLF
DGDSWDWLRQV�IROORZLQJ�GLIIHUHQW�W\SHV�RI�UHFRJQLWLRQ�HUURU�

$QDO\VHV� EDVHG� RQ� WKHVH� VWXGLHV� KDYH� LQGLFDWHG� WKDW
K\SHUDUWLFXODWH� DGDSWDWLRQV� GXULQJ� KXPDQ�FRPSXWHU
PLVFRPPXQLFDWLRQ� SULPDULO\� LQFOXGH�� ���� FKDQJH� LQ� SDXVH
VWUXFWXUH�WRZDUG�PRUH�SDXVHV�DQG�ORQJHU�SDXVLQJ������HORQJDWLRQ
RI�VSHHFK�VHJPHQWV������VXSSUHVVLRQ�RI�GLVIOXHQFLHV������LQFUHDVH
LQ�K\SHU�FOHDU�SKRQRORJLFDO�IHDWXUHV������LQFUHDVH�LQ�ILQDO�IDOOLQJ
LQWRQDWLRQ� FRQWRXUV�� 7R� D� OHVVHU� GHJUHH�� RU� GXULQJ� IRFDO
FRUUHFWLRQV� LQ� ZKLFK� RQH� V\OODEOH� RU� ZRUG� LV� VLQJOHG� RXW� IRU

UHSDLU�� WKH� IROORZLQJ� DGDSWDWLRQV� DOVR� W\SLFDOO\� DUH� IRXQG�� ���
H[SDQVLRQ�RI�SLWFK�UDQJH��DQG�����VPDOO�LQFUHDVHV�LQ�DPSOLWXGH
DQG� IXQGDPHQWDO� IUHTXHQF\� �2YLDWW�� 0DF(DFKHUQ� DQG� /HYRZ�
������ 2YLDWW�� /HYRZ�� 0DF(DFKHUQ� DQG� 0RUHWRQ�� LQ� SUHVV�
2YLDWW��%HUQDUG�	�/HYRZ��LQ�SUHVV��

:LWK� UHVSHFW� WR� WKH� UHODWLYH� PDJQLWXGH� RI� FKDQJH� LQ� DFRXVWLF�
SURVRGLF� DQG� SKRQRORJLFDO� IHDWXUHV� GXULQJ� K\SHUDUWLFXODWLRQ�
GXUDWLRQDO� LQFUHDVHV� ZHUH� WKH� PRVW� SURPLQHQW�� ,Q� SDUWLFXODU�
DGDSWDWLRQ� LQ� SDXVH� VWUXFWXUH� GRPLQDWHG� WKH� FKDQJHV� REVHUYHG�
ZLWK�VSHHFK�VHJPHQW�LQFUHDVHV�DOVR�QRWHZRUWK\�LQ�PDJQLWXGH��$V
LOOXVWUDWHG� LQ�7DEOH� ,�� � WKHVH� GXUDWLRQDO� DGDSWDWLRQV� UHSUHVHQWHG
WKH�RQO\�VLJQLILFDQW�FKDQJH�ZKHQ�WKH�UDWH�RI�V\VWHP�UHFRJQLWLRQ
HUURUV�ZDV� ORZ�� )LJXUH� �� LOOXVWUDWHV� WKDW� FRPSDUDEOH� GXUDWLRQDO
FKDQJHV� ZHUH� REVHUYHG� IROORZLQJ� GLIIHUHQW� W\SHV� RI� V\VWHP
UHFRJQLWLRQ�HUURU�
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Figure 2. Computer-elicited Hyperarticulate Adaptation Model (CHAM)
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Figure 1. Similarity of Hyperarticulation Profile for Different Error Types
               [ Pause duration     ; Number of pauses     ; Disfluencies     ; 
                 Intonation contour     ; Speech duration     ; Hyper-clear 
                 phonology     ; Pitch     ; Amplitude      ]

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��

Failure to
Understand

Related 
Substitutions

Unrelated 
SubstitutionsFailure to

Understand

Related 
Substitutions

Unrelated 
Substitutions

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��

���
���
���
���
���
���
���

���
���
���
���
���
���
���

��
��
��
��
��
��
��

�
�

�
�

�
� �

�
�10%

20%

30%

40%

50%

10%

20%

30%

40%

50%

10%

20%

30%

40%

50%

� ��
��

��
�
� � �

�
�

���
���

���
���

��
��

� �
�

$UWLFXODWRU\� FKDQJHV� DOVR� ZHUH� D� PRGHUDWHO\� SURPLQHQW
FKDUDFWHULVWLF� RI� K\SHUDUWLFXODWH� DGDSWDWLRQ�� LQFOXGLQJ� ERWK� D
GURS� LQ� VSRNHQ� GLVIOXHQFLHV� DQG� DQ� LQFUHDVH� LQ� K\SHU�FOHDU
SKRQRORJLFDO�IHDWXUHV��([DPSOHV�RI�FKDQJH�WRZDUG�D�K\SHU�FOHDU
DUWLFXODWRU\� SDWWHUQ� LQFOXGH� WKH� LQVHUWLRQ� RI� SUHYLRXVO\� GHOHWHG
VHJPHQWV�� IRUWLWLRQ� RI� DOYHRODU� IODSV� WR� FRURQDO� SORVLYHV�� DQG
VKLIWV�WR�XQUHGXFHG�QW�VHTXHQFHV��(VVHQWLDOO\��XVHUV¶�VSHHFK�QRW
RQO\� VORZHG�GRZQ�DQG� VHSDUDWHG�ZRUGV�PRUH�GLVWLQFWO\�� LW� DOVR
EHFDPH�PRUH�GHOLEHUDWH�DQG�EHWWHU�VSHFLILHG�LQ�LWV�VLJQDO�FXHV�WR
SKRQHWLF� LGHQWLW\��$V� LOOXVWUDWHG� LQ�7DEOH� ,�� WKHVH� FKDQJHV�ZHUH
QRW� HYLGHQW� GXULQJ� D� ORZ� UDWH� RI� HUURUV�� EXW� HPHUJHG� FOHDUO\
ZKHQ� WKH� HUURU� UDWH� ZDV� KLJK�� )LJXUH� �� VKRZV� WKDW� WKHVH
DGDSWDWLRQV�ZHUH� UHSOLFDWHG� DFURVV� DOO� GLIIHUHQW� W\SHV�RI� V\VWHP
UHFRJQLWLRQ�HUURU�

:LWK� UHVSHFW� WR� SURVRG\�� VSHDNHUV� VKLIWHG� WR� D� ILQDO� IDOOLQJ
LQWRQDWLRQ� FRQWRXU� GXULQJ� HUURU� FRUUHFWLRQ�� ZKLFK� PDUNHG� WKH
FORVH�RI�WKHLU�UHSDLU�VXEGLDORJXH�ZLWK�WKH�FRPSXWHU��7KLV�FKDQJH
DOVR� ZDV� DVVRFLDWHG� ZLWK� VPDOO� GHFUHDVHV� LQ� PLQLPXP
IXQGDPHQWDO�IUHTXHQF\��:KLOH�DPSOLWXGH�LQFUHDVHV�ZHUH�UHOLDEO\
SUHVHQW� GXULQJ� FRUUHFWLRQV�� WKH\� ZHUH� QHJOLJLEOH� LQ� VL]H�� 7KH
UHODWLYH�PDJQLWXGH� RI� FKDQJH� LQ� ERWK� SLWFK� DQG� DPSOLWXGH�ZDV
VPDOO�� DV� VHHQ� LQ� )LJXUH� ��� DOWKRXJK� WKHVH� FKDQJHV� ZHUH
UHSOLFDWHG� DFURVV� DOO� W\SHV�RI� V\VWHP�HUURU�� 7DEOH� ,� UHYHDOV� WKDW
WKHVH� DGDSWDWLRQV� ZHUH� HYLGHQW� RQO\� GXULQJ� D� KLJK
UDWH�RI�V\VWHP�HUURUV�

)LJXUH���VXPPDUL]HV� WKH�VWULNLQJ�VLPLODULW\� LQ�XVHUV¶
K\SHUDUWLFXODWLRQ� SURILOH� DFURVV� GLIIHUHQW� W\SHV� RI
V\VWHP�UHFRJQLWLRQ�HUURU���7KH�PRVW�GUDPDWLF�UHODWLYH
FKDQJH� LQ� K\SHUDUWLFXODWH� VSHHFK� RFFXUUHG� LQ� LWV
SDXVH� VWUXFWXUH�� GXUDWLRQDO� FKDUDFWHULVWLFV�� DQG
SDWWHUQ� RI� DUWLFXODWLRQ� DQG� LQWRQDWLRQ�� +RZHYHU�
VPDOOHU� UHODWLYH�FKDQJH�DOVR�FDQ�EH�VHHQ� LQ�)LJXUH��
LQ�SLWFK�DQG�DPSOLWXGH��)LQDOO\��7DEOH�,�KLJKOLJKWV�WKH
IDFW� WKDW� WKH� GHJUHH� RI� K\SHUDUWLFXODWLRQ� LQ� XVHUV¶
VSHHFK� LV� JUDGXDWHG²�ZLWK� RQO\� GXUDWLRQDO� FKDQJHV
REVHUYHG�GXULQJ�D�ORZ�HUURU�UDWH��L�H��������HUURU�UDWH
SHU� XWWHUDQFH��� EXW� DOO� RI� WKH� GHVFULEHG� IHDWXUHV
FKDQJLQJ�GXULQJ�D�KLJK�UDWH� �L�H�������HUURU� UDWH�SHU
XWWHUDQFH��

$GGLWLRQDO� GDWD� RQ� � K\SHUDUWLFXODWH� FKDQJH� GXULQJ
XVHUV¶� SHUVLVWHQW� DWWHPSWV� WR� FRUUHFW� WKH� VDPH� HUURU
DUH�GHWDLOHG�HOVHZKHUH��2YLDWW��%HUQDUG�	�/HYRZ�� LQ
SUHVV��� DV� LV� GDWD� RQ� SDWWHUQV� RI� K\SHUDUWLFXODWLRQ

GXULQJ� IRFDO� YHUVXV� JOREDO� XWWHUDQFH� UHSDLUV� �2YLDWW�
/HYRZ��0DF(DFKHUQ�DQG�0RUHWRQ��LQ�SUHVV��

3.  CHAM— MODEL &
PREDICTIONS

7KH� WZR�VWDJH� EUDQFKLQJ� &RPSXWHU�HOLFLWHG
+\SHUDUWLFXODWH� $GDSWDWLRQ�0RGHO� �&+$0��� ZKLFK� LV
LOOXVWUDWHG� LQ�)LJXUH���� KDV�EHHQ�SURSRVHG� DV� D� XQLI\LQJ
IUDPHZRUN� WR� DFFRXQW� IRU� WKHVH� V\VWHPDWLF� FKDQJHV� LQ
XVHUV¶� VSHHFK� GXULQJ� LQWHUDFWLYH� HUURU� KDQGOLQJ� �2YLDWW�
0DF(DFKHUQ� 	� /HYRZ�� ������� $FFRUGLQJ� WR� WKLV
HPSLULFDOO\�GHULYHG� PRGHO�� 6WDJH� ,� DGDSWDWLRQV� HQWDLO� D
VLQJXODU� FKDQJH� LQ� GXUDWLRQDO� FKDUDFWHULVWLFV�� 7KLV� VWDJH
LV�DVVRFLDWHG�ZLWK�D�PRGHUDWH�GHJUHH�RI�K\SHUDUWLFXODWLRQ
GXULQJ� D� ORZ� UDWH� RI� V\VWHP� HUURUV�� 6WDJH� ,,� HQWDLOV
PXOWLSOH�FKDQJHV�LQ�GXUDWLRQDO��DUWLFXODWRU\��IXQGDPHQWDO
IUHTXHQF\�� DQG� DPSOLWXGH� FKDUDFWHULVWLFV�� 7KLV� VWDJH� LV
DVVRFLDWHG� ZLWK� D� PRUH� H[WUHPH� GHJUHH� RI
K\SHUDUWLFXODWLRQ�GXULQJ�D�KLJK�UDWH�RI�V\VWHP�HUURUV��7KH
WZR�VWDJH� PRGHO� EDVLFDOO\� VXPPDUL]HV� D� SURJUHVVLYH
XQIROGLQJ� RI� K\SHUDUWLFXODWH� VSHHFK� DGDSWDWLRQV�� DV
LOOXVWUDWHG�LQ�)LJXUH���

&+$0�SUHGLFWV�WKDW�

•� XVHUV¶�VSHHFK�ZLOO�DGDSW�WRZDUG� WKH� OLQJXLVWLFDOO\�VSHFLILHG
K\SHUDUWLFXODWLRQ�SURILOH�RXWOLQHG�DERYH��ZLWK� WKH� W\SH�DQG
PDJQLWXGH� RI� FKDQJH� LQ� DUWLFXODWRU\�� GXUDWLRQDO�� SURVRGLF�
IXQGDPHQWDO�IUHTXHQF\��DQG�DPSOLWXGH�IHDWXUHV�VSHFLILHG�LQ
7DEOH�,

•� V\VWHPV� FKDUDFWHUL]HG� E\� GLIIHUHQW� HUURU� UDWHV� ZLOO� HOLFLW
GLIIHUHQW� W\SHV� RI� K\SHUDUWLFXODWH� OLQJXLVWLF� IHDWXUHV�� ZLWK
ORZ� HUURUV� DVVRFLDWHG� ZLWK� GXUDWLRQDO� FKDQJH� DQG� KLJK
HUURUV�ZLWK�WKH�IXOO�UDQJH�RI�IHDWXUH�DGDSWDWLRQV�VSHFLILHG�LQ
7DEOH�,



•� XVHUV¶� VSHHFK� ZLOO� DGDSW� VLPLODUO\� WR� GLIIHUHQW� W\SHV� RI
V\VWHP�UHFRJQLWLRQ�HUURU

•� K\SHUDUWLFXODWH�DGDSWDWLRQV��ZLOO�RFFXU�GXULQJ�JOREDO�UHSDLUV
WR� DQ� HQWLUH� XWWHUDQFH�� DQG� DOVR� GXULQJ� IRFDO� FRUUHFWLRQV
LQYROYLQJ� DQ� LQGLYLGXDO� V\OODEOH� RU� ZRUG� ZLWKLQ� D� ODUJHU
XWWHUDQFH

•� K\SHUDUWLFXODWH� DGDSWDWLRQV� ZLOO� EH� HYLGHQW� LPPHGLDWHO\
GXULQJ� D� ILUVW� UHSDLU� DWWHPSW�� DQG� ZLOO� SHUVLVW� GXULQJ
UHSHDWHG�HIIRUWV�WR�UHSDLU�WKH�VDPH�HUURU

•� K\SHUDUWLFXODWH� VSHHFK� DGDSWDWLRQV� GXULQJ� V\VWHP� HUURU
KDQGOLQJ� ZLOO� EH� DEUXSW� PRPHQW�E\�PRPHQW� WUDQVLWLRQV
UDWKHU�WKDQ�JUDGXDO�RQHV

4.  IMPLICATIONS

7KH�K\SHUDUWLFXODWH�VSHHFK�GRFXPHQWHG�LQ�WKLV�UHVHDUFK�SUHVHQWV
D�SRWHQWLDOO\�GLIILFXOW� VRXUFH�RI�YDULDELOLW\� WKDW�FDQ�GHJUDGH� WKH
SHUIRUPDQFH�RI�FXUUHQW�VSHHFK�UHFRJQL]HUV�DQG�FRPSOLFDWH�WKHLU
DELOLW\� WR� UHVROYH� HUURUV� JUDFHIXOO\�� 2QH� TXHVWLRQ� UDLVHG� E\
YLHZLQJ� WKH�PRGHO� LQ� )LJXUH� �� LV�ZKHWKHU� DQ� XWWHUDQFH� VSRNHQ
GXULQJ�EDVHOLQH�FRQGLWLRQV�FDQ�EH�UHFRJQL]HG�DV� LGHQWLFDO� WR� LWV
FRXQWHUSDUW� GXULQJ� 6WDJH� ,,� FRQGLWLRQV�� /LNH� /RPEDUG� VSHHFK�
K\SHUDUWLFXODWH�VSHHFK�LQYROYHV�HSLVRGLF�DQG�RIWHQ�DEUXSW�VLJQDO
YDULDELOLW\�WKDW�PD\�SRVH�D�PRUH�VXEVWDQWLDO�FKDOOHQJH�WR�FXUUHQW
UHFRJQLWLRQ� WHFKQRORJ\� WKDQ� PRUH� FRQWLQXRXV� IRUPV� RI
YDULDELOLW\�� VXFK� DV� DFFHQWHG� VSHHFK�� 7KH� UHODWLYHO\� VWDWLF
DOJRULWKPLF� DSSURDFKHV� WKDW� FXUUHQWO\� GRPLQDWH� WKH� ILHOG� RI
VSHHFK� UHFRJQLWLRQ�� LQFOXGLQJ� WHFKQLTXHV� OLNH� +LGGHQ� 0DUNRY
PRGHOLQJ�� DSSHDU� SDUWLFXODUO\� LOO� VXLWHG� WR� SURFHVVLQJ� WKH
G\QDPLF� VW\OLVWLF� YDULDELOLW\� W\SLFDO� RI� K\SHUDUWLFXODWH� VSHHFK�
7KH� SUHVHQW� UHVHDUFK� WKHUHIRUH� VKRXOG� SURYLGH� D� VWLPXOXV� IRU
GHYHORSLQJ� IXQGDPHQWDOO\� PRUH� G\QDPLF�� DGDSWLYH�� DQG� XVHU�
FHQWHUHG�DSSURDFKHV�WR�VSHHFK�UHFRJQLWLRQ�WHFKQRORJ\�

7KLV� UHVHDUFK� DOVR� KDV� LPSOLFDWLRQV� IRU� WKH� FROOHFWLRQ� RI� PRUH
UHDOLVWLF�VSHHFK�GDWD�ZLWK� LQWHUDFWLYH� V\VWHPV²�RQHV� WKDW�GR� LQ
IDFW� HUU�� DQG� WKDW� YDU\� LQ� WKHLU� HUURU� EDVH�UDWHV�� ,W� LV� FOHDU� WKDW
DOWHUQDWLYH� DSSURDFKHV� WR� SUHVHQW� HUURU� KDQGOLQJ� PHWKRGV� ZLOO
QHHG�WR�EH�H[SORUHG�LI�LPSURYHG�UREXVWQHVV�LV�WR�EH�DFKLHYHG�IRU
VSRNHQ� ODQJXDJH� V\VWHPV�� )RU� H[DPSOH�� WKH� GHVLJQ� RI� D
UHFRJQL]HU� VSHFLDOL]HG� IRU� HUURU� KDQGOLQJ� � LV� RQH� RSWLRQ�� 7KLV
DSSURDFK�ZRXOG� UHTXLUH�GDWD�FROOHFWLRQ� DQG� UHFRJQL]HU� WUDLQLQJ
RQ�D�FRUSXV�RI�K\SHUDUWLFXODWH�VSHHFK��'HSHQGLQJ�RQ�WKH�VSRNHQ
ODQJXDJH� DSSOLFDWLRQ¶V� LQWHUIDFH� GHVLJQ�� WKH� VSHFLDO� SXUSRVH
UHFRJQL]HU�FRXOG�HLWKHU�SURFHVV�VSHHFK�LQ�SDUDOOHO�ZLWK�WKH�PDLQ
UHFRJQL]HU� RU� EH� VZDSSHG� LQ� GXULQJ� FRUUHFWLRQ� HSLVRGHV� ZKHQ
WKH� XVHU� LV� K\SHUDUWLFXODWLQJ�� $QRWKHU� SURPLVLQJ� ORQJ�WHUP
VROXWLRQ�ZRXOG�EH�WR�DYRLG�HOLFLWLQJ�K\SHUDUWLFXODWH�VSHHFK�DW�DOO
E\�GHVLJQLQJ�D�PXOWLPRGDO�UDWKHU� WKDQ�XQLPRGDO� LQWHUIDFH��7KLV
ZRXOG�SHUPLW�WKH�XVHU�WR�VZLWFK�WR�DQ�DOWHUQDWH�LQSXW�PRGH�ZKHQ
KH� RU� VKH� H[SHFWV� RU� DFWXDOO\� HQFRXQWHUV� D� V\VWHP� HUURU�� 7KLV
RSWLRQ� DQG� LWV� DGYDQWDJHV� KDYH� EHHQ� GLVFXVVHG� LQ� GHWDLO
HOVHZKHUH��2YLDWW�DQG�YDQ*HQW��������

5.  CONCLUSIONS

7KH� &RPSXWHU�HOLFLWHG� +\SHUDUWLFXODWH� $GDSWDWLRQ� 0RGHO
�&+$0��KDV�EHHQ�VXPPDUL]HG��LQFOXGLQJ�LWV�WKHRUHWLFDO�RULJLQV
DQG�HPSLULFDO�GRFXPHQWDWLRQ�RQ�LWV�SULPDU\�IHDWXUHV��3UHGLFWLRQV

EDVHG�RQ�&+$0�DOVR�KDYH�EHHQ�RXWOLQHG��7KLV�PRGHO�� DQG� WKH
GDWD�XSRQ�ZKLFK�LW�LV�EDVHG��SURYLGH�GHWDLOHG�LQIRUPDWLRQ�DERXW
K\SHUDUWLFXODWH� VSHHFK� FKDQJHV� GXULQJ� V\VWHP� HUURU� UHVROXWLRQ�
7KH�K\SHUDUWLFXODWH�DGDSWDWLRQV�GHVFULEHG�UHSUHVHQW�D�VXEVWDQWLDO
G\QDPLF� VRXUFH� RI� VSHHFK� VLJQDO� YDULDELOLW\�� ZKLFK� SRVHV� D
VHULRXV� FKDOOHQJH� WR� FXUUHQW� DSSURDFKHV� WR� VSHHFK� UHFRJQLWLRQ
WHFKQRORJ\��7KH�LPSOLFDWLRQV�RI�&+$0�KDYH�EHHQ�GLVFXVVHG�IRU
GHVLJQLQJ� IXWXUH� V\VWHPV� ZLWK� VXEVWDQWLDOO\� LPSURYHG� HUURU
KDQGOLQJ�
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