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ABSTRACT

This study explored the feasibility of applying a particular "heart rate
analysis" method to the assessment of human machine interface
effectiveness in cockpits. The methodology proposed is: "Event-related
Heart Rate"(EHR) as an indicator of dynamic characteristics of human
information processing during instrument and display scanning and the
execution of discrete tasks. Both the methodology and technical
requirements for simulator event control are described. The
implementation of EHR is illustrated by a case study performed during a
simulation experiment on cockpit data link Human Factors issues.  
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7KLV#VWXG\#H[SORUHG# WKH#IHDVLELOLW\#RI#DSSO\LQJ#D#SDUWLFXODU#µKHDUW#UDWH#DQDO\VLV¶#PHWKRG# WR# WKH
DVVHVVPHQW#RI#KXPDQ#PDFKLQH# LQWHUIDFH#HIIHFWLYHQHVV# LQ#FRFNSLWV1#7KH#PHWKRGRORJ\#SURSRVHG
LV=# # µ(YHQW0# UHODWHG#+HDUW#5DWH¶+(+5,# DV# DQ# LQGLFDWRU# RI# G\QDPLF# FKDUDFWHULVWLFV# RI# KXPDQ
LQIRUPDWLRQ#SURFHVVLQJ#GXULQJ# LQVWUXPHQW#DQG#GLVSOD\# VFDQQLQJ#DQG# WKH#H[HFXWLRQ#RI#GLVFUHWH
WDVNV1# %RWK# WKH# PHWKRGRORJ\# DQG# WHFKQLFDO# UHTXLUHPHQWV# IRU# VLPXODWRU# HYHQW# FRQWURO# DUH
GHVFULEHG1# 7KH# LPSOHPHQWDWLRQ# RI# (+5# LV# LOOXVWUDWHG# E\# D# FDVH# VWXG\# SHUIRUPHG# GXULQJ# D
VLPXODWLRQ#H[SHULPHQW#RQ#FRFNSLW#GDWD#OLQN#+XPDQ#)DFWRUV#LVVXHV1
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41 ,QWURGXFWLRQ

+HDUW#UDWH/#ZKLFK#LV#UHODWLYHO\#HDV\#WR##PHDVXUH/#KDV#D#ORQJ#KLVWRU\#DV#D#VRXUFH#RI#LQIRUPDWLRQ#IRU
LQGH[LQJ#PDQ\#SV\FKRORJLFDO#FRQFHSWV# OLNH#µDURXVDO¶/#µWDVN# LQYROYHPHQW¶/# #µDQ[LHW\¶#DQG#PRUH
UHFHQWO\/# µPHQWDO# ORDG¶# DQG# µHIIRUW¶1# +HDUW# UDWH# LV# D1R1# LQIOXHQFHG# # E\# WKH# SDUD0V\PSDWKHWLF
QHUYRXV#EUDQFK/# WKDW# LV#TXLFN#HQRXJK# LQ# LWV#UHVSRQVH/# WR#UHDFW# WR#PRPHQWDU\#FKDQJHV# LQ# WDVNV1
7KH#V\PSDWKHWLF#EUDQFK#LV/#KRZHYHU/#PXFK#VORZHU#LQ#UHVSRQVH#DQG#ZLOO#WKHUHIRUH#LQIOXHQFH#WKH
PRUH# RYHUDOO# OHYHO# RI# KHDUW# UDWH1#$V# DQ# H[DPSOH/# LI# D# VWXGHQW# SLORW# IHHOV# LQWLPLGDWHG# E\# DQ
LQVWUXFWRU/#KHDUW#UDWH#ZLOO#EH#UDLVHG#FRQVLVWHQWO\#E\#WKH#V\PSDWKHWLF#EUDQFK#DQG#ZLOO#QRW#IOXFWXDWH
FOHDUO\#ZLWK#RQ0JRLQJ#WDVNV1#0XOWLSOH#SV\FKRORJLFDO#DQG#SK\VLFDO#IDFWRUV#DIIHFW##KHDUW#UDWH/#DQG
VXFK# IDFWRUV#PXVW#EH#FRQWUROOHG#RU#PHDVXUHG# LQGHSHQGHQWO\# LI# WKHLU# VHSDUDWH#HIIHFWV#DUH# WR#EH
H[DPLQHG1

7KH#VFRSH#RI#DQDO\VLV#RI#KHDUW#UDWH#FDQ#EH#µWLPH#EDVHG¶#RU#µHYHQW#EDVHG¶1#7KH#REVHUYDWLRQ#WKDW
KHDUW0UDWH#YDULDELOLW\#++59,/#ZKLFK#LV#WKH#EHDW0WR0EHDW#IOXFWXDWLRQ#RI#WKH#KHDUW#UK\WKP/#W\SLFDOO\
GHFUHDVHV# XQGHU# FRQGLWLRQV# WKDW# FRXOG# EH# FODVVLILHG# DV# µPHQWDOO\# ORDGLQJ¶/# LQLWLDWHG# VHYHUDO
UHVHDUFK# HIIRUWV# LQ# ERWK# ODERUDWRU\# DQG# ILHOG# VWXGLHV# +IRU# D# UHYLHZ# VHH# -RUQD# <5,1# # 6SHFWUDO
DQDO\VLV#RI# LQWHU0EHDW# LQWHUYDOV#SURYLGHG#D#TXDQWLILFDWLRQ#RSWLRQ# IRU#KHDUW# UDWH#YDULDELOLW\#ZLWK
UHVSHFW# WR# SRZHU# LQ# GLIIHUHQW# IUHTXHQF\# EDQGV1# &RQVLVWHQW# WLPH# SHULRGV# DUH# XVHG# WR# DOORZ
FRPSDULVRQV#DFURVV#SHULRGV#ZLWK#D#VWDEOH#WDVN#ORDGLQJ#DQG2RU#FRQVLVWHQW#OHYHOV#RI#SV\FKRORJLFDO
VWUHVV1##7KH#GLVDGYDQWDJH#LV#WKH#SRVVLEOH#LPSDFW#RQ#WDVN#UHDOLVP/#DV#µIO\LQJ#WXUQV#IRU#8#PLQXWHV¶
WR#LQYHVWLJDWH#ZRUNORDG#RI#PDQXDO#FRQWURO/#FDQ#EH#YHU\#UHOHYDQW#IURP#D#VFLHQWLILF#SRLQW#RI#YLHZ/
EXW#LV#QRW#UHDOLVWLF#IRU#PRVW#RSHUDWLRQDO#FLUFXPVWDQFHV1#3LORWV#KDYH#PDQ\#WDVNV#RI#UHODWLYH#VKRUW
GXUDWLRQ#WKDW#KDYH#WR#EH#KDQGOHG#LQ#D#G\QDPLF/#FKDQJLQJ#HQYLURQPHQW1#$Q#DOWHUQDWLYH#WHFKQLTXH
LV#WR#UHFRUG#ERWK#KHDUW#UDWH#DQG#WKH#DFWXDO#PLVVLRQ#µHYHQW¶# WLPHOLQHV# LQFOXGLQJ#SLORW# LQSXWV#DQG
WKH#RFFXUUHQFH#RI#H[WHUQDO#SUREOHPV#DQG#WR#VWXG\#WKH#KHDUW#UDWH#FKDQJHV#LQ#UHODWLRQ#WR#SDUWLFXODU
PLVVLRQ#µHYHQWV¶1
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51 0HWKRGRORJ\

(YHQW0# UHODWHG#+HDUW#5DWH# +(+5,=# LQ# WKH# VFHQDULR/# FHUWDLQ# VWLPXOXV# HYHQWV# DUH# SUHVHQWHG# WR
ZKLFK# D# SLORW# UHVSRQVH# LV# DQWLFLSDWHG1#$IWHU# WKH# H[SHULPHQW/# VHJPHQWV# RI# KHDUW# UDWH# UHFRUGHG
DURXQG# WKH# HYHQW# DUH# µFXW¶/# LQVSHFWHG# DQG# DYHUDJHG# WRJHWKHU1# 7KH# UHDVRQLQJ# LV# WKDW# DOO
IOXFWXDWLRQV# WKDW# DUH# QRW# UHODWHG# WR# WKH# VSHFLILF# HYHQW/#ZLOO# DYHUDJH# RXW1# 7KH# UHVXOW# LV# D# QHW
UHVSRQVH#RI# WKDW#VXEMHFW# OLQNHG# WR# WKH#HYHQW1#&RPSDULVRQV#FDQ#QRZ#EH#PDGH#EHWZHHQ# W\SH#RI
HYHQWV/#IRU#H[DPSOH#GLIIHUHQW#W\SHV#RI#DOHUWLQJ#V\VWHPV#WR#VWXG\#WKH#HIIHFWLYHQHVV#IRU#DWWUDFWLQJ
WKH#µSLORWV#DWWHQWLRQ¶1#6XFK#FRPSDULVRQV#QHHG#WR#EH#EDVHG#RQ#WKH#VDPH#QXPEHU#RI#HYHQWV/#RU#RQ#D
VXIILFLHQW#VDPSOH#VL]H#SHU#HYHQW1#7KH#H[DFW#QXPEHU#UHTXLUHG#KDV#WR#EH#GHWHUPLQHG#E\#SUDFWLFDO
H[SHULHQFH/#RU#VWDQGDUG#VDPSOHV1

+HDUW#UDWH#VKRXOG#EH#UHFRUGHG#WRJHWKHU#ZLWK#UHVSLUDWLRQ#WR#FRQWURO#IRU#VLJKLQJ/#GHHS#EUHDWKV#HWF1
(VSHFLDOO\#EUHDWK#KROGLQJ#ZLOO#LQLWLDWH#D#UHIOH[#WKDW#UHGXFHV#KHDUW#UDWH1#$Q#DFFXUDWH#OLQNLQJ#ZLWK
UHVSHFW# WR# UHDO# WLPH#DFFXUDF\#RI#KHDUW# UDWH#ZLWK# WKH# VWLPXOXV#RU#PLVVLRQ#HYHQWV# LV#PDQGDWRU\1
6RIWZDUH# VKRXOG# EH# DEOH# WR# ORFDWH# WKH# VHOHFWHG# HYHQWV# DQG# FXW# D# VSHFLILHG# VHFWLRQ# RI# WKH
UHFRUGLQJ1#7KLV#VHFWLRQ#LQFOXGHV#VRPH#WLPH#EHIRUH#WKH#HYHQW#+UHIHUHQFH,#DQG#VRPH#WLPH#DIWHU#WKH
HYHQW# LQ#RUGHU# WR#VWXG\# WKH#FKDQJH# LQ# UHVSRQVH#DV#D# IXQFWLRQ#RI# WKH#HYHQW1#+HDUW# UDWH# LV#DQ#D0
V\QFKURQRXV# VLJQDO# WKDW# KDV# WR# EH# LQWHUSRODWHG# LQ# RUGHU# WR# HQDEOH# WKH# FXW# DQG# SDVWH# IXQFWLRQ
DFFXUDWHO\#RYHU#D#FHUWDLQ#WLPH#VHJPHQW1#$YHUDJLQJ#VRIWZDUH#IRU#VHJPHQWV#LV#UHTXLUHG#WR#REWDLQ#D
JOREDO#KHDUW#UDWH#SURILOH#WKDW#FDQ#W\SLI\#D#SLORWV#UHVSRQVH#WR#WKH#HYHQW1
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61 &DVH#VWXG\=#$7&#FRFNSLW#GDWDOLQN

7KH#VWXG\#LQYHVWLJDWHG#WKH#FUHZ#LQWHUDFWLRQV#ZLWK#DQ#LPSURYHG#FRFNSLW#GDWD#OLQN#LQWHUIDFH#ZLWK
VHYHUDO#PHDQV#IRU#H[FKDQJLQJ#WKH#PHVVDJH#WR#WKH#FUHZ#+9DQ#*HQW#<9,1#'DWD#OLQN#PHVVDJHV#ZHUH
GLVSOD\HG# HLWKHU# DW# D#PXOWL0IXQFWLRQ# GLVSOD\/# VR# WKH# SLORWV+V,# FRXOG# UHDG# WKH#PHVVDJH/# RU# WKH
PHVVDJH#ZDV#SUHVHQWHG#E\#PHDQV#RI#V\QWKHWLF#VSHHFK1#+HDUW#UDWH#DQG#UHVSLUDWLRQ#ZHUH#UHFRUGHG
IRU#WKH#µ3LORW#1RW#)O\LQJ¶#+31),#E\#PHDQV#RI#9,7$3257#,#HTXLSPHQW#WKDW#DOORZV#GLJLWDO#LQSXWV
IURP#HYHQW#FRGHV# WR#EH#VWRUHG# WRJHWKHU#ZLWK# WKH#GDWD1# #7KH#VFHQDULR#FRQWURO#SULQFLSOHV#DSSOLHG
IRU# FRQWUROOLQJ# WKH# RFFXUUHQFHV# RI# HYHQWV# LQ# VLPXODWRUV/# KDV# EHHQ# GHQRWHG# DV# µFRQWH[W
VLPXODWLRQ¶#+VHH#-RUQD#4<<:#IRU#PRUH#GHWDLOV,1

7KH#DQDO\VLV#XVHG#WKH#HYHQW#µ$XUDO#DOHUW#IURP#$7&#XS#OLQN¶#DV#WKH#HYHQW#IRU#VHOHFWLQJ/#FXWWLQJ
DQG#DYHUDJLQJ#RI#KHDUW#UDWH#VHJPHQWV1#1RUPDOO\/#WKDW#HYHQW#ZLOO#ILUVW#DWWUDFW#WKH#DWWHQWLRQ#RI#WKH
SLORW/# WR#EH# IROORZHG#E\# WKH# WDVN# HOHPHQWV=#SURFHVV# WKH#SUHVHQWHG# LQIRUPDWLRQ># GHFLGH# RQ# WKH
DFWLRQ#UHTXLUHG#LQ#FR0RUGLQDWLRQ#ZLWK#WKH#IHOORZ#FUHZ#PHPEHU#DQG#ILQLVK#ZLWK#WKH#LQLWLDWLRQ#DQG
H[HFXWLRQ#RI# WKH#UHVSRQVH#E\#PHDQV#RI#D#GRZQ# OLQN#PHVVDJH# WR#$7&1#,Q# WKH#FDVH#RI#GDWD# OLQN
VWDQGDUG#UHSOLHV#OLNH#µ:,/&2¶#FDQ#EH#VHOHFWHG#IURP#D#GLVSOD\#PHQX1

6141 0DQXDO#IOLJKW#DQG#V\QWKHWLF#VSHHFK#IRU#$7&

7KH# UHVXOWV# DV# REWDLQHG# IRU# D# SLORW# LQ# WKH# VLPXODWLRQ# FRQGLWLRQ=#0DQXDO# IOLJKW# DQG# V\QWKHWLF
VSHHFK#IRU#$7&#PHVVDJH#FRQWHQW#DUH#GHSLFWHG#LQ#ILJXUH#41

Fig. 1 Event related heart rate response, averaged over multiple events (n=26) for a pilot not
flying while handling communications tasks with Air Traffic Control through data link. The centred
event was an ATC up link (time zero) displayed by synthetic speech, which required a ‘WILCO’
response later on. The occurrence of that response, as determined by independent measures of
the time of selecting the ‘WILCO’ button,  is indicated.  (figure from Jorna 1997)
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7KH#UHVXOWV#VKRZ#D#GLVWLQFW#SDWWHUQ#RI#D#OLQNHG#UHVSRQVH#WR#WKLV#HYHQW#DV#UHIOHFWHG#LQ#WKH#DYHUDJHG
KHDUW# UDWH# SURILOH1# %HIRUH# WKH# HYHQW/# YDULDWLRQV# LQ# KHDUW# UDWH# ZHUH# LQGHHG# DYHUDJHG# RXW/
FRQILUPLQJ#XQHYHQWIXO#FRQGLWLRQV#MXVW#SULRU#WR#WKH#WULJJHULQJ#HYHQW1#$IWHU#WKH#RFFXUUHQFH#RI#WKH
XS# OLQN/# KHDUW# UDWH# VORZV# GRZQ# VKRUWO\# /# D# UHVSRQVH# ZHOO# NQRZQ# IURP# ODERUDWRU\# VWXG\
H[SHULHQFH# +IRU# D# UHYLHZ# VHH# .RHUV# 4<<:,# DQG# RIWHQ# DVVRFLDWHG# ZLWK# LQIRUPDWLRQ# XSWDNH/
IROORZHG#E\#D#VXEVHTXHQW#LQFUHDVH#ZKHQ#WKH#SLORW#LV#DEVRUELQJ#WKH#LQIRUPDWLRQ#+QRWH#WKH#SORWWLQJ
FRQYHQWLRQ#LQ#LQWHU#EHDW#LQWHUYDOV/#PHDQLQJ#KHDUW#UDWH#JRHV#GRZQ#ZKHQ#WKH#LQWHUYDOV#LQFUHDVH$,1
#7KH#VHTXHQFH# LV#FRPSOHWHG#ZLWK#D#GLVWLQFW#GHFUHDVH# LQ#KHDUW#UDWH#DV# WKH#µ:,/&2¶#UHVSRQVH# LV
VHOHFWHG# DQG# H[HFXWHG1# 7KLV# GHFUHDVH# LQ# WKH# SURILOH# FDQ# EH# DVVRFLDWHG# ZLWK# WKH# UHTXLUHG
FRQFHQWUDWLRQ#RI#WKH#SLORW#EXW#FDQ#DOVR#EH#OLQNHG#WR#SRVVLEOH#EUHDWK#KROGLQJ/#ZKLFK#LV#SUHVHQWO\
XQGHU#LQYHVWLJDWLRQ1

6151 0DQXDO#IOLJKW#DQG##GLVSOD\HG#WH[W#IRU#$7&

7KH#VDPH#SLORW#SHUIRUPHG#LGHQWLFDO#WDVNV#XQGHU#D#GLIIHUHQW#UHJLPH#RI#H[SHULPHQWDO#FRQGLWLRQV1
,Q#WKLV#FDVH#UHDGLQJ#LV#UHTXLUHG#DV#RSSRVHG#WR#OLVWHQLQJ#WR#WKH#PHVVDJH1#7KH#UHVXOWV#IRU#WKLV#FDVH
DUH#GHSLFWHG#LQ#ILJXUH#51

Fig. 2 Event related heart rate response, averaged over multiple events (n=26) for a pilot not
flying for handling communications tasks with Air Traffic Control through data link. The centred
event was an ATC up link (time zero) displayed as text on the navigation display, which required
a ‘WILCO’ response later on. (figure from Jorna 1997)

,Q#WKH#FDVH#RI#UHDGLQJ#IURP#WKH#GLVSOD\/#D#PDUNHG#GLIIHUHQFH#LQ#UHVSRQVH#FDQ#EH#REVHUYHG1##$IWHU
WKH# DOHUW/# D# VKRUW# # SHULRG# RI# KHDUW# UDWH# DFFHOHUDWLRQ#ZDV# REVHUYHG/# IROORZHG# E\# D# TXLWH#PRUH
GLVWLQFW# LQFUHDVH# LQ# KHDUW# UDWH# DV# FRPSDUHG# ZLWK# WKH# V\QWKHWLF# VSHHFK# FRQGLWLRQ/# DSSDUHQWO\
DVVRFLDWHG#ZLWK# µZRUNLQJ# WKRXJK# WKH# WH[W¶1#$IWHU#DEVRUELQJ# WKH# LQIRUPDWLRQ#DJDLQ/# #KHDUW# UDWH
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GHFHOHUDWHV#PDUNHGO\#GXULQJ#WKH#VHOHFWLRQ#DQG#H[HFXWLRQ#RI#WKH#µµ:,/&2¶¶#UHVSRQVH1

6LPLODU# DQDO\VLV# ZHUH# SHUIRUPHG# IRU# DQRWKHU# VXEMHFW# SLORW# WR# H[SORUH# WKH# EHWZHHQ# VXEMHFW
FRQVLVWHQF\#RI#WKLV#SDWWHUQ1#7KH#UHVXOWV#DUH#GHSLFWHG#LQ#ILJXUH#61

Fig. 3 Event related heart rate response, averaged over multiple events (n=34) for another pilot
not flying while handling communications tasks with Air Traffic Control through data link. The
centred event was an ATC up link (time zero) displayed by synthetic speech, which required a
‘WILCO’.

Fig. 4 Event related heart rate response, averaged over multiple events (n=41) for another pilot
not flying for handling communications tasks with Air Traffic Control through data link. The
centred event was an ATC up link (time zero) displayed as text on the navigation display and
requiring a consent form the crew later on.
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7KH#UHVSRQVHV#GHVFULEHG#HDUOLHU#ZHUH#UHSOLFDWHG#E\# WKH#GDWD#RI#DQRWKHU#SLORW# WHVWHG1#7KH#VDPH
FRPSDULVRQ# DV# HDUOLHU#ZDV#PDGH#ZLWK# WKH# SUHVHQWDWLRQ# RI# GLVSOD\HG# WH[W# DV# DQ# DOWHUQDWLYH# WR
V\QWKHWLF#VSHHFK1#7KH#UHVXOW#IRU#WKLV#FRQGLWLRQ#LV#GHSLFWHG#LQ#ILJXUH#71

6161 5HVSRQVH#WR#$XWRPDWLRQ#IDLOXUHV

7R#LOOXVWUDWH#WKH#UHVSRQVH#RI#D#SLORW#WR#DQ#DXWRPDWLRQ#IDLOXUH#LQ#WKH#FDVH#RI##)06#JDWLQJ#WKURXJK
DGYDQFHG#'DWD#OLQN/#DQ#µ$XWR#SLORW#GLVFRQQHFW¶#HYHQW#ZDV#VHOHFWHG#IRU#WKLV#DQDO\VLV1#6XFK#HYHQWV
KDYH#D# ORZ# IUHTXHQF\#RI#RFFXUUHQFH#VR# WKH#SLORWV#DUH#QRW#SUHSDUHG1#7KH#DXWR#SLORW#GLVFRQQHFW
ZDV#VFKHGXOHG#WR#RFFXU##LPPHGLDWHO\#DIWHU#KDQGOLQJ#DQ#XS#OLQN#IURP#$7&1

7KH#UHVXOWV#REWDLQHG#DUH#GHSLFWHG#LQ#ILJXUH#81

Fig. 5 Event related heart rate response, averaged over multiple events (n=3) for a pilot
confronted with a auto pilot disconnect after accepting the FMS gating of an ATC up link. The
disconnect was initiated automatically 10 seconds after the  up links.

7KH#UHVXOWV#GHPRQVWUDWH# WKH#RFFXUUHQFH#RI# WKH#DSSDUHQWO\/# W\SLFDO/#µ:,/&2¶#UHVSRQVH# LQ#KHDUW
UDWH#DOVR#IRU#WKLV#SLORW/#MXVW#EHIRUH#WKH#VXUSULVLQJ#HYHQW#RI#DQ#DXWR#SLORW#GLVFRQQHFW1#7KH#SURILOH
LOOXVWUDWHV#WKDW#HYHQ#VXEVHTXHQW#HYHQWV#ZLWK#VKRUW#LQWHUYDOV#EHWZHHQ#WKHP/#FDQ#VWLOO#FDXVH#GLVWLQFW
UHVSRQVHV#WR#EH#REVHUYHG1#$OVR/#RQO\#WKUHH#HYHQWV#LQ#WKH#DYHUDJH#ZHUH#VXIILFLHQW#WR#UHSOLFDWH#WKH
HDUOLHU# UHVXOWV# IRU# WKH# µ:,/&2¶#REWDLQHG#ZLWK#59#HYHQWV# LQ# WKH#HDUOLHU#DYHUDJH# +DOVR#GLIIHUHQW
VXEMHFW#SLORW,1
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7KH# LQWXLWLYH#H[SHFWDWLRQ#RI# #D#SLORWV# UHVSRQVH# WR#DQ#DXWR#SLORW#GLVFRQQHFW# #HYHQW#ZRXOG#EH#D
GLVWLQFW# ULVH# LQ#KHDUW# UDWH1#7KH#GDWD#KRZHYHU/# VKRZ#D#GLIIHUHQW/#PRUH#SDUWLFXODU# UHVSRQVH1#7KH
KHDUW# DFFHOHUDWLRQ# IROORZLQJ# WKH# FRPSOHWLRQ# RI# WKH# FRPPXQLFDWLRQ# WDVN# LV# IROORZHG# E\# D
GHFUHDVH#LQ#KHDUW#UDWH/#DJDLQ#DSSDUHQWO\#DVVRFLDWHG#ZLWK#WKH#LQWDNH#RI#LQIRUPDWLRQ#WR#GHWHUPLQH
WKH# SUREOHP1#1R# µSDQLF¶# UHODWHG# UHVSRQVH# LV# REVHUYHG1# 1RWH# WKH# HIIHFW# RI# WKH# HYHQW# RQ# WKH
VWDQGDUG#GHYLDWLRQ#RI#WKH#DYHUDJHV#REWDLQHG1#,W#LV#DOPRVW#UHGXFHG#WR#]HUR#DW#WKH#SUHFLVH#PRPHQW
WKH#SLORW#WDNHV#FRUUHFWLYH#DFWLRQV1#$IWHU#WKH#HYHQW/#KHDUW#UDWH#VHHPV#WR#VWDELOLVH#WR#PRUH#QRUPDO
OHYHOV1
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71 'LVFXVVLRQ

7KH# DLP# RI# WKLV# VWXG\#ZDV# WR# GHPRQVWUDWH# WKH# IHDVLELOLW\# RI# XVLQJ# (YHQW# UHODWHG#+HDUW#5DWH
PHDVXUHV# WR# FRPSOHPHQW# DQG# DVVLVW# VWXGLHV# LQWR# KXPDQ0PDFKLQH# LQWHUDFWLRQ# LQ# DXWRPDWHG
FRFNSLWV1# 7KHVH# FRFNSLWV# DUH# SDUWLFXODUO\# VXLWHG# IRU# WKLV# DSSOLFDWLRQ# DV# WKH# FRFNSLW# GHYLFHV
UHTXLUH#PDQ\#GLVFUHWH# WDVNV# WR#EH#FRPSOHWHG#E\# WKH#FUHZ1#7KH# WHFKQLFDO# UHTXLUHPHQWV# IRU# WKLV
WHFKQLTXH# DUH# IRUPLGDEOH#ZLWK# UHVSHFW# WR# WKH# LQWHJUDWLRQ# RI# ERWK# H[SHULPHQWDO# FRQWURO# RYHU
VLPXODWLRQ# HYHQWV# DQG# WKH# DVVRFLDWHG# GDWD# UHFRUGLQJV#ZLWK# DFFXUDWH# V\QFKURQLVLQJ# SURYLVLRQV
RYHU# PXOWLSOH# GDWD# VRXUFHV1# 7KH# DSSOLFDWLRQ# RI# WKH# WHFKQLTXHV# FRXOG# EH# GHPRQVWUDWHG# DQG
UHVXOWHG#LQ#WKH#GHWHFWLRQ#RI#GLVWLQFWLYH#KHDUW#UDWH#UHVSRQVHV#WR#SDUWLFXODU#HYHQWV#VFKHGXOHG#LQ#WKH
VFHQDULR1# ,Q# WKLV# UHVSHFW/# WKLV# ODERUDWRU\# WHFKQLTXH# FRXOG# EH# WUDQVIHUUHG# VXFFHVVIXOO\# WR# WKH
FRPSOH[#HQYLURQPHQW#RI#G\QDPLF#IXOO#PLVVLRQ#VLPXODWLRQ1

7KH#UHVXOWV#VHHP#WR#MXVWLI\#WKH#IROORZLQJ#SUHOLPLQDU\#REVHUYDWLRQV=

• (+5# SDWWHUQV# VHHPHG# FKDUDFWHULVWLF# IRU# WKH# HYHQW# W\SHV# LQ# WKLV# VWXG\# # DQG# RFFXUUHG
FRQVLVWHQWO\#RYHU#GLIIHUHQW#IOLJKWV#DQG#VXEMHFW#SLORWV1

• 5HVSRQVH#SDWWHUQV#FDQ#YDU\#TXLFNO\#RYHU#WLPH/#DOORZLQJ#GHWDLOHG#VWXG\#RI#SLORW#UHVSRQVHV#LQ#D
G\QDPLF#HQYLURQPHQW1

• (+5# UHVSRQVHV# LQGLFDWH# SLORW# UHVSRQVHV# WKDW# DUH# FRXQWHU# LQWXLWLYH# DW# ILUVW# VLJKW/#ZKHUH# DQ
LQFUHDVH#ZRXOG#VHHP#OLNHO\#WR#LQGLFDWH#D#VWDUWOH#UHVSRQVH/#D#GHFUHDVH#ZDV#REVHUYHG#SUREDEO\
LQGLFDWLQJ#D#FRQWUROOHG#LQIRUPDWLRQ#VDPSOLQJ#VWUDWHJ\#E\#WKH#SLORW#WR#UHVROYH#WKH#SUREOHP#WKDW
RFFXUUHG1

• (+5#VHHPV#D#XVHIXO#WRRO#WR#JDLQ#PRUH#LQVLJKW#LQ#G\QDPLF#DVSHFWV#RI#SLORW#EHKDYLRU
• 'HSHQGLQJ#RQ# WKH# HYHQW/# DOVR# ORZ# IUHTXHQFLHV#RI# HYHQW#SUHVHQWDWLRQ# FDQ#SURGXFH# UHOHYDQW
(+51

:LWK# WKH# (+5# WHFKQLTXH/# D# ZHDOWK# RI# DGGLWLRQDO# LQIRUPDWLRQ# VHHPV# WR# EH# DFFHVVLEOH# IURP
FRPSOH[#VLPXODWLRQV/#LPSURYLQJ#WKH#FRVW#HIIHFWLYHQHVV#RI#VXFK#VWXGLHV1#1RW#DOO#HYHQWV#UHJLVWHUHG
LQ# WKH#GDWD# OLQN#H[SHULPHQW#FRXOG#EH#DQDO\VHG#ZLWKLQ# WKH#VFRSH#RI# WKLV# VWXG\1#4XHVWLRQV/#RI#D
PHUH#VFLHQWLILF#QDWXUH#VWLOO#UHPDLQ/#OLNH#ZKDW#LV#WKH#PHGLDWLQJ#UROH#RI#UHVSLUDWLRQ#LQ#GHWHUPLQLQJ
WKH#REVHUYHG#LQIRUPDWLRQ#XSWDNH#GHFHOHUDWLQJ#UHVSRQVH#LQ#(+51#$OO#LQ#DOO/#WKH#WHFKQLTXH#VHHPV
WR#SUHVHQW#D#ZHOFRPH#DGGLWLRQ#WR#µSHULRG#EDVHG¶#PHDVXUHPHQW#WHFKQLTXHV#WKDW#SURGXFH#REMHFWLYH
UHVXOWV# RYHU# D# FHUWDLQ# SHULRG# RI# WLPH/# OLNH# µWUDGLWLRQDO¶# VSHFWUD# FDOFXODWHG# RYHU# 633# VHFRQGV
SHULRGV#RI#FRQVLVWHQW#WDVN#SHUIRUPDQFH1#0RVW#LPSRUWDQW#KRZHYHU/#VHHPV#WKH#RSSRUWXQLW\#WR#WDNH
PRUH# DGYDQWDJH# RI# WKH# SRVVLELOLW\# WR# H[SORLW# WKH# UHVXOWV# RI# FRPSOH[# VLPXODWLRQV#PRUH# FRVW
HIIHFWLYH/#DQG#DOORZ#IRU# WKH#EXLOG#XS#RI#D#GDWD#EDVH#RI#VLPXODWLRQ# UHVXOWV# WKDW#FDQ#EH#XVHG# IRU
SRVW#KRF#DQDO\VLV#ZLWK#SRWHQWLDO#VDWLVIDFWRU\#RXWFRPHV1
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81 5HIHUHQFHV

*HQW/#YDQ#5111+1:1/#+4<<9,#&RFNSLW#GDWD#OLQN#SKDVH#,,=# WRZDUGV# LQFUHDVHG#XVHU#DFFHSWDQFH#E\
RSHUDWLRQDOO\#GHILQHG#GHVLJQ#KXPDQ#LQWHUIDFH#FRQFHSWV1#1/5#WHFKQLFDO#SXEOLFDWLRQ/#LQ#SUHVV1

-RUQD/#31*1$101#+4<<5,1#6SHFWUDO#DQDO\VLV#RI#KHDUW#UDWH#DQG#SV\FKRORJLFDO#VWDWH=#$#UHYLHZ#RI#LWV
YDOLGLW\#DV#D#ZRUNORDG#LQGH[1#%LRORJLFDO#SV\FKRORJ\/#67/#56:058:1

-RUQD/# 31*1$101# +4<<:,1# &RQWH[W# VLPXODWLRQ=# DQ# LQWHUDFWLYH# PHWKRGRORJ\# IRU# XVHU# FHQWUHG
V\VWHP#GHVLJQ#DQG#IXWXUH#RSHUDWRU#EHKDYLRU#YDOLGDWLRQ1#,Q=#&RJQLWLYH#HQJLQHHULQJ#LQ#WKH#DYLDWLRQ
GRPDLQ#+6DUWHU#)#$PHOEHUWL#HGV1,1#/DZUHQFH#(UOEDXP#LQF1#3XEOLVKHUV1#,Q#SUHVV1

.RHUV/# *1# +4<<:,# %UDLQ# FRQWURO# RI# KHDUW# UHJXODWLRQ1# 3KG# WKHVLV1# 8QLYHUVLW\# RI# *URQLQJHQ/
1HWKHUODQGV1


