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AEVWUDFW
AV Whe VWXd\ Rf iQdiYidXaO diffeUeQceV becRPeV PRUe
ZideVSUead, TXeVWiRQV aUiVe abRXW Whe UeaVRQV WhaW a SaUWicXOaU
iQdiYidXaO PighW adRSW a SaUWicXOaU VWUaWeg\. UViQg bRWh Whe
behaYiRUaO aQd fXQcWiRQaO QeXURiPagiQg daWa Rf heaOWh\ adXOWV
fURP HXPaQ CRQQecWRPe PURjecW (HCP) Ze e[aPiQed
deciViRQ PakiQg iQ aQ iQceQWiYe SURceVViQg WaVk (DeOgadR eW
aO. 2000). A SaiU Rf diVWiQcW ACT-R PRdeOV, UeSUeVeQWiQg a
DecOaUaWiYe VWUaWeg\ aQd a PURcedXUaO VWUaWeg\, ZeUe XVed WR
cOaVVif\ VXbjecWV aV eiWheU DecOaUaWiYe RU PURcedXUaO deciViRQ
PakeUV baVed RQ WheiU behaYiRUaO daWa. A PachiQe OeaUQiQg
LaVVR aQaO\ViV ZaV SeUfRUPed RQ each VXbjecW¶V UeVWiQg VWaWe
fXQcWiRQaO cRQQecWiYiW\, aQd ZaV abOe WR PaWch Whe ACT-R
PRdeO cOaVVificaWiRQV WR a high degUee Rf accXUac\. ThiV
VXggeVWV WhaW Whe VWUeQgWh Rf cRQQecWiRQV beWZeeQ bUaiQ
UegiRQV Pa\ SOa\ aQ iPSRUWaQW UROe iQ VhaSiQg Whe deciViRQ
PakiQg SURceVV Rf a giYeQ iQdiYidXaO.

KH\ZRUGV: DeciViRQ MakiQg; SWUaWeg\; CRPSXWaWiRQaO
PRdeOiQg; FXQcWiRQaO cRQQecWiYiW\; PURcedXUaO MePRU\;
DecOaUaWiYe MePRU\; ACT-R

IQWURGXFWLRQ
IW haV beeQ aUgXed WhaW, WR be effecWiYe, cRPSXWaWiRQaO

cRgQiWiYe PRdeOV Qeed WR VZiWch fURP QRPRWheWic,
gURXS-OeYeO deVcUiSWiRQV WR idiRgUaShic, iQdiYidXaO-OeYeO
RQeV (ZhRX eW aO., 2021). A SURPiViQg fUaPeZRUk iQ WhiV
VeQVe ZaV SURSRVed b\ RiWWeU aQd GRbeW (2000), ZhR aUgXed
WhaW aQ aUchiWecWXUe caQ be XVed WR VXcceVVfXOO\ caSWXUe Whe
iQYaUiaQW SaUW Rf Whe PiQd, ZhiOe diffeUeQW SaUaPeWeU YaOXeV
caQ be XVed WR PRdeO YaUiaWiRQV acURVV iQdiYidXaOV. ThiV
aSSURach ZaV WeVWed VXcceVVfXOO\ b\ DaiO\ aQd LRYeWW
(2001), ZhR VXcceeded iQ caSWXUiQg iQdiYidXaO diffeUeQceV iQ
ZRUkiQg PePRU\ WhURXgh a ViQgOe SaUaPeWeU iQ Whe ACT-R
aUchiWecWXUe (VSUeadiQg acWiYaWiRQ W), aQd PRUe UeceQWO\, b\
XX aQd SWRccR (2021) XViQg behaYiRUaO daWa. ReceQW ZRUk
haV aOVR VhRZQ WhaW iQdiYidXaO SaUaPeWeU YaOXeV aUe
aVVRciaWed ZiWh diffeUeQW VigQaWXUeV Rf QeXUaO acWiYiW\ iQ
EEG daWa (ZhRX eW aO., 2021) aQd fMRI (Rice & SWRccR, iQ
SUeVV). TheVe QeXUaO VigQaWXUeV ZeUe ideQWified fURP
³UeVWiQg-VWaWe´ UecRUdiQgV, WhaW iV, WaVk-fUee VeVViRQV iQ
Zhich SaUWiciSaQWV aUe QRW aVked WR dR aQ\WhiQg iQ SaUWicXOaU,
aQd Zhich RffeU Whe RSSRUWXQiW\ WR RbVeUYe VSRQWaQeRXV bXW
highO\ RUgaQi]ed bUaiQ acWiYiW\ (FR[ eW aO., 2005). The facW
WhaW SaUaPeWeU YaOXeV WhaW caSWXUe iQdiYidXaO diffeUeQceV aUe

UefOecWed iQ UeVWiQg VWaWe iPagiQg daWa VXggeVWV a biRORgicaO
XQdeUSiQQiQg fRU WheVe SaUaPeWeUV.

DeVSiWe iWV VXcceVVeV, Whe aSSURach Rf ideQWif\iQg
iQdiYidXaO diffeUeQceV ZiWh SaUaPeWeU YaOXeV VWiOO UXQV iQWR
cRQceSWXaO URadbORckV. WhiOe a cRgQiWiYe aUchiWecWXUe caQ
be aVVXPed WR UefOecW aQ iQYaUiaQW, iQQaWe bOXeSUiQW (TaaWgeQ,
2020), SaUWiciSaQWV aUe W\SicaOO\ PeaVXUed ZheQ SeUfRUPiQg
a specific task, aQd, eYeQ ZiWh Whe VaPe aUchiWecWXUe,
SaUWiciSaQWV PighW SeUfRUP Whe VaPe WaVkV iQ Whe VaPe Za\.
FRU e[aPSOe, ViPSOe aVVRciaWiRQ OeaUQiQg WaVkV caQ be
PRdeOed XViQg WZR VWUaWegieV, a SURcedXUaO-baVed
UeiQfRUcePeQW OeaUQiQg VWUaWeg\ aQd a PePRU\-baVed,
deciViRQ-b\-VaPSOiQg RU iQVWaQce-baVed OeaUQiQg VWUaWeg\.
HaiOe eW aO. (2020) VhRZed WhaW diffeUeQW SaUWiciSaQWV aUe beVW
fiW b\ diffeUeQW VWUaWegieV. ThiV iPSOieV WhaW aWWePSWV WR
PeaVXUe ViQgOe SaUaPeWeUV acURVV SaUWiciSaQWV iV XOWiPaWeO\
dRRPed WR faiO: iW dReV QRW Pake VeQVe WR eVWiPaWe OeaUQiQg
UaWe (a UeiQfRUcePeQW OeaUQiQg SaUaPeWeU) fURP SaUWiciSaQWV
ZhR UeO\ RQ PePRU\, aQd iW dReV QRW Pake VeQVe WR PeaVXUe
UaWe Rf fRUgeWWiQg (a VXcceVVfXOO\ decRdabOe SaUaPeWeU) fURP
iQdiYidXaOV ZhR fROORZ a PePRU\-OeVV, SURcedXUaO OeaUQiQg
VWUaWeg\.

ThURXgh cRPSXWaWiRQaO PRdeOV, iW iV SRVVibOe WR Pake
iQfeUeQceV abRXW Zhich VWUaWeg\ a SaUWiciSaQW iV XViQg (HaiOe
eW aO., 2020). BXW ZhaW PakeV SaUWiciSaQWV prefer a VWUaWeg\
RYeU aQRWheU? IQ SUiQciSOe, VWUaWeg\ VeOecWiRQ cRXOd be a
fXQcWiRQ Rf SeUVRQaO SUefeUeQce, habiW, RU cRVW-beQefiW
aQaO\ViV (Pa\Qe, BeWWPaQ, & JRhQVRQ, 1993). OQe eQWiciQg
SRVVibiOiW\ iV WhaW VWUaWeg\ VeOecWiRQ PighW UefOecW bRXQded
UaWiRQaOiW\ (LeZiV eW aO., 2014): iQdiYidXaOV chRRVe Whe
VWUaWeg\ WhaW SOa\V WR WheiU VWUeQgWhV, \ieOdiQg Whe beVW UeVXOWV
giYeQ Whe cRPSXWaWiRQaO cRVWV iQYROYed. If WhiV iV Whe caVe,
WheQ iW fROORZV WhaW SUefeUeQce fRU a VWUaWeg\ RYeU aQRWheU
ZRXOd aOVR XOWiPaWeO\ deSeQd RQ ideQWifiabOe VWabOe
chaUacWeUiVWicV Rf WheiU bUaiQ acWiYiW\.

TR WeVW WhiV h\SRWheViV, Ze aQaO\]ed a daWaVeW iQcOXdiQg
aOPRVW 200 SaUWiciSaQWV fRU ZhRP SeUfRUPaQce RQ a ViPSOe
deciViRQ-PakiQg WaVk aQd UeVWiQg-VWaWe fMRI daWa ZeUe
aYaiOabOe. CRPSXWaWiRQaO PRdeOV iPSOePeQWiQg aOWeUQaWiYe
VWUaWegieV ZeUe fiW WR iQdiYidXaO behaYiRUaO daWa WR deWeUPiQe
Whe PRVW OikeO\ VWUaWeg\ XVed b\ each SaUWiciSaQW. MachiQe
OeaUQiQg WechQiTXeV ZeUe WheQ ePSOR\ed WR ideQWif\ Whe



faceWV Rf VSRQWaQeRXV QeXUaO acWiYiW\ WhaW beVW SUedicW Zhich
VWUaWeg\ ZiOO be XVed b\ each iQdiYidXaO. We e[SecWed WR
fiQd WhaW deciViRQ-PakiQg VWUaWegieV aVVRciaWed ZiWh Whe XVe
Rf PePRU\ UeVRXUceV (VXch aV UeWUieYiQg Whe SUeYiRXV
VXcceVV hiVWRU\ Rf aQ RSWiRQ) ZRXOd be aVVRciaWed ZiWh
iQcUeaVed fXQcWiRQaO cRQQecWiYiW\ iQ fURQWR-SaUieWaO UegiRQV
UeVSRQVibOe fRU cRgQiWiYe cRQWURO. CRQYeUVeO\, Ze e[SecWed
WhaW deciViRQ-PakiQg VWUaWegieV aVVRciaWed ZiWh habiWXaO aQd
UeZaUd-baVed OeaUQiQg ZRXOd be aVVRciaWed ZiWh iQcUeaVed
fXQcWiRQaO cRQQecWiYiW\ iQ VeQVRUiPRWRU cRUWiceV UeVSRQVibOe
fRU aXWRPaWic VWiPXOXV-UeVSRQVe behaYiRUV aQd ZiWh Whe
baVaO gaQgOia ciUcXiW UeVSRQVibOe fRU feedback-dUiYeQ
OeaUQiQg (YiQ & KQRZOWRQ, 2006).

MHWKRGV
ThiV VWXd\ aQaO\]ed bRWh behaYiRUaO aQd QeXURiPagiQg

daWa RbWaiQed fURP Whe HXPaQ CRQQecWRPe PURjecW (HCP)
daWaVeW (VaQ EVVeQ eW aO., 2013). A WRWaO Rf 199 SaUWiciSaQWV
(111 fePaOeV, 85 PaOeV, aQd 3 did QRW diVcORVe) ZhR
cRPSOeWed bRWh VeVViRQV Rf Whe WaVk-baVed fMRI gaPbOiQg
gaPe ZeUe iQcOXded iQ WhiV VWXd\. AOO SaUWiciSaQWV ZeUe
heaOWh\ adXOWV ZiWh QR QeXURdeYeORSPeQWaO RU
QeXURSV\chiaWUic diVRUdeUV. The e[SeUiPeQWaO SURWRcRO,
VXbjecW UecUXiWPeQW SURcedXUeV, aQd cRQVeQW WR VhaUe
de-ideQWified iQfRUPaWiRQ ZeUe aSSURYed b\ Whe IQVWiWXWiRQaO
ReYieZ BRaUd aW WaVhiQgWRQ UQiYeUViW\.

TKH IQFHQWLYH PURFHVVLQJ TDVN LQ WKH HCP
ThiV iQceQWiYe deciViRQ PakiQg WaVk ZaV adaSWed fURP Whe

gaPbOiQg SaUadigP deYeORSed b\ DeOgadR aQd Fie] (2000).
PaUWiciSaQWV ZeUe aVked WR gXeVV if Whe QXPbeU RQ a P\VWeU\
caUd (UeSUeVeQWed b\ a ³?´, aQd UaQgiQg fURP 1-9) ZaV PRUe
RU OeVV WhaQ 5. AfWeU PakiQg a gXeVV, SaUWiciSaQWV ZeUe giYeQ
feedback, Zhich cRXOd Wake RQe Rf WhUee fRUPV, Reward (a
gUeeQ XS aUURZ aQd $1), Loss (a Ued dRZQ aUURZ aQd
-$0.50), RU Neutral (a gUa\ dRXbOe headed aUURZ aQd Whe
QXPbeU 5). The feedback did QRW deSeQd RQ Whe VXbjecW¶V
UeVSRQVe, bXW ZaV deWeUPiQed iQ adYaQce; Whe VeTXeQce Rf
SUe-defiQed feedback ZaV ideQWicaO fRU aOO SaUWiciSaQWV. The
WaVk ZaV SUeVeQWed iQ WZR UXQV, each Rf Zhich cRQWaiQV 64
WUiaOV diYided iQWR eighW bORckV. BORckV cRXOd be Mostly Loss
(6 ORVV WUiaOV SVeXdR-UaQdRPO\ iQWeUOeaYed ZiWh eiWheU 1
QeXWUaO aQd 1 UeZaUd WUiaO, 2 QeXWUaO WUiaOV, RU 2 UeZaUd WUiaOV)
RU Mostly Reward (6 UeZaUd WUiaOV SVeXdR UaQdRPO\
iQWeUOeaYed ZiWh eiWheU 1 QeXWUaO aQd 1 ORVV WUiaO, 2 QeXWUaO
WUiaOV, RU 2 ORVV WUiaOV). IQ each Rf Whe WZR UXQV, WheUe ZeUe
WZR MRVWO\ ReZaUd aQd WZR MRVWO\ LRVV bORckV,
iQWeUOeaYed ZiWh 4 fi[aWiRQ bORckV (15 VecRQdV each).

RHVWLQJ-SWDWH IMRI AQDO\VLV
ThiV VWXd\ ePSOR\ed Whe ³PiQiPaOO\ SUeSURceVVed´

YeUViRQ Rf UeVWiQg-VWaWe fMRI daWa, Zhich haV aOUead\
XQdeUgRQe a PiQiPaO QXPbeU Rf VWaQdaUd SUeSURceVViQg
VWeSV iQcOXdiQg aUWifacW UePRYaO, PRWiRQ cRUUecWiRQ,
QRUPaOi]aWiRQ, aQd UegiVWUaWiRQ WR Whe VWaQdaUd MNI
ICBM152 WePSOaWe. AddiWiRQaO SUeSURceVViQg VWeSV ZeUe
SeUfRUPed XViQg Whe AFNI VRfWZaUe (CR[ RW, 1996),

iQcOXdiQg deVSikiQg, VSaWiaO VPRRWhiQg ZiWh aQ iVRWURSic
GaXVViaQ 3D fiOWeU FWHM Rf 8 PP, aQd UePRYaO Rf OiQeaU
cRPSRQeQWV UeOaWed WR Whe Vi[ PRWiRQ SaUaPeWeUV aQd WheiU
fiUVW-RUdeU deUiYaWiYeV.

FXQcWiRQaO cRQQecWiYiW\ PeaVXUeV ZeUe cRQVWUXcWed fURP
Whe HCP UeVWiQg-VWaWe daWa XViQg PRZeU eW aO. (2011)¶V ZhROe
bUaiQ SaUceOOaWiRQ. ThiV SaUceOOaWiRQ ZaV XVed WR cRQVWUXcW a
264 RegiRQ Rf IQWeUeVW (ROI) fXQcWiRQaO aWOaV, ZiWh each
ROI cRQWaiQiQg 81 YR[eOV. ThiV SaUceOOaWiRQ aWOaV iV defiQed
iQ Whe MNI VSace aQd ZaV aSSOied WR aOO SaUWiciSaQWV iQ HCP
daWaVeW. The e[WUacWiRQ Rf Whe WiPe VeUieV aQd caOcXOaWiRQ Rf
Whe cRQQecWiYiW\ PaWUiceV ZaV SeUfRUPed XViQg R (RSWXdiR
TeaP, 2016) aQd P\WhRQ. PeaUVRQ cRUUeOaWiRQ cRefficieQWV
aQd SaUWiaO cRUUeOaWiRQ cRefficieQWV beWZeeQ Whe WiPe VeUieV
Rf each bUaiQ UegiRQ ZeUe caOcXOaWed fRU each SaUWiciSaQW,
UeVXOWiQg iQ a 264 î 264 V\PPeWUic cRQQecWiYiW\ PaWUi[ fRU
each VeVViRQ fRU each VXbjecW. The aYeUaged cRUUeOaWiRQ
cRefficieQWV acURVV VXbjecWV ZeUe caOcXOaWed b\ fiUVW
WUaQVfRUPiQg each r YaOXe iQWR a ]-YaOXe, aQd WheQ
UeWUaQVfRUPiQg Whe aYeUage ] YaOXe back iQWR aQ eTXiYaOeQW U
YaOXe XViQg Whe h\SeUbROic WaQgeQW WUaQVfRUPaWiRQ (SiOYeU &
DXQOaS, 1987).

RHVSRQVH SZLWFK AQDO\VLV
BecaXVe iQ Whe IQceQWiYe PURceVViQg WaVk Whe feedback iV

VchedXOed iQ adYaQce aQd dReV QRW deSeQd RQ acWiRQV WakeQ
b\ SaUWiciSaQWV, iW iV iPSRVVibOe WR defiQe SaUWiciSaQW¶V
SeUfRUPaQce iQ WeUPV Rf eiWheU accXUac\ RU OeaUQiQg. ThiV
SRVeV a chaOOeQge ZheQ WU\iQg WR deWeUPiQe if SaUWiciSaQWV
aUe UeVSRQdiQg WR feedback. The PRVW PeaQiQgfXO Za\ WR
check ZheWheU SaUWiciSaQWV chaQge WheiU behaYiRU iQ
UeVSRQVe WR feedback iV WhURXgh aQaO\]iQg WheiU WiQ-SWa\,
LRVe-ShifW (WSLS) SURbabiOiWieV. ThXV, RXU PaiQ deSeQdeQW
YaUiabOe ZaV Whe WeQdeQc\ WR VZiWch UeVSRQVeV afWeU a LRVV
feedback aQd afWeU a ReZaUd feedback. ThiV UeVSRQVe VZiWch
iV cRded aV 0 if Whe cXUUeQW UeVSRQVe iV Whe VaPe aV Whe Qe[W
UeVSRQVe, aQd cRded aV 1 if Whe cXUUeQW UeVSRQVe iV QRW Whe
VaPe aV Whe Qe[W UeVSRQVe. BecaXVe Whe UeVSRQVe VZiWch iV a
biQaU\ YaUiabOe, Whe aQaO\ViV ZaV cRQdXcWed ZiWh ORgiVWic
Pi[ed-effecWV PRdeOV XViQg RUWhRgRQaO cRQWUaVW cRdiQg aV
iPSOePeQWed iQ Whe ³OPe4´ Sackage iQ R. GiYeQ WhaW NeXWUaO
WUiaOV Pake XS RQO\ a VPaOO SURSRUWiRQ Rf WRWaO WUiaOV, Whe\
ZeUe e[cOXded iQ VWaWiVWicaO WeVWV. IQ Whe Pi[ed-effecW PRdeO,
BORck T\Se (ReZaUd RU LRVV) aQd TUiaO T\Se (ReZaUd RU
LRVV) ZeUe WUeaWed aV fi[ed effecWV, aQd iQdiYidXaO
SaUWiciSaQWV ZeUe WUeaWed aV UaQdRP effecWV. The SaUaPeWeUV
ZeUe eVWiPaWed baVed RQ Whe Pa[iPXP OikeOihRRd.

OQ Whe gURXS-OeYeO, WheUe iV QR VigQificaQW effecW Rf
feedback QRU BORck T\Se RQ Whe SURbabiOiW\ Rf VZiWchiQg
UeVSRQVeV. HRZeYeU, aQd cUiWicaOO\ fRU WhiV VWXd\, RQ aQ
iQdiYidXaO-OeYeO, iQdiYidXaOV dR e[hibiW diffeUeQW behaYiRUaO
UeVSRQVe SURfiOeV. FigXUe 1 dePRQVWUaWeV Whe PeaQ
SURbabiOiW\ Rf UeVSRQVe VZiWchiQg aV a fXQcWiRQ Rf TUiaO T\Se
(feedback UeceiYed) aQd BORck T\Se.



FLJXUH 1: The PeaQ SURbabiOiW\ Rf UeVSRQVe VZiWchiQg aV
a fXQcWiRQ Rf feedback aQd bORck W\Se. Each cRORU dRW aQd
gUe\ OiQe UeSUeVeQWV Whe PeaQ SURbabiOiW\ Rf UeVSRQVe
VZiWchiQg Rf a ViQgOe SaUWiciSaQW, aQd Whe bOack dRW
UeSUeVeQWV Whe PeaQ aQd 95% cRQfideQce iQWeUYaO acURVV
SaUWiciSaQWV.

We aOVR e[aPiQed ZheWheU Whe UeVSRQVe WiPeV chaQge aV a
fXQcWiRQ Rf SUeYiRXV feedback (Whe TUiaO T\Se Rf Whe
SUeYiRXV WUiaO) aQd BORck T\Se. E[cOXdiQg QeXWUaO WUiaOV iQ
Whe VWaWiVWicaO aQaO\ViV, RQ aYeUage, SaUWiciSaQWV WeQd WR Wake
ORQgeU ZheQ PakiQg deciViRQV iQ MRVWO\ ReZaUd bORckV
WhaQ iQ MRVWO\ LRVV bORckV ( = 15.21, SE = 6.39, p =β
0.017), UegaUdOeVV Rf SUeYiRXV feedback. FigXUe 2 VhRZV Whe
PeaQ UeVSRQVe WiPe (RT) aV a fXQcWiRQ Rf PUeYiRXV
Feedback aQd BORck T\Se. CRPSaUed WR Whe SURbabiOiW\ Rf
UeVSRQVe VZiWchiQg, hRZeYeU, Whe SaWWeUQ Rf RTV ZaV fRXQd
WR be QRiVieU aQd OeVV cRQViVWeQW acURVV iQdiYidXaOV, aQd ZaV
WheUefRUe QRW iQcOXded iQ Whe fROORZiQg PRdeOiQg aQaO\ViV.

FLJXUH 2: MeaQ UeVSRQVe WiPe aV a fXQcWiRQ Rf SUeYiRXV
WUiaO feedback aQd bORck W\Se. Each cRORUed dRW aQd
gUe\ OiQe UeSUeVeQWV Whe RT Rf aQ iQdiYidXaO, aQd Whe
bOack dRW UeSUeVeQWV Whe PeaQ aQd cRQfideQce iQWeUYaO
(95%) Rf RT acURVV SaUWiciSaQWV.

ACT-R MRGHO DHVLJQ
WhiOe Whe behaYiRUaO daWa dReV QRW UeYeaO PajRU effecWV

acURVV VXbjecWV, iW RffeUV aQ e[ciWiQg RSSRUWXQiW\ fURP a
PRdeOiQg SeUVSecWiYe. TheUe e[iVW WZR cRPSeWiQg
e[SOaQaWiRQV Rf hRZ deciViRQ PakiQg RccXUV iQ a UeSeaWed
chRice SaUadigP, RQe baVed RQ eSiVRdic PePRU\ Rf SUeYiRXV
chRiceV (GRQ]aOe] eW aO., 2003) aQd RQe baVed RQ
UeiQfRUcePeQW OeaUQiQg (DaZ eW aO., 2011). Each e[SOaQaWiRQ

iV deSeQdeQW RQ diffeUeQW PechaQiVPV, aQd, XOWiPaWeO\,
UeOiaQW RQ diffeUeQW VWUaWegieV. BRWh e[SOaQaWiRQV ZeUe
iPSOePeQWed aV WZR cRPSXWaWiRQaO PRdeOV iQ Whe ACT-R
cRgQiWiYe aUchiWecWXUe (AQdeUVRQ, 2007): aV a Declarative
MRdeO, UeOiaQW RQ PePRU\ UeWUieYaO, aQd a Procedural
MRdeO, Zhich PakeV XVe Rf UeiQfRUcePeQW OeaUQiQg.

DHFODUDWLYH MRGHO The DecOaUaWiYe MRdeO UeOieV RQ Whe
decOaUaWiYe PRdXOe WR UeWUieYe a PePRU\ Rf SUiRU acWiRQV aQd
WheiU cRUUeVSRQdiQg feedback. WheQ SUeVeQWed ZiWh a
P\VWeU\ caUd, Whe PRdeO VeOecWV aQ acWiRQ, LESS RU MORE,
fRU eYaOXaWiRQ, aQd PakeV a UeWUieYaO Rf Whe SUiRU hiVWRU\ Rf
feedback aVVRciaWed ZiWh WhaW acWiRQ. If Whe UeWUieYed hiVWRU\
cRQWaiQV a WIN UeVXOW Rf Whe chRVeQ acWiRQ, iW ZiOO e[ecXWe
WhaW acWiRQ, bXW if Whe hiVWRU\ cRQWaiQV a LOSE RU
NEUTRAL UeVXOW, Whe PRdeO ZiOO e[ecXWe Whe aOWeUQaWe
acWiRQ. If QR hiVWRU\ iV UeWUieYed, aQ acWiRQ ZiOO be e[ecXWed
aW UaQdRP. AfWeU PakiQg a gXeVV, Whe PRdeO iV SUeVeQWed
ZiWh feedback, Zhich iV eQcRded aV a QeZ PePRU\ chXQk
aVVRciaWed ZiWh Whe VeOecWed acWiRQ. IQ ACT-R, PePRU\
chXQkV aUe UeWUieYed baVed RQ WheiU acWiYaWiRQ, caOcXOaWed
ZiWh a baVe-OeYeO OeaUQiQg fXQcWiRQ WhaW UefOecWV Whe degUee WR
Zhich a chXQk PaWcheV Whe cRQWe[W Rf Whe UeWUieYaO UeTXeVW,
aQd Whe UeceQc\ Rf SUiRU UeWUieYaOV (ET 1). If Whe acWiYaWiRQ
VXUSaVVeV a VSecified WhUeVhROd, Whe chXQk iV SRVVibOe WR
UeWUieYe aQd if PXOWiSOe chXQkV PeeW WhiV WhUeVhROd, Whe
chXQk ZiWh Whe gUeaWeVW acWiYaWiRQ ZiOO be VeOecWed. The
PRdeO fXQcWiRQV b\ UePePbeUiQg Whe UeVXOWV Rf SUeYiRXV
acWiRQV WR gXide fXWXUe acWiRQV.

(1)𝐴
𝑖
ࡧ   lnഉ

𝑗1ࡧ

𝑛

∑ 𝑡
𝑗
ࡠ 𝑑ഊࡡ  ϵ

PURFHGXUDO MRGHO B\ cRQWUaVW, Whe PURcedXUaO MRdeO
UeSUeVeQWV Whe SRVVibOe acWiRQV Rf Whe deciViRQ-PakiQg
SURceVVeV aV cRPSeWiQg UXOeV, aQd UeiQfRUcePeQW OeaUQiQg iV
XVed WR iQcUeaVe Whe XVe Rf Whe UXOe WhaW OeadV WR Whe beVW
RXWcRPeV. IQVWead Rf eQcRdiQg each WUiaO aV a PePRU\ Rf aQ
acWiRQ aQd aVVRciaWed feedback, Whe PRdeO haV WZR
cRPSeWiQg SURdXcWiRQ UXOeV WhaW e[ecXWe Whe MORE aQd
LESS acWiRQV.WheQ SUeVeQWed ZiWh Whe P\VWeU\ caUd, Whe
PRdeO ZiOO chRRVe RQe Rf Whe UXOeV WR e[ecXWe baVed RQ WheiU
XWiOiW\. IQiWiaOO\, bRWh UXOeV haYe eTXaO XWiOiW\, aQd RQe ZiOO be
chRVeQ aW UaQdRP. AfWeU PakiQg a gXeVV, Whe PRdeO iV
SUeVeQWed ZiWh a WIN, LOSE, RU NEUTRAL UeVSRQVe, aQd
WhiV feedback iV eQcRded aV aQ adjXVWPeQW WR Whe XWiOiW\ Rf
Whe VeOecWed SURdXcWiRQ UXOe (+1 fRU a WIN UeVXOW, -1 fRU a
LOSE UeVXOW, aQd QR chaQge fRU a NEUTRAL UeVXOW). AW aQ\
WiPe SRiQW t, Whe XWiOiW\ U Rf SURdXcWiRQ p iV caOcXOaWed XViQg
ET 2, ZheUe 𝛼 iQdicaWeV Whe OeaUQiQg UaWe, iV Whe UeZaUd𝑅

𝑡
Whe SURdXcWiRQ UeceiYed fRU aW WiPe 𝑡. PUeYiRXV UeZaUdV ZiOO
eQcRXUage Whe PRdeO WR UeSeaW Whe aVVRciaWed acWiRQ, ZhiOe a
SaWWeUQ Rf ORVVeV ZiOO decUeaVe Whe XWiOiW\ Rf Whe acWiRQ aQd
eQcRXUage Whe VeOecWiRQ Rf Whe aOWeUQaWe acWiRQ.

(2)𝑈
𝑡

ࡧ 𝑈
𝑡1ࡡ

ࡠ  αഉ𝑅
𝑡
ࡡ  𝑈

𝑡1ࡡ
ഊ ࡠ  𝑠



IQGLYLGXDO FLW DQG MRGHO EYDOXDWLRQ
TR e[aPiQe Whe SUedicWiRQV Rf RXU PRdeO, Ze XVed a

gUid-VeaUch aSSURach WR fiQd Whe beVW SRVVibOe SaUaPeWeUV
ZiWhiQ Whe SaUaPeWeU VSace VhRZQ iQ TabOe 1. Each PRdeO
ViPXOaWeV 64 WUiaOV, Whe VaPe aV Whe e[SeUiPeQWaO SaUadigP
fRU SaUWiciSaQWV, UeSeaWed RYeU 50 UXQV. The ViPXOaWed
VWiPXOi ZeUe SUeVeQWed iQ Whe VaPe RUdeU aV Whe UeaO
e[SeUiPeQWaO VWiPXOi WR aYRid aQ\ SRWeQWiaO QRiVe fURP
VeTXeQce effecWV iQ Whe ViPXOaWiRQ. FROORZiQg Whe Vi[
cRQdiWiRQV (ReZaUd, LRVV, NeXWUaO WUiaOV iQ MRVWO\ ReZaUd
BORck aQd ReZaUd, LRVV, NeXWUaO WUiaOV iQ MRVWO\ LRVV
BORck), Whe PeaQ SURbabiOiW\ Rf UeVSRQVe VZiWchiQg,
P(SZiWch), aQd iWV VWaQdaUd deYiaWiRQ aUe cRPSXWed.

TDEOH 1: MRGHO SDUDPHWHU VSDFH LQ WKH VLPXODWLRQV.
MRGHOV PDUDPHWHU VDOXH MHDQLQJ

DecOaUaWiYe ϵ 0 - 0.5 acWiYaWiRQ
QRiVe

d 0.2 - 0.85 PePRU\
deca\

PURcedXUaO s 0 - 0.5 XWiOiW\ QRiVe
Į 0.05 - 0.5 OeaUQiQg UaWe

IQ RUdeU WR eYaOXaWe Whe gRRdQeVV-Rf-fiW fRU iQdiYidXaO
fiWWiQg, Ze eVWiPaWed Pa[iPXP LRg-LikeOihRRd acURVV Whe
SaUaPeWeU VSace. The OikeOihRRd fXQcWiRQ Rf a SaUWicXOaU
PRdeO ZiWh SaUaPeWeUV , , iV Whe SURbabiOiW\ WhaW,θ 𝐿ഉ𝑚,  θ| 𝑥ഊ
giYeQ Whe SaUaPeWeUi]ed PRdeO aQd VeW Rf RbVeUYed daWa WR
fiW, Whe PRdeO ZRXOd SURdXce WhaW daWa:= =𝐿ഉ𝑚,  θ| 𝑥ഊ 

. HeUe, aQd UefeUV WR Whe PRdeO aQd iWV𝑃ഉ𝑥|𝑚,  θഊ 𝑚 θ
SaUaPeWeUV, aQd UefeUV WR Whe RbVeUYaWiRQV. CRPPRQ𝑥
cRPSaUiVRQ PeWUicV, VXch aV Whe Akaike IQfRUPaWiRQ
CUiWeUiRQ (AIC) aQd Whe Ba\eViaQ IQfRUPaWiRQ CUiWeUiRQ
(BIC), aUe bRWh baVed RQ OikeOihRRd, bXW UeO\ RQ cORVed-fRUP
OikeOihRRd fXQcWiRQV. WhiOe iW iV SRVVibOe WR deUiYe VXch
fXQcWiRQV fRU ViPSOe PRdeOV (VXch aV ORgiVWic PRdeOV RU
OiQeaU PRdeOV), Whe\ caQ be iQcUedibO\ difficXOW WR deUiYe fRU
PRUe cRPSOe[ PRdeOV aQd iPSRVVibOe fRU aUbiWUaUiO\
cRPSOe[ PRdeOV baVed RQ ACT-R aQd RWheU high OeYeO
aUchiWecWXUeV. SRPe aWWePSWV haYe beeQ Pade WR eYaOXaWe
cRPSOe[ PRdeOV ZiWh baVic OikeOihRRd PeWUicV: SWRccR aQd
HaiOe (2018), PUaW aQd SWRccR (2020), aQd YaQg aQd SWRccR
(2019) haYe aOO XVed BIC WR cRPSaUe cRPSeWiQg ACT-R
PRdeOV. HRZeYeU, Whe eTXaWiRQ XVed WR eVWiPaWe BIC iV a
cORVed-fRUP aSSUR[iPaWiRQ WhaW iV baVed RQ ReVidXaO SXP Rf
STXaUeV aQd ZaV RUigiQaOO\ deUiYed fRU OiQeaU PRdeOV; aV
VXch, iW dReV QRW QeceVVaUiO\ hROd fRU ACT-R.

IQ WhiV SaSeU, Ze fROORZed Whe cRPSXWaWiRQaOO\ e[SeQViYe
bXW PRUe accXUaWe VROXWiRQ Rf ePSiUicaOO\ caOcXOaWiQg Whe
OikeOihRRd fXQcWiRQ b\ ViPXOaWiQg each PRdeO aQd VeW Rf
SaUaPeWeUV PXOWiSOe WiPeV, aQd caOcXOaWiQg Whe ePSiUicaO
SURbabiOiW\ diVWUibXWiRQ Rf each VeW Rf UeVXOWV (YaQg, KaUPRO,
SWRccR, iQ SUeVV). KQRZiQg Whe PeaQ aQd VWaQdaUd deYiaWiRQ
Rf WhiV diVWUibXWiRQ, Whe YaOXe Rf P(x_ m, ș) caQ WheQ be
caOcXOaWed diUecWO\. If a PRdeO iV deVigQed WR SUedicW n daWa
SRiQWV (cRUUeVSRQdiQg, fRU iQVWaQce, WR diffeUeQW
e[SeUiPeQWaO cRQdiWiRQV), iWV OikeOihRRd caQ be e[SUeVVed aV

Whe jRiQW SURbabiOiW\ WhaW aQ\ Rf WhRVe daWa SRiQWV caQ be
SURdXced. FRU ViPSOiciW\, aQd aVVXPiQg iQdeSeQdeQce, WhiV
caQ be e[SUeVVed aV Whe SURdXcW Rf Whe SURbabiOiW\ Rf
RbVeUYiQg each iQdiYidXaO daWa SRiQW iQ Whe ePSiUicaO daWa,
i.e., L(m, ș _ x1, x2, « xn) = �i L(m, ș _ xi ). FiQaOO\, WR aYRid
cRPSXWaWiRQaO SURbOePV ZiWh YaQiVhiQg VPaOO SURbabiOiWieV,
iW iV cRPPRQ Whe e[SUeVV WhiV YaOXe iQ WeUPV Rf log
OikeOihRRd:

ORg L = ORg = ORg (3)𝑃ഉ𝑥 | 𝑚,  θഊ
𝑖

∑ գ഍ഉ𝑥
𝑖
ࡡ   𝑥

𝑖,𝑚
ഊ /σ

𝑖,𝑚
എ

RHVXOWV

DHFLVLRQ-MDNLQJ SWUDWHJ\ IGHQWLILFDWLRQ
B\ e[cOXdiQg SaUWiciSaQWV ZhR did QRW cRPSOeWe Whe

gaPbOiQg WaVk aQd WZR VeVViRQV Rf UeVWiQg VWaWe fMRI
VcaQQiQg, a WRWaO Rf 199 SaUWiciSaQWV ZeUe fiW b\ ACT-R
PRdeOV. Of WheVe, 127 (63.82%) ZeUe beVW fiW b\ Whe
DecOaUaWiYe MRdeO, aQd WhXV ZeUe ideQWified aV DecOaUaWiYe
deciViRQ PakeUV. The UePaiQiQg 72 (36.18%) iQdiYidXaOV
ZeUe beVW fiW b\ Whe PURcedXUaO MRdeO, aQd ideQWified aV
PURcedXUaO deciViRQ PakeUV. The ORgiVWic Pi[ed-effecWV
PRdeO ZaV cRQdXcWed XViQg RUWhRgRQaO cRQWUaVW cRdiQg aV
iPSOePeQWed iQ Whe OPe4 Sackage iQ R. ACT-R MRdeO T\Se
(DecOaUaWiYe YV. PURcedXUaO), BORck T\Se (MRVWO\ ReZaUd
YV. MRVWO\ LRVV), aQd Feedback (ReZaUd YV. LRVV) ZeUe
WUeaWed aV fi[ed effecWV, aQd iQdiYidXaO VXbjecWV ZeUe WUeaWed
aV UaQdRP effecWV. FXOO VWaWiVWicaO UeVXOWV aUe VhRZQ iQ TabOe
2. IQ cRQWUaVW WR Whe Oack Rf VigQificaQW effecWV acURVV Whe
behaYiRUaO daWa, Whe SURbabiOiW\ Rf UeVSRQVe VZiWchiQg ZaV
fRXQd WR be VWaWiVWicaOO\ diffeUeQW beWZeeQ Whe WZR gURXSV
ideQWified aV eiWheU DecOaUaWiYe deciViRQ PakeUV RU
PURcedXUaO deciViRQ PakeUV (] = -6.11, p < 0.001),
VXSSRUWiQg Whe YaOidiW\ Rf Whe ACT-R PRdeO ideQWificaWiRQ.

TDEOH 2: RHVXOWV RI WKH LRJLVWLF ML[HG EIIHFWV MRGHO RI
WKH PUREDELOLW\ RI RHVSRQVH SZLWFK

SWaWisWical TesW RGGV
UDWLR

𝑠𝑒 գ 𝑝

(Intercept) 0.88* 0.05 -2.30 0.022
Model Group 0.71*** 0.04 -6.11 <0.001
Block Type 0.98 0.03 -0.80 0.423
Trial Type 1.08** 0.03 2.84 0.005
Model Group by
Block Type

1.07* 0.03 2.46 0.014

Model Group by
Trial Type

0.8*** 0.02 -8.10 <0.001

Block Type by
Trial Type

1.02 0.03 0.78 0.434

Model Group by
Block Type by
Trial Type

1.10*** 0.03 3.47 0.001

Random EffecW
σ2 3.29
ICC 0.12



N HCPID 199
observation 9746
Marginal 𝑅2

/Conditional 𝑅2

0.030/0.144

Log-Likelihood -4010.323
* p<0.05   ** p<0.01   *** p<0.001

FLJXUH 3. (TRS) CRXQWV Rf iQdiYidXaOV ideQWified b\ ACT-R
PRdeOV. The Ued baU UeSUeVeQWV Whe QXPbeU Rf SaUWiciSaQWV
beVW fiW b\ Whe DecOaUaWiYe PRdeO; Whe bOXe baU UeSUeVeQWV Whe
QXPbeU Rf SaUWiciSaQWV beVW fiW b\ Whe PURcedXUaO MRdeO.
(BRWWRP) The SURbabiOiW\ Rf UeVSRQVe VZiWchiQg b\ WZR
gURXSV Rf iQdiYidXaOV ideQWified aV eiWheU DecOaUaWiYe RU
PURcedXUaO deciViRQ PakeUV.

SXSHUYLVHG CODVVLILFDWLRQ ZLWK LRJLVWLF MRGHO
TR e[SORUe if Whe behaYiRUaO diffeUeQceV beWZeeQ

DecOaUaWiYe aQd PURcedXUaO deciViRQ PakeUV aUe iQdicaWed b\
aQ iQdiYidXaO¶V XQdeUO\iQg bUaiQ VWUXcWXUe, Ze WUaiQed a
LRgiVWic RegUeVViRQ PRdeO XViQg UeVWiQg VWaWe fXQcWiRQaO
cRQQecWiYiW\ aV iWV YaUiabOe, aQd SUedicWed Whe SURbabiOiW\ Rf
a SaUWiciSaQW beiQg OabeOed aV eiWheU DecOaUaWiYe-baVed RU
PURcedXUaO-baVed deciViRQ PakeU b\ Whe ACT-R PRdeO
cOaVVificaWiRQ. IQ RUdeU WR haQdOe aQ iPbaOaQced daWaVeW ZiWh
XQeTXaO WaUgeW OabeOV, XSVaPSOiQg ZaV aSSOied b\ UaQdRPO\
addiQg daWa fURP Whe PiQRUiW\ cOaVV. HaYiQg 69,696 (264
ROI 264 ROI) cRQQecWiRQV, Ze ZaQW WR VeOecW RQO\ Wheࡣ
PRVW iPSRUWaQW cRQQecWiRQV cRQWUibXWiQg WR Whe SUedicWiRQ,
WheUefRUe, LaVVR UegXOaUi]aWiRQ ZaV aSSOied WR Whe LRgiVWic
MRdeO. LaVVR iV a PachiQe OeaUQiQg UegUeVViRQ aQaO\ViV
WechQiTXe WhaW SeUfRUPV bRWh YaUiabOe VeOecWiRQ aQd
UegXOaUi]aWiRQ iQ RUdeU WR iPSURYe Whe SUedicWiRQ accXUac\
aQd iQWeUSUeWabiOiW\ Rf Whe cRPSXWaWiRQaO PRdeO. IW caQ
UedXce PRdeO cRPSOe[iW\ b\ SeQaOi]iQg OaUge QXPbeUV Rf
cRefficieQWV aQd aOVR SUeYeQWV RYeUfiWWiQg Zhich Pa\ UeVXOW
fURP ViPSOe OiQeaU UegUeVViRQ. LaVVR PiQiPi]aWiRQ iV
caOcXOaWed XViQg ET 4, ZheUe Whe WXQiQg SaUaPeWeU cRQWUROVλ
Whe degUee Rf SeQaOW\: fRU gUeaWeU YaOXeV Rf , PRUeλ
cRefficieQWV aUe fRUced WR becRPe  0.

(4)
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TR accRXQW fRU Whe OaUge diVSaUiW\ beWZeeQ Whe QXPbeU Rf
SaUWiciSaQWV aQd Whe QXPbeU Rf SUedicWRUV, Ze SeUfRUPed a
GUid VeaUch iQ VkOeaUQ (PedUegRVa eW aO., 2011) ZiWh 20-fROd
cURVV-YaOidaWiRQ WR deWeUPiQe Whe beVW fiW h\SeU-SaUaPeWeU λ
(6.73). TR Pa[iPi]e Whe SeQaOW\ WR cRefficieQWV, Whe higheVW
YaOXe Rf ZiWh YaOidaWiRQ accXUac\ ZiWh RQe VWaQdaUd eUURUλ
Rf Whe Pa[iPXP accXUac\ ZaV chRVeQ (aV UecRPPeQded b\
KUVWajic eW aO (2014). IQVWead Rf VSOiWWiQg Whe eQWiUe daWaVeW
iQWR WUaiQiQg aQd WeVWiQg VeWV, Ze UefiW Whe PRdeO XViQg
LeaYe-RQe-RXW (LOO) cURVV YaOidaWiRQ. The PRdeO iV WUaiQed
RQ aOO VaPSOeV e[ceSW RQe aQd Whe SUedicWiRQ iV Pade RQ WhaW
RQe VaPSOe, WheQ Whe SURceVV iV UeSeaWed acURVV Whe fXOO
daWaVeW. The PeaQ VcRUe (accXUac\), WUXe SRViWiYe UaWe(TPR),
WUXe QegaWiYe UaWe (TNR), faOVe SRViWiYe UaWe (FPR), faOVe
QegaWiYe UaWe (FNR) aUe caOcXOaWed acURVV aOO fROdV WR
eYaOXaWe Whe SeUfRUPaQce Rf Whe PRdeO. B\ defiQiWiRQ, Whe
UeceiYeU RSeUaWiQg chaUacWeUiVWic cXUYe (ROC) dePRQVWUaWeV
Whe SeUfRUPaQce Rf a cOaVVificaWiRQ PRdeO b\ SORWWiQg Whe
UeOaWiRQVhiS beWZeeQ TPR YV. FPR aW diffeUeQW cOaVVificaWiRQ
WhUeVhROdV. We caOcXOaWed Whe AUC (AUea XQdeU Whe cXUYe),
Zhich iV RQe Rf Whe PRVW iPSRUWaQW PeWUicV fRU eYaOXaWiQg a
cOaVVificaWiRQ PRdeO¶V SeUfRUPaQce; aV Whe AUC Rf a PRdeO
aSSURacheV 1, Whe PRdeO aSSUR[iPaWeV aQ ideaO, SeUfecW
cOaVVifieU. IW SURYideV iQfRUPaWiRQ abRXW hRZ ZeOO a
cOaVVificaWiRQ PRdeO iV caSabOe Rf diVWiQgXiVhiQg beWZeeQ
cOaVVeV. The RYeUaOO cOaVVificaWiRQ accXUac\ iV 0.88 aQd Whe
ROC-AUC iV 0.94, iQdicaWiQg WhaW SUedicWiQg fURP aQ
iQdiYidXaO'V UeVWiQg VWaWe fXQcWiRQaO cRQQecWiYiW\, Whe LaVVR
LRgiVWic PRdeO iV caSabOe Rf PaWchiQg ACT-R¶V SUedicWiRQ
abRXW ZheWheU aQ iQdiYidXaO iV a DecOaUaWiYe-baVed RU
PURcedXUaO-baVed deciViRQ PakeU.

CRQQHFWLYLW\ MDS
WiWh LaVVR UegXOaUi]aWiRQ, aSSUR[iPaWeO\ 1.4% Rf β

eVWiPaWeV iQ Whe LRgiVWic PRdeO aUe QRW ]eUR, VXggeVWiQg a
UeOaWiYeO\ VSaUVe QeXUR fXQcWiRQaO cRQQecWiYiW\ Rf Whe UeVWiQg
bUaiQ. IQ a 264 264 ȕ cRefficieQWV PaWUi[, Whe YaOXeࡣ β

𝑖𝑗
iQdicaWeV Whe ZeighW Rf cRQQecWiYiW\ beWZeeQ Whe i-Wh aQd Whe
j-Wh UegiRQ iQ cOaVVif\iQg ZheWheU Whe hXPaQ VXbjecW iV a
DecOaUaWiYe deciViRQ PakeU RU a PURcedXUaO deciViRQ PakeU
fURP Whe UeVWiQg VWaWe fXQcWiRQaO cRQQecWiYiW\. The XOWiPaWe
effecW Rf ȕ RQ Whe SUedicWed gURXS aVVigQPeQW deSeQdV RQ
Whe SROaUiW\ Rf Whe XQdeUO\iQg fXQcWiRQaO cRQQecWiYiW\. A
SRViWiYe ȕ YaOXe haV diffeUeQW iPSOicaWiRQV if aSSOied WR a
SRViWiYe RU QegaWiYe SaUWiaO cRUUeOaWiRQ beWZeeQ WZR UegiRQV.
TR Pake Whe iQWeUSUeWaWiRQ Rf Whe YaOXeV XQaPbigXRXV, Ze
PXOWiSOied Whe PaWUi[ ZiWh Whe aYeUaged SaUWiaO cRUUeOaWiRQβ
cRefficieQW PaWUi[ , RbWaiQiQg a gURXS-OeYeO ZeighWed𝐴
aYeUaged cRUUeOaWiRQ PaWUi[ . FigXUe 4 dePRQVWUaWeV Whe𝑊
bUaiQ cRQQecWiYiW\ PaS Rf W, WhUeVhROded VR WhaW RQO\ Whe
PRVW SUedicWiYe 68 cRQQecWiRQV (cRUUeVSRQdiQg WR 0.01% Rf
Whe iQiWiaO SRRO Rf UegUeVVRUV) aUe VhRZQ. IQ WhiV figXUe, Ued
OiQeV UeSUeVeQW fXQcWiRQaO cRQQecWiRQV WhaW aUe SUedicWiYe Rf



a DecOaUaWiYe deciViRQ PakeU, aQd bOXe OiQeV UeSUeVeQW
fXQcWiRQaO cRQQecWiRQV WhaW aUe SUedicWiYe Rf a PURcedXUaO
deciViRQ PakeU. CRORU VhadeV VXggeVW Whe VWUeQgWh Rf
SUedicWabiOiW\.

FLJXUH 4. The gURXS-OeYeO ZeighWed aYeUaged bUaiQ
cRQQecWiYiW\ SORW.

AV Ze aQWiciSaWed, Whe UeVXOWV VhRZ a diVVRciaWiRQ
beWZeeQ Whe W\SeV Rf cRQQecWiYiW\ aVVRciaWed ZiWh
DecOaUaWiYe RU PURcedXUaO VWUaWegieV. UViQg Whe PRZeU eW aO
(2011) fXQcWiRQaO cOaVVificaWiRQ Rf WheVe UegiRQV aV a
gXideOiQe, Whe UeVXOWV VhRZ WhaW Whe XVe Rf a DecOaUaWiYe
VWUaWeg\ ZaV PRVWO\ aVVRciaWed ZiWh iQcUeaVed fXQcWiRQaO
cRQQecWiYiW\ iQ Whe QeWZRUkV Rf UegiRQV aVVRciaWed ZiWh WaVk
cRQWURO (fURQWR-SaUieWaO QeWZRUkV aQd aWWeQWiRQ QeWZRUkV)
aQd eSiVRdic PePRU\ (defaXOW PRde QeWZRUk aQd PePRU\
UeWUieYaO QeWZRUk), ZhiOe Whe XVe Rf PURcedXUaO VWUaWeg\ ZaV
PRVWO\ OiQked WR iQcUeaVed fXQcWiRQaO cRQQecWiYiW\ iQ
VeQVRUiPRWRU aQd VXbcRUWicaO QeWZRUkV.

DLVFXVVLRQ
ThiV SaSeU VhRZV WhaW iQdiYidXaO SUefeUeQceV fRU XViQg a
decOaUaWiYe RU a SURcedXUaO VWUaWeg\ caQ be decRded fURP
SaWWeUQV Rf UeVWiQg VWaWe fXQcWiRQaO cRQQecWiYiW\ daWa. The
VSecific cRQQecWiYiW\ YaOXeV VXggeVW WhaW aQ iQdiYidXaO¶V
SUefeUeQce fRU a SaUWicXOaU VWUaWeg\ PighW be adaSWiYe aQd
UaWiRQaO. SSecificaOO\, iQdiYidXaOV e[hibiWiQg a VWURQgeU
fURQWR-SaUieWaO cRQQecWiYiW\ SOa\ WR WheiU VWUeQgWhV, aQd WeQd
WR XVe decOaUaWiYe VWUaWegieV WhaW aUe PRUe UeOiaQW RQ
cRQWUROOed PePRU\ UeWUieYaO, ZhiOe iQdiYidXaOV ZiWh VWURQgeU
VeQVRUiPRWRU cRQQecWiYiW\ WeQd WR XVe SURcedXUaO VWUaWegieV.
IQ geQeUaO, Whe SaWWeUQV Rf fXQcWiRQaO cRQQecWiYiW\ aUe
cRPSaWibOe ZiWh ACT-R¶V UegiRQV.

AOWhRXgh RXU UeVXOWV aUe eQcRXUagiQg, a QXPbeU Rf
OiPiWaWiRQV PXVW be ackQRZOedged. FiUVW, Whe DecOaUaWiYe YV.
PURcedXUaO cOaVVificaWiRQ Rf iQdiYidXaOV¶ SURbabiOiW\ Rf
VZiWchiQg iV baVed RQ a ORg-OikeOihRRd PRdeO fiWWiQg
SURcedXUe, aQd WhXV, QR gURXQd-WUXWh OabeOV ZeUe aYaiOabOe.
MRUeRYeU, Whe RSWiPaO SaUaPeWeU ZaV VeaUched fURP a fiQiWe
gUid, aQd deWeUPiQed b\ Whe higheVW ORg-OikeOihRRd YaOXe
cRPSaUed WR ePSiUicaO daWa. SecRQd, Whe WaVk iV highO\
XQXVXaO, iQ WhaW iW SURYideV QR UeaO RSSRUWXQiW\ fRU OeaUQiQg
fURP feedback. FXUWheU VWXd\ cRXOd PRdeO Whe OeaUQiQg
effecW aQd iQYeVWigaWe ZheWheU diffeUeQW OeaUQiQg
PechaQiVPV cRXOd aOVR be SUedicWed b\ Whe QeXUR-fXQcWiRQaO
cRQQecWiYiW\.

TheVe OiPiWaWiRQV QRWZiWhVWaQdiQg, Ze beOieYe WhaW RXU
UeVXOWV haYe VRPe iPSRUWaQW iPSOicaWiRQV. FiUVW, Whe\
SURYide a QeZ aQd deeSeU Za\ WR cRQQecW iQdiYidXaO
diffeUeQceV iQ WaVk SeUfRUPaQce ZiWh iQdiYidXaO

QeXURbiRORg\, VhRZiQg hRZ Whe OaWWeU PighW SURYide
cRQVWUaiQWV RQ Whe VSecific VWUaWegieV WhaW aUe VeOecWed.

SecRQd, Whe\ haYe iPSOicaWiRQV fRU ACT-R. PURcedXUaO
kQRZOedge haV beeQ WUadiWiRQaOO\ aVVRciaWed, iQ ACT-R,
ZiWh Whe fXQcWiRQ Rf Whe baVaO gaQgOia. WhiOe Whe UROe Rf Whe
baVaO gaQgOia iQ OeaUQiQg SURcedXUaO kQRZOedge iV ZeOO
VXSSRUWed (KQRZOWRQ eW aO., 2006 eWc.), iW iV QRW cOeaU WhaW Whe
baVaO gaQgOia aUe aOVR Whe XOWiPaWe VeaW Rf SURcedXUaO
kQRZOedge. IQ facW, bRWh PRdeOiQg ZRUk (SWRccR, LebieUe, &
AQdeUVRQ, 2010) aQd e[SeUiPeQWaO ZRUk XViQg
QeXURVWiPXOaWiRQ (Rice & SWRccR, 2019) SRiQW WR SURcedXUaO
kQRZOedge beiQg XOWiPaWeO\ eQcRded iQ a VeW Rf
cRUWicR-cRUWicaO cRQQecWiRQV WhaW diUecWO\ OiQk
VWiPXOXV-UeVSRQVe aVVRciaWiRQV. ThiV iQWeUSUeWaWiRQ iV
cRPSaWibOe ZiWh RXU fiQdiQgV WhaW fiQd gUeaWeU OikeOihRRd Rf
XViQg SURcedXUaO VWUaWegieV iQ iQdiYidXaOV ZiWh VWURQgeU
SeUceSWXR-PRWRU cRQQecWiYiW\.

AFNQRZOHGJHPHQWV
ThiV UeVeaUch ZaV VXSSRUWed b\ gUaQW FA9550-19-1-0299

fURP Whe AiU FRUce Office Rf ScieQWific ReVeaUch WR AS.
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