
eӹӢԪӏԏԓӢԚһԚԓӯӲӢӹӢӯԞӸ ,ҷӸӂԞԏӚ৳�ԌԌӏӹӋԀԏә
;ৗৠ০৤১য় ৘੅৤ &৪ৢৗ৤৛য়ৗৠ০ৗ৞৞ৗ .ৗ৖৛৬৛ৠ

*ৠ৥০৛০১০ ৘੅৤ /ৗ১৤ৡৢ৚৫৥৛ৡ৞ৡ৙৛ৗ ১ৠ৖ 1৓০৚ৡৢ৚৫৥৛ৡ৞ৡ৙৛ৗ
%৛৤ৗঢ়০ৡ৤� 1৤ৡ৘� %৤� "ৠ৖৤ৗ৓৥ ,� &ৠ৙ৗ৞

CӏԞԏԀӸԀӋԞӲҷԚԀԏԮ ԓӟҷԌӢӹӚ Ԁә ӋӏӅӢԓӢԀӹӅԀӸԌԞԚҷԚӢԀӹԓ

%৛৥৥ৗ৤০৓০৛ৡৠ
৬১৤ &৤৞৓ৠ৙১ৠ৙ ৖ৗ৥ %ৡঢ়০ৡ৤৙৤৓৖ৗ৥ 1৚%

৓ৠ ৖ৗ৤ .ৗ৖৛৬৛ৠ৛৥৕৚ৗৠ '৓ঢ়১৞০ਭ০ ৖ৗ৤ 6ৠ৛২ৗ৤৥৛০ਭ০ )৓য়৔১৤৙

২ৡ৤৙ৗ৞ৗ৙০ ২ৡৠ
:ҷӹsӢӲӲӏӸ Ӌӏ %ӏӏ

৓১৥ "য়৥০ৗ৤৖৓য়

)৓য়৔১৤৙
 ����





5IF UJNF JT SPVHIMZ GPVSUFFO CJMMJPO ZFBST BG஽FS UIF CJH CBOH� 5IF QMBDF JT B CMVF QMBOFU DJSDMJOH B
NFEJVN�TJ[FE TVO
 MPDBUFE JO UIF PVUTLJSUT PG UIF NJMLZ XBZ� 5IF &BSUIءT SBSF DPNCJOBUJPO PG GFBUVSFT
؜ 	J
 OPU UPP GBS BOE OPU UPP DMPTF GSPN UIF 4VO GPS MJRVJE XBUFS UP FYJTU
 	JJ
 CJH FOPVHI UP IPME PO UP
JUT BUNPTQIFSF
 	JJJ
 B TUSPOH NBHOFUJD ஷ஫FME UP EFஸ஼FDU IBSNGVM 67 SBZT
 BOE 	JW
 UFDUPOJD BDUJWJUZ UIBU
IFMQT GFFE UIF BUNPTQIFSF BOE PDFBOT XJUI OVUSJFOUT ؜ FOBCMFE UIF FNFSHFODF PG MJGF� PSHBOJTNT XJUI UIF
DBQBDJUZ UP IBSOFTT FOFSHZ BOE NBUFSJBMT GSPN UIFJS FOWJSPONFOU UP BEBQU UP DIBOHJOH DPOEJUJPOT BOE SF�
QSPEVDF UIFNTFMWFT� -JGF PO &BSUI IBT FWPMWFE
 BOE DPOUJOVFT UP EP TP
 JOUP FWFS NPSF TQFDJBMJ[FE QMBOUT
BOE BOJNBMT� " OPUBCMF FYBNQMF BSF UIF IPNP TBQJFOT ؜ IJHIMZ JOUFMMJHFOU BOE DVSJPVT DSFBUVSFT XIP BSF
DVSSFOUMZ JO UIF NJEEMF PG B TZTUFNBUJD BUUFNQU UP VOEFSTUBOE UIF QIZTJDBM XPSME UIFZ MJWF JO
 JODMVEJOH
UIFJS PXO DPNQMFYJUZ� * IPQF UIJT UIFTJT NBZ TFSWF BT B IVNCMF CVJMEJOH CMPDL JO UIJT HSBOEأ TDIFNF PG
UIJOHTؤ�

Figure 1: Images from American Chopper on Discovery Channel; meme by Dr. Jens Foell.
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.BOZ EFDJTJPOT
 SBOHJOH GSPN UIF FWFSZEBZ UP UIPTF XJUI GBS�SFBDIJOH DPOTFRVFODFT
 IBWF UP CF NBEF JO
UIF GBDF PG VODFSUBJOUZ� *NBHJOF XBMLJOH EPXO UIF TUSFFU PO ZPVS XBZ UP UIF OFBSFTU DPOWFOJFODF TUPSF

XIFO ZPV TVEEFOMZ TUVNCMF BDSPTT B XFFLMZ PQFO NBSLFU� *O UIF EJTUBODF ZPV TFF B GSVJU TUBMM
 BOE UIF
JUFNT PO EJTQMBZ MPPL BUUSBDUJWF
 BMUIPVHI JU JT IBSE UP CF TVSF GSPN BGBS� %P ZPV EFDJEF UP HP BOE CVZ
ZPVS GSVJUT UIFSF
 PS EP ZPV DPOUJOVF ZPVS XBZ UP UIF HSPDFSZ /PX JNBHJOF ZPV BSF TJUUJOH JO UIF PWBM
Pஶஷ஫DF
 JU JT ����
 BOE ZPV BSF UIF QSFTJEFOU PG UIF 64"� :PVS JOUFMMJHFODF Pஶஷ஫DFST KVTU CSJFGFE ZPV BCPVU
UIF QSPCBCJMJUZ PG XFBQPOT PG NBTT EFTUSVDUJPO JO *SBR� %P ZPV EFDJEF UP GPSDFGVMMZ JOWBEF UIF SFHJPO
 PS
XJMM ZPV IPME PஶG GPS OPX 

)PX EP XF GBDF UIJT USFNFOEPVT DIBMMFOHF PG NBLJOH TFOTF PG
 BOE BDUJOH VQPO
 UIF OPJTZ XPSME
BSPVOE VT 0OF QFSIBQT PCWJPVT BQQSPBDI JT UP CBTF ZPVS EFDJTJPO OPU PO POF
 CVU PO BU MFBTU B OVN�
CFS PG QJFDFT PG ৗǐΗǦǌǐǼǆǐ৘� *O UIF PQFO NBSLFU
 POF NJHIU DPNCJOF 	TVN VQ
 FTUJNBUFT PG UIF GSVJU
RVBMJUZ
 UIF WBSJFUZ UP DIPPTF GSPN
 BOE UIF FYUFOU UP XIJDI UIF TUBMM TFFNT BUUSBDUJWF UP PUIFS QFPQMF� *O
UIF PWBM Pஶஷ஫DF
 POF NJHIU DPNCJOF TBUFMMJUF JNBHFT XJUI JOUFMMJHFODF GSPN JOGPSNFST PO UIF HSPVOE
 BOE
BMTP DPOTVMU JOEFQFOEFOU XBUDIEPH PSHBOJ[BUJPOT BOE PUIFS XPSME MFBEFST� *O CPUI FYBNQMFT
 UIF IPQF JT
UIBU FWJEFODFأ BDDVNVMBUJPOؤ XJMM SFEVDF VODFSUBJOUZ CZ 	J
 BEEJOH SFMFWBOU JOGPSNBUJPO 
ؤTJHOBMأ	 BOE
	JJ
 BWFSBHJOH PVU UIF FSSPS FYUFSOBMأ	 OPJTFؤ
 BDSPTT TBNQMFT PG FWJEFODF�

4USJLJOHMZ
 XIFO BTLFE UP NBLF SFQFBUFE EFDJTJPOT
 XF XJMM PG஽FO DIPPTF EJஶGFSFOUMZ FBDI UJNF
 FWFO
XIFO XF BSF HJWFO UIF TBNF JOGPSNBUJPO UP JOGPSN PVS DIPJDF �<�؜�> 5IJT JT DBMMFE ৗǅǐǣƷΗǦȂȓƷǶ ΗƷȓǦƷǅǦǶৄ
ǦȝΞ৘� #FIBWJPSBM WBSJBCJMJUZ JT UZQJDBMMZ BUUSJCVUFE UP TQPOUBOFPVT ஸ஼VDUVBUJPOT PGOFVSBM BDUJWJUZ 	ৗǦǼȝǐȓǼƷǶ
ǼȂǦȖǐ৘
 JO UIF CSBJOءT EFDJTJPO�NBLJOHNBDIJOFSZ <�
 �>� 5IJT JNQMJFT UIBU UIF QBUI B EFDJTJPO�NBLJOH QSP�
DFTT UBLFT JO PVS CSBJO JT
 UP BO FYUFOU
 VOQSFEJDUBCMF� *OEFFE
 (FPSHF8� #VTINJHIU IBWF EFDJEFE BHBJOTU

�



JOWBEJOH *SBR JG IF IBE DPOTJEFSFE UIF TBNF JOGPSNBUJPO PO BOPUIFS PDDBTJPO�
)PXFWFS
 CFIBWJPSBM WBSJBCJMJUZ JT QFSIBQT OPU DPNQMFUFMZ VOQSFEJDUBCMF� B TVCTUBOUJBM QBSU PG UIF WBSJ�

BCJMJUZ JO CFIBWJPS NJHIU JO GBDU CF FYQMBJOFE BOE QSFEJDUFE CZ USBDLJOH UIF NPNFOUBSZ ৗƷȓȂȠȖƷǶ ȖȝƷȝǐ৘
PG UIF CSBJO
 BOE CZ USBDLJOH UIF ৗǣǦȖȝȂȓΞ Ȃǜ ǆǣȂǦǆǐȖ৘ B QBSUJDVMBS EFDJTJPO JT FNCFEEFE JO�

5IF CSBJOءT HMPCBM BSPVTBM TUBUF JT MBSHFMZ HPWFSOFE CZ TP�DBMMFE OFVSPNPEVMBUPSZ TZTUFNT� /FVSPNPE�
VMBUPSZ TZTUFNT PSJHJOBUF JO UIF CSBJOTUFN BOE IBWF XJEFTQSFBE QSPKFDUJPOT UP UIF SFTU PG UIF CSBJO UIBU
UVOF UIF XBZ UIFJS UBSHFU DJSDVJUT PQFSBUF �<��؜�> *O UIF GPMMPXJOH
 * XJMM CSPBEMZ SFGFS UP UIJT OFVSPNPE�
VMBUPSZ UVOJOH PG DPSUJDBM DJSDVJU JOUFSBDUJPOT BT UIF HMPCBMأ BSPVTBM TUBUFؤ� /FVSPNPEVMBUPSZ TZTUFNT
PQFSBUF PO EJஶGFSFOU UJNFTDBMFT� 'PS FYBNQMF
 BDUJWJUZ PG UIF MPDVT DPFSVMFVT OPSBESFOBMJOF TZTUFN JT MPX�
FTU EVSJOH TMFFQ
 SJTFT EVSJOH XBLFGVMOFTT
 BOE SFBDIFT NVDI IJHIFS MFWFMT EVSJOH TJUVBUJPOT PG TUSFTT PS
EBOHFS� UIF MPDVT DPFSVMFVT BMTP BDUJWBUFT CSJFஸ஼Z 
ؤQIBTJDBMMZأ	 EVSJOH DPHOJUJWF BDUT MJLF EFDJTJPO�NBLJOH
<�>� "T B SFTVMU
 UIF BSPVTBM TUBUF PG UIF CSBJO DPOTUBOUMZ ஸ஼VDUVBUFT <�
 ��>
 BOE JT TMJHIUMZ FMFWBUFE FWFSZ
UJNF XF NBLF B EFDJTJPO <�>�

$IPJDFT BSF SBSFMZ NBEF JO JTPMBUJPO
 CVU PG஽FO EFQFOE PO UIF TFRVFODF PG QSFWJPVTMZ NBEF DIPJDFT
<��
 ��>� 5IJT IPMET FWFO GPS MPX�MFWFM QFSDFQUVBM DIPJDFT �<��؜��> 5IJT JNQMJFT UIBU UIF DIPJDF IJTUPSZ DBO
CJBT UIF CSBJOءT EFDJTJPO�NBLJOH NBDIJOFSZ� 'PS FYBNQMF
 UIF EFDJTJPO UP JOWBEF *SBR NJHIU IBWF CJBTFE
(FPSHF 8� #VTIءT BTTFTTNFOU PG OFX JOGPSNBUJPO UP DPOஷ஫SN UP IJT JOJUJBM KVEHNFOU ؜ B QIFOPNFOPO
DBMMFE DPOஷ஫SNBUJPO CJBT <��>�

bƷǴǐǼ ȝȂǝǐȝǣǐȓॶ ȝǣǐ ǅȓƷǦǼ৚Ȗ ƷȓȂȠȖƷǶ ȖȝƷȝǐ ƷǼǌ ȝǣǐ ǣǦȖȝȂȓΞ Ȃǜ ǆǣȂǦǆǐȖ ȖǣȂȠǶǌॶ ȖȂǻǐǣȂΘॶ ȖǣƷȏǐ
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DBO CF NBOJQVMBUFE CZ DIBOHJOH UIF DPOUSBTU PG UIF TJHOBM 	UIF PSJFOUFE CBST
 XIJMF LFFQJOH UIF OPJTF
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Figure 1: Perceptual decision-making and computaঞonal modeling of behavior. (A) Example sঞmulus used in perceptual decision-making.
On each trial, either a signal+noise sঞmulus (top) is presented or only noise (bo�om), and subjects indicate their “yes” or “no” choice with
a bu�on press. The signal is shown at high contrast for illustraঞon purposes only. In an actual experiment, its contrast is typically lowered
to a level that simulates decision-making in the face of uncertainty (yielding roughly 75% correct choices). (B) Signal detecঞon theory. On
each trial, the external sঞmulus (signal+noise or noise) is converted into an internal decision variable (dv). To make a binary choice, the
observer compares the value of the decision variable to an internal choice criterion (c). Due to internal and external noise, a distribuঞon
of decision variables over trials can be modeled as a Gaussian, the variance of which reYects the amount of noise present in the system.
Increasing the available sensory evidence or training will result in distribuঞons that are more separable, and thus in be�er performance.
By comparing the proporঞon of responses for the two external sঞmulus idenঞঞes, signal detecঞon theory can deduce the observers’
perceptual sensiঞvity (d’) and her choice criterion (c). (C) Schemaঞc of dri[ di@usion model accounঞng for reacঞon ঞme distribuঞons for
“yes” and “no” choices. In one example trial (grey), noisy sensory evidence is integrated over ঞme into a decision variable, unঞl reaching one
of two choice bounds. The model consists of the following parameters: the starঞng point of evidence accumulaঞon (an iniঞal bias towards
one of the choice alternaঞves, z), the evidence accumulaঞon (the overall eLciency thereof, v, and a bias therein towards one of the choice
alternaঞves, dc), boundary separaঞon (controlling how much evidence is required before one commits to a choice, thereby implemenঞng
a speed-accuracy tradeo@, a) and the so-called non-decision ঞme (the speed of pre-decisional evidence encoding and post-decisional
translaঞon of choice into motor response).
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UFY TFFNT UP BDDVNVMBUF UIFTF JOQVU TJHOBMT PWFS UJNF JOUP B EFDJTJPO WBSJBCMF VQ UP B CPVOE
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Figure 2: Neuromodulaঞon of corঞcal decision dynamics. During visuo-motor decisions (e.g. based on contrast), “sensory evidence” is
accumulated over ঞme up to a bound, and translated into an acঞon plan. This process unfolds in a recurrently connected network of
fronto-parietal and motor corঞces. Each node of the network is under the inYuence of ascending neuromodulatory brainstem systems,
which exhibit phasic (fast) responses during decision formaঞon. The modulatory neurotransmi�ers released by these systems regulate the
brain’s arousal state and have signiCcant e@ects on the operaঞng mode of local and large-scale corঞcal networks. Pupil size is a reliable
read-out of phasic arousal. PPC, posterior parietal cortex; PFC, prefrontal cortex; OFC, orbital frontal cortex.
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UBSHFU DJSDVJUT
 TVDI BT UIF ؤFYDJUBCJMJUZأ PG TZOBQUJD JOUFSBDUJPOT CFUXFFO EJஶGFSFOU OFVSPOT �<��؜�> "O
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%
� 3FNBSLBCMZ
 UIF FYUFOU UP XIJDI QVQJM
SFTQPOTFT XFSF MBSHFS GPS ؤZFTأ UIBO GPS ؤOPأ TUSPOHMZ EFQFOEFE PO TVCKFDUTء JOUSJOTJD CJBT 	BT NFBTVSFE
JO UFSNT PG DSJUFSJPO GSPN TJHOBM EFUFDUJPO UIFPSZ
 TFF BMTP 'JHVSF �#
� JU XBT BNQMJஷ஫FE JO TVCKFDUT XJUI
TUSPOH CJBTFT 	'JHVSF �&
 *O UIJT EBUBTFU
 TVCKFDUT XJUI TUSPOH CJBTFT UFOEFE UP CF DPOTFSWBUJWF ؜ UIBU JT

UIFZ UFOEFE UP DIPPTF ؤOPأ JSSFTQFDUJWF PG UIF PCKFDUJWF FWJEFODF� 5IFTF ஷ஫OEJOHT FTUBCMJTIFE B TUSPOH
SFMBUJPOTIJQ CFUXFFO EFDJTJPO CJBT BOE QIBTJD QVQJM�MJOLFE BSPVTBM�

5BLFO UPHFUIFS
 UIFTF SFTVMUT MFEVT UPIZQPUIFTJ[F UIBU QIBTJD BSPVTBM TIBQFT DPSUJDBM EFDJTJPO�DPNQVUBUJPOT
JO B XBZ UIBU IFMQT B EFDJTJPO NBLFS UP PWFSDPNF IJT PS IFS JOUSJOTJD CJBT� * UFTUFE UIJT TQFDJஷ஫D IZQPUIFTJT
PWFS UIF TVCTFRVFOU ZFBST
 UIF SFTVMUT PG XIJDI BSF JODMVEFE JO UIJT UIFTJT�
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Figure 3: Decision related pupil dilaঞon reYects upcoming choice and individual bias. (A) Illustraঞon of general linear model to quanঞfy
temporal components driving task-evoked pupil responses. (B) Average of best-Cমng beta weights for the three temporal components
across all subjects (N = 23). (C) Decision-related pupil responses of one example subject, sorted according to signal detecঞon theory. H
(hit), “yes” choice on a signal+noise trial; M (miss), “no” choice on a signal+noise trial; FA (false alarm), “yes” choice on a noise trial; CR
(correct reject), “no” choice on a noise trial. (D) Pupil response amplitudes ranked across the categories of signal detecঞon theory as
follows: hits = false alarms > misses = correct rejects. This gave rise to a strong choice-e@ect: more pupil dilaঞon for “yes” than for “no”
choices. (E) Pupil choice e@ect (average pupil response for “yes” minus “no” choices) per subject plo�ed against subjects’ decision criteria,
a measure of intrinsic bias. Adapted from [40].
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5IF PWFSBSDIJOH HPBM PG UIJT UIFTJT JT UP VODPWFS IPX QIBTJD BSPVTBM BOE UIF IJTUPSZ PG DIPJDFT TIBQF
EFDJTJPO�DPNQVUBUJPOT 	BU UIF BMHPSJUINJD BOE DPSUJDBM MFWFMT
 BOE TVCTFRVFOU DIPJDF CFIBWJPS� * BQ�
QSPBDIFE UIJT RVFTUJPO XJUI B TFSJFT PG FYQFSJNFOUT JO XIJDI * DPNCJOFE QTZDIPQIZTJDT
 DPNQVUBUJPOBM
NPEFMJOH
 QVQJMMPNFUSZ
 GVODUJPOBM NBHOFUJD SFTPOBODF JNBHJOH 	G.3*
 PG UIF CSBJOTUFN
 BOE NBHOF�
UPFODFQIBMPHSBQIZ 	.&(
 PG DPSUJDBM EFDJTJPO DPNQVUBUJPOT�

$৚৓ৢ০ৗ৤ � <��> FTUBCMJTIFT UIBU UBTL�FWPLFEQVQJM SFTQPOTFT JOIVNBOT SFMJBCMZ USBDL UIF UBTL�FWPLFE
SFTQPOTFT JO B OVNCFS PG OFVSPNPEVMBUPSZ CSBJOTUFN OVDMFJ LOPXO UP SFHVMBUF DPSUJDBM BSPVTBM
 JODMVE�
JOH UIF OPSBESFOFSHJD MPDVT DPFSVMFVT� 0VS TUVEZ XBT UIF ஷ஫STU 	BOE SFNBJOT UIF POMZ UJMM EBUF
 UP RVBOUJGZ
UIJT SFMBUJPOTIJQ JO IVNBOT� 'VSUIFS
 UIF ஷ஫STU DIBQUFS EFTDSJCFT B CFIBWJPSBM DPSSFMBUF PG QIBTJD BSPVTBM�
MBSHF QVQJM SFTQPOTFT QSFEJDU B SFEVDUJPO PG TVCPQUJNBM EFDJTJPO CJBT� DPNQVUBUJPOBM NPEFMJOH PG CFIBW�
JPS TVHHFTUT UIBU UIJT JT EVF UP B SFEVDUJPO PG CJBT JO UIF FWJEFODF BDDVNVMBUJPO QSPDFTT� " TUSFOHUI PG UIJT
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DIBQUFS JT UIF DPODVSSFOU CSBJOTUFN G.3* BOE QVQJMMPNFUSZ EVSJOH B TJNQMF DPOUSBTU�EFDUJPO UBTL� 5IJT
BMMPXFE VT UP DIBSBDUFSJ[F UIF SFMBUJPOTIJQ CFUXFFO UIF BDUJWJUZ PG OFVSPNPEVMBUPSZ CSBJOTUFN OVDMFJ

QVQJM�MJOLFE QIBTJD BSPVTBM BOE TPQIJTUJDBUFE 	NPEFM�CBTFE
 NFBTVSFT PG TVCKFDUءT DIPJDF CFIBWJPS�

$৚৓ৢ০ৗ৤ � <��> EFNPOTUSBUFT UIBU UIF BSPVTBM�MJOLFE TVQQSFTTJPO PG TVCPQUJNBM CJBTFT JO FWJEFODF
BDDVNVMBUJPO PDDVST JO EJஶGFSFOU TQFDJFT 	IVNBOT BOE NJDF
 BOE JO B SBOHF PG EFDJTJPO�NBLJOH UBTLT�
XIFO EFDJTJPOT BSF CBTFE PO QFSDFQUVBM FWJEFODF
 XIFO FWJEFODF JT BDDVNVMBUFE GSPN NFNPSZ
 PS XIFO
EFDJTJPOT BSF CBTFE PO OVNFSJDBM WBMVFT� " TUSFOHUI PG UIJT DIBQUFS JT UIF JODMVTJPO PG TJY JOEFQFOEFOU
QVQJMMPNFUSZ EBUBTFUT UIBU JOWPMWFE FWJEFODF BDDVNVMBUJPO JO WBSJPVT DPOUFYUT BOE JO EJஶGFSFOU TQFDJFT�
5IJT BMMPXFE VT UP SFQMJDBUF UIF CFIBWJPSBM DPSSFMBUF PG QIBTJD BSPVTBM PCTFSWFE JO DIBQUFS �
 BOE SFWFBM
UIBU UIF BSPVTBM�MJOLFE TVQQSFTTJPO PG TVCPQUJNBM CJBTFT JO FWJEFODF BDDVNVMBUJPO JT B HFOFSBM QSJODJQMF�

$৚৓ৢ০ৗ৤ � JEFOUJஷ஫FT UIF CJPMPHJDBM VOEFSQJOOJOHT PG UIF QVQJM�MJOLFE CJBT TVQQSFTTJPO� *O UIF DPO�
UFYU PG B QFSDFQUVBM EFDJTJPO
 UIFQVQJM�MJOLFECJBT TVQQSFTTJPO TFFNT UPCFNFEJBUFECZ UIF BSPVTBM�SFMBUFE
TIBQJOH PG DIPJDF�QSFEJDUJWF BMQIB�CBOE BDUJWJUZ JO SFHJPOT BMPOH UIF EPSTBM TUSFBN PG UIF WJTVBM DPSUJDBM
IJFSBSDIZ
 JODMVEJOH QSJNBSZ WJTVBM DPSUFY� " TUSFOHUI PG UIJT DIBQUFS JT UIF DPODVSSFOU .&( BOE QVQJM�
MPNFUSZ EVSJOH B TJNJMBS DPOUSBTU�EFDUJPO UBTL BT VTFE JO DIBQUFS �� 5IJT BMMPXFE VT UP DIBSBDUFSJ[F IPX
QIBTJD BSPVTBM UVOFT DPSUJDBM EFDJTJPO DPNQVUBUJPOT 	UIBU XF DPVME NFBTVSF JO SFBM UJNF
 BOE TVCTFRVFOU
CFIBWJPS
 BOE DPODMVEF UIBU QIBTJD BSPVTBM TIBQFT FWJEFODF BDDVNVMBUJPO CZ UVOJOH DPSUJDBM FYDJUBCJMJUZ�

$৚৓ৢ০ৗ৤ � <��> QSFTFOUT FWJEFODF GPS UIF JEFB UIBU UIF USJBM�UP�USJBM WBSJBUJPO JO UIF NBHOJUVEF PG
QVQJM�MJOLFEQIBTJD BSPVTBM SFTQPOTFT JT OPU SBOEPN
 CVU UIBU JOTUFBEQIBTJD BSPVTBM JT SFDSVJUFE JO SFMBUJPO
UP LFZ DPNQVUBUJPOBM WBSJBCMFT TVDI BT VODFSUBJOUZ BOE TVSQSJTF� " TUSFOHUI PG UIJT DIBQUFS JT UIF FYQFS�
JNFOUBM EFTJHO UIBU BMMPXFE VT UP GPSNBMMZ RVBOUJGZ VODFSUBJOUZ BOE TVSQSJTF PO FBDI USJBM BOE PCTFSWF
UIFJS FஶGFDUT PO BSPVTBM�

$৚৓ৢ০ৗ৤ � <��> VODPWFST BU UIF BMHPSJUINJD MFWFM IPX QSFWJPVT DIPJDFT JOஸ஼VFODF DVSSFOU EFDJTJPOT�
8F GPVOE UIBU JOEJWJEVBM IJTUPSZCJBTFT JOPWFSU CFIBWJPSXFSF DPOTJTUFOUMZ FYQMBJOFECZ BIJTUPSZ�EFQFOEFOU
DIBOHF JO UIF FWJEFODF BDDVNVMBUJPO
 SBUIFS UIBO JO JUT TUBSUJOH QPJOU� 5IVT
 FWJEFODF BDDVNVMBUJPO JT
OPU POMZ ESJWFO CZ UIF PCKFDUJWF FWJEFODF
 JOUSJOTJD CJBT
 BOE BSPVTBM
 CVU BMTP CZ QSFWJPVT DIPJDFT� "
TUSFOHUI PG UIJT DIBQUFS JT UIF EFNPOTUSBUJPO UIBU UIJT DPODMVTJPO IPMET GPS WBSJPVT UBTL QSPUPDPMT BOE
TFOTPSZ NPEBMJUJFT BOE GPS WBSJPVT DPNQVUBUJPOBM NPEFMJOH BQQSPBDIFT�

��� %৛৥৕১৥৥৛ৡৠ

.BOZ EFDJTJPOT BSF NBEF JO UIF GBDF PG VODFSUBJOUZ BOE JOWPMWF BDDVNVMBUJOH BNCJHVPVT FWJEFODF PWFS
UJNF� 5IJT IPMET GPS FMFNFOUBSZ EFDJTJPOT CBTFE PO QFSDFQUVBM FWJEFODF SBOHJOH UP NPSF DPNQMFY EFDJ�
TJPOT CBTFE PO BCTUSBDU FWJEFODF� 4USJLJOHMZ
 XIFO BTLFE UP NBLF SFQFBUFE EFDJTJPOT
 XF PG஽FO DIPPTF
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EJஶGFSFOUMZ FBDI UJNF
 FWFO XIFO XF BSF HJWFO UIF TBNF JOGPSNBUJPO UP JOGPSN PVS DIPJDF �<�؜�> 5IJT
JNQMJFT UIBU UIF QBUI B EFDJTJPO�NBLJOH QSPDFTT UBLFT JO PVS CSBJO JT OPU ஷ஫YFE
 CVU
 UP BO FYUFOU
 WBSJBCMF�
#FIBWJPSBM WBSJBCJMJUZ JT DPNNPOMZ BUUSJCVUFE UP JOUSJOTJD OPJTF JO UIF OFSWPVT TZTUFN <�
 �>�

5IJT UIFTJT VODPWFST UIBU B TVCTUBOUJBM QBSU PG UIF WBSJBCJMJUZ JO CFIBWJPS DBO CF FYQMBJOFE BOE QSFEJDUFE
CZ USBDLJOH UIF NPNFOUBSZ BSPVTBM TUBUF PG UIF CSBJO
 BOE CZ USBDLJOH UIF IJTUPSZ PG DIPJDFT B QBSUJDVMBS
EFDJTJPO JT FNCFEEFE JO� ,FZ SFTVMUT JODMVEF� QVQJM TJ[F BU DPOTUBOU MVNJOBODF JT B SFMJBCMF NFBTVSF PG UIF
BDUJWJUZ PG B OVNCFS PG OFVSPNPEVMBUPSZ CSBJOTUFN OVDMFJ LOPXO UP SFHVMBUF DPSUJDBM BSPVTBM 	DIBQUFS �
�
UIF GVODUJPOBM JNQBDU PG QVQJM�MJOLFE QIBTJD BSPVTBM JT UP TVQQSFTT TVCPQUJNBM CJBTFT JO FWJEFODF BDDVNV�
MBUJPO BOE TVCTFRVFOU DIPJDF CFIBWJPS 	DIBQUFS �
� UIF BSPVTBM�MJOLFE TVQQSFTTJPO PG TVCPQUJNBM CJBTFT
JO FWJEFODF BDDVNVMBUJPO JT B HFOFSBM QSJODJQMF� JU PDDVST JO B SBOHF PG EFDJTJPO�NBLJOH UBTLT 	XIFO EFDJ�
TJPOT BSF CBTFE PO QFSDFQUVBM FWJEFODF
 BSF NBEF GSPNNFNPSZ
 PS CBTFE PO OVNFSJDBM WBMVFT
 BOE BDSPTT
TQFDJFT 	IVNBOT BOE NJDF
 	DIBQUFS �
� 1VQJM�MJOLFE CJBT TVQQSFTTJPO 	JO B QFSDFQUVBM EFDJTJPO�NBLJOH
DPOUFYU
 JT NFEJBUFE CZ UIF BSPVTBM�SFMBUFE TIBQJOH PG DIPJDF�QSFEJDUJWF BMQIB�CBOE BDUJWJUZ 	B TJHOBUVSF
PG 
ؤFYDJUBCJMJUZأ JO SFHJPOT BMPOH UIF EPSTBM TUSFBN PG UIF WJTVBM DPSUJDBM IJFSBSDIZ
 JODMVEJOH QSJNBSZ WJ�
TVBM DPSUFY 	DIBQUFS �
� QVQJM�MJOLFE QIBTJD BSPVTBM JT SFDSVJUFE JO SFMBUJPO UP LFZ DPNQVUBUJPOBM WBSJBCMFT
TVDI BT VODFSUBJOUZ BOE TVSQSJTF 	DIBQUFS �
� QSFWJPVT DIPJDFT TIBQF UIF DVSSFOU FWJEFODF BDDVNVMBUJPO
QSPDFTT
 SBUIFS UIBO JUT TUBSUJOH QPJOU 	DIBQUFS �
� 5IVT
 QIBTJD BSPVTBM BOE QSFWJPVT DIPJDFT DBMJCSBUF B
LFZ DPNQVUBUJPO EVSJOH EFDJTJPO�NBLJOH� FWJEFODF BDDVNVMBUJPO�
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0OF ؤQPTU�EFDJTJPOBMأ BDDPVOU IPMET UIBU UIF QIBTJD BSPVTBM TJHOBMT 	TQFDJஷ஫DBMMZ
 QIBTJD SFTQPOTFT PG UIF
MPDVT DPFSVMFVT
 BSF USJHHFSFE CZ UIF CPVOE�DSPTTJOH JO POF PG UIF DPSUJDBM BDDVNVMBUPS DJSDVJUT� UIF SFTVMU�
JOH USBOTJFOU BOE DPSUFY�XJEF OFVSPNPEVMBUPS SFMFBTF UIFO GBDJMJUBUFT UIF USBOTMBUJPO PG UIF DIPJDF JOUP B
NPUPS BDU <�>� 5IJT IZQPUIFTJT JT TVQQPSUFE CZ TJOHMF�VOJU QIZTJPMPHZ XPSL JO NPOLFZT XIJDI TIPXFE
UIBU QIBTJD MPDVT DPFSVMFVT SFTQPOTFT BSF NPSF DMPTFMZ BMJHOFE UP UIF CFIBWJPSBM SFTQPOTF UIBO UP UIF PO�
TFU PG CFIBWJPSBMMZ SFMFWBOU TUJNVMJ <��
 ��> BOE UIBU MPDVT DPFSVMFVT SFTQPOTFT FODPEF TFOTPSZ BOENPUPS
FWFOUT SFMBUFE UP EFDJTJPOT UP FYFDVUF NPWFNFOUT
 CVU OPU UP XJUIIPME NPWFNFOUT <��>� "O BMUFSOBUJWF
ؤJOUSB�EFDJTJPOBMأ JEFB <��>
 TVQQPSUFE CZ JOEJSFDU FWJEFODF <��
 ��
 ��>
 JT UIBU BSPVTBM TZTUFNT BSF BMSFBEZ
SFDSVJUFE CFGPSF UIF CPVOE�DSPTTJOH
 UISPVHIPVU UIF FWJEFODF BDDVNVMBUJPO QSPDFTT� 8JUIJO UIF ESJG஽ EJG�
GVTJPO NPEFM
 UIF GPSNFS OPUJPO QSFEJDUT B SFEVDUJPO JO OPO�EFDJTJPO UJNF
 XIJMF MBUUFS OPUJPO QSFEJDUT
BO FஶGFDU PO FWJEFODF BDDVNVMBUJPO� *O MJOF XJUI UIF JOUSB�EFDJTJPO BDDPVOU
 XF GPVOE JO BMM PVS EBUBTFUT
UIBU QIBTJD BSPVTBM BஶGFDUFE FWJEFODF BDDVNVMBUJPO 	TVQQSFTTJOH CJBTFE UIFSFJO

 CVU OPU OPO�EFDJTJPO
UJNF 	DIBQUFST 
�؜�� -FOEJOH GVSUIFS TVQQPSU UP UIF JOUSB�EFDJTJPO BDDPVOU
 XF PCTFSWFE QVQJM�MJOLFE
BMQIB�CBOE TVQQSFTTJPO 	B .&( TJHOBUVSF PG OFVSBM FYDJUBCJMJUZ
 BMSFBEZ GSPN TUJNVMVT POTFU POXBSET
BOENPSF UIBO B TFDPOE CFGPSF SFQPSU ؜ JO PUIFS XPSET
 EVSJOH FWJEFODF BDDVNVMBUJPO 	DIBQUFS �
� 5IFTF
ஷ஫OEJOH JOEJDBUF UIBU BU MFBTU POF PG UIF CSBJOTUFN OVDMFJ SFHVMBUJOH DPSUJDBM BSPVTBM JT BDUJWBUF EVSJOH UIF
EFMJCFSBUJPO QSPDFTT <��>� #FDBVTF UIF UBTLT VTFE JO QSFWJPVT BOJNBM QIZTJPMPHZ TUVEJFT PG UBTL�SFMBUFE MP�
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DVT DPSVMFVT SFTQPOTFT JOWPMWFE NVDI GBTUFS EFDJTJPO QSPDFTTFT UIBO UIF POF TUVEJFE IFSF 	SFBDUJPO UJNFT
PG BCPVU ��� T WT� � T
 SFTQFDUJWFMZ

 JU SFNBJOT VOLOPXO XIFUIFS UIF NPSF TVTUBJOFE
 UBTL�FWPLFE SF�
TQPOTFT BMTP PDDVS JO OPSBESFOFSHJD OFVSPOT 	CVU TFF <��>
� 'VUVSF FYQFSJNFOUT DIBSBDUFSJ[JOH QIBTJD
BDUJWJUZ JO UIF MPDVT DPFSVMFVT PS PUIFS CSBJOTUFN OVDMFJ JOWPMWFE JO BSPVTBM EVSJOH QSPUSBDUFE FWJEFODF
BDDVNVMBUJPO UBTLT DPVME TIFE MJHIU PO UIJT JTTVF�
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0XJOH UP UIFJS EJஶGVTF 	XJEFTQSFBE
 QSPKFDUJPOT
 OFVSPNPEVMBUPSZ CSBJOTUFN OVDMFJ BSF USBEJUJPOBMMZ
UIPVHIU UP FYFSU VOJGPSN BOE TZODISPOPVT NPEVMBUPSZ FஶGFDUT PO DFMMT BOE DJSDVJUT UISPVHIPVU UIF DFO�
USBM OFSWPVT TZTUFN <�>� )PX DBO TVDI B OPO�TQFDJஷ஫D TJHOBM DBVTF UIF TQFDJஷ஫D FஶGFDU PG SFEVDJOH DIPJDF
CJBT 5IFSF BSF B OVNCFS PG 	OPO�NVUVBMMZ FYDMVTJWF
 TDFOBSJPT DPOTJTUFOU XJUI UIBU SFTVMU�

" ஷ஫STU QPTTJCJMJUZ JT UIBU UBTL�FWPLFE OFVSPNPEVMBUPSZ SFTQPOTFT BOE DPSUJDBM EFDJTJPO DJSDVJUT JOUFSBDU
JO B SFDVSSFOU GBTIJPO� 5IJT JEFB JT MJOF XJUI B DPODFQUVBM NPEFM UIBU IBT CFFO QSPQPTFE GPS QIBTJD MPDVT
DPFSVMFVT SFTQPOTFT
 XIJDI QPTJUT UIBU DPSUJDBM SFHJPOT ESJWJOH UIF MPDVT DPFSVMFVT 	F�H� BOUFSJPS DJOHVMBUF
DPSUFY
 DPOUJOVPVTMZ DPNQVUF UIF SBUJP PG UIF QPTUFSJPS QSPCBCJMJUZ PG UIF TUBUF PG UIF XPSME
 EJWJEFE CZ
JUT 	FTUJNBUFE
 QSJPS QSPCBCJMJUZ <��>� *O PUIFS XPSET
 UIJT GSBNFXPSL QSFEJDUT UIBU UIF MPDVT DPFSVMFVT JT
QBSUJDVMBSMZ BDUJWBUF XIFO DPSUJDBM EFDJTJPO�DPNQVUBUJPOT SBNQ VQ UPXBSET UIF DIPJDF UIBU HPFT BHBJOTU
POFءT CJBT 	B DPOTFSWBUJWF QFSTPO BCPVU UP SFQPSU 
ؤZFTأ� 5IF SFTVMUJOH MPDVT DPFSVMFVT BDUJWJUZNJHIU SFTFU
JUT DPSUJDBM UBSHFU DJSDVJUT <��> BOE PWFSSJEF UIF EFGBVMU TUBUF <��>
 GBDJMJUBUJOH UIF USBOTJUJPO PG UIF DPSUJDBM
EFDJTJPO DJSDVJUSZ UPXBSET UIF OPO�EFGBVMU TUBUF�

" TFDPOE QPTTJCJMJUZ JT UIBU OFVSPNPEVMBUPST JNQJOHF PO B DPSUJDBM BSDIJUFDUVSF UIBU JT TQBUJBMMZ TQF�
DJஷ஫D� #JPQIZTJDBMMZ EFUBJMFE NPEFMT PG UIF OFVSBM DPNQVUBUJPOT VOEFSMZJOH EFDJTJPO�NBLJOH <��> IFMQ UP
DPODFQUVBMJ[F UIJT JEFB� *O POF TQFDJஷ஫D TDIFNF GPS ZFT�OP DIPJDFT
 TVQQPSUFE CZ OFVSPQIZTJPMPHJDBM EBUB
<��
 ��
 ��>
 UXP OFVSBM QPQVMBUJPOT BDDVNVMBUF FWJEFODF GPS ؤZFTأ BOE ؤOPأ UPXBSE TFQBSBUF CPVOET
 BOE
DPNQFUF WJB NVUVBM JOIJCJUJPO <��
 ��
 ��>� 5IF ZFT�QPQVMBUJPO BDDVNVMBUFT UIF TFOTPSZ FWJEFODF GPS TJH�
OBM QSFTFODF؜J�F�
 OFVSBM BDUJWJUZ JO WJTVBM DPSUFY
 XIJDI JT FJUIFS TUJNVMVT JOEVDFE 	PO TJHOBM�OPJTF USJBMT

PS TQPOUBOFPVT 	PO OPJTF USJBMT
 <��>� 5IF OP�QPQVMBUJPO BDDVNVMBUFT B EFGBVMUأ JOQVUؤ <��>� *G
 GPS FY�
BNQMF
 WJTVBM DPSUFY IBT NPSF SFDFQUPST GPS UIF OFVSPNPEVMBUPST UP CJOE UP UIBO UIF SFHJPO QSPWJEJOH
UIF EFGBVMUأ JOQVUؤ
 UIFO CPPTUJOH HMPCBM BSPVTBM NJHIU BTZNNFUSJDBMMZ FOIBODF OFVSBM BDUJWJUZ JO WJTVBM
DPSUFY 	PO CPUI TJHOBM�OPJTF BOE OPJTF USJBMT
� 5IJT
 JO UVSO
 XJMM USBOTMBUF JO GBTUFS BDDVNVMBUJPO UPXBSE
ؤZFTأ BOE UIF SFEVDUJPO PG B DPOTFSWBUJWF CJBT� $POTJTUFOU XJUI UIJT JEFB
 ( QSPUFJO�DPVQMFE SFDFQUPST
JOEFFE IBWF B EJTUJODU BOE IFUFSPHFOFPVT EJTUSJCVUJPO BDSPTT DPSUJDBM BSFBT <��>
 XIJDI QBSUMZ FYQMBJOT UIF
TQBUJBMMZ TUSVDUVSFE FஶGFDUT PG OPSBESFOBMJOF BOE EPQBNJOF PO UIF GPSFCSBJO <��>�

" UIJSE 	SFMBUFE
 QPTTJCJMJUZ JT UIBU OFVSPNPEVMBUPSZ SFTQPOTFT BMUFS UIF CBMBODF CFUXFFO ؤCPUUPN�VQأ
BOE ؤUPQ�EPXOأ TJHOBMJOH BDSPTT UIF DPSUJDBM IJFSBSDIZ �<��؜��> 4FOTPSZ DPSUJDBM SFHJPOT FODPEF MJLFMJIPPE
TJHOBMT BOE TFOE UIFTF 	CPUUPN�VQ
 UP BTTPDJBUJPO DPSUFY� QBSUJDJQBOUءT QSJPS CFMJFGT 	BCPVU GPS FYBNQMF UBS�
HFU QSPCBCJMJUZ
 BSF TFOU CBDL 	UPQ�EPXO
 UP UIF MPXFS MFWFMT PG UIF IJFSBSDIZ <��
 ��>� 5IVT
 UISPVHI B
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SFMBUJWF TVQQSFTTJPO PG UPQ�EPXO TJHOBM ஸ஼PX
 QIBTJD BSPVTBM NJHIU SFEVDF UIF XFJHIU PG UIF QSJPS 	SFஸ஼FDU�
JOH TVCKFDUTء JOUSJOTJD CJBT
 SFMBUJWF UP UIF MJLFMJIPPE� 4QFDJஷ஫DBMMZ
 JO UIF ZFT�OP UBTL VTFE UISPVHIPVU UIJT
UIFTJT
 UIF QSJPS NBZ IBWF CFFO B DPOTFSWBUJWF CJBT GPS DIPPTJOH �ؤOPأ 3FEVDJOH JUT XFJHIU XPVME SFEVDF
UIJT CJBT�

" GPVSUI 	SFMBUFE
 QPTTJCJMJUZ JT UIF BTDFOEJOH QSPKFDUJPOT GSPN GPS FYBNQMF UIF DIPMJOFSHJD CBTBM GPSF�
CSBJO BOE MPDVT DPFSVMFVT BSF NPSF TQBUJBMMZ TQFDJஷ஫D UIBO DPNNPOMZ CFMJFWFE� $POTJTUFOU XJUI UIBU JEFB

MPDVT DPFSVMFVT DFMMT JOOFSWBUJOH EJTDSFUF DPSUJDBM SFHJPOT BSF CJPDIFNJDBMMZ BOE FMFDUSPQIZTJPMPHJDBMMZ EJT�
UJODU GSPN POF BOPUIFS �<��؜��>
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1IBTJD BSPVTBM BOE QSFWJPVT DIPJDFT DBMJCSBUF B LFZ DPNQVUBUJPO EVSJOH EFDJTJPO�NBLJOH� FWJEFODF BD�
DVNVMBUJPO� 8IFO EFDJTJPOT BSF NBEF JO UIF GBDF PG VODFSUBJOUZ USBDLJOH QIBTJD BSPVTBM TJHOBMT BOE UIF
IJTUPSZ PG DIPJDFT NBZ CF KVTU BT JNQPSUBOU GPS QSFEJDUJOH DIPJDF CFIBWJPS BT USBDLJOH UIF PCKFDUJWF FWJ�
EFODF HBUIFSFE GSPN UIF PVUTJEF XPSME� 5IJT UIFTJT UIFSFGPSF FTUBCMJTIFT UIBU QIBTJD BSPVTBM TJHOBMT BOE
UIF IJTUPSZ PG DIPJDFT BDDPVOU GPS B TVCTUBOUJBM GSBDUJPO PG UIF BQQBSFOU WBSJBCJMJUZ JO PWFSU CFIBWJPS�
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%FDJTJPO�NBLFST PG஽FO BSSJWF BU EJஶGFSFOU DIPJDFT JO UIF GBDF PG SFQFBUFE QSFTFOUBUJPOT PG UIF TBNF FWJEFODF
<�
 �
 �
 �>� 5IJT JOUSJOTJD CFIBWJPSBM WBSJBCJMJUZ JT UZQJDBMMZ BUUSJCVUFE UP TQPOUBOFPVT ஸ஼VDUVBUJPOT PG OFVSBM
BDUJWJUZ JO UIF CSBJO SFHJPOT DPNQVUJOH EFDJTJPOT <�
 �> 	CVU TFF <��
 ��>
� *OEFFE
 ஸ஼VDUVBUJPOT PG OFVSBM
BDUJWJUZ BSF VCJRVJUPVT JO UIF DFSFCSBM DPSUFY <�
 ��
 ��>�

0OF DBOEJEBUF TPVSDF PG UIFTF ஸ஼VDUVBUJPOT JO DPSUJDBM BDUJWJUZ JT TZTUFNBUJD WBSJBUJPO JO DFOUSBM BSPVTBM
TUBUF� $FOUSBM BSPVTBM TUBUF JT DPOUSPMMFE CZ UIF OFVSPNPEVMBUPSZ TZTUFNT PG UIF CSBJOTUFN
 XIJDI IBWF
XJEFTQSFBEQSPKFDUJPOT UP DPSUFY BOE UVOFOFVSPOBM QBSBNFUFST HPWFSOJOH UIFPQFSBUJOHNPEFPG UIFJS DPS�
UJDBM UBSHFU DJSDVJUT <�
 �
 �>� *NQPSUBOUMZ
 UIFTF OFVSPNPEVMBUPSZ TZTUFNT PQFSBUF BU EJஶGFSFOU UJNFTDBMFT
<�
 ��>� 4PNF
 JO QBSUJDVMBS UIF OPSBESFOFSHJD MPDVT DPFSVMFVT 	-$

 BSF SBQJEMZ SFDSVJUFE
 JO B UJNF�MPDLFE
GBTIJPO
 EVSJOH FMFNFOUBSZ EFDJTJPOT <�
 �<��؜�� 1VQJM EJBNFUFS
 B SFMJBCMF QFSJQIFSBM NBSLFS PG DFOUSBM
	DPSUJDBM
 BSPVTBM TUBUF <��>
 BMTP JODSFBTFT EVSJOH EFDJTJPOT <��
 �<��؜�� 5IFTF PCTFSWBUJPOT QPJOU UP BO
JNQPSUBOU SPMF PG QIBTJD 	J�F�
 GBTU
 QVQJM�MJOLFE BSPVTBM TJHOBMT JO EFDJTJPO�NBLJOH <�
 ��>� :FU
 UIF QSFDJTF
OBUVSF PG UIJT SPMF IBT SFNBJOFE VOLOPXO�

)FSF
 XF JOWFTUJHBUFE IPX QIBTJD
 UBTL�SFMBUFE BSPVTBM JOUFSBDUT XJUI EFDJTJPO DPNQVUBUJPOT JO UIF IV�
NBO CSBJO� 8F DPNCJOFE QVQJMMPNFUSZ
 G.3*
 BOE DPNQVUBUJPOBM NPEFMJOH UP QSPCF JOUP UIF JOUFSQMBZ
CFUXFFO UBTL�SFMBUFE BSPVTBM BOE EFDJTJPO DPNQVUBUJPOT VOEFSMZJOH FMFNFOUBSZ TFOTPSZ�NPUPS DIPJDF
UBTLT� 4FOTPSZ�NPUPS EFDJTJPOT FOUBJM UIF HSBEVBM BDDVNVMBUJPO PG OPJTZ TFOTPSZأ FWJEFODFؤ BCPVU UIF
TUBUF PG UIF XPSME UPXBSET DBUFHPSJDBM EFDJTJPO TUBUFT HPWFSOJOH CFIBWJPSBM DIPJDF <�
 ��
 ��
 ��>� " MBSHF�
TDBMF OFUXPSL PG SFHJPOT JO GSPOUBM BOE QBSJFUBM DPSUFY TFFNT UP BDDVNVMBUF TUJNVMVT SFTQPOTFT QSPWJEFE
CZ TFOTPSZ DPSUJDFT UPXBSET DIPJDFT PG NPUPS NPWFNFOUT <�
 ��> 	CVU TFF <��
 ��>
� 8F IFSF BJNFE UP
FMVDJEBUF UIF JOUFSBDUJPO CFUXFFO QVQJM�MJOLFE BSPVTBM SFTQPOTFT
 FWJEFODF BDDVNVMBUJPO
 BOE EFDJTJPO
QSPDFTTJOH BDSPTT TFWFSBM 	DPSUJDBM BOE TVCDPSUJDBM
 CSBJO SFHJPOT�

-BSHF UBTL�FWPLFE QVQJM SFTQPOTFT XFSF DPOTJTUFOUMZ BDDPNQBOJFE CZ B SFEVDUJPO JO QFSDFQUVBM EFDJ�
TJPO CJBT JO EJஶGFSFOU TFOTPSZ NPEBMJUJFT 	WJTVBM BOE BVEJUPSZ
 BOE UBTL QSPUPDPMT 	EFUFDUJPO BOE EJTDSJNJ�
OBUJPO
� %FDJTJPO CJBT SFஸ஼FDUT UIF EFHSFF UPXIJDI BO PCTFSWFSءT DIPJDF EFWJBUFT GSPN UIF PCKFDUJWF TFOTPSZ
FWJEFODF� 6TJOH G.3* GPS POF PG UIFTF UBTLT SFWFBMFE UIBU UIF CJBT SFEVDUJPO XBT BDDPNQBOJFE CZ B NPE�
VMBUJPO PG DIPJDF�FODPEJOH QBUUFSO TJHOBMT JO QSFGSPOUBM BOE QBSJFUBM DPSUFY� 'VSUIFS
 UIF CJBT SFEVDUJPO
XBT QSFEJDUFE CZ UBTL�FWPLFE
 QVQJM�MJOLFE SFTQPOTFT JO B OFUXPSL PG OFVSPNPEVMBUPSZ CSBJOTUFN OVDMFJ
DPOUSPMMJOH DPSUJDBM BSPVTBM TUBUF� 8F DPODMVEF UIBU QIBTJD OFVSPNPEVMBUPSZ TJHOBMT SFEVDF CJBTFT JO UIF
CSBJOءT EFDJTJPO�NBLJOH NBDIJOFSZ� "T B DPOTFRVFODF
 QIBTJD BSPVTBM BDDPVOUT GPS B TJHOJஷ஫DBOU DPNQP�
OFOU PG UIF WBSJBCJMJUZ PG DIPJDF CFIBWJPS
 PWFS BOE BCPWF UIF PCKFDUJWF FWJEFODF HBUIFSFE GSPN UIF PVUTJEF
XPSME�
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Figure 1: Behavioral task and task-evoked pupil responses. (A) Yes-no contrast detecঞon task. Top: schemaঞc sequence of events during
a signal+noise trial. Subjects reported the presence or absence of a faint graঞng signal superimposed onto dynamic noise. Bo�om le[:
the signal, if present, was oriented clockwise or counter clockwise on di@erent blocks (known to the subject beforehand). Signal contrast
is high for illustraঞon only. Bo�om right: trial types. (B)Quanঞfying task-evoked pupillary response (TPR) amplitude. Top: mean TPR ঞme
course of an example subject. Green box, interval for averaging TPR values on single trials. Bo�om: trials were pooled into three bins of
TPR amplitudes (lowest/highest 40% and intermediate 20%). (C) TPR ঞme course for the three bins. (D)Mean beta weights of transient
(cue, choice) and sustained input components under low vs. high TPR, esঞmated with a general linear model (see Materials and methods;
Figure 1–Cgure supplement 1A,B), separately for low and high TPR trials. Panels C, D: group average (N = 14); shading, s.e.m.; data points,
individual subjects; stats, permutaঞon test.
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8F TZTUFNBUJDBMMZ RVBOUJஷ஫FE UIF JOUFSBDUJPO CFUXFFO QVQJM�MJOLFE BSPVTBM SFTQPOTFT BOE EFDJTJPO DPN�
QVUBUJPOT BU UIF BMHPSJUINJD BOE OFVSBM MFWFMT PG BOBMZTJT� 8F IFSF PQFSBUJPOBMJ[F QIBTJDأ BSPVTBMؤ BT UBTL�
FWPLFE QVQJM SFTQPOTFT 	513
� 5IJT PQFSBUJPOBM EFஷ஫OJUJPO JT CBTFE PO SFDFOU BOJNBM XPSL
 XIJDI FTUBC�
MJTIFE SFNBSLBCMZ TUSPOH DPSSFMBUJPOT CFUXFFO OPO�MVNJOBODFNFEJBUFE WBSJBUJPOT JO QVQJM EJBNFUFS BOE
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HMPCBM DPSUJDBM BSPVTBM TUBUF <��>�
5IF 3FTVMUT TFDUJPO JT PSHBOJ[FE BT GPMMPXT� 'JSTU
 XF RVBOUJGZ 513T EVSJOH UIF NBJO CFIBWJPSBM UBTL

TUVEJFE JO UIJT QBQFS� 5IF LFZ PCTFSWBUJPO IFSFXBT UIF TVCTUBOUJBM USJBM�UP�USJBM WBSJBCJMJUZ PG UIF513 BN�
QMJUVEF� "MM TVCTFRVFOU BOBMZTFT FYQMPJUFE UIJT WBSJBCJMJUZ UP QJOQPJOU UIF GVODUJPOBM DPSSFMBUFT PG QIBTJD
BSPVTBM� 8F UIFO QSFTFOU SFTVMUT GSPNNPEFMJOH 513�EFQFOEFOU DIBOHFT JO DIPJDF CFIBWJPS
 JEFOUJGZJOH
QSFDJTF BMHPSJUINJD DPSSFMBUFT PG QIBTJD BSPVTBM� 5IFTF SFTVMUT ZJFMEFE EFUBJMFE QSFEJDUJPOT GPS UIF VOEFSMZ�
JOH NPEVMBUJPOT PG DPSUJDBM TJHOBMT� 5IJSE
 XF QSFTFOU UFTUT PG UIFTF QSFEJDUJPOT
 GPDVTJOH PO GVODUJPOBMMZ
EFMJOFBUFE DPSUJDBM SFHJPOT PG JOUFSFTU� 8F DPODMVEF CZ FTUBCMJTIJOH UIBU UIF USJBM�UP�USJBM ஸ஼VDUVBUJPOT JO
513 BNQMJUVEF
 BOE UIF BTTPDJBUFE CJBT SFEVDUJPO
 XFSF DMPTFMZ MJOLFE UP UBTL�FWPLFE SFTQPOTFT PG OFVSP�
NPEVMBUPSZ CSBJOTUFN DFOUFST JOWPMWFE JO SFHVMBUJOH DPSUJDBM BSPVTBM TUBUF�
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5IFNBJO UBTL VTFE JO UIJT TUVEZXBT EFUFDUJPO 
ؤZFT�OPأ	 TJNQMF GPSDFE DIPJDF QSPUPDPM
 PG B MPX�DPOUSBTU
HSBUJOH 	'JHVSF �"
� 5IF HSBUJOH DPOUSBTU XBT UJUSBUFE UP UIF ��গ DPSSFDU MFWFM
 BOE TVCKFDUT EJE OPU SFDFJWF
USJBM�CZ�USJBM GFFECBDL� "T PCTFSWFE QSFWJPVTMZ <��>
 513 BNQMJUVEFT EVSJOH UIJT UBTL ஸ஼VDUVBUFE XJEFMZ
GSPN USJBM UP USJBM 	'JHVSF �#
$� TFF.BUFSJBMT BOE.FUIPET GPS RVBOUJஷ஫DBUJPO PG 513
� 5P JMMVTUSBUF
 QPPM�
JOH USJBMT JOUP UXP CJOT DPOUBJOJOH UIF MPXFTU BOE IJHIFTU ��গ PG 513 BNQMJUVEFT 	'JHVSF �#
 ZJFMEFE

PO BWFSBHF
 UIF DPNNPOMZ PCTFSWFE UBTL�FWPLFE QVQJM EJMBUJPOT GPS UIF IJHI 513 CJO
 CVU QVQJM DPO�
TUSJDUJPOT GPS UIF MPX 513 CJO 	'JHVSF �$
� 8F VTFE B QSFWJPVTMZ FTUBCMJTIFE NPEFM UP FTUJNBUF UIF UJNF
DPVSTF PG UIF OFVSBM JOQVU ESJWJOH UIFNFBTVSFE513T 	(-.� TFF.BUFSJBMT BOENFUIPET� 'JHVSF ஷ஫HVSF؜�
TVQQMFNFOU �"஝$
� 5IJT SFWFBMFE UIBU UIF EJஶGFSFODF CFUXFFO UIF MPX BOE IJHI 513 CJOT XBT QSJNBSJMZ
EVF UP UIF EJஶGFSFODF JO B TVTUBJOFE DPNQPOFOU UIBU TQBOOFE UIF FOUJSF JOUFSWBM GSPN DVF UP CFIBWJPSBM
DIPJDF 	'JHVSF �%
� 5IF EJஶGFSFODF PG UIF TVTUBJOFE DPNQPOFOU CFUXFFO MPX BOE IJHI 513 XBT TJHOJஷ஫�
DBOUMZ MBSHFS UIBO UIF DPSSFTQPOEJOH EJஶGFSFODF GPS UXP DPNQPOFOUT BU DVF PS DIPJDF
 SFTQFDUJWFMZ 	��XBZ
SFQFBUFE NFBTVSFT "/07" XJUI GBDUPST UFNQPSBM DPNQPOFOU BOE 513 CJO� JOUFSBDUJPO� '�
�� � �����

Q������
�

*O TVN
 513 BNQMJUVEF FYIJCJUFE TVCTUBOUJBM USJBM�UP�USJBM ஸ஼VDUVBUJPOT
 XIJDI XFSF QSFEPNJOBOUMZ
ESJWFO CZ DIBOHJOH MFWFMT JO TVTUBJOFE JOQVU EVSJOH EFDJTJPO GPSNBUJPO� (JWFO UIF QSPMPOHFE OBUVSF PG
UIF EFDJTJPO 	NFEJBO PG TVCKFDU�NFEJBO SFBDUJPO UJNF
 35� ���� T

 UIF TVTUBJOFE
 JOUSB�EFDJTJPOBM BSPVTBM
CPPTU NJHIU IBWF JOUFSBDUFE XJUI UIF EFDJTJPO DPNQVUBUJPO� 5P UFTU GPS TVDI BO JOUFSBDUJPO CFUXFFO
BSPVTBM CPPTU BOE EFDJTJPO DPNQVUBUJPO
 XF OFYUNPEFMFE TVCKFDUTء DIPJDF CFIBWJPS BT B GVODUJPO PG513
BNQMJUVEF�
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8F GPVOE B SPCVTU BOE DPOTJTUFOU SFMBUJPOTIJQ CFUXFFO513 BOE EFDJTJPO CJBT� 5IJT FஶGFDU XBT QSFTFOU JO
UXP JOEFQFOEFOU EBUB TFUT VTJOH BO BOBMPHPVT DPOUSBTU EFUFDUJPO UBTL� UIF OFXMZ DPMMFDUFE G.3* EBUB TFU

BOE B SF�BOBMZTJT PG BO FYJTUJOH EBUB TFU <��>
 	'JHVSF �"
%
 NJEEMF BOE SJHIU QBOFMT
� %FDJTJPO CJBT XBT
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Figure 2: Phasic arousal predicts reducঞon of choice bias. (A) Perceptual sensiঞvity SDT d’ (le[), decision bias, measured as SDT criterion
(middle) or fracঞon of “yes”-choices (right), for low and high TPR. For the fracঞon of “yes”-choices analysis, we ensured that each TPR bin
consisted of an equal number of signal+noise and noise trials (seeMaterials andmethods). Data points, individual subjects. (B) Relaঞonship
between TPR and d’ or criterion (5 bins). Linear Cts are plo�ed wherever the Crst-order Ct was superior to the constant Ct (see Materials
and methods). Quadraঞc Cts are plo�ed wherever the second-order Ct was superior to Crst-order Ct. (C) Sliding window linear correlaঞon
between TPR and SDT criterion (5 bins), aligned to bu�on press. Dashed line, median decision onset (cue). The group average pupil
response ঞme course is plo�ed for reference in blue. (D–F) As panels A-C, for an independent data set [40]. All panels: group average (N
= 14 and N = 21); shading or error bars, s.e.m.; stats, permutaঞon test.

RVBOUJஷ஫FE JO UXP XBZT 	GPS EFUBJMT
 TFF .BUFSJBMT BOE NFUIPET
� 'JSTU
 XF DPNQVUFE TJHOBM EFUFDUJPO�
UIFPSFUJD 	4%5
 DSJUFSJPO 	'JHVSF �"
%
 NJEEMF QBOFMT
� 4FDPOE
 XF DPNQVUFE UIF GSBDUJPO PG �ؤZFTأ
DIPJDFT 	SJHIU QBOFMT

 BG஽FS CBMBODJOH UIF OVNCFS PG TJHOBM�OPJTF BOE OPJTF USJBMT XJUIJO FBDI 513 CJO�
8F EJE OPU ஷ஫OE B DPOTJTUFOU SFMBUJPOTIJQ CFUXFFO QIBTJD BSPVTBM
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Figure 3: Arousal-linked bias reducঞon generalizes to other choice tasks. (A) Perceptual sensiঞvity (d’; le[) and decision bias, measured
as criterion (middle) or fracঞon of “yes”-choices (computed as for Figure 2A, right), for low and high TPR. Data points, individual subjects.
(B) Relaঞonship between TPR and d’ or criterion (5 bins). Linear Cts were plo�ed wherever the Crst-order Ct was superior to the constant
Ct (see Materials and methods). Quadraঞc Cts were plo�ed wherever the second-order Ct was superior to Crst-order Ct. (C) Perceptual
sensiঞvity (d’, le[) and decision bias, measured as absolute criterion (middle) or fracঞon of non-preferred choices (right), for low and high
TPR. For the fracঞon of non-preferred choices analysis, we ensured that each TPR bin consisted of an equal number ofmoঞon up and down
trials (see Materials and methods). (D) Relaঞonship between TPR and d’ or absolute criterion (4 bins instead of 5, because of fewer trials
per subject, see Materials and methods). All panels: group average (N = 24 and N = 15); shading or error bars, s.e.m.; stats, permutaঞon
test.
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Figure 4: Phasic arousal predicts reducঞon of accumulaঞon bias. (A) Schemaঞc and simpliCed equaঞon of dri[ di@usion model accounঞng
for RT distribuঞons for “yes”- and “no”-choices (“sঞmulus coding”; see Materials and methods). Notaঞon: dy, change in decision variable
y per unit ঞme dt; v× dt, mean dri[ (mulঞplied with 1 for signal+noise trials, and –1 for noise trials); dc× dt, dri[ criterion (an evidence-
independent constant added to the dri[); and cdW, Gaussian white noise (mean = 0, variance = c2 dt). (B) RT distribuঞons of one example
subject for “yes”- and “no”-choices, separately for signal+noise and noise trials and separately for low and high TPR. RTs for “no”- choices
were sign-Yipped for illustraঞon purposes. Straight lines, mode (i.e., maximum) of the C�ed RT distribuঞons. Please note that TPR predicts
an increased fracঞon of “yes”-choices with only a minor change of the mode of the RT distribuঞon, consistent with a dri[ criterion e@ect
rather than a starঞng point e@ect (Figure 4–Cgure supplement 1). (C) Group-level posterior probability densiঞes for means of parameters.
To maximize the robustness of parameter esঞmates [77], two data sets were Ct jointly (the current fMRI and our previous study [40]; N =
35). Starঞng point (z) is expressed as a proporঞon of the boundary separaঞon (a). (D) Dri[ criterion point esঞmates for low and high TPR
trials, separately for both data sets (N = 14 and N = 21, respecঞvely). Data points, individual subjects; stats, permutaঞon test. (E) Change
in fracঞon of “yes”- choices for low vs. high TPR trials, plo�ed against change in dri[ criterion. Data points, individual subjects.

NFUIPET
� 5IJT JNQMJFT UIBU UIF513�EFQFOEFOU WBSJBCJMJUZ JO BDDVNVMBUJPO CJBTXBT FTTFOUJBM UP BDDPVOU
GPS UIF 513�EFQFOEFOU FஶGFDUT PO CFIBWJPS�

5IF JOEJWJEVBM DIBOHFT JO ESJG஽ DSJUFSJPO CFUXFFO MPX WT� IJHI 513 USJBMT FTUBCMJTIFE CZ NFBOT PG
EJஶGVTJPO NPEFMJOH BDDPVOUFE GPS B TVCTUBOUJBM GSBDUJPO PG UIF JOEJWJEVBM EJஶGFSFODFT JO 513�QSFEJDUFE
DIBOHFT JO UIF GSBDUJPO PG �DIPJDFTؤZFTأ 	'JHVSF �&
 PCUBJOFE JO UIF NPEFM�GSFF BOBMZTFT 	'JHVSF �"
 %


��



SJHIU QBOFMT
� 513�SFMBUFE DIBOHFT JO TUBSUJOH QPJOU IBE B XFBLFS
 BOE TUBUJTUJDBMMZ OPU TJHOJஷ஫DBOU
 FஶGFDU
PO UIF GSBDUJPO PG �DIPJDFTؤZFTأ 	G.3* EBUB TFU� S������
 Q������� EF (FF FU BM� 	����
 EBUB TFU <��>�
S������
 Q������
�

*O TVN
 JO UIF EFDJTJPO UBTL TUVEJFE IFSF
 QVQJM�MJOLFE
 QIBTJD BSPVTBM QSFEJDUFE B SFEVDUJPO PG DPO�
TFSWBUJWF CJBT
 TQFDJஷ஫DBMMZ JO UIF FWJEFODF BDDVNVMBUJPO
 BOE XBT OFJUIFS SFஸ஼FDUFE JO UIF CBTFMJOF MFWFM PG
UIF EFDJTJPO WBSJBCMF BU UIF TUBSU PG UIF BDDVNVMBUJPO OPS JUT NFBO ESJG஽� *O PUIFS XPSET
 513 BDDPVOUFE
GPS B QPSUJPO PG UIF USJBM�UP�USJBM WBSJBCJMJUZ JO UIF ESJG஽ VOSFMBUFE UP UIF PCKFDUJWF TFOTPSZ FWJEFODF� 5IJT
DPSSFMBUF PG QIBTJD BSPVTBM BU UIF BMHPSJUINJD MFWFM XBT JO MJOF XJUI UIF OPUJPO UIBU QIBTJD BSPVTBM TIBQFT
EFDJTJPO PVUDPNF CZ JOUFSBDUJOH XJUI UIF FWJEFODF BDDVNVMBUJPO DPNQVUBUJPO UIBU MJFT BU UIF IFBSU PG UIF
EFDJTJPO QSPDFTT�

5BLFO UPHFUIFS
 UIF CFIBWJPSBM NPEFMJOH SFTVMUT SFQPSUFE JO 'JHVSFT �؜� QVU TUSPOH DPOTUSBJOUT PO
UIF FYQFDUFE DIBOHFT JO DPSUJDBM EFDJTJPO QSPDFTTJOH EVF UP QIBTJD BSPVTBM� 4QFDJஷ஫DBMMZ
 DIBOHFT JO UIF
FODPEJOH PG UIF JODPNJOH FWJEFODF CZ TFOTPSZ DPSUJDBM BSFBT
 BT PCTFSWFE JO QSFWJPVTXPSL PO ஸ஼VDUVBUJPOT
JOCBTFMJOF BSPVTBM MFWFMT <��
 ��
 ��>
 XPVMECF BTTPDJBUFEXJUI DIBOHFT JOQFSDFQUVBM TFOTJUJWJUZ� )PXFWFS

XF GPVOE UIBU 513 XBT OPU BTTPDJBUFE XJUI BOZ SPCVTU DIBOHF JO TFOTJUJWJUZ 	NFBTVSFE BT Eء PS BT NFBO
ESJG஽ SBUF
 JO UIF G.3* EBUBTFU
 UIVT
 QSFEJDUJOH OP513�MJOLFENPEVMBUJPO PG TFOTPSZ SFTQPOTFT JO WJTVBM
DPSUFY� *OTUFBE
 UIF PCTFSWFE FஶGFDU PG 513 PO DIPJDF CJBT 	DSJUFSJPO
 ESJG஽ DSJUFSJPO
 QSFEJDUFE B EJSFDUFE
TIJG஽ 	UPXBSET 
ؤZFTأ JO OFVSBM TJHOBMT FODPEJOH TVCKFDUTء DIPJDFT
 JO EPXOTUSFBN DPSUJDBM SFHJPOT� 8F OFYU
UFTUFE UIFTF QSFEJDUJPOT CZ BTTFTTJOH UIF SFMBUJPOTIJQ CFUXFFO 513 BOE 	J
 TUJNVMVT�TQFDJஷ஫D SFTQPOTFT JO
FBSMZ WJTVBM DPSUFY
 BOE 	JJ
 DIPJDF�TQFDJஷ஫D SFTQPOTFT JO EPXOTUSFBN DPSUJDBM SFHJPOT�
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5IF G.3* SFTQPOTF JO FBSMZ WJTVBM DPSUFY 	BSFBT 7�
 7�
 BOE 7�
 EVSJOH OFBS�UISFTIPME WJTVBM UBTLT JT
NBEF VQ PG EJTUJODU DPNQPOFOUT
 JODMVEJOH B 	XFBL BOE GPDBM
 TUJNVMVT�TQFDJஷ஫D DPNQPOFOU BOE B 	MBSHF
BOE HMPCBM
 UBTL�SFMBUFE
 CVU TUJNVMVT�JOEFQFOEFOU
 DPNQPOFOU �<��؜��> 8F VTFE BO BQQSPBDI CBTFE
PO NVMUJ�WPYFM QBUUFSO BOBMZTJT BOBMPHPVT UP QSFWJPVT XPSL <��
 ��> UP JTPMBUF UIF TUJNVMVT�TQFDJஷ஫D SF�
TQPOTF DPNQPOFOU� #FDBVTF UIF NBKPSJUZ PG WJTVBM DPSUJDBM OFVSPOT FODPEJOH TUJNVMVT DPOUSBTU BSF BMTP
UVOFE UP TUJNVMVT PSJFOUBUJPO
 PSJFOUBUJPO�UVOJOH DPVME TFSWF BT B ؤஷ஫MUFSأ UP TFQBSBUF UIF DPSUJDBM TUJNV�
MVT SFTQPOTF GSPN TUJNVMVT�VOSFMBUFE TJHOBMT� 4QFDJஷ஫DBMMZ
 UIF MPX DPOUSBTU TJHOBM JO PVS UBTL TIPVME IBWF
FWPLFE B TNBMM SFTQPOTF JO FBDI WJTVBM DPSUJDBM OFVSPO TFMFDUJWF GPS UIF PSJFOUBUJPO PG UIF UBSHFU TJHOBM
	��pPS ���p
 PO EJஶGFSFOU FYQFSJNFOUBM SVOT
 'JHVSF �"
 BDSPTT B TVCTUBOUJBM QBSU PG UIF SFUJOPUPQJD NBQ�
5IVT
 UIF QSFTFODF PS BCTFODF PG UIF UBSHFU TJHOBM TIPVME CF SFMJBCMZ FODPEFE JO UIF PSJFOUBUJPO�TQFDJஷ஫D
DPNQPOFOU PG UIF DPSUJDBM QPQVMBUJPO SFTQPOTF
 XJUIJO UIF SFUJOPUPQJD TVC�SFHJPO DPSSFTQPOEJOH UP UIF
TJHOBM� 8F ஷ஫STU JOEJWJEVBMMZ EFMJOFBUFE UIFTF SFUJOPUPQJD TVC�SFHJPOT XJUIJO FBDI PG 7��7� 	TFF 'JHVSF
�" GPS BO FYBNQMF TVCKFDU
 BOE UIFO RVBOUJஷ஫FE UIF PSJFOUBUJPO�TQFDJஷ஫D SFTQPOTF DPNQPOFOU UIFSFJO BT
UIF TQBUJBM DPSSFMBUJPO PGNVMUJ�WPYFM SFTQPOTF QBUUFSOTXJUI BO PSJFOUBUJPO�TQFDJஷ஫D ؤUFNQMBUFأ 	.BUFSJBMT
BOE NFUIPET
�
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Figure 5: Phasic arousal does not boost sensory responses in visual cortex. (A) Map of fMRI responses during sঞmulus localizer runs
(see Materials and methods); example subject. V1-V3 borders were deCned based on a separate reঞnotopic mapping session. “Sঞmulus
sub-regions”, regions with posiঞve sঞmulus-evoked response; “surround sub-regions”, regions with negaঞve sঞmulus-evoked response.
(B) Orientaঞon-speciCc fMRI responses in “center” sub-regions of V1-V3, separately for signal+noise and noise trials, and separately for
low and high TPR trials. Staঞsঞcal tests are reported in main text. Data points, individual subjects (N = 14); stats in main text.
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OPJTF USJBMT 	'JHVSF �#
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5IF BCPWF BOBMZTJT GPDVTFE PO UIF TUJNVMVT�TQFDJஷ஫D SFTQPOTF JO FBSMZ WJTVBM DPSUFY� 5P BWPJE NJTTJOH
513�EFQFOEFOU NPEVMBUJPOT PG TFOTPSZ SFTQPOTFT JO IJHIFS DPSUJDBM SFHJPOT
 XF BMTP NBQQFE PVU NPEV�
MBUJPOT PG G.3* SFTQPOTFT CZ 513 BDSPTT DPSUFY 	TFF .BUFSJBMT BOE NFUIPET
� 7BSJPVT SFHJPOT JODMVEJOH
WJTVBM
 QBSJFUBM
 QSFGSPOUBM
 BOE NPUPS DPSUJDFT FYIJCJUFE SPCVTU UBTL�FWPLFE PWFSBMM G.3* SFTQPOTFT 	J�F�

EJஶGFSFODF CFUXFFO UIF EFDJTJPO JOUFSWBM BOE CBTFMJOF� 'JHVSF �"

 BT XFMM BT SPCVTU NPEVMBUJPOT CZ 513
	'JHVSF �#
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� 5IJT JOEJDBUFT UIBU PVS NVMUJ�WPYFM QBUUFSO BQQSPBDI EFTDSJCFE BCPWF XBT
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 JO OP SFHJPO
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WT� IJHI 513� 'JHVSF �%
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5BLFO UPHFUIFS
 CPUI DPNQMFNFOUBSZ BOBMZTFT TIPXFE UIBU QIBTJD
 UBTL�FWPLFE BSPVTBM TJHOBMT EJE OPU
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Figure 6: Cortex-wide fMRI correlates of phasic arousal and sঞmulus. (A) Funcঞonal map of task-evoked fMRI responses computed as
the mean across all trials. (B) As panel A, but for the contrast high vs. low TPR trials. (C) As panel A, but for the contrast signal+noise vs.
noise. (D) As panel A, but for the interacঞon between TPR (2 levels) and sঞmulus (2 levels). All panels: funcঞonal maps are expressed as
t-scores computed at the group level (N = 14) and presented with cluster-corrected staঞsঞcal threshold (see Materials and methods).
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8F UIFO TPVHIU UP UFTU GPS EJSFDUFE TIJG஽T JO OFVSBM TJHOBMT FODPEJOH TVCKFDUTء DIPJDFT VOEFS IJHI 513

XIJDI XPVME CF JO MJOF XJUI UIF DIBOHFT JO EFDJTJPO CJBTFT JEFOUJஷ஫FE CZ CFIBWJPSBM NPEFMJOH� )FSF
 XF
VTF UIF UFSNأDIPJDF�TQFDJஷ஫Dؤ UP SFGFS UP G.3*�TJHOBMT UIBU SFMJBCMZ EJTDSJNJOBUFE CFUXFFO TVCKFDUTء DIPJDF
ؤZFTأ	 WT� 
ؤOPأ� 5XP DPNQMFNFOUBSZ BQQSPBDIFT EFMJOFBUFE TFWFSBM DPSUJDBM SFHJPOT UIBU FYIJCJUFE TVDI
DIPJDF�TQFDJஷ஫D TJHOBMT 	'JHVSF �
� 5IF ஷ஫STU BQQSPBDI 	'JHVSF �"
 XBT CBTFE PO UIF MBUFSBMJ[BUJPO PG G.3*
SFTQPOTFTXJUI SFTQFDU UP UIFNPUPS FஶGFDUPS VTFE UP SFQPSU UIF DIPJDF 	J� F�
 SFTQPOTF IBOE� TFF <��
 ��> BOE
.BUFSJBMT BOE NFUIPET
� *O BEEJUJPO UP UIF IBOE BSFB PG QSJNBSZ NPUPS DPSUFY 	IFODFGPSUI SFGFSSFE UP BT
.�

 UIJT BQQSPBDI ZJFMEFE SFMJBCMF FஶGFDUPS�TQFDJஷ஫D MBUFSBMJ[BUJPO BMTP JO UXP SFHJPOT PG QPTUFSJPS QBSJFUBM
BTTPDJBUJPO DPSUFY� UIF KVODUJPO PG UIF JOUSBQBSJFUBM BOE QPTUDFOUSBM TVMDVT 	*14�1PTU$F4
 BOE UIF BOUF�
SJPS JOUSBQBSJFUBM TVMDVT 	B*14�� 'JHVSF �" BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"
#
� 5IF TFDPOE BQQSPBDI
	'JHVSF �#
 XBT CBTFE PONVMUJ�WPYFM QBUUFSO DMBTTJஷ஫DBUJPO PG DIPJDF
 VTJOH B ؤTFBSDIMJHIUأ QSPDFEVSF UIBU
TDBOOFE UIF FOUJSF DPSUFY GPS DIPJDF JOGPSNBUJPO 	TFF <��
 ��> BOE .BUFSJBMT BOE NFUIPET
� 5IF VOEFS�
MZJOH SBUJPOBMF XBT UP JEFOUJGZ DPSUJDBM SFHJPOT FODPEJOH DIPJDF JO PUIFS GPSNBUT 	F�H�
 JO UFSNT PG NPSF
ஷ஫OF�HSBJOFE QBUUFSOT
 UIBO UIF IFNJTQIFSJD MBUFSBMJ[BUJPO PG SFTQPOTF BNQMJUVEFT� 5IF TFDPOE BQQSPBDI
SFWFBMFE SPCVTU 	BOE SFQSPEVDJCMF
 DIPJDF�TQFDJஷ஫D SFTQPOTF QBUUFSOT JO B OVNCFS PG BEEJUJPOBM SFHJPOT JO
CJMBUFSBM QPTUFSJPS QBSJFUBM DPSUFY BOE 	SJHIU
 QSFGSPOUBM DPSUFY� TVQFSJPS BOE JOGFSJPS QBSJFUBM MPCVMF 	41-
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BOE *1-
 SFTQFDUJWFMZ

 B TFDPOE SFHJPO XJUIJO B*14 	B*14�

 QPTUFSJPS JOTVMB 	Q*OT

 UIF KVODUJPO PG QSF�
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 SFTQPOTFT 	FTUJNBUFE JO B DSPTT�WBMJEBUFE GBTIJPO
 TFF.BUFSJBMT
BOENFUIPET
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 UIF DPNCJOFE DIPJDF�TQFDJஷ஫D
TJHOBMT
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 XFSF TJHOJஷ஫DBOUMZ QVTIFE UPXBSET UIF �ؤZFTأ DIPJDF 	J�F�
 NPSF QPTJUJWF
JO 'JHVSF �%
 GPS IJHI DPNQBSFE UP MPX 513� 5IF FஶGFDU PG 513 EJஶGFSFE CZ DPSUJDBM TJHOBM 	��XBZ SF�
QFBUFE NFBTVSFT "/07" XJUI GBDUPST TJHOBM UZQF 	� MFWFMT
 BOE 513 CJO 	� MFWFMT
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XBT TJHOJஷ஫DBOUMZ MBSHFS GPS UIF DPNCJOFE MBUFSBMJ[BUJPO TJHOBM BOE UIF DPNCJOFE TFBSDIMJHIU TJHOBM UIBO
GPS .� 	DPNCJOFE MBUFSBMJ[BUJPO TJHOBM WT� .�� Q������� DPNCJOFE TFBSDIMJHIU TJHOBM WT� .�� Q�������
QFSNVUBUJPO UFTUT
�

#FDBVTF TVCKFDUTء NFBO BDDVSBDZXBT BCPVU ��গ DPSSFDU
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QIZTJDBM TUJNVMVT 	J�F�
 TJHOBM�OPJTF WT� OPJTF USJBMT
� $POTFRVFOUMZ
 UIF DIPJDF�TQFDJஷ஫D DPSUJDBM SFTQPOTFT
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IJHIMZ TJHOJஷ஫DBOU513DPFஶஷ஫DJFOUT
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	'JHVSF �&
 NJEEMF BOE SJHIU QBOFM
� #Z DPOUSBTU
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 MFG஽ QBOFM
�
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CFIBWJPSBM DIPJDF BOE XFSF SPCVTUMZ NPEVMBUFE CZ QIBTJD BSPVTBM
 XJUI B MBSHFS UFOEFODZ UPXBSET UIF
�DIPJDFؤZFTأ VOEFS IJHI 513� 5IJT XBT USVF FWFO XIFO GBDUPSJOH PVU UIF FஶGFDU PG UIF TFOTPSZ FWJEFODF
	J�F� QSFTFODF PG UIF UBSHFU TJHOBM
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Figure 7: Phasic arousal predicts change of corঞcal decision signals. (A)Conjuncঞon of session-wisemaps of logisঞc regression coeLcients
of choice against fMRI lateralizaঞon (see Figure 7–Cgure supplement 1A for individual sessions). Tested against 0.5 at group level; red
outlines, ROIs used for further analyses. (B) Conjuncঞon of session-wise maps of searchlight choice classiCcaঞon precision scores (see
Figure 7–Cgure supplement 1C for individual sessions). Tested against 0.5 at group level; red outlines, ROIs used for further analyses. (C)
Choice-predicঞve indexes for choice-speciCc responses (“yes” vs. “no”, irrespecঞve of sঞmulus; see Materials and methods and Figure
7–Cgure supplement 1G). Dashed line, index for M1, which can be regarded as a reference given the measurement noise. Data points,
individual subjects. (D) Choice-speciCc responses, obtained through mapping lateralizaঞon (M1 and the combined “lateralizaঞon signal”,
i.e., regions from Figure 7A excluding M1; seeMaterials and methods) and through searchlight classiCcaঞon (combined “searchlight signal”,
i.e., all regions from Figure 7B), for low and high TPR trials. Data points, individual subjects. (E) Correlaঞon between TPR and M1 (le[),
or the combined “lateralizaঞon signal” (middle), or the combined “searchlight signal” (right) (5 bins). In all cases, the e@ect of the physical
sঞmulus was removed (see Materials and methods). Shading or error bars, s.e.m. All panels: group average. (N = 14); stats, permutaঞon
test.
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 XF BJNFE UP JEFOUJGZ CSBJOTUFN SFHJPOT XIPTF UBTL�FWPLFE SFTQPOTFT XFSF 	J
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 BOE 	JJ
 BDDPVOUFE GPS UIF USJBM�UP�USJBM NPEVMBUJPO PG TVCKFDUTء FWJEFODF BD�
DVNVMBUJPO CJBT
 BOE UIF SFTVMUJOH UFOEFODZ UP DIPPTF �ؤZFTأ 1SFWJPVT XPSL GSPN NPOLFZ QIZTJPMPHZ
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 ��
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 XF FYQMPJUFE UIF
XJEF DPWFSBHF PG PVS G.3* NFBTVSFNFOUT UP DPODVSSFOUMZ NPOJUPS SFTQPOTFT BDSPTT B XJEFS CSBJOTUFN
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OFUXPSL
 JODMVEJOH B OVNCFS PG PUIFS OVDMFJ JNQMJDBUFE JO DFOUSBM BSPVTBM� UIF EPQBNJOFSHJD TVCTUBOUJB
OJHSB 	4/
 BOE WFOUSBM UFHNFOUBM BSFB 	75"

 BT XFMM BT UIF 	QBSUMZ
 DIPMJOFSHJD CBTBM GPSFCSBJO 	#'
� 8F
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 BOE UIF TVCMFOUJDVMBS QBSU 	#'�TVCM
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 XIJDI BSF JOWPMWFE JO UIF SFHVMBUJPO PG DPSUJDBM
BSPVTBM TUBUF <�
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 JODMVEJOH SFNPWBM PG UIF GPVSUI WFOUSJDMF TJHOBM 	TFF .BUFSJBMT BOE NFUIPET
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&
� 5IF
-$ SFHJPO PG FBDI TVCKFDU XBT EFMJOFBUFE UISPVHI JOEFQFOEFOU TUSVDUVSBM TDBOT 	'JHVSF �"
 BOE 'JHVSF
ஷ஫HVSF؜� TVQQMFNFOU �"� GPS EFUBJMT TFF .BUFSJBMT BOE NFUIPET
�

5IF -$ SFHJPO FYIJCJUFE B SPCVTU QPTJUJWF SFTQPOTF PO IJHI 513 USJBMT BOE B USFOE UPXBSET EFBDUJWB�
UJPO PO MPX513 USJBMT 	'JHVSF �#஝%
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �$
� 5IF TBNF QBUUFSOXBT FWJEFOU
GPS CPUI TJHOBM�OPJTF BOE OPJTF USJBMT TFQBSBUFMZ 	'JHVSF �$
� 5IF BTTPDJBUJPO UP 513 XBT BMTP IJHIMZ TJH�
OJஷ஫DBOU JO UIF NPTU TQBUJBMMZ TQFDJஷ஫D EFஷ஫OJUJPO PG UIF -$ SFHJPO BஶGPSEFE CZ PVS NFBTVSFNFOUT� FWBMVBU�
JOH POMZ UIF UXP G.3* WPYFMT XJUI UIF MBSHFTU QSPCBCJMJUZ PG DPOUBJOJOH UIF JOEJWJEVBM -$ SFHJPO 	'JHVSF
�%
 BOE TFF .BUFSJBMT BOE NFUIPET
� 'MVDUVBUJPOT PG UBTL�FWPLFE G.3* SFTQPOTFT NFBTVSFE JO UIF -$
XFSF BMTP SPCVTUMZ DPVQMFE UP ஸ஼VDUVBUJPOT JO 513 BNQMJUVEF BU UIF TJOHMF USJBM MFWFM 	'JHVSF �'
)
�

4JNJMBS UP UIF-$ SFHJPO
XF GPVOE B SPCVTU EJஶGFSFODF CFUXFFO MPXBOEIJHI513DPOEJUJPOT GPS G.3*
SFTQPOTFT JO UIF 4$ BOE 75" SFHJPOT 	'JHVSF �&
'
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �#
$
� .BQQJOH UIF
USJBM�UP�USJBM DPSSFMBUJPOT CFUXFFO 513 BOE CSBJOTUFN G.3* SFTQPOTFT BU UIF TJOHMF�WPYFM MFWFM ZJFMEFE
SPCVTU DPVQMJOH UP 513 JO UIF -$
 4$
 75" BOE BT XFMM BT JO #'�TVCM SFHJPOT 	'JHVSF �'
�

"T FYQFDUFE GSPN UIF BOBUPNJDBM DPOOFDUJWJUZ CFUXFFO CSBJOTUFN DFOUFST 
<��؜��> UIF USJBM�UP�USJBM
ஸ஼VDUVBUJPOT PG UIF UBTL�FWPLFE SFTQPOTFT XFSF TJHOJஷ஫DBOUMZ DPSSFMBUFE BNPOH B OVNCFS PG UIFTF CSBJO�
TUFN OVDMFJ 	'JHVSF �(
� 3FNPWJOH DPNQPOFOUT PG UIF USJBM�UP�USJBM ஸ஼VDUVBUJPOT JO 513 BOE G.3* SF�
TQPOTFT TIBSFE XJUI UIF PUIFS 30*T ZJFMEFE TJHOJஷ஫DBOU SFTJEVBM 	J�F�
 QBSUJBM
 DPSSFMBUJPOT CFUXFFO 513
BOE SFTQPOTFT JO 4$
 -$ SFHJPO
 75" BOE #'�TVCM 	'JHVSF �)
� 5IJT JOEJDBUFT SPCVTU BOE VOJRVF DPOUSJ�
CVUJPOT PG UIFTF GPVS OVDMFJ UP 513�

1IBTJD CSBJOTUFN SFTQPOTFT EVSJOH EFDJTJPO UBTLT NJHIU CF ESJWFO CZ UPQ�EPXO TJHOBMT GSPN BOUFSJPS
DJOHVMBUF DPSUFY 	"$$

 XIJDI TFOET EFTDFOEJOH QSPKFDUJPOT UP UIF -$ <�> BOE PUIFS CSBJOTUFNOVDMFJ� *O
MJOF XJUI UIJT OPUJPO
 USJBM�UP�USJBM ஸ஼VDUVBUJPOT PG CPUI -$ SFTQPOTFT BOE 513 XFSF SPCVTUMZ DPSSFMBUFE
UP USJBM�UP�USJBM ஸ஼VDUVBUJPOT PG UBTL�FWPLFE SFTQPOTFT PG UIF "$$ 	'JHVSF �*
�
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5IF UBTL�FWPLFE SFTQPOTFT JO UIF OFVSPNPEVMBUPSZ OVDMFJ
 CVU OPU UIF DPMMJDVMJ
 XFSF UJHIUMZ MJOLFE UP UIF
JOGFSSFE EFDJTJPO DPNQVUBUJPO BOE TVCKFDUTء PWFSU DIPJDF CFIBWJPS� 8F DPNQVUFE UIF DPNCJOFE �OFVSPأ
NPEVMBUPSZ CSBJOTUFN TJHOBMؤ BT UIF MJOFBS DPNCJOBUJPO PG SFTQPOTFT GSPN -$
 75"
 4/
 BOE #' UIBU
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Figure 8: Pupil responses reYect responses of a network of brainstem nuclei. (A)Delineaঞon of LC by structural scan. The LC corresponds
to two hyper-intense spots; example subject (see Figure 8–Cgure supplement 1 for all subjects). Le[ inset, magniCcaঞon of yellow box
with LC ROI. Right inset, three-dimensional representaঞon of signal intensity levels in yellow box. (B) Task-evoked LC responses for low
and high TPR. Red bar, high TPR ঞme course signiCcantly di@erent from zero; green bar, high TPR ঞme course signiCcantly di@erent from
low TPR ঞme course (p<0.05; cluster-corrected). Grey box, ঞme window for compuঞng scalar response amplitudes. (C) As panel B, but
split by signal+noise and noise trials. (D) As panel B, but for the 2 voxels with highest probability of containing the LC. (E) As panel B, but
for SN, VTA, and two BF-ROIs. (F) Map of single-trial correlaঞon between TPR and evoked fMRI responses (tested against 0 at group
level). Yellow outlines, brainstem nuclei from probabilisঞc atlases. (G)Matrix of correlaঞons between evoked brainstem fMRI responses.
Stats corrected with false discovery rate (FDR). (H) Parঞal correlaঞon of evoked fMRI responses and TPR. For each ROI, responses of all
other ROIs were Crst removed via linear regression. (I) Correlaঞon between fMRI responses in ACC and TPR and LC. All panels: group
average (N = 14); shading, s.e.m.; data points, individual subjects; stats, permutaঞon test.
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Figure 9: Brainstem neuromodulatory nuclei predict reducঞon of choice bias. (A)Correlaঞon between decision bias (criterion) and the com-
bined neuromodulatory brainstem signal (linear combinaঞon of responses in LC, SN, VTA, BF-sept, and BF-subl maximizing the correlaঞon
to TPR; see Materials and methods; le[), and the combined colliculi signal (linear combinaঞon of responses in SC and IC maximizing the
correlaঞon to TPR; right) (5 bins). Stats, permutaঞon test. (B)As panel A but for the correlaঞon to fracঞon of “yes”-choices. (C)Group-level
posterior probability densiঞes for means of parameters in the DDM regression model, through which we assessed the trial-by-trial, linear
relaঞonship between single-trial dri[ and the combined neuromodulatory response or the combined colliculi response (see Materials and
methods; see Figure 9–Cgure supplement 1 for the remaining parameters “starঞng point”, “boundary separaঞon” and “non-decision ঞme“).
All panels: group average (N = 14); shading or error bars, s.e.m.

NBYJNJ[FE UIF DPSSFMBUJPO UP 513 	.BUFSJBMT BOE NFUIPET� DPSSFMBUJPO DPFஶஷ஫DJFOU BDSPTT TVCKFDUT
 �����
	q����� T�F�N�

� 5IF BNQMJUVEF PG UIJT DPNCJOFE TJHOBM QSFEJDUFE B TJHOJஷ஫DBOU SFEVDUJPO JO DPOTFSWBUJWF
EFDJTJPO CJBT 	'JHVSF �"

 BOE BO JODSFBTFE UFOEFODZ UP DIPPTF ؤZFTأ 	'JHVSF �#

 CVU OP DIBOHF JO TFO�
TJUJWJUZ 	'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"
� 5IJT QBUUFSO PG FஶGFDUT XBT BCTFOU GPS UIF DPNCJOFE DPMMJDVMJأ
TJHOBMؤ 	'JHVSF �"
#

 B MJOFBS DPNCJOBUJPO PG SFTQPOTFT GSPN 4$ BOE *$ UIBU NBYJNJ[FE UIF DPSSFMBUJPO
UP 513 	DPSSFMBUJPO DPFஶஷ஫DJFOU BDSPTT TVCKFDUT
 ����� 	q����� T�F�N�

� 'VSUIFS
 UIF USJBM�UP�USJBM WBSJBUJPOT
JO UIF TUSFOHUI PG UIF DPNCJOFE OFVSPNPEVMBUPSZ 	CVU OPU DPMMJDVMJ
 SFTQPOTF SPCVTUMZ QVTIFE UIF USJBM�
UP�USJBM ESJG஽ UPXBSET UIF 
�CPVOEBSZؤZFTأ JO FஶGFDU SFEVDJOH UIF PWFSBMM OFHBUJWF ESJG஽ DSJUFSJPO 	'JHVSF �%

TFF .BUFSJBMT BOE NFUIPET GPS EFUBJMT
�

*O TVN
 USJBM�UP�USJBM ஸ஼VDUVBUJPOT JO 513 XFSF QSFEJDUFE CZ ஸ஼VDUVBUJPOT JO UIF UBTL�FWPLFE SFTQPOTFT
PG B OFUXPSL PG CSBJOTUFN SFHJPOT
 NPTU OPUBCMZ UIF -$
 75" BOE 4$� %FTQJUF UIF FYQFDUFE DPVQMJOH
CFUXFFO UIFTF BOE PUIFS CSBJOTUFN SFHJPOT 	'JHVSF �(

 513 DBSSJFE SPCVTU -$�
 4$�
 BOE 	MFTT TUSPOHMZ

75"�TQFDJஷ஫D DPNQPOFOUT 	'JHVSF �)
� #VU POMZ UIF SFTQPOTFT PG UIF OFVSPNPEVMBUPSZ 30*T
 OPU PG UIF
DPMMJDVMJ
 BDDPVOUFE GPS UIF DPODPNJUBOU SFEVDUJPO PG UIF CJBT JO FWJEFODF BDDVNVMBUJPO BOE UIF SFTVMUJOH
CFIBWJPSBM DIPJDF QBUUFSOT� 5IFTF SFTVMUT FTUBCMJTI B UJHIU MJOL CFUXFFO QIBTJD OFVSPNPEVMBUPS SFMFBTF
BOE UIF EZOBNJDT PG FWJEFODF BDDVNVMBUJPO�
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*OUSJOTJD WBSJBCJMJUZ JO UIF GBDF PG VODFSUBJO FWJEFODF JT B QFSWBTJWF GFBUVSF PG EFDJTJPO�NBLJOH <�
 �
 �
 �>�
.PTU DVSSFOU NPEFMT PG DIPJDF USFBU UIJT JOUSJOTJD CFIBWJPSBM WBSJBCJMJUZ BT B OVJTBODF UP CF BDDPVOUFE GPS
CZ BEEJUJPOBM OPJTFأ QBSBNFUFSTؤ <��
 ��>� 0UIFS UIFPSJFT IBWF QSPQPTFE UIBU UIF CFIBWJPSBM WBSJBCJMJUZ
NBZ CF EVF UP IJEEFO
 CVU TZTUFNBUJD
 CJBTFT JO UIF EFDJTJPO QSPDFTT <�
 ��>� )FSF
 XF QSFTFOU FWJEFODF
UIBU IFMQT SFDPODJMF UIFTF JEFBT� 8F GPVOE UIBU B TJHOJஷ஫DBOU DPNQPOFOU PG DIPJDF WBSJBCJMJUZXBT FYQMBJOFE
CZ USJBM�UP�USJBM WBSJBUJPOT JO UIF BNQMJUVEF PG UBTL�FWPLFE
 QVQJM�MJOLFE BSPVTBM SFTQPOTFT� 4QFDJஷ஫DBMMZ

QVQJM�MJOLFE BSPVTBM SFTQPOTFT BDDPVOUFE GPS USJBM�UP�USJBM WBSJBUJPOT JO UIF CJBT PG UIF FWJEFODF BDDVNV�
MBUJPO QSPDFTT BT XFMM BT EFDJTJPO�SFMBUFE DPSUJDBM QPQVMBUJPO TJHOBMT� VOEFS MBSHF QIBTJD BSPVTBM DPOTFS�
WBUJWF CJBTFT XFSF SFEVDFE� 5IF JNQMJDBUJPO JT UIBU
 XJUIPVU NPOJUPSJOH BSPVTBM SFTQPOTFT
 UIF BTTPDJ�
BUFE
 TZTUFNBUJD WBSJBUJPOT JO BDDVNVMBUJPO CJBT XPVME BQQFBS BT SBOEPN USJBM�UP�USJBM WBSJBCJMJUZ JO UIF
BDDVNVMBUJPO QSPDFTT 	J�F�
 ESJG஽
� (PJOH GVSUIFS
 XF FTUBCMJTIFE UIBU UIF EZOBNJD CJBT TVQQSFTTJPO XBT
FYQMBJOFE CZ SFTQPOTFT JO B OFUXPSL PG OFVSPNPEVMBUPSZ CSBJOTUFN TZTUFNT DPOUSPMMJOH DPSUJDBM BSPVTBM
TUBUF� 5BLFO UPHFUIFS
 PVS SFTVMUT BSF DPOTJTUFOU XJUI B TDFOBSJP JO XIJDI QIBTJD OFVSPNPEVMBUPSZ BDUJW�
JUZ EVSJOH EFDJTJPO�NBLJOH PQUJNJ[FT DIPJDF CFIBWJPS UISPVHI B TVQQSFTTJPO PGNBMBEBQUJWF CJBTFT JO UIF
FWJEFODF BDDVNVMBUJPO QSPDFTT�
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*NBHJOH UIF CSBJOTUFN XJUI G.3* JT DIBMMFOHJOH <��؜��> CFDBVTF UIJT SFHJPO JT QSPOF UP QIZTJPMPHJDBM
OPJTF BSUJGBDUT <��>
 BOE CSBJOTUFN OVDMFJ UFOE UP CF TNBMM SFMBUJWF UP UIF TQBUJBM SFTPMVUJPO PG TUBOEBSE
G.3* NFBTVSFNFOUT� 'PS FYBNQMF
 BMUIPVHI UIF BEVMU IVNBO -$ JT BO FMPOHBUFE TUSVDUVSF PG BQQSPY�
JNBUFMZ �� NN MFOHUI BMPOH UIF SPTUSP�DBVEBM BYJT
 JUT EJBNFUFS JT POMZ B GFX NJMMJNFUFST
 BT BTTFTTFE CZ
IJHI�SFTPMVUJPO.3* 	'JHVSF �" BOE'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"
 <��
 ��>� 0VS TUVEZ BEESFTTFE UIFTF
DIBMMFOHFT CZ GPMMPXJOH UIF SFDPNNFOEBUJPOT PG &DLFSU BOE DPMMFBHVFT <��>� 8F 	J
 EFMJOFBUFE UIF -$ JO
FBDI CSBJO
 CBTFE PO JOEJWJEVBM 	OFVSPNFMBOJO�TFOTJUJWF
 TUSVDUVSBM .3* TDBOT� 	JJ
 QFSGPSNFE G.3* UBJ�
MPSFE UP UIF BOBUPNJDBM MBZPVU PG UIF -$ XIJMF NBYJNJ[JOH GVODUJPOBM TJHOBM�UP�OPJTF SBUJP 	4/3

 CZ
VTJOH BO JO�QMBOF TQBUJBM SFTPMVUJPO PG �Y� NN BOE � NN UIJDL TMJDFT UIBU XFSF PSJFOUFE QFSQFOEJDVMBS
UP UIF MPOHJUVEJOBM FYUFOU PG UIF -$� 	JJJ
 QFSGPSNFE OP TQBUJBM TNPPUIJOH PG UIFTF GVODUJPOBM EBUB� BOE
	JW
 SJHPSPVTMZ SFNPWFE NFBTVSFE DBSEJBD BOE SFTQJSBUPSZ TJHOBM DPNQPOFOUT
 BT XFMM BT SFTJEVBM GPVSUI
WFOUSJDMF TJHOBM
 XIJDI IBWF CFFO JEFOUJஷ஫FE BT B NBKPS TPVSDF PG VODFSUBJOUZ SFHBSEJOH QSFWJPVT G.3*
XPSL PO UIF -$ <��>� 5IF SFTVMUJOH UJNF�DPVSTF PG UBTL�FWPLFE G.3* SFTQPOTFT FYIJCJUFE UIF TUBOEBSE
GFBUVSFT PG IFNPEZOBNJD SFTQPOTFT 	'JHVSF �#஝&

 BOE DPSSFMBUJPOT UP QVQJM SFTQPOTFT UIBU BSF MBSHFMZ
DPOTJTUFOU XJUI TJOHMF�VOJU QIZTJPMPHZ JO NPOLFZT 	TFF CFMPX
� 5BLFO UPHFUIFS
 UIF CSBJOTUFN SFTQPOTFT
JO 'JHVSFT � BOE � MJLFMZ SFஸ஼FDU USVF OFVSBM TJHOBM GSPN CSBJOTUFN OVDMFJ
 SBUIFS UIBO QIZTJPMPHJDBM OPJTF�
)PXFWFS
 UIFSF JT TPNF JOFWJUBCMF VODFSUBJOUZ SFHBSEJOH UIF TQBUJBM TQFDJஷ஫DJUZ PG PVSNFBTVSFNFOUT� %VF
UP UIF MPXFS TQBUJBM SFTPMVUJPO PG G.3* JNBHFT
 UIF DP�SFHJTUSBUJPO CFUXFFO GVODUJPOBM BOE TUSVDUVSBM JN�
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BHFT
 BOE UIF QPJOU TQSFBE PG UIF IFNPEZOBNJD SFTQPOTF
 FBDI G.3* WPYFM JT MJLFMZ UP TBNQMF BDUJWJUZ GSPN
CSBJO UJTTVF OFJHICPSJOH UIF OVDMFJ EFQJDUFE BT UIF SFHJPOT PG JOUFSFTU 	F�H�
 -$
� $POTFRVFOUMZ
 XF EP OPU
DPODMVEF UIBU UIF -$ SFTQPOTFT JO 'JHVSF �#஝% SFஸ஼FDU UIF BDUJWJUZ PG OPSBESFOFSHJD OFVSPOT POMZ� TVDI
B DPODMVTJPO XPVME SFRVJSF TJOHMF�VOJU NFBTVSFNFOUT� 5IF GPDVT PG PVS DPODMVTJPOT JOTUFBE MJFT PO UIF
EJTUSJCVUJPO PG QVQJM BOE CFIBWJPSBM DPSSFMBUJPOT BDSPTT EJஶGFSFOU CSBJOTUFN TUSVDUVSFT
 XIJDI QSPWJEFT
BO JNQPSUBOU DPNQMFNFOU UP UBSHFUFE TJOHMF�VOJU NFBTVSFNFOUT�
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%FTQJUF UIF BCPWF�NFOUJPOFE MJNJUBUJPOT
 UIF PWFSBMM EJTUSJCVUJPO PG QVQJM�MJOLFE CSBJOTUFN SFTQPOTFT
TIPXO JO 'JHVSF �' NFBOJOHGVMMZ GPMMPXT UIF PVUMJOFT PG LFZ DBOEJEBUF TUSVDUVSFT
 JO B GBTIJPO UIBU JT
MBSHFMZ DPOTJTUFOU XJUI NPOLFZ QIZTJPMPHZ
 BOE B QSFWJPVT IVNBO TUVEZ PO G.3* DPSSFMBUFT PG ஸ஼VDUV�
BUJPOT JO CBTFMJOF QVQJM EJBNFUFS <��>� 0VS BQQSPBDI BMTP JEFOUJஷ஫FE TP�GBS VOLOPXO FஶGFDUT� 1SFWJPVT
NPOLFZ QIZTJPMPHZ IBT FTUBCMJTIFE TJHOJஷ஫DBOU DPVQMJOH PG QVQJM SFTQPOTFT UP SFTQPOTFT PG UIF -$
 4$
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 CVU OPU ZFU GPS EPQBNJOFSHJD BOE DIPMJOFSHJD TUSVDUVSFT 	J�F�
 4/
 75"
 BOE #'
� 5IF
BCJMJUZ UP NPOJUPS BMM PG UIF BCPWF CSBJOTUFN SFHJPOT BU PODF FOBCMFE RVBOUJஷ஫DBUJPO PG UIFJS USJBM�UP�USJBM
DPSSFMBUJPO TUSVDUVSF
 BOE IFODF JTPMBUJOH UIF DPOUSJCVUJPOT UIBU XFSF VOJRVF UP FBDI SFHJPO� 5IJT SF�
WFBMFE UIBU 	J
 NBOZ CSBJOTUFN OVDMFJ DP�ஸ஼VDUVBUFE EVSJOH UIF EFDJTJPO UBTL BOE UIBU 	JJ
 OPU POMZ UIF -$
BOE 4$
 CVU BMTP UIF75"BOE TVCMFOUJDVMBS QBSU PG UIF #' FBDINBEF SPCVTU BOE TQFDJஷ஫D DPOUSJCVUJPOT UP
UBTL�FWPLFE QVQJM EJMBUJPOT
 PWFS BOE BCPWF UIPTF TIBSFEXJUI PUIFS CSBJOTUFN DFOUFST 	'JHVSF �)
� 5IVT

UIF OPSBESFOFSHJD
 DIPMJOFSHJD BOE EPQBNJOFSHJD TZTUFNT BSF BMM QIBTJDBMMZ
 BOE UP TPNF FYUFOU JOEFQFO�
EFOUMZ
 SFDSVJUFE EVSJOH DIBMMFOHJOH EFDJTJPO UBTLT
 BOE KPJOUMZ TIBQF UIF DPODPNJUBOU DIBOHFT JO BSPVTBM
TUBUF� 0VS ஷ஫OEJOHT QSPWJEF B CBTJT GPS BNPSF DPNQSFIFOTJWF OFVSPQIZTJPMPHJDBM JOUFSQSFUBUJPO PG SFTVMUT
GSPN DPHOJUJWF QVQJMMPNFUSZ TUVEJFT JO IVNBOT�

.PTU JNQPSUBOUMZ
 XF BMTP FTUBCMJTIFE UIBU POMZ B TVCTFU PG UIPTF CSBJOTUFN OVDMFJ FYIJCJUJOH SPCVTU
DPSSFMBUJPOT XJUI QVQJM SFTQPOTFT XFSF BMTP QSFEJDUJWF PG UIF USJBM�CZ�USJBM TVQQSFTTJPO JO EFDJTJPO CJBT�
5IF MBUUFS FஶGFDU XBT TPMFMZ BDDPVOUFE GPS CZ SFTQPOTFT JO UIF 	OPSBESFOFSHJD
 EPQBNJOFSHJD
 BOE DIPMJO�
FSHJD
 OFVSPNPEVMBUPSZ OVDMFJ XJUI EJஶGVTF QSPKFDUJPOT UP DPSUFY
 CVU OPU CZ SFTQPOTFT JO UIF TVQFSJPS
PS JOGFSJPS DPMMJDVMJ� 5IJT JOEJDBUFT UIBU UIF QIBTJD SFMFBTF PG OFVSPNPEVMBUPST JO UIF CSBJO
 QPTTJCMZ B
DPNCJOBUJPO PG EJஶGFSFOU OFVSPNPEVMBUPST
 JT LFZ GPS CFIBWJPSBM DPSSFMBUFT PG QIBTJD BSPVTBM JEFOUJஷ஫FE
IFSF�
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" OVNCFS PG SFDFOU TUVEJFT IBWF DIBSBDUFSJ[FE UIF SFMBUJPOTIJQ CFUXFFO UPOJD BSPVTBM MFWFMT 	NFBTVSFE
UISPVHI CBTFMJOF QVQJM EJBNFUFS
 BOE DPSUJDBM TUBUF <��
 ��
 ��
 ���>� 0UIFS TUVEJFT IBWF DIBSBDUFSJ[FE UIF
SFMBUJPOTIJQ CFUXFFO UPOJD BSPVTBM MFWFMT BOE CFIBWJPSBM QFSGPSNBODF <��
 ���>� 5IF DPNQBSJTPO CFUXFFO
UIJT QSFWJPVT XPSL BOE PVST QPJOUT UP QPTTJCMF EJஶGFSFODFT CFUXFFO UIF GVODUJPOBM DPSSFMBUFT PG UPOJD
BSPVTBM MFWFMT BOE QIBTJD
 UBTL�FWPLFE DIBOHFT JO BSPVTBM� 8F GPVOE UIBU QIBTJD
 UBTL�FWPLFE BSPVTBM SF�
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TQPOTFTXFSF QSJNBSJMZ MJOLFE UP EFDJTJPO CJBT
 BU CPUI
 UIF BMHPSJUINJD BOE DPSUJDBM MFWFMT� #Z DPOUSBTU
 UIF
BCPWF TUVEJFT PG UPOJD BSPVTBM MFWFMT IBWF SFWFBMFE FஶGFDUT PO UIF RVBMJUZ PG TFOTPSZ DPSUJDBM SFTQPOTFT BOE
CFIBWJPSBM TFOTJUJWJUZ UP TFOTPSZ FWJEFODF <��>� 8IJMF XF BMTP GPVOE TPNF FWJEFODF GPS OPO�NPOPUPOJD
	JOWFSUFE 6�TIBQF
 SFMBUJPOTIJQT CFUXFFO QIBTJD BSPVTBM BOE TFOTJUJWJUZ
 UIF EPNJOBOU BOE NPTU DPOTJT�
UFOU MJOL XBT B NPOPUPOJD BOE BQQSPYJNBUFMZ MJOFBS SFMBUJPOTIJQ CFUXFFO QIBTJD BSPVTBM BOE EFDJTJPO
CJBT� $BOEJEBUF GBDUPST BDDPVOUJOH GPS UIFTF BQQBSFOU EJஶGFSFODFT CFUXFFO UIF GVODUJPOBM DPSSFMBUFT PG
QIBTJD BOE UPOJD BSPVTBM NJHIU CF UIF EZOBNJDT PG UIF VOEFSMZJOH OFVSPNPEVMBUPSZ FஶGFDUT PO DPSUJDBM
DJSDVJUT
 PS UIF EJஶGFSFOU DPNCJOBUJPO PG OFVSPNPEVMBUPSZ TZTUFNT JOWPMWFE� *U XJMM CF JOTUSVNFOUBM UP
USBDL 513�MJOLFE DIBOHFT JO CSBJOTUFN BOE DPSUJDBM TUBUF JO SFBM UJNF JO GVUVSF XPSL�

����� 1ৡ৥০�৖ৗ৕৛৥৛ৡৠ৓৞ ২ৗ৤৥১৥ ৛ৠ০৤৓�৖ৗ৕৛৥৛ৡৠ৓৞ ৖৤৛২ৗ ৡ৘ ৢ৚৓৥৛৕ ৓৤ৡ১৥৓৞

0OF BDDPVOU IPMET UIBU UIF QIBTJD BSPVTBM TJHOBMT 	TQFDJஷ஫DBMMZ
 QIBTJD SFTQPOTFT PG UIF OPSBESFOFSHJD -$

BSF USJHHFSFE CZ UIF CPVOE�DSPTTJOH JO POF PG UIF DPSUJDBM BDDVNVMBUPS DJSDVJUT� UIF SFTVMUJOH USBOTJFOU BOE
DPSUFY�XJEF OFVSPNPEVMBUPS SFMFBTF UIFO GBDJMJUBUFT UIF USBOTMBUJPO PG UIF DIPJDF JOUP BNPUPS BDU <�>� "O
BMUFSOBUJWF JEFB <��>
 TVQQPSUFE CZ JOEJSFDU FWJEFODF <��
 ��>
 JT UIBU BSPVTBM TZTUFNT BSF BMSFBEZ SFDSVJUFE
CFGPSF UIF CPVOE�DSPTTJOH
 UISPVHIPVU UIF FWJEFODF BDDVNVMBUJPO QSPDFTT� *O MJOF XJUI UIF MBUUFS OPUJPO

XF GPVOE UIBU UBTL�FWPLFE QVQJM SFTQPOTFT BSF ESJWFONPTU TUSPOHMZ CZ B TVTUBJOFE DFOUSBM JOQVU UISPVHI�
PVU EFDJTJPO GPSNBUJPO
 OPU POMZ BG஽FS DPNNJUNFOU UP B DIPJDF� 5IJT ஷ஫OEJOH IBT QPUFOUJBMMZ JNQPSUBOU
JNQMJDBUJPOT GPS UIF GVODUJPOBM SPMF PG QIBTJD BSPVTBM JO EFDJTJPO QSPDFTTJOH� 5IF ஷ஫OEJOH JOEJDBUFT UIBU
BU MFBTU POF PG UIF CSBJOTUFN OVDMFJ MJOLFE UP QVQJM SFTQPOTFT XBT
 MJLFXJTF
 BDUJWBUFE JO B TVTUBJOFE GBTI�
JPO UISPVHIPVU EFDJTJPO GPSNBUJPO� 5IF SFTVMUJOH OFVSPNPEVMBUPSZ USBOTJFOUT NJHIU BMUFS UIF TUBUF PG
CSBJO SFHJPOT JOWPMWFE JO EFDJTJPO DPNQVUBUJPOT BT UIF EFDJTJPO VOGPMET
 QSPWJEFE UIBU UIF BDDVNVMBUJPO
PQFSBUFT PO UJNFTDBMFT PG TFDPOET PS MPOHFS� #FDBVTF UIF UBTLT VTFE JO QSFWJPVT BOJNBM QIZTJPMPHZ TUVEJFT
PG UBTL�SFMBUFE -$ SFTQPOTFT JOWPMWFE NVDI GBTUFS EFDJTJPO QSPDFTTFT UIBO UIF POF TUVEJFE IFSF 	SFBDUJPO
UJNFT PG BCPVU ��� T WT� � T
 SFTQFDUJWFMZ

 JU SFNBJOT VOLOPXO XIFUIFS UIF NPSF TVTUBJOFE
 UBTL�FWPLFE
SFTQPOTFT BMTP PDDVS JO OPSBESFOFSHJD OFVSPOT 	CVU TFF <��>
� 4VTUBJOFE SFTQPOTFT FODPEJOH SFXBSE VO�
DFSUBJOUZ IBWF CFFO PCTFSWFE JO EPQBNJOFSHJD OFVSPOT JO UIF 75" <���>
 POF PG UIF TUSVDUVSFT XIPTF
UBTL�FWPLFE SFTQPOTFT QSFEJDUFE QVQJM SFTQPOTFT� 'VUVSF FMFDUSPQIZTJPMPHJDBM TUVEJFT TIPVME EFUFSNJOF
UIF UJNF DPVSTF PG UBTL�SFMBUFE BDUJWBUJPO JO UIF EJஶGFSFOU OVDMFJ PG UIF CSBJOءT BSPVTBM OFUXPSL EVSJOH
TFOTPSZ�NPUPS EFDJTJPOT JOWPMWJOH QSPUSBDUFE FWJEFODF BDDVNVMBUJPO <���>�

����� )ৡ৩৖ৡ৖৛৘৘১৥ৗৠৗ১৤ৡয়ৡ৖১৞৓০ৡ৤৫৥৛৙ৠ৓৞৥০৤৓ৠ৥৞৓০ৗ ৛ৠ০ৡ৥ৢৗ৕৛৘৛৕ৗ৘৘ৗ৕০৥ৡৠ৕৚ৡ৛৕ৗ
৔ৗ৚৓২৛ৡ৤ 

0OF OPUBCMF BTQFDU PG PVS ஷ஫OEJOHT JT UIBU UIF GVODUJPOBM DPSSFMBUFT PG OFVSPNPEVMBUPSZ SFTQPOTFT XFSF
TQFDJஷ஫D GPS B QBSUJDVMBS DIPJDF PQUJPO 	TFF 'JHVSF �
� "MTP JO UIF DPOUFYU PG MFBSOJOH
 UIF JOUFSQMBZ CFUXFFO
QVQJM�MJOLFE BSPVTBM BOE DPNQFUJUJWF DPSUJDBM DJSDVJUSZ IBT CFFO GPVOE UP USBOTMBUF JOUP TQFDJஷ஫D FஶGFDUT PO
DPHOJUJPO BOE CFIBWJPS <���>�

��



" TDFOBSJP DPOTJTUFOU XJUI PVS SFTVMUT JT UIBU QIBTJD OFVSPNPEVMBUPS SFMFBTF BMUFST UIF SFMBUJWF TUSFOHUI
PG JOGPSNBUJPO ஸ஼PX CFUXFFO DPSUJDBM QSPDFTTJOH TUBHFT
 TVQQSFTTJOH ؤUPQ�EPXOأ SFMBUJWF UP ؤCPUUPN�VQأ
TJHOBMT �<��؜��> *O QFSDFQUVBM EFDJTJPOT MJLF UIF POFT TUVEJFE IFSF
 FBSMZ TFOTPSZ DPSUJDFT QSPWJEF CPUUPN�
VQ TFOTPSZ MJLFMJIPPE TJHOBMT
 XIJMF UPQ�EPXO TJHOBMT NJHIU FODPEF QSJPS CFMJFGT <��
 ��>� 5IVT
 UISPVHI
B SFMBUJWF TVQQSFTTJPO PG ؤUPQ�EPXOأ TJHOBM ஸ஼PX
 QIBTJD BSPVTBM NJHIU SFEVDF UIF XFJHIU PG UIF QSJPS
	SFஸ஼FDUJOH TVCKFDUTء JOUSJOTJD CJBT
 SFMBUJWF UP UIF MJLFMJIPPE� 4QFDJஷ஫DBMMZ
 JO PVS ZFT�OP UBTL
 UIF QSJPS NBZ
IBWF CFFO B DPOTFSWBUJWF CJBT GPS DIPPTJOH �ؤOPأ 3FEVDJOH JUT XFJHIU XPVME SFEVDF UIJT CJBT� 4VDI BO
JODSFBTF JO UIF SFMBUJWF XFJHIU PG CPUUPN�VQ TJHOBMT NJHIU CF JNQMFNFOUFE CZ TZOBQUJD HBJO NPEVMBUJPO
UISPVHI OFVSPNPEVMBUPST� 5IJT HBJO NPEVMBUJPO
 JO UVSO
 NJHIU EFQFOE PO UIF QSFDJTJPO 	JOWFSTF PG
VODFSUBJOUZ
 PG JODPNJOH TFOTPSZ EBUB <��
 ���>�

5IF BCPWF TDFOBSJPT QPTUVMBUF B VOJ�EJSFDUJPOBM FஶGFDU PG OFVSPNPEVMBUPSZ USBOTJFOUT PO DPSUJDBM EFDJ�
TJPO DPNQVUBUJPOT� )PXFWFS
 UIJT JOUFSBDUJPO NBZ BMTP CF CJ�EJSFDUJPOBM
 XJUI USJBM�UP�USJBM ஸ஼VDUVBUJPOT
PG DPSUJDBM EFDJTJPO TJHOBMT ESJWJOH ஸ஼VDUVBUJPOT PG QIBTJD BSPVTBM SFTQPOTFT <�
 ��>� 4QFDJஷ஫DBMMZ
 QIBTJD -$
SFTQPOTFT NBZ CF ESJWFO CZ TQFDJஷ஫D DPSUJDBM SFHJPOT 	F�H�
 UIF "$$

 XIJDI DPNQVUF UIF SBUJP PG UIF QPT�
UFSJPS QSPCBCJMJUZ PG UBSHFU QSFTFODF PWFS UIF 	FTUJNBUFE
 QSJPS QSPCBCJMJUZ PG UBSHFU PDDVSSFODF <��>� 5IF
SFTVMUJOH QIBTJD OPSFQJOFQISJOF SFMFBTF BDSPTT DPSUFY NJHIU SFTFU DPSUJDBM OFUXPSLT <��> BOE JOUFSSVQU UIF
	EFGBVMU
 TUBUF FODPEJOH UIF QSJPS <��>� *O B ZFT�OP UBTL TVDI BT PVST
 B UFOEFODZ UPXBSET UIF �PQUJPOؤOPأ
NBZ DPSSFTQPOE UP UIF EFGBVMU TUBUF GPS DPOTFSWBUJWF TVCKFDUT
 BOE B QIBTJD BSPVTBM TJHOBM JT HFOFSBUFE
XIFO EFDJTJPO�SFMBUFE OFVSBM BDUJWJUZ SBNQT UPXBSET 
ؤZFTأ GBDJMJUBUJOH UIF USBOTJUJPO PG UIF FOUJSF DPSUJDBM
TZTUFN UPXBSET UIBU OPO�EFGBVMU TUBUF�

����� $ৡৠ৕৞১৥৛ৡৠ

0VS ஷ஫OEJOHT FTUBCMJTI UIBU QIBTJD UBTL�FWPLFE QVQJM SFTQPOTFT EVSJOH UIF GPSNBUJPO PG TFOTPSZ�NPUPS
EFDJTJPOT SFஸ஼FDU SFTQPOTFT PG B OFUXPSL PG OFVSPNPEVMBUPSZ CSBJOTUFN DFOUFST JODMVEJOH UIF OPSBESFOFS�
HJD -$� 1IBTJD
 QVQJM�MJOLFE BSPVTBM BMUFST DIPJDF�FODPEJOH QPQVMBUJPO TJHOBMT JO QBSJFUBM BOE QSFGSPOUBM
BTTPDJBUJPO DPSUJDFT� 1IBTJD BSPVTBM JO HFOFSBM
 BOE OFVSPNPEVMBUPSZ CSBJOTUFN SFTQPOTFT JO QBSUJDVMBS

FYQMBJO B EZOBNJD SFEVDUJPO JO EFDJTJPO�NBLFSTء CJBT UPXBSET POF QBSUJDVMBS DIPJDF� 5IF SFTVMUJOH USJBM�UP�
USJBM WBSJBCJMJUZ PG EFDJTJPO CJBT BDDPVOUT GPS B TJHOJஷ஫DBOU DPNQPOFOU PG UIF JOUSJOTJD CFIBWJPSBM WBSJBCJMJUZ�
XIFO EFDJTJPOT BSF NBEF JO UIF GBDF PG VODFSUBJOUZ
 USBDLJOH QIBTJD BSPVTBM TJHOBMT NBZ CF KVTU BT JNQPS�
UBOU GPS QSFEJDUJOH DIPJDF CFIBWJPS BT USBDLJOH UIF PCKFDUJWF FWJEFODF HBUIFSFE GSPN UIF PVUTJEF XPSME�

��� .৓০ৗ৤৛৓৞৥ ৓ৠ৖ .ৗ০৚ৡ৖৥

����� 4১৔ড়ৗ৕০৥

8F SFQPSU BOBMZTFT PG GPVS JOEFQFOEFOU EBUB TFUT
 GSPN CFIBWJPSBM UBTLT EFTDSJCFE JO UIF TVCTFRVFOU TFD�
UJPO� "MM TVCKFDUT IBE OPSNBM PS DPSSFDUFE�UP�OPSNBM WJTJPO BOE HBWF XSJUUFO JOGPSNFE DPOTFOU� 4VCKFDUT

��



SFDFJWFE F�� QFS IPVS 	BMM WJTVBM UBTLT
 PS SFTFBSDI DSFEJU 	BVEJUPSZ UBTL
 GPS UIFJS QBSUJDJQBUJPO� 5IF FUIJDT
DPNNJUUFF PG UIF 1TZDIPMPHZ %FQBSUNFOU PG UIF 6OJWFSTJUZ PG "NTUFSEBN BQQSPWFE UIF FYQFSJNFOUT�

'JG஽FFO IFBMUIZ TVCKFDUT 	� GFNBMFT� BHF SBOHF
 ��؜�� Z
 QBSUJDJQBUFE JO UIFNBJO FYQFSJNFOU PG UIJT TUVEZ

FOUBJMJOH DPODVSSFOU QVQJMMPNFUSZ BOE CSBJOTUFN BT XFMM BT DPSUJDBM G.3* SFDPSEJOHT� )FSF
 FBDI TVCKFDU
QBSUJDJQBUFE JO TFWFSBM G.3* TFTTJPOT� POF UP EFஷ஫OF SFUJOPUPQJDBMMZ PSHBOJ[FE WJTVBM DPSUJDBM BSFBT 	��NJO

BOE UXP TFTTJPOT 	UISFF GPS POF TVCKFDU
 GPS UIF NBJO FYQFSJNFOU 	BCPVU � IS QFS TFTTJPO
� 5ISFF TVCKFDUT
XFSF BVUIPST
 BOE UIF SFNBJOJOH �� TVCKFDUT XFSF OBJWF UP UIF QVSQPTF PG UIF TUVEZ� 5IF SFTVMUT XFSF
VODIBOHFE XIFO FYDMVEJOH UIF UISFF BVUIPST 	TFF "VUIPS SFTQPOTF
 POMJOF
 BOE UIF POF TVCKFDU XIP
QFSGPSNFE UISFF TFTTJPOT 	BOE NPSF USJBMT� TFF TFDUJPO #FIBWJPSBM UBTLT
 PG UIF NBJO FYQFSJNFOU� 0OF
	NBMF
 TVCKFDU XBT FYDMVEFE GSPN UIF BOBMZTFT CFDBVTF UIF TUJNVMVT TPG஽XBSF EJE OPU SFDFJWF UIF USJHHFST
GSPN UIF .3* TDBOOFS JO UXP TFTTJPOT 	UIF BHF SBOHF SFNBJOFE UIF TBNF
�

8F BMTP SF�BOBMZ[FE UIF �� TVCKFDUT GSPN BO FYJTUJOH CFIBWJPSBM EBUB TFU
 GPS XIJDI XF IBE QSFWJPVTMZ
QVCMJTIFE EJஶGFSFOU BOBMZTFT <��> 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JHVSF � BOE 'JHVSF ஷ஫HVSF؜�
TVQQMFNFOU �
� *O UIBU FYQFSJNFOU
 �� TVCKFDUT IBE QFSGPSNFE B ZFT�OP WJTVBM DPOUSBTU EFUFDUJPO UBTL XJUI
USJBM TUSVDUVSF BOBMPHPVT UP UIBU PG UIF G.3* FYQFSJNFOU
 FOBCMJOH KPJOU ஷ஫UUJOHPG UIFESJG஽ EJஶGVTJPONPEFM
UP CPUI EBUB TFUT VTJOH B IJFSBSDIJDBM #BZFTJBO QSPDFEVSF 	TFF CFMPX
� 5P UIJT FOE
 XF FYDMVEFE UIF UXP
TVCKFDUT GSPN UIF <��> EBUB TFU XIP IBE BMTP QBSUJDJQBUFE JO UIF DVSSFOU G.3* FYQFSJNFOU
 LFFQJOH UIF
UXP TBNQMFT JOEFQFOEFOU�

'JOBMMZ
 �� TVCKFDUT 	�� GFNBMFT� BHF SBOHF
 ��؜�� Z
 QFSGPSNFE BO BVEJUPSZ UPOF�JO�OPJTF EFUFDUJPO UBTL
	'JHVSF �"
#

 BOE �� TVCKFDUT 	TJY GFNBMFT� BHF SBOHF
 ��؜�� Z
 QFSGPSNFE B WJTVBM SBOEPN EPU NPUJPO
EJTDSJNJOBUJPO UBTL 	'JHVSF �$
%
�

����� 4৓য়ৢ৞ৗ ৥৛৬ৗ৥

5IF TBNQMF TJ[FT XFSF EFUFSNJOFE CBTFE PO B OVNCFS PG DSJUFSJB� 	J
 UIF BTTFTTNFOU PG UIF CFIBWJPSBM
DPSSFMBUFT PG 513PCUBJOFE JO B QSFWJPVT TUVEZ <��>� 	JJ
 UIF OFFE UP PCUBJO BTNBOZ USJBMT BT QPTTJCMF GSPN
FBDI JOEJWJEVBM 	OFDFTTBSZ GPS EFUBJMFE NPEFMJOH PG DIPJDF CFIBWJPS BT B GVODUJPO PG 513XJUIJO TVCKFDUT
BU B ஷ஫STU MFWFM
 CFGPSF TFDPOE�MFWFM TUBUJTUJDT� 'JHVSFT 
�؜�� BOE
 JO UIF DBTF PG G.3*
 	JJJ
 UIF OFFE UP PCUBJO
EFUBJMFE SFUJOPUPQJDNBQTQFS JOEJWJEVBM GSPNB TFQBSBUF TDBOOJOH TFTTJPO 	'JHVSF �

 BTXFMM BT SPCVTUNBQT
PG DIPJDF�TQFDJஷ஫D BDUJWJUZ CZ NFBOT PG DPOKVODUJPO BDSPTT UXP TFTTJPOT PG UIF NBJO FYQFSJNFOU 	'JHVSF �

BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� 5BLFO UPHFUIFS
 UIFTF DSJUFSJB QSJPSJUJ[FE PCUBJOJOH B MBSHF BNPVOU PG
EBUB 	BOE FYQFSJNFOUBM TFTTJPOT
 GSPN FBDI QBSUJDJQBOU
 XIJDI XBT USBEFE PஶG BHBJOTU UIF UPUBM OVNCFS PG
QBSUJDJQBOUT�

����� #ৗ৚৓২৛ৡ৤৓৞ ০৓৥ঢ়৥
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 &BDI USJBM CFHBO XJUI UIF DFOUSBM ஷ஫YBUJPO EPU
UVSOJOH HSFFO BOE DPOTJTUFE PG UISFF DPOTFDVUJWF JOUFSWBMT 	'JHVSF �"
� 	J
 UIF CBTFMJOF JOUFSWBM 	� T� DPO�
UBJOJOH POMZ OPJTF
� 	JJ
 UIF EFDJTJPO JOUFSWBM
 UIF TUBSU PG XIJDI XBT TJHOBMFE CZ UIF PDDVSSFODF PG B UPOF

��



	��� NT EVSBUJPO
 BOE XIJDI XBT UFSNJOBUFE CZ UIF TVCKFDUءT SFTQPOTF 	PS BG஽FS B NBYJNVN EVSBUJPO PG
��� T
� 	JJJ
 UIF JOUFS�USJBM JOUFSWBM 	*5*

 XIJDI DPOTJTUFE PG B EBSL HSFZ ஷ஫YBUJPO EPU PO BO PUIFSXJTF CMBOL
TDSFFO BOE XBT VOJGPSNMZ EJTUSJCVUFE CFUXFFO � BOE �� T�

" EZOBNJD OPJTF QBUUFSO 	SFGSFTI SBUF� �� )[
 XBT QSFTFOUFE UISPVHIPVU UIF USJBM� 5IF MVNJOBODF
BDSPTT BMM QJYFMT XBT LFQU DPOTUBOU� 5IJT QFEFTUBM OPJTF QBUUFSO IBE ��গ DPOUSBTU BOE XBT SFGSFTIFE PO
FBDI GSBNF� 0O POF IBMG PG USJBMT ؤTJHOBM�OPJTFأ	 USJBMT

 B TJOVTPJEBM HSBUJOH 	ஷ஫WF DZDMFT QFS EFHSFF
 XBT
TVQFSJNQPTFE PO UIF WJTVBM OPJTF GPS UIF FOUJSF EFDJTJPO JOUFSWBM
 GSPN UIF POTFU PG UIF BVEJUPSZ DVF UP
UIF TVCKFDUءTNPUPS SFTQPOTF 	'JHVSF �"
� 5IF PUIFS IBMG PG USJBMT ؤOPJTFأ	 USJBMT
 DPOUBJOFE OP UBSHFU TJHOBM
EVSJOH UIF EFDJTJPO JOUFSWBM� 4JHOBM QSFTFODF XBT SBOEPNMZ TFMFDUFE PO FBDI USJBM
 VOEFS UIF DPOTUSBJOU
UIBU JU XPVME PDDVS PO ��গ PG UIF USJBMT XJUIJO FBDI CMPDL PG �� USJBMT� "MM TUJNVMJ XFSF QSFTFOUFE JO B
(BVTTJBO BOOVMVT
 XJUI BO BWFSBHF EJTUBODF 	q4%
 UP ஷ஫YBUJPO PG ��� 	���
 EFHSFFT 	'JHVSF �"
� *O EJஶGFSFOU
CMPDLT
 UIF UBSHFU HSBUJOH
 JG QSFTFOU
 XBT UJMUFE ��p	DMPDLXJTF
 $8
 PS ���p	DPVOUFS�DMPDLXJTF
 $$8
� 5P
NJOJNJ[F VODFSUBJOUZ
 TVCKFDUT XFSF JOGPSNFE BCPVU UIF PSJFOUBUJPO PG UIF UBSHFU CFGPSF FBDI CMPDL
 CZ
NFBOT PG B GVMM�DPOUSBTU QSFTFOUBUJPO PG UIF UBSHFU TJHOBM�

4VCKFDUT XFSF JOTUSVDUFE UP SFQPSU UIF QSFTFODF PS BCTFODF PG UIF TJHOBM CZ QSFTTJOH POF PG UXP SFTQPOTF
CVUUPOT XJUI UIFJS MFG஽ PS SJHIU JOEFY ஷ஫OHFS
 PODF UIFZ GFMU TVஶஷ஫DJFOUMZ DFSUBJO 	GSFF SFTQPOTF QBSBEJHN
�
5IF NBQQJOH CFUXFFO QFSDFQUVBM DIPJDF BOE CVUUPO QSFTT 	F�H�
 ؤZFTأ �؜ QSFTT SJHIU LFZ� ؤOPأ �؜ QSFTT
MFG஽ LFZ
 XBT DPVOUFSCBMBODFE BDSPTT TVCKFDUT� "U UIF FOE PG FBDI CMPDL PG �� USJBMT TVCKFDUT XFSF JOGPSNFE
BCPVU UIFJS QFSGPSNBODF�

5ISPVHIPVU UIFNBJO FYQFSJNFOU
 UIF DPOUSBTU PG UIF UBSHFU TJHOBMXBT ஷ஫YFE BU B MFWFM UIBU ZJFMEFE BCPVU
��গ DPSSFDU DIPJDFT� &BDI TVCKFDUءT JOEJWJEVBM UISFTIPME DPOUSBTU XBT EFUFSNJOFE CFGPSF UIF NBJO FYQFSJ�
NFOU JO UIF.3* TDBOOFS 	EVSJOH BOBUPNJDBM TDBOT

 VTJOH BO BEBQUJWF TUBJSDBTF QSPDFEVSF 
VFTUߕ	� )FSF

XF VTFE B UXP�JOUFSWBM GPSDFE DIPJDF WBSJBOU PG UIF DPOUSBTU EFUFDUJPO UBTL 	POF JOUFSWBM� TJHOBM�OPJTF
 UIF
PUIFS� OPJTF
� 5IF DPSSFTQPOEJOH UISFTIPME DPOUSBTUT ZJFMEFE B NFBO BDDVSBDZ PG �����গ DPSSFDU 	q����গ
T�F�N�
 JO UIF ZFT�OP WJTVBM DPOUSBTU EFUFDUJPO UBTL EVSJOH G.3*� 4VCKFDUT QFSGPSNFE CFUXFFO �� BOE ��
CMPDLT 	EJTUSJCVUFE PWFS UXP TDBOOJOH TFTTJPOT

 ZJFMEJOH B UPUBM PG ���؜��� USJBMT QFS TVCKFDU� 0OF TVCKFDU
QFSGPSNFE B UPUBM PG �� CMPDLT 	EJTUSJCVUFE PWFS UISFF TDBOOJOH TFTTJPOT

 ZJFMEJOH B UPUBM PG ��� USJBMT�

4UJNVMJ XFSF CBDL�QSPKFDUFE PO B USBOTQBSFOU TDSFFO VTJOH B HBNNB�DPSSFDUFE -$% QSPKFDUPS XJUI B
TQBUJBM SFTPMVUJPO PG 1920 × 1200 QJYFMT
 SVO BU B WFSUJDBM SFGSFTI SBUF PG �� )[� 4VCKFDUT XFSF TVQJOF JO
UIF .3* TDBOOFS BOE WJFXFE UIF TDSFFO GSPN ��� DN WJB B NJSSPS BUUBDIFE UP UIF IFBE DPJM� 5P NJOJNJ[F
BOZ FஶGFDU PG MJHIU PO QVQJM EJBNFUFS
 UIF PWFSBMM MVNJOBODF PG UIF TDSFFO XBT IFME DPOTUBOU UISPVHIPVU
UIF FYQFSJNFOU�

"১৖৛০ৡ৤৫ ০ৡৠৗ ৖ৗ০ৗ৕০৛ৡৠ ০৓৥ঢ় 	৫ৗ৥�ৠৡ
 5IF USJBM TUSVDUVSF XBT JEFOUJDBM UP UIBU PG UIF WJTVBM
DPOUSBTU EFUFDUJPO UBTL EFTDSJCFE BCPWF
 CVU XJUIPVU OPJTF EVSJOH UIF QSF�EFDJTJPO JOUFSWBM CBTFMJOF
 BOE
XJUI TIPSUFS *5*T 	VOJGPSNMZ EJTUSJCVUFECFUXFFO � BOE � T
� 5IFEFDJTJPO JOUFSWBM DPOTJTUFE PG BO BVEJUPSZ
OPJTF TUJNVMVT 	BT JO <��>

 PS B QVSF TJOF XBWF 	� ,)[
 TVQFSJNQPTFE POUP UIF OPJTF 	��গ PG USJBMT FBDI
�

��



5IFTF TUJNVMJ XFSF QSFTFOUFE GSPN UIF POTFU PG UIF BVEJUPSZ TUJNVMVT UP UIF TVCKFDUءT NPUPS SFTQPOTF�
5ISFTIPME WPMVNFT 	JO E#

 EFUFSNJOFE CFGPSFIBOE WJB BO BEBQUJWF TUBJSDBTF QSPDFEVSF
 ZJFMEFE B NFBO
BDDVSBDZ PG �����গ DPSSFDU 	q����গ T�F�N�
� "VEJUPSZ TUJNVMJXFSF QSFTFOUFEVTJOH BO *.(4UBHFMJOF.%�
����%3 PWFS�FBS IFBEQIPOF
 TVQQSFTTJOH BNCJFOU OPJTF� 4VCKFDUT QFSGPSNFE CFUXFFO �� BOE �� CMPDLT
JO UIF CFIBWJPSBM MBC 	EJTUSJCVUFE PWFS UXPNFBTVSFNFOU TFTTJPOT� TBNF TFU�VQ BT JO <��>

 ZJFMEJOH B UPUBM
PG ����؜���� USJBMT QFS TVCKFDU�

7৛৥১৓৞ য়ৡ০৛ৡৠ ৖৛৥৕৤৛য়৛ৠ৓০৛ৡৠ ০৓৥ঢ় 	০৩ৡ�৓৞০ৗ৤ৠ৓০৛২ৗ ৘ৡ৤৕ৗ৖ ৕৚ৡ৛৕ৗ
 5IF USJBM TUSVDUVSF
XBT JEFOUJDBM UP UIBU PG UIF WJTVBM DPOUSBTU EFUFDUJPO UBTL EFTDSJCFE BCPWF
 CVUXJUI ஷ஫YFE TUJNVMVT EVSBUJPO
	���NT� JOUFSSPHBUJPOQSPUPDPM
 BOEWJTVBM GFFECBDL BU UIF FOEPG FBDI USJBM 	HSFFO�SFE SFDUBOHMF BU ஷ஫YBUJPO
UP TJHOBM DPSSFDU�FSSPS
� "O BVEJUPSZ XIJUF OPJTF TUJNVMVT 	��� NT
 XBT QMBZFE PO ��গ PG UIF USJBMT� 5IF
NBQQJOH CFUXFFO QFSDFQUVBM DIPJDF BOE CVUUPO QSFTT 	F� H�
 ؤVQأ �؜ QSFTT SJHIU LFZ� ؤEPXOأ �؜ QSFTT
MFG஽ LFZ
 WBSJFE GSPN TFTTJPO UP TFTTJPO
 DPVOUFSCBMBODFE XJUIJO TVCKFDUT�

3BOEPN EPU NPUJPO TUJNVMJ 	SFGSFTI SBUF� ��� )[
 XFSF QSFTFOUFE UISPVHIPVU UIF FYQFSJNFOU JO
B DFOUSBM BOOVMVT 	PVUFS EJBNFUFS ����p
 JOOFS EJBNFUFS PG ���p
 BSPVOE UIF DFOUSBM ஷ஫YBUJPO SFDUBOHMF
	����pMFOHUI
� 5IF BOOVMVT DPOUBJOFE ��� EPUT BMM XJUIJO POF IFNJஷ஫FME 	IBMG DJSDMF
� )FNJஷ஫FME QSFTFO�
UBUJPO 	MFG஽ PS SJHIU
 DIBOHFE BDSPTT CMPDLT BOE XBT DPVOUFSCBMBODFE BDSPTT TVCKFDUT BOE TFTTJPOT� %PUT
XFSF ����pJO EJBNFUFS BOE XIJUF
 QSFTFOUFE PO B HSFZ CBDLHSPVOE� %PUT XFSF EJWJEFE JOUP ؤTJHOBMأ BOE
ؤOPJTFأ EPUT
 UIF QSPQPSUJPO PG XIJDI EFஷ஫OFE UIF NPUJPO DPIFSFODF MFWFM� 0VUTJEF UIF TUJNVMVT JOUFSWBM

NPUJPO DPIFSFODFXBT ஷ஫YFE UP [FSP 	QVSF OPJTF
� %VSJOH UIF TUJNVMVT JOUFSWBM
 TJHOBM EPUTNPWFE BU ���p�T
JO POF PG UXP EJSFDUJPOT 	VQ PS EPXO

 XFSF SBOEPNMZ TFMFDUFE PO FBDI GSBNF
 IBE B MJGFUJNF PG �� GSBNFT

BOE XFSF SF�QMPUUFE JO SBOEPN MPDBUJPOT UIFSFBG஽FS 	SFBQQFBSJOH PO UIF PUIFS TJEF XIFO UIFJS NPUJPO FY�
UFOEFE PVUTJEF PG UIF BOOVMVT
� /PJTF EPUT XFSF SBOEPNMZ BTTJHOFE UP MPDBUJPOT XJUIJO UIF BOOVMVT PO
FBDI GSBNF� *OEFQFOEFOUNPUJPO TFRVFODFT 	O� �
XFSF JOUFSMFBWFE UP QSFWFOU USBDLJOH PG JOEJWJEVBM EPUT
<���>� 5ISFTIPME NPUJPO DPIFSFODF
 EFUFSNJOFE CFGPSFIBOE WJB BO BEBQUJWF TUBJSDBTF QSPDFEVSF
 MFWFMT
ZJFMEFE BNFBO BDDVSBDZ PG �����গ DPSSFDU 	q����গ T�F�N�
 BOE �����গ DPSSFDU 	q����গ T�F�N�

 SFTQFDUJWFMZ�
8F DPMMBQTFE BDSPTT UIFTF UXP QFSJ�UISFTIPME MFWFMT
 UP NBYJNJ[F TUBUJTUJDBM QPXFS
 CVU XF WFSJஷ஫FE UIBU UIF
FஶGFDU GPVOE XBT BOBMPHPVT GPS CPUI EJஶஷ஫DVMUZ MFWFMT�

4VCKFDUT QFSGPSNFECFUXFFO �� BOE ��CMPDLT 	EJTUSJCVUFE PWFS GPVS TFTTJPOT� TBNF TFU�VQ BT JO UIFNBJO
UBTL
 FYDFQU UIBU TUJNVMJ XFSF QSFTFOUFE PO B *3.ء����� DPNQBUJCMF -$%EJTQMBZ XJUI B TQBUJBM SFTPMVUJPO
PG 1920× 1080 QJYFMT
 ZJFMEJOH B UPUBM PG ���؜��� USJBMT QFS TVCKFDU� 0OF TVCKFDU QFSGPSNFE B UPUBM PG ��
CMPDLT 	EJTUSJCVUFE PWFS UISFF TDBOOJOH TFTTJPOT

 ZJFMEJOH B UPUBM PG ��� USJBMT� )FSF
 XF BOBMZ[FE POMZ UIF
��গ PG USJBMT XJUIPVU UIF BVEJUPSZ XIJUF OPJTF TUJNVMVT 	TFF BCPWF

 XIJDI BSF DPNQBSBCMF UP UIF USJBMT
GSPN UIF PUIFS UBTLT� %BUB GSPN POF NFBTVSFNFOU TFTTJPO PG POF TVCKFDU XBT FYDMVEFE GSPN UIF BOBMZTFT
CFDBVTF PG QPPS FZF�USBDLFS EBUB RVBMJUZ�

��



����� .৓৙ৠৗ০৛৕ ৤ৗ৥ৡৠ৓ৠ৕ৗ ৛য়৓৙৛ৠ৙ ৖৓০৓ ৓৕ଂ১৛৥৛০৛ৡৠ

'PS UIF NBJO FYQFSJNFOU
 .3* EBUB XFSF BDRVJSFE PO B �5 1IJMJQT "DIJFWB 95 .3* TDBOOFS VTJOH B
���DIBOOFM IFBE DPJM JO UXP UZQFT PG TFTTJPOT� SFUJOPUPQJD NBQQJOH TFTTJPOT 	GPS EFஷ஫OJOH UIF CPSEFST PG
WJTVBM DPSUJDBM BSFBT 7��7�
 TFF TFDUJPO %F׾OJUJPO PG SFHJPOT PG JOUFSFTU
 BOE NBJO FYQFSJNFOUBM TFTTJPOT�
*O BMM TFTTJPOT
 DBSEJBD DZDMF XBT NPOJUPSFE XJUI B QVMTF PYJNFUFS BUUBDIFE UP UIF MFG஽ JOEFY ஷ஫OHFS
 BOE
SFTQJSBUPSZ BDUJWJUZ XBT SFDPSEFE XJUI B DIFTU CFMU
 GPS QIZTJPMPHJDBM OPJTF SFNPWBM� #PUI QIZTJPMPHJDBM
TJHOBMT XFSF SFDPSEFE BU B TBNQMJOH SBUF PG ��� )[�

%VSJOH UIF NBJO FYQFSJNFOUBM TFTTJPOT
 &1* JNBHFT XFSF BDRVJSFE JO �� TMJDFT 	UIJDLOFTT� ��� NN
 OP
HBQT
 PSJFOUFE QFSQFOEJDVMBS UP UIF ஸ஼PPS PG UIF GPVSUI WFOUSJDMF 	J�F�
 QFSQFOEJDVMBS UP UIF MPOHJUVEJOBM
FYUFOU PG UIF MPDVT DPFSVMFVT <��>
 XJUI UIF GPMMPXJOH QBSBNFUFST� 53 � � T
 5& � ����� NT
 ஸ஼JQ BOHMF �
����p
 4&/4& BDDFMFSBUJPO GBDUPS � ���� *NBHFT XFSF BDRVJSFE BU BO JOQMBOF SFTPMVUJPO PG 2.0× 2.06NN
BOE XFSF SFDPOTUSVDUFE BU B SFTPMVUJPO PG 1.79 × 1.79 NN� " TUSVDUVSBM 5� TDBO XBT BDRVJSFE XJUI BO
.13"(& TFRVFODF GPS BOBUPNJDBM DP�SFHJTUSBUJPO BOE DPSUJDBM TVSGBDF SFDPOTUSVDUJPO 	WPYFM TJ[F� 1 ×
1× 1NN
 53 � ��� NT
 5& � ���� NT
 ஸ஼JQ BOHMF � �p
� "O BEEJUJPOBM TUSVDUVSBM TDBO XBT BDRVJSFE XJUI
B 5��XFJHIUFE TFRVFODF BOE IJHIFS SFTPMVUJPO UIBO UIF &1* TDBOT 	1× 1× 1.5NN
 53 � ���� NT
 5& �
���� NT
 ஸ஼JQ BOHMF � ��p
 UP GBDJMJUBUF DP�SFHJTUSBUJPO PG &1* JNBHFT BOE UIF IJHI�SFTPMVUJPO TUSVDUVSBM 5�
TDBO� 5XP UVSCP TQJO FDIP 	54&
 OFVSPNFMBOJO�TFOTJUJWF TUSVDUVSBM TDBOT XFSF BDRVJSFE GPS EFMJOFBUJPO
PG UIF -$ <��
 ��
 ���>
 BHBJO PSJFOUFE QFSQFOEJDVMBS UP UIF ஸ஼PPS PG UIF GPVSUI WFOUSJDMF� 5IF ஷ஫STU 	QBSUJBM
ஷ஫FME�PG�WJFX
 54& TDBO XBT PCUBJOFE XJUI UIF GPMMPXJOH QBSBNFUFST� �� TMJDFT 	��� NN
 OP HBQT

 JO�QMBOF
SFTPMVUJPO� 0.7 × 0.88 	SFDPOTUSVDUFE BU� 0.35 × 0.35 NN

 53 � ��� NT
 5& � �� NT
 ஸ஼JQ BOHMF �
��p
 DPWFSJOH UIF CSBJOTUFN POMZ� 5IF TFDPOE 	XIPMF�CSBJO
 54& TDBO XBT PCUBJOFE XJUI UIF GPMMPXJOH
QBSBNFUFST� �� TMJDFT 	� NN
 OP HBQT

 JO�QMBOF SFTPMVUJPO� 1.96 × 2.0 	SFDPOTUSVDUFE BU� 0.47 × 0.47
NN

 53 � ��� NT
 5& � �� NT
 ஸ஼JQ BOHMF � ��p� 'JOBMMZ
 ஷ஫FME NBQT XFSF BDRVJSFE VTJOH UXP TFQBSBUF
BDRVJTJUJPOT 	WPYFM TJ[F� 2× 2× 2NN�
 53 � �� NT
 5&� � ���
 5&� � ���
 NT
 ஸ஼JQ BOHMF � �p
�

%VSJOH SFUJOPUPQZ TFTTJPOT
 &1* TDBOT XFSF BDRVJSFE JO �� TMJDFT 	UIJDLOFTT� ��� NN
 XJUI ����NN TMJDF
HBQT
XJUI UIF GPMMPXJOHQBSBNFUFST� JO�QMBOF SFTPMVUJPO� 2.5×2.58NN	SFDPOTUSVDUFE BU2.5×2.5NN


53� ��� T
 5& � �����NT
 ஸ஼JQ BOHMF � ��p
 4&/4& BDDFMFSBUJPO GBDUPS � ���� "O BEEJUJPOBM TUSVDUVSBM TDBO
XBT BDRVJSFE XJUI B 5��XFJHIUFE TFRVFODF BOE IJHIFS SFTPMVUJPO UIBO UIF &1* TDBOT 	1.25×1.25×1.25
NNXJUI ���� NN TMJDF HBQT
 53 � ���� NT
 5& � ��� NT
 ஸ஼JQ BOHMF � ��p
 UP GBDJMJUBUF DP�SFHJTUSBUJPO PG
&1* JNBHFT BOE UIF IJHI�SFTPMVUJPO TUSVDUVSBM 5� TDBO VTFE GPS DPSUJDBM TVSGBDF SFDPOTUSVDUJPO 	TFF BCPWF
�

����� &৫ৗ ৖৓০৓ ৓৕ଂ১৛৥৛০৛ৡৠ

$PODVSSFOUMZ XJUI UIF G.3* SFDPSEJOHT
 UIF MFG஽ FZFءT QVQJM XBT USBDLFE 	WJB UIF NJSSPS BUUBDIFE UP UIF
IFBE DPJM
 BU ���� )[ XJUI BO BWFSBHF TQBUJBM SFTPMVUJPO PG �� UP �� NJO BSD
 VTJOH BO &ZF-JOL ���� -POH
3BOHF .PVOU 	43 3FTFBSDI
 0THPPEF
 0OUBSJP
 $BOBEB
� 5IF .3*�DPNQBUJCMF 	OPO�GFSSPNBHOFUJD

FZF USBDLFS XBT QMBDFE PVUTJEF UIF TDBOOFS CPSF
 BOE JU XBT DBMJCSBUFE PODF BU UIF TUBSU PG FBDI TDBOOJOH
TFTTJPO� 5IF QVSFMZ CFIBWJPSBM FYQFSJNFOUT XFSF DPOEVDUFE JO B QTZDIPQIZTJDT MBCPSBUPSZ� )FSF
 UIF MFG஽

��



FZFءT QVQJM XBT BMTP USBDLFE BU ���� )[ XJUI BO BWFSBHF TQBUJBM SFTPMVUJPO PG �� UP �� NJO BSD
 VTJOH UIF
TBNF &ZF-JOL ���� TZTUFN 	43 3FTFBSDI
 0THPPEF
 0OUBSJP
 $BOBEB
�

����� "ৠ৓৞৫৥৛৥ ৡ৘ ০৓৥ঢ়�ৗ২ৡঢ়ৗ৖ ৢ১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥

1৤ৗৢ৤ৡ৕ৗ৥৥৛ৠ৙ 1FSJPET PG CMJOLT BOE TBDDBEFT XFSF EFUFDUFE VTJOH UIF NBOVGBDUVSFSءT TUBOEBSE BMHP�
SJUINT XJUI EFGBVMU TFUUJOHT� 5IF SFNBJOJOH EBUB BOBMZTFT XFSF QFSGPSNFE VTJOH DVTUPN�NBEF 1ZUIPO
TPG஽XBSF� 8F BQQMJFE UP FBDI QVQJM SFDPSEJOH 	J
 MJOFBS JOUFSQPMBUJPO PG WBMVFT NFBTVSFE KVTU CFGPSF BOE
BG஽FS FBDI JEFOUJஷ஫FE CMJOL 	JOUFSQPMBUJPO UJNF XJOEPX
 GSPN ��� NT CFGPSF VOUJM ��� NT BG஽FS CMJOL

 	JJ

CBOE�QBTT ஷ஫MUFSJOH 	UIJSE�PSEFS #VUUFSXPSUI
 QBTTCBOE� �؜���� )[

 	JJJ
 SFNPWBM PG QVQJM SFTQPOTFT UP
CMJOLT BOE UP TBDDBEFT
 CZ ஷ஫STU FTUJNBUJOH UIFTF SFTQPOTFT CZ NFBOT PG EFDPOWPMVUJPO BOE UIFO SFNPWJOH
UIFN GSPN UIF QVQJM UJNF TFSJFT CZNFBOT PG NVMUJQMF MJOFBS SFHSFTTJPO <���>
 BOE 	JW
 DPOWFSTJPO UP VOJUT
PG NPEVMBUJPO 	QFSDFOU TJHOBM DIBOHF
 BSPVOE UIF NFBO PG UIF QVQJM UJNF TFSJFT GSPN FBDI CMPDL� 'JMUFS�
JOH 	TQFDJஷ஫DBMMZ UIF MPXFS DVUPஶG BU ����)[
 XBT QFSGPSNFE PO CPUI G.3* BOE QVQJM UJNF TFSJFT
 FOTVSJOH
FRVBM USFBUNFOU PG CPUI TJHOBMT UP CF DPSSFMBUFE�

2১৓ৠ০৛৘৛৕৓০৛ৡৠৡ৘০৓৥ঢ়�ৗ২ৡঢ়ৗ৖ৢ১ৢ৛৞৞৓৤৫৤ৗ৥ৢৡৠ৥ৗ৥ 	513
 8FDPNQVUFE UBTL�FWPLFEQVQJM�
MBSZ SFTQPOTF 	513
 BNQMJUVEF NFBTVSFT GPS FBDI USJBM BT UIF NFBO PG UIF QVQJM EJBNFUFS NPEVMBUJPO WBM�
VFT JO UIF XJOEPX �؜ T UP ��� T GSPN DIPJDF 	TBNF UJNFXJOEPX BT JO <��>

 NJOVT UIFNFBO CBTFMJOF QVQJM
WBMVF EVSJOH UIF ��� T CFGPSF UIF DVF 	J�F�
 EFDJTJPO JOUFSWBM POTFU
 	'JHVSF �#
� 5IF TMVHHJTI IFNPEZOBNJD
TZTUFN BOE
 UP B MFTTFS FYUFOU
 UIF QFSJQIFSBM QVQJM BQQBSBUVT <��
 ���> BDU BT UFNQPSBM MPX�QBTT ஷ஫MUFST� "T
B SFTVMU
 USJBM�UP�USJBM WBSJBUJPOT JO SFBDUJPO UJNF 	35� BOE UIVT
 UIF EVSBUJPO PG UIF UBTL�SFMBUFE TVTUBJOFE
BDUJWJUZ
 TFF 'JHVSF �%
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"஝$
 DBO JOEVDF USJBM�UP�USJBM WBSJBUJPOT PG UIF
G.3* BOE 513 BNQMJUVEFT
 XJUIPVU DIBOHFT JO UIF BNQMJUVEF PG UIF VOEFSMZJOH OFVSBM SFTQPOTFT� *O�
EFFE
 UIFSF XBT B SPCVTU SFMBUJPOTIJQ CFUXFFO SFBDUJPO UJNF BOE 513 	'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �%
�
5IFSFGPSF
 UP TQFDJஷ஫DBMMZ JTPMBUF USJBM�UP�USJBM WBSJBUJPOT PG VOEFSMZJOH SFTQPOTF BNQMJUVEFT
 WBSJBUJPOT EVF
UP 35 XFSF SFNPWFE WJB MJOFBS SFHSFTTJPO GSPN CPUI UIF 513 BOE G.3* SFTQPOTFT� 5IJT XBT EPOF GPS
BMM BOBMZTFT SFQPSUFE JO UIF NBJO UFYU� )FSFCZ
 35 XBT EFஷ஫OFE BT UIF UJNF GSPN EFDJTJPO POTFU 	DVFE
CZ UPOF
 VOUJM UIF CVUUPO QSFTT� 5P FTUBCMJTI UIF SPCVTUOFTT PG UIF FஶGFDUT SFQPSUFE IFSF XF WFSJஷ஫FE UIBU
BMM QVQJM�MJOLFE CFIBWJPSBM SFTVMUT XFSF FWJEFOU BMTP XJUIPVU SFNPWJOH 35�SFMBUFE DPNQPOFOUT 	'JHVSF
ஷ஫HVSF؜� TVQQMFNFOU �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
�

*O UIF NBKPSJUZ PG BOBMZTFT
 USJBMT XFSF TPSUFE CZ 513 BNQMJUVEF BOE DPMMBQTFE JOUP UISFF CJOT DPOUBJO�
JOH UIF MPXFTU BOE IJHIFTU ��গ 	XIJDI XFSF VTFE GPS BOBMZTFT

 BT XFMM BT UIF JOUFSNFEJBUF ��গ PG 513
BNQMJUVEFT 	'JHVSF �#
$
� 5IJT BDIJFWFE B USBEF�PஶG CFUXFFO NBYJNJ[JOH CPUI 	J
 USJBM DPVOUT JO UIF IJHI
BOE MPX 513 CJOT BOE 	JJ
 UIF EJTQBSJUZ CFUXFFO UIF 513 BNQMJUVEFT GPS CPUI CJOT� *O PUIFS BOBMZTFT

XF VTFE ஷ஫WF FRVBMMZ QPQVMBUFE CJOT PG TJOHMF�USJBM 513 BNQMJUVEFT 	'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JH�
VSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JHVSF � BOE 'JHVSF �
� *O 'JHVSF �%
 XF VTFE GPVS CJOT CFDBVTF PG
UIF MPXFS USJBM DPVOU QFS TVCKFDU JO UIJT EBUB TFU BG஽FS FYDMVEJOH UIF USJBMT XJUI UIF BVEJUPSZ XIJUF OPJTF

��



NBOJQVMBUJPO 	TFF TFDUJPO #FIBWJPSBM UBTLT


(ৗৠৗ৤৓৞ ৞৛ৠৗ৓৤য়ৡ৖ৗ৞৛ৠ৙ৡ৘513 8FVTFE B HFOFSBM MJOFBSNPEFMJOH BQQSPBDI EFTDSJCFE JO EFUBJM
JO B QSFWJPVT QBQFS <��> UP FTUJNBUF UIF SFMBUJWF DPOUSJCVUJPO PG UISFF EJஶGFSFOU QVUBUJWF UFNQPSBM JOQVU
DPNQPOFOUT UP UIF QFSJQIFSBM BQQBSBUVT DPOUSPMMJOH QVQJM NPUJMJUZ <���>� 8F 	J
 DVU UIF QVQJM UJNF TFSJFT
JOUP TJOHMF�USJBM FQPDIT SBOHJOH GSPN � T CFGPSF DVF UP � T BG஽FS DVF
 	JJ
 CBTFMJOF�DPSSFDUFE FBDI FQPDI CZ
TVCUSBDUJOH UIFNFBOCBTFMJOF QVQJM WBMVF EVSJOH UIF ��� T CFGPSF DVF
 BOE 	JJJ
 DPODBUFOBUFE UIFTF CBTFMJOF�
DPSSFDUFE FQPDIT JOUP B OFX UJNF TFSJFT FYDMVEJOH MBSHF QBSUT PG UIF JOUFS�USJBM JOUFSWBMT� 5IF (-. XBT
UIFO ஷ஫U UP UIJT OFX
 DMFBOFE�VQ UJNF TFSJFT� 5IF (-. DPOTJTUFE PG UIF GPMMPXJOH USBOTJFOU FWFOUT 	'JHVSF
�%
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"஝$
� DVF 	POTFU PG EFDJTJPO JOUFSWBM
 BOE UIF DIPJDF� 5IF USBOTJFOU
DPSSFTQPOEJOH UP DIPJDF XBT QMBDFE BU ���� T CFGPSF CVUUPO QSFTT
 BEPQUFE GSPN B SFQPSU RVBOUJGZJOH UIF
JOUFSWBM CFUXFFO QIBTJD -$ BDUJWJUZ BOE CFIBWJPSBM SFTQPOTF JO B GPSDFE�DIPJDF UBTL JO NPOLFZ <��>� 5IF
(-. BMTP DPOTJTUFE PG B TVTUBJOFE DPNQPOFOU JO CFUXFFO UIF UXP USBOTJFOU FWFOUT
 XIJDI XBT NPEFMFE
BT B CPYDBS GVODUJPO� 8F OPSNBMJ[FE UIF CPYDBS SFHSFTTPS CZ EJWJEJOH UIF IFJHIU PG UIF CPYDBS CZ UIF
OVNCFS PG TBNQMFT JO UIBU QBSUJDVMBS JOUFSWBM
 TVDI UIBU UIJT SFHSFTTPS IBE UIF TBNF OPSN BT UIF USBOTJFOU
SFHSFTTPST� 5IVT
 FTUJNBUFE CFUB XFJHIUT XFSF DPNQBSBCMF CFUXFFO CPUI TFUT PG SFHSFTTPST� &BDI SFHSFTTPS
XBT UIFO DPOWPMWFE XJUI B DBOPOJDBM QVQJM JNQVMTF SFTQPOTF GVODUJPO 	QBSBNFUFST UBLFO GSPN <��>

 BOE
NVMUJQMF SFHSFTTJPO ZJFMEFE UIF CFTU�ஷ஫UUJOH CFUB XFJHIUT GPS FBDI SFHSFTTPS UZQF 	J�F�
 UFNQPSBM DPNQPOFOU
PG UIF QVQJM SFTQPOTF

 TFQBSBUFMZ GPS FBDI TVCKFDU�

����� "ৠ৓৞৫৥৛৥ ৓ৠ৖ য়ৡ৖ৗ৞৛ৠ৙ ৡ৘ ৕৚ৡ৛৕ৗ ৔ৗ৚৓২৛ৡ৤

5IF ஷ஫STU USJBM GSPN FBDI CMPDL BOE USJBMT JO XIJDI TVCKFDUT GBJMFE UP SFTQPOE XJUIJO UIF UJNF MJNJU PG ���
T 	TFF TFDUJPO 4UJNVMJ
 UBTL BOE QSPDFEVSF
 XFSF FYDMVEFE GSPN BMM BOBMZTFT� 35 XBT EFஷ஫OFE BT UIF UJNF
GSPNEFDJTJPO JOUFSWBM POTFU 	DVFE CZ UPOF
 VOUJM UIF CVUUPO QSFTT� *O BNPEFM�GSFF BOBMZTJT
 XF DPNQVUFE
UIF GSBDUJPO PG �DIPJDFTؤZFTأ TFQBSBUFMZ GPS UXP 513 CJOT 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 BOE
'JHVSF �� 5P FOTVSF UIBU FBDI 513 CJO DPOTJTUFE PG UIF TBNF OVNCFS PG TJHOBM�OPJTF BOE OPJTF USJBMT
 XF
	J
 TPSUFE BMM USJBMT PG B TVCKFDU JOUP PG GPVS ؤDFMMTأ EFஷ஫OFE CZ UIF GBDUPST 513 	MPX BOE IJHI
 BOE TUJNVMVT
	TJHOBM�OPJTF BOE OPJTF

 	JJ
 EFUFSNJOFE UIF MPXFTU USJBM DPVOU BDSPTT UIF GPVS DFMMT
 	JJJ
 SBOEPNMZ TBN�
QMFE UIF TBNF OVNCFS PG USJBMT 	XJUIPVU SFQMBDFNFOU
 GSPN UIF SFNBJOJOH DFMMT
 BOE 	JW
 DPNQVUFE UIF
GSBDUJPO PG �DIPJDFTؤZFTأ TFQBSBUFMZ GPS UIF UXP 513 CJOT� 8F UIFO SFQFBUFE UIJT QSPDFEVSF ���� UJNFT
BOE BWFSBHFE UIF SFTVMUT BDSPTT BMM SFQFUJUJPOT� 5IF GSBDUJPO PG OPO�QSFGFSSFE DIPJDFT 	'JHVSF �$
 XBT
DPNQVUFE JO UIF TBNF XBZ
 XJUI UIF FYDFQUJPO UIBU UIF OPO�QSFGFSSFE DIPJDF XBT EFஷ஫OFE BT UIF DIPJDF
PQQPTJUF UP UIF TVCKFDUءT PWFSBMM CJBT 	UPXBSET VQ PS EPXO
 DBMDVMBUFE BDSPTT BMM USJBMT 	J�F�
 JSSFTQFDUJWF PG
513
� 8F UIFO NPEFMFE UIF FஶGFDUT PG QIBTJD BSPVTBM 	BT JOEFYFE CZ 513
 PO DIPJDF CFIBWJPS VTJOH UXP
BQQSPBDIFT
 XIJDI ZJFMEFE DPOWFSHJOH SFTVMUT�

��



4৛৙ৠ৓৞�৖ৗ০ৗ৕০৛ৡৠ০৚ৗৡ৤ৗ০৛৕ 	4%5
য়ৡ৖ৗ৞৛ৠ৙ *O B ஷ஫STU BQQSPBDI
XF DPNQVUFE UIF 4%5�NFUSJDT
Eء BOE DSJUFSJPO <��> TFQBSBUFMZ GPS NVMUJQMF 	UXP PS ஷ஫WF
 CJOT PG 513 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMF�
NFOU �
 BOE 'JHVSF �
 PS DPNCJOFE CSBJOTUFN SFTQPOTF 	'JHVSF �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� 8F
FTUJNBUFE Eء BT UIF EJஶGFSFODF CFUXFFO [�TDPSFT PG IJU� BOE GBMTF�BMBSN SBUFT� 8F FTUJNBUFE DSJUFSJPO CZ
BWFSBHJOH UIF [�TDPSFT PG IJU� BOE GBMTF�BMBSN SBUFT BOE NVMUJQMZJOH UIF SFTVMU CZ ��؜

8F VTFE TFRVFOUJBM QPMZOPNJBM SFHSFTTJPO BOBMZTJT <���> UP RVBOUJGZ UIF EFQFOEFODF PG Eء BOE DSJUFSJPO
PO 513� 5IJT QSPDFEVSF BMMPXFE VT UP TZTUFNBUJDBMMZ UFTU XIFUIFS 513 QSFEPNJOBOUMZ FYIJCJUFE OP
	[FSP�PSEFS QPMZOPNJBM

 B NPOPUPOJD 	ஷ஫STU�PSEFS QPMZOPNJBM

 PS B OPO�NPOPUPOJD 	TFDPOE�PSEFS QPMZ�
OPNJBM
 FஶGFDU PO UIF 4%5NFUSJDT� 5IF 4%5NFUSJD ZXBTNPEFMFE BT B MJOFBS DPNCJOBUJPO PG QPMZOPNJBM
CBTJT GVODUJPOT PG � 513 CJOT�

y ∼ β0 + β1TPR
1 + β2TPR

2 	�


XJUI β BT QPMZOPNJBM DPFஶஷ஫DJFOUT� 5IF DPSSFTQPOEJOH SFHSFTTPST XFSF PSUIPHPOBMJ[FE
 BOE FBDINPEFM
XBT TFRVFOUJBMMZ UFTUFE JO B TFSJBM IJFSBSDIJDBM BOBMZTJT
 CBTFE PO '�TUBUJTUJDT� 5IJT BOBMZTJT XBT QFSGPSNFE
BU UIF HSPVQ MFWFM
 BOE JU UFTUFE XIFUIFS BEEJOH UIF OFYU IJHIFS PSEFS NPEFM ZJFMEFE B TJHOJஷ஫DBOUMZ CFUUFS
EFTDSJQUJPO PG UIF SFTQPOTF UIBO UIF SFTQFDUJWF MPXFS PSEFS NPEFM� 8F UFTUFE NPEFMT GSPN UIF [FSP�PSEFS
	DPOTUBOU
 OP FஶGFDU PG 513
 VQ UP UIF TFDPOE�PSEFS 	RVBESBUJD
 OPO�NPOPUPOJD
� *G UIF ஷ஫STU�PSEFSNPEFM
XBT TJHOJஷ஫DBOUMZ CFUUFS UIBO UIF [FSP�PSEFS NPEFM BU UIF HSPVQ MFWFM
 XF ஷ஫UUFE B MJOFBS NPEFM BOE UFTUFE
UIF DPSSFTQPOEJOH MJOFBS DPSSFMBUJPO DPFஶஷ஫DJFOUT BDSPTT UIF HSPVQ� 5IJT XBT USVF GPS 4%5 DSJUFSJPO JO
BMM DBTFT
 FYDFQU 'JHVSF �%
 JO XIJDI UIF MJOFBS FYQBOTJPO XBT POMZ NBSHJOBMMZ TJHOJஷ஫DBOU� IPXFWFS
 UIF
MJOFBS DPSSFMBUJPO XBT IJHIMZ TJHOJஷ஫DBOU XIFO UFTUFE BDSPTT UIF HSPVQ� *G UIF TFDPOE�PSEFS NPEFM XBT
TJHOJஷ஫DBOUMZ CFUUFS UIBO UIF ஷ஫STU�PSEFS NPEFM BU UIF HSPVQ MFWFM
 XF ஷ஫UUFE B RVBESBUJD NPEFM CFUXFFO
513 BOE CFIBWJPS GPS FBDI TVCKFDU BOE UFTUFE UIF TFDPOE�PSEFS DPFஶஷ஫DJFOUT BDSPTT UIF HSPVQ� 5IJT XBT
USVF GPS 4%5 Eء JO TPNF PG UIF DBTFT 	'JHVSFT �& BOE �#
�

)BWJOH FTUBCMJTIFE B SPCVTU ஷ஫STU�PSEFS 	NPOPUPOJD
 SFMBUJPOTIJQ CFUXFFO 513 BOE 4%5 DSJUFSJPO

XF UIFO DIBSBDUFSJ[FE UIF UJNJOH PG UIJT FஶGFDU CZ NFBOT PG B TMJEJOH XJOEPX 	MJOFBS
 DPSSFMBUJPO BOBMZTJT
PWFS UIF JOUFSWBM GSPN � T CFGPSF DVF UP � T BG஽FS SFTQPOTF 	XJOEPX MFOHUI� ��� NT
 TUFQ TJ[F� �� NT
� 8F
DPNQVUFE TFQBSBUF
 CBTFMJOF�DPSSFDUFE 513 WBMVFT 	TFF TFDUJPO DBUJPO׾VBOUJآ PG UBTL�FWPLFE QVQJMMBSZ
SFTQPOTॻ
 GPS FBDI QPTJUJPO PG UIF XJOEPX� 1FS UJNF XJOEPX
 XF UIFO TPSUFE USJBMT CZ UIF 513�WBMVFT
JOUP ஷ஫WF CJOT
 BOE DPSSFMBUFE UIFTF WBMVFTXJUI DSJUFSJPO FTUJNBUFT GPS UIF DPSSFTQPOEJOH CJOT� 5IJT ZJFMEFE
UJNF DPVSTFT PG UIF DPSSFMBUJPO CFUXFFO 513 BOE DSJUFSJPO�

%৤৛৘০ ৖৛৘৘১৥৛ৡৠ য়ৡ৖ৗ৞৛ৠ৙ *O UIF TFDPOE BQQSPBDI
 XF ஷ஫UUFE UIF ESJG஽ EJஶGVTJPO NPEFM <��> UP 35
EJTUSJCVUJPOT GPS �ؤZFTأ BOE 
�DIPJDFTؤOPأ TFQBSBUFMZ GPS MPX BOE IJHI 513 USJBMT 	'JHVSF �
 'JHVSF ؜�
ஷ஫HVSF TVQQMFNFOU �
� 8F ஷ஫UUFE UIFNPEFM VTJOH UIF IJFSBSDIJDBM #BZFTJBO JNQMFNFOUBUJPO PG UIF)%%.
UPPMCPY <��> 	WFSTJPO ���
� 5IF HSPVQ EJTUSJCVUJPO DPOTUSBJOT JOEJWJEVBM TVCKFDU QBSBNFUFS FTUJNBUFT

XJUI B TUSPOHFS JOஸ஼VFODF XIFO JUT WBSJBODF JT FTUJNBUFE UP CF TNBMM 	GPS EFUBJMT PG UIF QSPDFEVSF
 TFF <��>
�

��



'JUUJOH UIF NPEFM UP 35 EJTUSJCVUJPOT GPS �ؤZFTأ BOE �ؤOPأ DIPJDFT 	UFSNFE TUJNVMVTأ DPEJOHؤ JO <��>


BT PQQPTFE UP UIF NPSF DPNNPO ஷ஫UT PG DPSSFDU BOE JODPSSFDU DIPJDF 35T 	UFSNFE BDDVSBDZأ DPEJOHؤ JO
<��>

 XBT FTTFOUJBM GPS FTUJNBUJOH QBSBNFUFST UIBU DPVME IBWF JOEVDFE CJBTFT JO TVCKFDUTء CFIBWJPS�

8F ஷ஫U UIF NPEFM UP UIF CFIBWJPSBM EBUB GSPN B UPUBM PG �� TVCKFDUT� �� TVCKFDUT GSPN UIF DVSSFOU G.3*
TUVEZ
 BOE �� TVCKFDUT GSPN B QSFWJPVT TUVEZ FNQMPZJOH BO BOBMPHPVT DPOUSBTU EFUFDUJPO UBTL 	<��>� TFF TFD�
UJPO 4VCKFDUT
� %PJOH TP JNQSPWFE UIF FTUJNBUJPO PG UIF HSPVQ�MFWFM EJTUSJCVUJPO PWFS QBSBNFUFST
 XIJDI
XBT VTFE UP DPOTUSBJO UIF JOEJWJEVBM TVCKFDU QBSBNFUFS FTUJNBUFT� 4QFDJஷ஫DBMMZ
 UIF QPPMJOH XBT SFRVJSFE
UP KPJOUMZ ஷ஫U UIF QBSBNFUFST TUBSUJOH QPJOU BOE ESJG஽ DSJUFSJPO
 CPUI PG XIJDI DBO BDDPVOU GPS DIBOHFT JO
EFDJTJPO CJBT
 CVU WJB EJஶGFSFOU NFDIBOJTNT
 BOE BSF EJTUJOHVJTIBCMF UISPVHI UIFJS EJTUJODU FஶGFDUT PO UIF
TIBQF PG UIF 35 EJTUSJCVUJPO 	'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� *O PVS ஷ஫UT
 XF BMMPXFE UIF GPMMPXJOH QB�
SBNFUFST UP WBSZ CFUXFFO MPX BOE IJHI 513� 	J
 UIF NFBO ESJG஽ SBUF BDSPTT USJBMT� 	JJ
 UIF ESJG஽ DSJUFSJPO
	BO FWJEFODF�JOEFQFOEFOU DPOTUBOU BEEFE UP UIF ESJG஽ UPXBSE POF PS UIF PUIFS CPVOE
� 	JJJ
 UIF TFQBSB�
UJPO CFUXFFO CPUI EFDJTJPO CPVOET 	J�F�
 SFTQPOTF DBVUJPO
� 	JW
 UIF TUBSUJOH QPJOU PG UIF BDDVNVMBUJPO
QSPDFTT� 	W
 UIF OPO�EFDJTJPO UJNF 	TVN PG UIF MBUFODJFT GPS TFOTPSZ FODPEJOH BOENPUPS FYFDVUJPO PG UIF
DIPJDF
� %SJG஽ SBUF WBSJBCJMJUZ JT BO BEEJUJPOBM QBSBNFUFS UIBU XBT GPVOE UP JNQSPWF ஷ஫UT UP FNQJSJDBM 35
EJTUSJCVUJPOT <��>� )PXFWFS
 UIJT QBSBNFUFS JT QSPOF UP ஷ஫U FSSPS <���> BOE XF IBE OP B QSJPSJ IZQPUIFTJT
BCPVU JUT SFMBUJPOTIJQ UP QIBTJD BSPVTBM� 8F UIFSFGPSF ஷ஫U ESJG஽ SBUF WBSJBCJMJUZ UP BMM EBUB 	J�F�
 SFHBSEMFTT PG
513

 UP NBYJNJ[F SPCVTUOFTT PG PVS ஷ஫UT�

5P UFTU UIF SPCVTUOFTT PG UIF TJHOJஷ஫DBODF PG UIF513�EFQFOEFOU FஶGFDU POESJG஽ DSJUFSJPO
XF SF�ஷ஫UUFE UIF
NPEFM
 CVU OPX ஷ஫YJOH ESJG஽ DSJUFSJPO XJUI 513
 XIJMF TUJMM BMMPXJOH BMM PUIFS PG UIF BCPWF QBSBNFUFST UP
WBSZXJUI513�6TJOH EFWJBODF JOGPSNBUJPO DSJUFSJPO <���> GPSNPEFM TFMFDUJPO
 XF DPNQBSFEXIFUIFS UIF
BEEFE DPNQMFYJUZ PG PVS PSJHJOBMNPEFM XBT KVTUJஷ஫FE UP BDDPVOU GPS UIF EBUB� 5IJT JT B DPNNPONFUSJD GPS
DPNQBSJOH IJFSBSDIJDBM NPEFMT
 GPS XIJDI B VOJRVF ؤMJLFMJIPPEأ JT OPU EFஷ஫OFE
 BOE UIF FஶGFDUJWF OVNCFS
PG EFHSFFT PG GSFFEPN JT PG஽FO VODMFBS <���>�

'JOBMMZ
 XF VTFE UIF )%%. UPPMCPY <��> UP BTTFTT UIF USJBM�CZ�USJBM
 MJOFBS SFMBUJPOTIJQ CFUXFFO UIF
DPNCJOFE OFVSPNPEVMBUPSZ CSBJOTUFN SFTQPOTFT
 UIF DPNCJOFE DPMMJDVMJ SFTQPOTFT
 BOE UIF ESJG஽ 	'JHVSF
�$
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� 8F ஷ஫UUFE B WBSJBOU PG UIF BCPWF�EFTDSJCFE NPEFM 	'JHVSF �"
 UP 35
EJTUSJCVUJPOT GPS �ؤZFTأ BOE �DIPJDFTؤOPأ GSPN UIF �� TVCKFDUT GSPN UIF DVSSFOU G.3* TUVEZ
 CVU OPX
NPEFMJOH UIF ESJG஽ PO FBDI USJBM BT UIF GPMMPXJOH MJOFBS DPNCJOBUJPO�

v ∼ β0 + β1S++β2M+ β3C 	�


XIFSF vXBT UIF TJOHMF�USJBM ESJG஽
 SXBT B CJOBSZ WFDUPS EFTDSJCJOH UIF TUJNVMVT JEFOUJUZ 	�
 TJHOBM�OPJTF�

�؜ OPJTF

MXBT B WFDUPS PG UIF TJOHMF�USJBM DPNCJOFE OFVSPNPEVMBUPSZ CSBJOTUFN SFTQPOTF 	TFF TFDUJPO
DBUJPO׾VBOUJآ PG UBTL�FWPLFE *3.ؤ SFTQPOTॻ BOE DPSSFMBUJPO XJUI 513

CXBT B WFDUPS PG UIF TJOHMF�USJBM
DPNCJOFE DPMMJDVMJ SFTQPOTF� 5IF ஷ஫U QBSBNFUFST RVBOUJஷ஫FE IPX UIF ESJG஽ PO TJOHMF USJBMT XBT BஶGFDUFE CZ
UIF PWFSBMM ESJG஽ CJBT 	J�F�
NFBOESJG஽ DSJUFSJPO BDSPTT USJBMT
 SFHBSEMFTT PG CSBJOTUFN SFTQPOTF
 β0

 UIF PWFSBMM
ESJG஽ SBUF 	J�F�
 NFBO TUJNVMVT�EFQFOEFOU ESJG஽ BDSPTT USJBMT
 β1

 BOE UIF OFVSBM SFTQPOTFT PG UIF DPNCJOFE

��



OFVSPNPEVMBUPSZ OVDMFJ PS DPMMJDVMJ 	β2 BOE β3

 SFTQFDUJWFMZ� 5IF QBSBNFUFST TUBSUJOH QPJOU
 CPVOEBSZ
TFQBSBUJPO
 BOE OPO�EFDJTJPO UJNF XFSF BMTP JODMVEFE JO UIF NPEFM
 CVU OPU BT B GVODUJPO PG FJUIFS PG UIF
DPNCJOFE CSBJOTUFN SFTQPOTFT�

����� "ৠ৓৞৫৥৛৥ ৡ৘ .3* ৖৓০৓

.3* EBUB XFSF BOBMZ[FE VTJOH DVTUPN�NBEF TPG஽XBSF XSJUUFO JO 1ZUIPO� " OVNCFS PG QSPDFTTJOH TUFQT
SFMJFE PO '4- <���> BOE 'SFF4VSGFS <���
 ���>�

1৤ৗৢ৤ৡ৕ৗ৥৥৛ৠ৙ 5��XFJHIUFE BOBUPNJDBM TDBOT BDRVJSFE BU UIF CFHJOOJOH PG FBDI TDBOOJOH TFTTJPO
XFSF BVUPNBUJDBMMZ TFHNFOUFE BOE JOஸ஼BUFE GPS WJTVBMJ[BUJPO VTJOH 'SFF4VSGFS <���
 ���>� 8F UIFO BQQMJFE
UP UIF &1* TDBOT 	J
 SFNPWBM PG OPO�CSBJO UJTTVF 	CSBJO FYUSBDUJPO
 VTJOH UIF #&5 UPPM JO '4-
 	JJ
 VOXBSQ�
JOH VTJOH B #� ஷ஫FME NBQ BOE '6(6& Tء#*3.'	 6UJMJUZ GPS (FPNFUSJDBMMZ 6OXBSQJOH 
Tء*1&
 	JJJ
 JNBHF
SFBMJHONFOU UP DPNQFOTBUF GPS TNBMM IFBENPWFNFOUT <���> 	GPS JNQSPWFE QSFDJTJPO XF VTFE BT UIF UBSHFU
WPMVNF UIF IJHI�SFTPMVUJPO5��XFJHIUFE BOBUPNJDBM TDBO� UIF SFTVMUJOH VQ�TBNQMFE &1* TDBOTXFSF EPXO�
TBNQMFE CBDL UP UIFJS PSJHJOBM SFTPMVUJPO

 	JW
 IJHI�QBTT ஷ஫MUFSJOH UP DPSSFDU GPS CBTFMJOF ESJG஽T JO UIF TJHOBM
	(BVTTJBO�XFJHIUFE MFBTU�TRVBSFT TUSBJHIU MJOF ஷ஫UUJOH
 XJUI XJOEPX TJ[F � �� TBNQMFT

 BOE 	W
 DPOWFSTJPO
UP VOJUT PG NPEVMBUJPO 	QFSDFOU TJHOBM DIBOHF
 BSPVOE UIF NFBO G.3* TFSJFT� 8F DPODBUFOBUFE BMM &1*
WPMVNFT QSFQSPDFTTFE JO UIBU XBZ BDSPTT CMPDLT XJUIJO POF TDBOOJOH TFTTJPO� 8F BQQMJFE QIZTJPMPHJDBM
OPJTF DPSSFDUJPO VTJOH '4- 1/. <��>
 BO FYUFOEFE WFSTJPO PG 3&530*$03 <���>
 XIFSFCZ DBSEJBD BOE
SFTQJSBUPSZ QIBTFT XFSF BTTJHOFE
 TFQBSBUFMZ GPS FBDI TMJDF
 UP FBDI WPMVNF JO UIF DPODBUFOBUFE &1* JNBHF
UJNF TFSJFT�

0VS DPNQMFUF QIZTJPMPHJDBM OPJTF SFHSFTTJPONPEFM JODMVEFE �� QIZTJPMPHJDBM OPJTF SFHSFTTPST <��>� �UI
PSEFS IBSNPOJDT UP DBQUVSF UIF DBSEJBD DZDMF
 �UI PSEFS IBSNPOJDT UP DBQUVSF UIF SFTQJSBUPSZ DZDMF
 �OE PS�
EFS IBSNPOJDT UP DBQUVSF UIF JOUFSBDUJPO CFUXFFO UIF DBSEJBD BOE SFTQJSBUPSZ DZDMFT
 �OE PSEFS IBSNPOJDT
UP DBQUVSF UIF JOUFSBDUJPO CFUXFFO UIF SFTQJSBUPSZ BOE DBSEJBD DZDMFT
 POF SFHSFTTPS UP DBQUVSF IFBSU SBUF

BOE POF SFHSFTTPS UP DBQUVSF SFTQJSBUJPO WPMVNF� 5IFTF �� OPJTF QSFEJDUPST
 QMVT UXP GPS G.3* SFTQPOTFT
UP FZF�CMJOLT BOE TBDDBEFT 	PCUBJOFE CZ DPOWPMWJOH CMJOL BOE TBDDBEF FWFOUT XJUI B DBOPOJDBM IFNPEZ�
OBNJD JNQVMTF SFTQPOTF GVODUJPO

 XFSF SFHSFTTFE BHBJOTU UIF UJNF TFSJFT PG &1* WPMVNFT VTJOH NVMUJQMF
MJOFBS SFHSFTTJPO� 5IF SFTJEVBM 	J�F�
 OPJTF�DPSSFDUFE
 UJNF TFSJFT XFSF VTFE GPS BMM GVSUIFS BOBMZTFT�

4VCTFRVFOU BOBMZTFT QSPDFFEFE BMPOH UXP TFQBSBUF QJQFMJOFT� 	J
 JO GVODUJPOBM TQBDF
 CZ FYUSBDUJOH SF�
TQPOTFT GSPN TFWFSBM
 TQFDJஷ஫DBMMZ EFMJOFBUFE SFHJPOT PG JOUFSFTU 	30*T
� PS 	JJ
 JO BOBUPNJDBM TQBDF
 BT WPYFM�
XJTF GVODUJPOBM NBQT� 5IF QSPDFEVSFT GPS UIF EFMJOFBUJPO PG 30*T BSF EFTDSJCFE JO UIF TFDUJPO%F׾OJUJPO
PG SFHJPOT PG JOUFSFTU 	30*T
 CFMPX� 'PS UIF DPNQVUBUJPO PG HSPVQ BWFSBHF 513�CSBJOTUFN DPSSFMBUJPO
NBQ 	'JHVSF �'
 BOE PG UIF DPSUFY�XJEF GVODUJPOBM NBQT 	'JHVSF �
 'JHVSF �"
#
 BOE 'JHVSF ஷ஫HVSF؜�
TVQQMFNFOU �"஝%

 UIF UJNF TFSJFT PG &1* WPMVNFT XFSF ஷ஫STU USBOTGPSNFE UP ./* TQBDF 	Bஶஷ஫OF USBOT�
GPSNBUJPO XJUI �� EFHSFFT PG GSFFEPN BOE TJOD JOUFSQPMBUJPO XJUI '4- '-*35
� 'PS UIF DPNQVUBUJPO PG
DPSUFY�XJEF GVODUJPOBM NBQT
 XF BEEJUJPOBMMZ BQQMJFE TQBUJBM TNPPUIJOH UP BMM &1* WPMVNFT JO./* TQBDF

��



VTJOH JTPUSPQJD(BVTTJBO ஷ஫MUFS LFSOFMT� UIF GVMM XJEUI BU IBMGNBYJNVN 	'8).
 PG UIF LFSOFMT XBT �NN
GPS BMM NBQT FYDFQU GPS UIPTF PG TFBSDIMJHIU QSFDJTJPO TDPSFT 	'JHVSF �#
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU
�$
%
� "MM PUIFS BOBMZTFT SFQPSUFE JO UIJT QBQFS XFSF QFSGPSNFE XJUIPVU TQBUJBM TNPPUIJOH�

2১৓ৠ০৛৘৛৕৓০৛ৡৠ ৡ৘ ০৓৥ঢ়�ৗ২ৡঢ়ৗ৖ ৘.3* ৤ৗ৥ৢৡৠ৥ৗ৥ ৓ৠ৖ ৕ৡ৤৤ৗ৞৓০৛ৡৠ ৩৛০৚ 513 5IF TMPX
FWFOU�SFMBUFE EFTJHO 	NFBO *5*� � T
 FOBCMFE VT UP RVBOUJGZ UBTL�FWPLFE G.3* SFTQPOTFT GPS FBDI USJBM BT
UIF EJஶGFSFODF CFUXFFO G.3* NFBTVSFNFOUT EVSJOH UIF USJBM 	TUBSUJOH GSPN � T GSPN DVF
 BOE UIF NFBO
G.3* SFTQPOTF EVSJOH UIF QSF�EFDJTJPO CBTFMJOF JOUFSWBM �؜	 T UP � T GSPN DVF
� 4DBMBS G.3* SFTQPOTF
BNQMJUVEFT XFSF DPNQVUFE CZ DPMMBQTJOH SFTQPOTF WBMVFT BDSPTT UIF JOUFSWBM � T UP �� T GSPN DVF� 5SJBM�
UP�USJBM WBSJBUJPOT PG FBDI WPYFMءT UBTL�FWPLFE G.3* SFTQPOTF BNQMJUVEF EVF UP 35 XFSF SFNPWFE 	WJB
MJOFBS SFHSFTTJPO

 UP JTPMBUF G.3* SFTQPOTF WBSJBUJPOT UIBU XFSF EVF UP WBSJBUJPOT JO UIF BNQMJUVEF PG
UIF VOEFSMZJOH OFVSBM SFTQPOTFT 	TFF TFDUJPO "OBMZTॼ PG UBTL�FWPLFE QVQJM SFTQPOTॻ
� 'PS UIF BOBMZTJT PG
FWPLFE G.3* SFTQPOTFT JO UIF CSBJOTUFN 	'JHVSF �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �

 XF BEEJUJPOBMMZ
SFNPWFE 	WJB MJOFBS SFHSFTTJPO
 TJHOBM ஸ஼VDUVBUJPOT GSPN UIF GPVSUI WFOUSJDMF 	EFMJOFBUFE CBTFE PO UIF 54&
TDBO CZ BWFSBHJOH BDSPTT BMM WPYFMT DPWFSJOH UIF WFOUSJDMF
 GSPN UIF UJNF TFSJFT GSPN FBDI CSBJOTUFN 30*
PS WPYFM
 CFGPSF DPNQVUJOH UBTL�FWPLFE SFTQPOTFT�

8F DPNQVUFE NBQT PG UBTL�FWPLFE G.3* SFTQPOTFT BT UIF WPYFM�XJTF EJஶGFSFODF CFUXFFO G.3* SF�
TQPOTF EVSJOH UIFEFDJTJPO JOUFSWBM BOEEVSJOHCBTFMJOF� 5IF SFTVMUJOHNBQTXFSF DPNQVUFE TFQBSBUFMZ GPS
FBDI TVCKFDU BOE UIFO UFTUFE BHBJOTU � BDSPTT UIF HSPVQ 	TFF TFDUJPO 4UBUJTUJDBM DPNQBSJTPOT
� 8F DPNQVUFE
UIF GPMMPXJOH TUBUJTUJDBM NBQT� 	J
 PWFSBMM UBTL�FWPLFE SFTQPOTF 	'JHVSF �"

 	JJ
 EJஶGFSFODF CFUXFFO IJHI
BOE MPX513 USJBMT 	'JHVSF �#

 	JJJ
 EJஶGFSFODF CFUXFFO TJHOBM�OPJTF BOE OPJTF USJBMT 	'JHVSF �$

 BOE 	JW

JOUFSBDUJPO CFUXFFO 513 BOE TUJNVMVT 	'JHVSF �%

 XIFSFCZ UIF JOUFSBDUJPO NBQ 	JW
 XBT DPNQVUFE BT
UIF EJஶGFSFODF CFUXFFO UIF UXP EJஶGFSFODF NBQT 	JJ
 BOE 	JJJ
�

8F WFSJஷ஫FE UIBU UIF SFTVMUT GSPN 'JHVSF � BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU � XFSF OPU BஶGFDUFE CZ CBTF�
MJOF ஸ஼VDUVBUJPOT DBVTFE CZ WBSJBUJPOT JO *5* 	UIF BOBMZTFT JO 'JHVSF � BOE 'JHVSF � XFSF CBTFE PO TUJNVMVT
PS DIPJDF�TQFDJஷ஫D DPNQPOFOUT PG UIF G.3* SFTQPOTF
 XIJDI BSF VOMJLFMZ UP CF BஶGFDUFE CZ OPO�TQFDJஷ஫D
CBTFMJOF SFTQPOTF ஸ஼VDUVBUJPOT
� *O B DPOUSPM BOBMZTJT
 XF SFQFBUFE UIF CSBJOTUFN SFTQPOTF FTUJNBUFT GSPN
'JHVSF � BG஽FS FYDMVEJOH ��গ PG BMM USJBMT XJUI UIF TIPSUFTU *5*T� 8F BMTP WFSJஷ஫FE UIBU UIF SFTVMUT XFSF OPU
EVF UP OPO�MJOFBSJUZ 	J�F�
 ஸ஼PPS BOE DFJMJOH FஶGFDUT
 JO UIF 513 NFBTVSFNFOUT� 5P UIJT FOE
 XF SFQFBUFE
UIF BOBMZTFT GSPN 'JHVSF � BG஽FS SFNPWJOH UIF ��গ PG USJBMT XJUI FYUSFNF PWFSBMM QVQJM TJ[F EVSJOH UIF USJBM
	UPQ BOE CPUUPN ��গ QVQJM NFBTVSFNFOUT JO UIF 513�XJOEPX
 XJUIPVU TVCUSBDUJOH UIF QSF�USJBM CBTF�
MJOF QVQJM
� #PUI TFUT PG DPOUSPM BOBMZTFT ZJFMEFE RVBMJUBUJWFMZ JEFOUJDBM SFTVMUT BT JO 'JHVSF �
 BOE 'JHVSF
ஷ஫HVSF؜� TVQQMFNFOU � 	EBUB OPU TIPXO
�

8F DPNQVUFE UIF DPSSFMBUJPO CFUXFFO 513 BOE UBTL�FWPLFE G.3* SFTQPOTFT BDSPTT BMM USJBMT 	'JHVSF
�'
 BG஽FS ஷ஫STU SFNPWJOH 	WJB MJOFBS SFHSFTTJPO
 FஶGFDUT PG TJHOBM QSFTFODF GSPN CPUI 513 BOE UIF UBTL�
FWPLFE G.3* SFTQPOTFT� 5IFTF DPSSFMBUJPOT XFSF DPNQVUFE TFQBSBUFMZ GPS FBDI JOEJWJEVBM TVCKFDU BOE
UIFO UFTUFE BHBJOTU � BDSPTT UIF HSPVQ 	TFF TFDUJPO 4UBUJTUJDBM DPNQBSJTPOT
�

��



5P DPNQVUF UIF DPNCJOFEأ OFVSPNPEVMBUPSZ CSBJOTUFN TJHOBMؤ 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMF�
NFOU �

 XF QFSGPSNFE BNVMUJQMF MJOFBS SFHSFTTJPO BHBJOTU 513 GPS UIF GPMMPXJOH30*T� -$ SFHJPO
 75"

4/
 #'�TFQU BOE #'�TVCM 	TFF TFDUJPO%F׾OJUJPO PG SFHJPOT PG JOUFSFTU
� 5IJT ZJFMEFE B TVCKFDU�TQFDJஷ஫D TFU
PG XFJHIUT QFS 30* UIBU NBYJNJ[FE UIF DPSSFMBUJPO UP 513� 8F UIFO VTFE UIFTF XFJHIUT UP DPNQVUF
 GPS
FBDI TVCKFDU
 B MJOFBS DPNCJOBUJPO PG UIF TJOHMF�USJBM 30*�SFTQPOTFT� 5IF SFTVMUJOH TJHOBM XBT [�TDPSFE

XJUI UIF QVSQPTF PG VTJOH JU BT B QSFEJDUPS WBSJBCMF XJUIJO UIF%%. GSBNFXPSL 	TFF TFDUJPO"OBMZTॼ BOE
NPEFMJOH PG DIPJDF CFIBWJPS
� -JLFXJTF
 UIF DPNCJOFEأ DPMMJDVMJ TJHOBMؤ XBT DPNQVUFE CBTFE PO B MJOFBS
DPNCJOBUJPO PG SFTQPOTFT JO 4$ BOE *$�

2১৓ৠ০৛৘৛৕৓০৛ৡৠ ৡ৘ ৡ৤৛ৗৠ০৓০৛ৡৠ�৥ৢৗ৕৛৘৛৕ ৤ৗ৥ৢৡৠ৥ৗ৥ ৛ৠ ৗ৓৤৞৫ ২৛৥১৓৞ ৕ৡ৤০ৗ৪ 0SJFOUBUJPO�
TQFDJஷ஫D SFTQPOTF UP UIF MPX�DPOUSBTU UBSHFU HSBUJOHT JO WJTVBM DPSUJDBM BSFBT 7��� 	'JHVSF �#� TFF TFDUJPO
%Fஷ஫OJUJPO PG SFHJPOT PG JOUFSFTU
 XFSF DPNQVUFE VTJOH NVMUJ�WPYFM QBUUFSO BOBMZTJT XJUI B MFBWF POF PVU
DSPTT�WBMJEBUJPO QSPDFEVSF
 BT GPMMPXT� 'JSTU
 QFS TDBOOJOH TFTTJPO
 XF TFMFDUFE UIF ��� WPYFMT XJUI UIF
TUSPOHFTU PSJFOUBUJPO QSFGFSFODF GSPN UIF VODPOTUSJDUFE ؤDFOUFSأ TVC�SFHJPO UIBU DPSSFTQPOEFE SFUJOP�
UPQJDBMMZ UP UIF UBSHFU TUJNVMVT� 5P UIJT FOE
 XF TFMFDUFE UIF ��NPTU QPTJUJWF BOE ��NPTU OFHBUJWF U�WBMVFT
GPS UIF DPNQBSJTPO CFUXFFO DMPDLXJTF 	$8
 WT� DPVOUFS�DMPDLXJTF 	$$8
 TUJNVMJ PO TJHOBM�OPJTF USJBMT�

t =
xcw

semcw
− xccw

semccw
	�


XIFSF TVCTDSJQUT cw BOE ccwXFSF DMPDLXJTF BOE DPVOUFS�DMPDLXJTF UBSHFU TJHOBMT
 SFTQFDUJWFMZ xcw BOE
xccw XFSF UIF UXP TBNQMF NFBOT
 BOE semcw BOE semccw XFSF UIF UXP DPSSFTQPOEJOH TUBOEBSE FSSPST�
4FDPOE
 UIF SFTQPOTFT PG UIF TFMFDUFE ��� WPYFMT XFSF BSSBOHFE BT WFDUPST
 FBDI PG XIJDI DPOTUJUVUFE B
NVMUJ�WPYFM SFTQPOTF QBUUFSO GPS POF USJBM� 5IJSE
 UIFTF TJOHMF�USJBM SFTQPOTF QBUUFSOT XFSF TFQBSBUFMZ BW�
FSBHFE BDSPTT DPVOUFS�DMPDLXJTF BOE BDSPTT DMPDLXJTF USJBMT
 MFBWJOH PVU POF USJBM QFS JUFSBUJPO� 'PVSUI

B UFNQMBUFأ QBUUFSOؤ XBT DPOTUSVDUFE BT UIF EJஶGFSFODF CFUXFFO UIF NFBO DPVOUFS�DMPDLXJTF BOE DMPDL�
XJTF SFTQPOTF QBUUFSOT� 'JG஽I
 UIF QBUUFSO PG G.3* SFTQPOTFT PG UIF SFNBJOJOH USJBM 	JODMVEJOH OPJTF USJBMT

XBT DPSSFMBUFEXJUI UIF UFNQMBUF QBUUFSO 	PO$8CMPDLT

 PSXJUI UIF JOWFSUFE UFNQMBUF 	PO$$8CMPDLT
�
5IJT QSPDFEVSF ZJFMEFE B DPSSFMBUJPO DPFஶஷ஫DJFOU QFS USJBM
 XIJDI RVBOUJஷ஫FE UIF TUSFOHUI PG UIF PSJFOUBUJPO�
TQFDJஷ஫D DPNQPOFOU PG UIF QPQVMBUJPO SFTQPOTF PG 7��7��

2১৓ৠ০৛৘৛৕৓০৛ৡৠৡ৘৕৚ৡ৛৕ৗ�৥ৢৗ৕৛৘৛৕৤ৗ৥ৢৡৠ৥ৗ৥� ১ৠ৛২৓৤৛৓০ৗ৓ৢৢ৤ৡ৓৕৚ 8FVTFE UXPBQQSPBDIFT
UP JEFOUJGZ DIPJDF�FODPEJOH SFHJPOT PG JOUFSFTU 	30*T
 BOE UP RVBOUJGZ DIPJDF�TQFDJஷ஫D TJHOBMT UIFSFJO�
'JSTU
 VOJWBSJBUF MPHJTUJD SFHSFTTJPO PG CJOBSZ DIPJDF BHBJOTU UBTL�FWPLFE G.3* SFTQPOTFT 	'JHVSF �"
 BOE
'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"
#
 EFTDSJCFE JO UIJT TFDUJPO� TFDPOE
 TFBSDIMJHIUأ EFDPEJOHؤ PG DIPJDF
CBTFE PO NVMUJWBSJBUF MPDBM G.3* SFTQPOTF QBUUFSOT 	'JHVSF �#
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �$
%


XIJDI JT EFTDSJCFE JO UIF TVCTFRVFOU TFDUJPO�

*O UIF ஷ஫STU BQQSPBDI
 UIF GPMMPXJOH MPHJTUJD SFHSFTTJPONPEFM XBT ஷ஫UUFE UP UIF TJOHMF�USJBM FWPLFE G.3*
SFTQPOTFT PG FBDI WPYFM�

��



P(yes) =
exp(β0 + β1A)

1+ exp(β0 + β1A)
	�


XIFSF P(yes) XBT UIF QSFEJDUFE QSPCBCJMJUZ UIBU UIF TVCKFDU NBEF B �DIPJDFؤZFTأ GPS B HJWFO WBMVF PG
A 	JO UIF NPEFM
 B CJOBSZ WFDUPS EFTDSJCJOH UIF DIPJDF JEFOUJUZ 	�
�ؤZFTأ �
 
ؤOPأ TFSWFE BT UIF EFQFOEFOU
WBSJBCMF

 " XBT B WFDUPS PG G.3* SFTQPOTF BNQMJUVEFT
 BOE β0 BOE β1 XFSF UIF QBSBNFUFST PG UIF ஷ஫U�
5IF QBSBNFUFST β0 BOE β1 XFSF BEKVTUFE CZ BO PQUJNJ[BUJPO SPVUJOF UP ஷ஫U UIF NFBTVSFE QSPCBCJMJUZ PG
TVCKFDUTء DIPJDFT BDSPTT BMM USJBMT� 5IF WPYFM XBT BTTJHOFE UIF TMPQF QBSBNFUFS
 C�
 XIJDI RVBOUJஷ஫FE UIF MJOL
CFUXFFO UIF UBTL�FWPLFE G.3* SFTQPOTFT PG UIBU WPYFM BOE UIF TVCKFDUءT CFIBWJPSBM DIPJDFT� 1FSGPSNJOH
UIJT BOBMZTJT GPS BMM WPYFMT ZJFMEFE B NBQ PG DIPJDF�TQFDJஷ஫D BDUJWJUZ GPS FBDI TVCKFDU� 8F QFSGPSNFE UIF
BOBMZTJT TFQBSBUFMZ GPS TJHOBM�OPJTF USJBMT BOE GPS OPJTF USJBMT BOE BWFSBHFE UIF SFTVMUJOH NBQT� 5IBU XBZ

UIF FஶGFDU PG DIPJDF XBT JTPMBUFE
 EJTDBSEJOH QPUFOUJBM EJஶGFSFODFT CFUXFFO TJHOBM�OPJTF BOE OPJTF USJBMT�

*O UIF NBJO UBTL
 �ؤZFTأ BOE �DIPJDFTؤOPأ XFSF NBQQFE POUP NPUPS SFTQPOTFT XJUI EJஶGFSFOU IBOET�
8F UIFSFGPSF DPNQVUFE UIF MPHJTUJD SFHSFTTJPO OPU POMZ GPS FBDI WPYFMءT G.3* SFTQPOTF
 CVU BMTP GPS UIF
MBUFSBMJ[BUJPO؝UIBU JT
 UIF EJஶGFSFODF CFUXFFO B WPYFMءT SFTQPOTF BOE JUT IPNPUPQJD DPVOUFSQBSU JO UIF
DPOUSBMBUFSBM IFNJTQIFSF� 5IFNBQQJOH CFUXFFO UIF �ؤZFTأ WTأ�OPؤ�DIPJDF BOE SFTQPOTF IBOET XBT DPVO�
UFSCBMBODFE BDSPTT TVCKFDUT� 5IVT
 UIF MBUFSBMJ[BUJPO SFஸ஼FDUFE UIF FஶGFDUPS�TQFDJஷ஫D BDUJWJUZ 	MFG஽ WT� SJHIU
IBOE CVUUPO QSFTTFT
� #FDBVTF JO BOZ HJWFO TFTTJPO �ؤZFTأ BOE �DIPJDFTؤOPأ XFSF NBQQFE POUP CVUUPO
QSFTTFT XJUI EJஶGFSFOU IBOET
 UIF MBUFSBMJ[BUJPO XBT B QSPYZ PG UIF DIPJDF�TQFDJஷ஫D BDUJWJUZ
 FODPEFE JO UIF
GPSNBU PG B QMBO UP BDU 	F�H�
 TFF <�>
� #FGPSF DPNQVUJOH UIF MBUFSBMJ[BUJPO
 FBDI WPYFM XBT ஸ஼JQQFE XJUI JUT
IPNPUPQJD DPVOUFSQBSU JO UIF DPOUSBMBUFSBM IFNJTQIFSF GPS IBMG PG UIF TVCKFDUT
 GPS XIPN UIF NBQQJOH
XBT� ؤZFTأ �؜ SJHIU IBOE BOE ؤOPأ �؜ MFG஽ IBOE� 5IF MBUFSBMJ[BUJPOXBT UIFO FYQSFTTFEXJUI SFTQFDU UP UIF
IBOE GPS ؤZFTأ GPS BMM TVCKFDUT <��>� $POTFRVFOUMZ
 MBUFSBMJ[BUJPO WBMVFT DPVME CF QPPMFE BDSPTT TVCKFDUT
XJUIPVU DBODFMMBUJPO� 5IF SFTVMU PG UIJT BOBMZTJT XBT WJTVBMJ[FE PO UIF SJHIU IFNJTQIFSF 	'JHVSF �"
 BOE
'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"
#
�

8F DPNQVUFE DIPJDF�TQFDJஷ஫D G.3* SFTQPOTF MBUFSBMJ[BUJPO GPS B OVNCFS PG 30*T UIBU XFSF TZNNFUSJD
CFUXFFO UIF UXP IFNJTQIFSFT 	TFF TFDUJPO%F׾OJUJPO PG SFHJPOT PG JOUFSFTU� 'JHVSF �"
 BOE 'JHVSF ஷ஫HVSF؜�
TVQQMFNFOU �"
#
� 'JSTU
 QFS TDBOOJOH TFTTJPO
 XF TFMFDUFE UIF �� WPYFMT GSPN UIF IFNJTQIFSF DPOUSBMBUFSBM
UP UIF IBOE VTFE GPS SFQPSUJOH ؤZFTأ XJUI UIF NPTU QPTJUJWF U�WBMVFT GPS UIF DPNQBSJTPO CFUXFFO �ؤZFTأ
WT� �DIPJDFTؤOPأ 	TBNF BT &RVBUJPO �
 CVU OPX UBLJOH UIF EJஶGFSFODF PG �ؤZFTأ BOE 
�USJBMTؤOPأ
 BOE WJDF
WFSTB GPS UIF JQTJMBUFSBM IFNJTQIFSF� 5IJT BEET VQ UP B UPUBM PG ��� WPYFMT� 4FDPOE
 XF TFQBSBUFMZ BWFSBHFE
UIF TJOHMF�USJBM SFTQPOTFT BDSPTT FBDI PG UIFTF UXP HSPVQT PG WPYFMT� 5IJSE
 XF DPNQVUFE UIF TJOHMF�USJBM
MBUFSBMJ[BUJPO BT UIF EJஶGFSFODF CFUXFFO UIF NFBO G.3* SFTQPOTF PG UIF ؤZFTأ BOE UIF ؤOPأ WPYFM HSPVQ�
1FSGPSNJOH UIJT BOBMZTJT GPS FBDI USJBM FOBCMFE DPNQVUJOH TJOHMF�USJBM DPSSFMBUJPOT PG G.3* MBUFSBMJ[BUJPO
WBMVFT XJUI 513 BOE CFIBWJPSBM DIPJDF
 SFTQFDUJWFMZ�

5P DPNQVUF UIF DPNCJOFEأ MBUFSBMJ[BUJPO TJHOBMؤ 	'JHVSF �%
&

 XF ஷ஫UUFE NVMUJQMF MPHJTUJD SFHSFTTJPO
PG DIPJDF PO DIPJDF�TQFDJஷ஫D SFTQPOTFT JO B*14� BOE *14�1PTU$F4
 BOE PCUBJOFE UIF XFJHIUFE TVN PG UIFTF
SFTQPOTFT UIBU NBYJNJ[FE UIF DPSSFMBUJPO UP DIPJDF�

��



2১৓ৠ০৛৘৛৕৓০৛ৡৠৡ৘৕৚ৡ৛৕ৗ�৥ৢৗ৕৛৘৛৕ ৤ৗ৥ৢৡৠ৥ৗ৥� য়১৞০৛২৓৤৛৓০ৗ 	৥ৗ৓৤৕৚৞৛৙৚০৖ৗ৕ৡ৖৛ৠ৙
 ৓ৢ�
ৢ৤ৡ৓৕৚ 8F VTFE TFBSDIMJHIU NVMUJ�WPYFM QBUUFSO DMBTTJஷ஫DBUJPO UP JEFOUJGZ BEEJUJPOBM DPSUJDBM SFHJPOT
XIJDINJHIU FODPEF UIF DIPJDF JO PUIFS GPSNBUT 	F�H�
 NPSF ஷ஫OF�HSBJOFE QBUUFSOT <��
 ��>
 UIBO UIF DPBSTF
IFNJTQIFSJD MBUFSBMJ[BUJPO PG SFTQPOTF BNQMJUVEFT� 8F VTFE UIF -*#47. JNQMFNFOUBUJPO PG B MJOFBS TVQ�
QPSU WFDUPS NBDIJOF <���>
 XJUI B TUBOEBSE DPTU WBMVF PG D � �� " TQIFSF PG WPYFMT 	J�F� 
ؤTFBSDIMJHIUأ XBT
TFMFDUFE BSPVOE B HJWFO WPYFM XJUI B SBEJVT PG �� NN 	��� WPYFMT
� 'SPN UIFTF WPYFMT
 UIF UBTL�FWPLFE
G.3* SFTQPOTFT XFSF FYUSBDUFE
 XIJDI NBEF VQ UIF QBUUFSO WFDUPST UIBU XFSF VTFE GPS NVMUJWBSJBUF QBU�
UFSO DMBTTJஷ஫DBUJPO PG DIPJDFT� 8F BTTJHOFE FBDI WFDUPS B MBCFM DPSSFTQPOEJOH UP UIF DIPJDF PG UIF TVCKFDU
ؤZFTأ	 WT� 
ؤOPأ� 5IF QBUUFSO WFDUPST PG BMM CVU POF USJBM XFSF UIFO VTFE UP USBJO B TVQQPSU WFDUPS NBDIJOF
UP QSFEJDU UIF DBUFHPSZ PG UIF MFG஽�PVU QBUUFSO� "G஽FS USBJOJOH
 XF WBMJEBUFE UIF NPEFM CZ DPNQBSJOH UIF
USVF MBCFM PG UIF MFG஽�PVU QBUUFSO XJUI UIF MBCFM QSFEJDUFE CZ UIF NPEFM� 8F SFQFBUFE UIJT USBJO�UFTU BQ�
QSPBDI JUFSBUJWFMZ GPS FBDI USJBM BOE DBMDVMBUFE B NFBO DSPTT�WBMJEBUFE QSFDJTJPO TDPSF BDSPTT BMM USJBMT GPS
UIJT TFBSDIMJHIU� 5IJT QSFDJTJPO TDPSFXBT BTTJHOFE UP UIF DFOUFS WPYFM PG UIF TFBSDIMJHIU TQIFSF� 5IJT QSPDF�
EVSF XBT SFQFBUFE JUFSBUJWFMZ
 GPS BMM WPYFMT JO UIF CSBJO
 ZJFMEJOH BNBQ PG QSFDJTJPO TDPSFT GPS FBDI TVCKFDU�
8F QFSGPSNFE UIF DIPJDF EFDPEJOH BOBMZTJT TFQBSBUFMZ GPS TJHOBM�OPJTF BOE OPJTF USJBMT BOE BWFSBHFE UIF
SFTVMUJOH NBQT� 5IJT DPNCJOFE JOEJWJEVBM NBQ XBT TQBUJBMMZ TNPPUIFE 	'8).� � NN
 GPS HSPVQ�MFWFM
BOBMZTFT�

$IPJDF�TQFDJஷ஫D SFTQPOTFT GPS 30*T EFஷ஫OFE JO UIF TFBSDIMJHIU BOBMZTJT 	TFF TFDUJPO%Fஷ஫OJUJPO PG SFHJPOT
PG JOUFSFTU� 'JHVSF �#
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �$
%
 XFSF DPNQVUFE BT GPMMPXT� 'JSTU
 QFS TDBO�
OJOH TFTTJPO
 XF TFMFDUFE GSPN FBDI 30* UIF ��� WPYFMT XJUI UIF TUSPOHFTU DIPJDF QSFGFSFODF� 5P UIJT
FOE
 XF TFMFDUFE UIF �� NPTU QPTJUJWF BOE �� NPTU OFHBUJWF U�WBMVFT GPS UIF DPNQBSJTPO CFUXFFO �ؤZFTأ
WT� �DIPJDFTؤOPأ 	TBNF BT &RVBUJPO �
 CVU OPX UBLJOH UIF EJஶGFSFODF PG �ؤZFTأ BOE 
�USJBMTؤOPأ� 4FDPOE

B UFNQMBUFأ QBUUFSOؤ XBT DPOTUSVDUFE CZ BWFSBHJOH UIF UBTL�FWPLFE G.3* SFTQPOTF PG FBDI TFMFDUFE WPYFM
BDSPTT BMM ؤZFTأ USJBMT NJOVT UIF BWFSBHF PO BMM ؤOPأ USJBMT� 0OF USJBM XBT MFG஽ PVU 	MFBWF POF PVU DSPTT�
WBMJEBUJPO
� 5IJSE
 UIF QBUUFSO PG G.3* SFTQPOTFT PG UIF SFNBJOJOH USJBM XBT DPSSFMBUFE XJUI UIF UFNQMBUF
QBUUFSO� 5IJT QSPDFEVSF ZJFMEFE B DPSSFMBUJPO DPFஶஷ஫DJFOU QFS USJBM
 XIJDI RVBOUJஷ஫FE UIF TJHO BOE TUSFOHUI
PG UIF DIPJDF�TQFDJஷ஫D QBUUFSO SFTQPOTF� "HBJO
 QFSGPSNJOH UIJT BOBMZTJT GPS FBDI USJBM FOBCMFE DPNQVUJOH
TJOHMF�USJBM DPSSFMBUJPOT PG DIPJDF�TQFDJஷ஫D QBUUFSO SFTQPOTFT XJUI 513 BOE CFIBWJPSBM DIPJDF
 SFTQFDUJWFMZ�

5P DPNQVUF UIF DPNCJOFEأ TFBSDIMJHIU TJHOBMؤ 	'JHVSF �%
&

 XF ஷ஫UUFE NVMUJQMF MPHJTUJD SFHSFTTJPO PG
DIPJDF PO DIPJDF�TQFDJஷ஫D SFTQPOTFT JO *1-
 41-
 B*14�
 Q*OT
 1SF$F4�*'( BOE .'(
 BOE PCUBJOFE UIF
XFJHIUFE TVN PG UIFTF SFTQPOTFT UIBU NBYJNJ[FE UIF DPSSFMBUJPO UP DIPJDF� "MUIPVHI USJBM�UP�USJBM WBSJB�
UJPOT JO 35 IBE CFFO SFNPWFE 	WJB MJOFBS SFHSFTTJPO
 GSPN UIF G.3* SFTQPOTF PG FBDI JOEJWJEVBM WPYFM
	TFF BCPWF

 UIFSF XBT B TNBMM
 CVU TUBUJTUJDBMMZ TJHOJஷ஫DBOU DPSSFMBUJPO CFUXFFO UIF DPNCJOFEأ TFBSDIMJHIU
TJHOBMؤ BOE USJBM�CZ�USJBM 35T 	HSPVQ BWFSBHF S � �����
 Q������
 QFSNVUBUJPO UFTU
� )PXFWFS
 UIJT DPS�
SFMBUJPO XBT TJHOJஷ஫DBOUMZ TNBMMFS UIBO UIF DPSSFMBUJPO CFUXFFO UIF DPNCJOFEأ TFBSDIMJHIU TJHOBMؤ BOE
CFIBWJPSBM DIPJDF 	HSPVQ BWFSBHF EJஶGFSFODF JO DPSSFMBUJPO� �S˵ؤ�����
 Q������
� 5IVT
 UIF NVMUJWBSJBUF
DIPJDF EFDPEFS QSJNBSJMZ EFDPEFE USJBM�UP�USJBM WBSJBUJPOT JO DIPJDF SBUIFS UIBO JO 35�

��



3ৗ৕ৗ৛২ৗ৤�ৡৢৗ৤৓০৛ৠ৙৕৚৓৤৓৕০ৗ৤৛৥০৛৕ 	30$
৓ৠ৓৞৫৥৛৥ৡ৘৥০৛য়১৞১৥�৓ৠ৖৕৚ৡ৛৕ৗ�৥ৢৗ৕৛৘৛৕৤ৗ�
৥ৢৡৠ৥ৗ৥ 8F VTFE 30$�BOBMZTJT 	(SFFO BOE 4XFUT
 ����
 UP RVBOUJGZ UIF SFMJBCJMJUZ PG UIF PSJFOUBUJPO�
BOE DIPJDF�TQFDJஷ஫D DPSUJDBM SFTQPOTFT BU UIF TJOHMF�USJBM MFWFM 	'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JHVSF �
 BOE
'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� 5IF 30$ JOEFY SBOHFE CFUXFFO � BOE �
 BOE RVBOUJஷ஫FE UIF QSPCBCJMJUZ
XJUI XIJDI POF DPVME QSFEJDU UIF FYQFSJNFOUBM WBSJBCMF PG JOUFSFTU 	JO PVS DBTF� TJHOBM QSFTFODF PS CFIBW�
JPSBM DIPJDF
 CBTFE PO SFTQPOTFT NFBTVSFE EVSJOH JOEJWJEVBM USJBMT� "O JOEFY PG ��� JNQMJFE DIBODF MFWFM
QSFEJDUJPO� 5P SFNPWF FஶGFDUT PG DIPJDFXIFOQSFEJDUJOH UIF TUJNVMVT
 XF BWFSBHFE30$ JOEFYFT GPS TJHOBM
QSFTFODF PCUBJOFE TFQBSBUFMZ PO ؤZFTأ BOE ؤOPأ USJBMT 	'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� 4JNJMBSMZ
 UP SFNPWF
FஶGFDUT PG TUJNVMVT XIFO QSFEJDUJOH DIPJDF
 XF BWFSBHFE 30$ JOEFYFT GPS DIPJDF PCUBJOFE TFQBSBUFMZ PO
TJHOBM�OPJTF BOE OPJTF USJBMT 	'JHVSF �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
�

"ৠ৓৞৫৥৛৥ ৡ৘ ৥০৛য়১৞১৥ ৛ৠ৖ৗৢৗৠ৖ৗৠ০ 513 ৗ৘৘ৗ৕০ ৡৠ ৕ৡ৤০৛৕৓৞ ৥৛৙ৠ৓৞৥ 8F VTFE MJOFBS SFHSFT�
TJPO BOBMZTJT UP FWBMVBUF UIF IZQPUIFTJT UIBU UIF 513�MJOLFE NPEVMBUJPO PG DIPJDF�TQFDJஷ஫D SFTQPOTFT JT
JOUSJOTJD
 UIBU JT
 JG UIF NPEVMBUJPO SFNBJOFE XIFO GBDUPSJOH PVU FஶGFDUT PG UIF QIZTJDBM FWJEFODF 	'JHVSF
�
� 8F PCUBJOFE UIF SFTJEVBM DIPJDF�TQFDJஷ஫D 	DPNCJOFE
 SFTQPOTFT CZ SFNPWJOH 	WJB MJOFBS SFHSFTTJPO

WBSJBUJPOT EVF UP TUJNVMVT 	CJOBSZ WFDUPS EFTDSJCJOH UIF TUJNVMVT JEFOUJUZ 	�
 TJHOBM�OPJTF� �
 OPJTF
�

"DSPTT � CJOT
 EFஷ஫OFE CZ 513
 XF UIFO ஷ஫UUFE UIF GPMMPXJOH MJOFBS NPEFM UP UIF SFTJEVBM DIPJDF�TQFDJஷ஫D
SFTQPOTFT�

CTx = β0 + β1TPR 	�


XIFSF Ctx XBT B WFDUPS PG NFBO SFTJEVBM 	XJUI FஶGFDUT PG TUJNVMVT SFNPWFE
 TFF BCPWF
 DIPJDF�TQFDJஷ஫D
SFTQPOTFT QFS CJO
 513XBT B WFDUPS PGNFBO UBTL�FWPLFE QVQJMMBSZ SFTQPOTFT QFS CJO
 BOE β0 BOE β1 XFSF
UIF GSFF QBSBNFUFST PG UIF ஷ஫U�

����� 4০৓০৛৥০৛৕৓৞ ৕ৡয়ৢ৓৤৛৥ৡৠ৥

8F VTFE OPOQBSBNFUSJD QBJSFE QFSNVUBUJPO UFTUT UP UFTU GPS TJHOJஷ஫DBOU EJஶGFSFODFT CFUXFFO CFIBWJPSBM
FTUJNBUFT 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JHVSFT � BOE �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �


UBTL�FWPLFE G.3* SFTQPOTFT 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JHVSF �
 BOE 'JHVSF ஷ஫HVSF؜� TVQ�
QMFNFOU �

 TUJNVMVT� � DIPJDF�QSFEJDUJWF JOEJDFT 	'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JHVSF �
 BOE 'JHVSF ؜�
ஷ஫HVSF TVQQMFNFOU �

 BOE SFHSFTTJPO CFUBXFJHIUT � DPFஶஷ஫DJFOUT 	'JHVSFT �
 �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �

'JHVSFT �
 �
 �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 'JHVSF �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
 GSPN EJஶGFSFOU
USJBM DBUFHPSJFT
 PS UP UFTU UIFN BHBJOTU [FSP 	BHBJOTU ��� JO UIF DBTF PG TUJNVMVT� � DIPJDF�QSFEJDUJWF JOEJDFT
�
4UBUJTUJDBM UFTUT XFSF QFSGPSNFE BU UIF HSPVQ MFWFM
 VTJOH UIF JOEJWJEVBM TVCKFDUTء NFBO QBSBNFUFST BT PC�
TFSWBUJPOT� 'PS FBDI DPNQBSJTPO
 XF SBOEPNMZ QFSNVUFE UIF MBCFMT PG UIF PCTFSWBUJPOT 	F�H�
 UIF SFHSFTTPS
MBCFM PG UIF CFUB FTUJNBUFT

 BOE SFDBMDVMBUFE UIF EJஶGFSFODF CFUXFFO UIF UXP HSPVQNFBOT 	��
��� QFSNV�
UBUJPOT
� 5IF Q�WBMVF XBT UIF GSBDUJPO PG QFSNVUBUJPOT UIBU FYDFFEFE UIF PCTFSWFE EJஶGFSFODF CFUXFFO
UIF NFBOT�
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8F VTFE OPOQBSBNFUSJD QFSNVUBUJPO UFTUT XJUIJO UIF '4- 3BOEPNJTF JNQMFNFOUBUJPO UP UFTU DMVTUFS�
DPSSFDUFE UBTL�FWPLFE G.3* SFTQPOTFT BHBJOTU � 	'JHVSF �

 MJOFBS SFHSFTTJPO DPFஶஷ஫DJFOUT BHBJOTU � 	'JHVSF
�

 MPHJTUJD SFHSFTTJPO CFUB XFJHIUT BHBJOTU ��� 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �

 BOE TFBSDIMJHIU
DMBTTJஷ஫DBUJPO QSFDJTJPO TDPSFT BHBJOTU ��� 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� 3BOEPNJTF JNQMF�
NFOUFE ��
��� SBOEPNMZ HFOFSBUFE QFSNVUBUJPOT PG UIF EBUB UP QFSGPSN B .POUF $BSMP�TUZMF QFSNVUB�
UJPO UFTU� 5IJT QSPDFEVSF XBT SPCVTU XJUI SFTQFDU UP JOஸ஼BUFE GBMTF�QPTJUJWF SBUFT <���>� *O UIF NBKPSJUZ PG
DBTFT
 XF VTFE B DMVTUFS DPSSFDUJPO UISFTIPME PG Q������ 'PS UIF MPHJTUJD SFHSFTTJPO PG CJOBSZ DIPJDF BHBJOTU
MBUFSBMJ[FE UBTL�FWPLFE G.3* SFTQPOTFT 	'JHVSF �
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �

 BOE JO DBTF PG UIF CSBJO�
TUFN 513 DPSSFMBUJPO 	'JHVSF �'� BDDPVOUJOH GPS UIF DPNQBSBCMZ MPX TFOTJUJWJUZ PG G.3*NFBTVSFNFOUT
JO UIF CSBJOTUFN

 XF VTFE B DMVTUFS DPSSFDUJPO UISFTIPME PG Q������

������ %ৗ৘৛ৠ৛০৛ৡৠ ৡ৘ ৤ৗ৙৛ৡৠ৥ ৡ৘ ৛ৠ০ৗ৤ৗ৥০ 	30*৥


5IF BOBMZTFT PG G.3* TJHOBMT GPDVTFE PO B OVNCFS PG 30*T
 XIJDI XFSF EFஷ஫OFE JO FBDI JOEJWJEVBM CSBJO
VTJOH B WBSJFUZ PG DSJUFSJB EFTDSJCFE JO UIJT TFDUJPO�

#৤৓৛ৠ৥০ৗয়ৠ১৕৞ৗ৛ 8F EFஷ஫OFE UIF GPMMPXJOH CSBJOTUFN OVDMFJ 	'JHVSF �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMF�
NFOU �
 CBTFE PO BOBUPNJDBM DSJUFSJB�

-ৡ৕১৥ ৕ৡৗ৤১৞ৗ১৥ 	-$
 5IF -$ XBT EFMJOFBUFE
 TFQBSBUFMZ GPS FBDI TVCKFDU BOE TDBOOJOH TFTTJPO

CZNFBOT PG B TQFDJஷ஫D 	54&
 IJHI�SFTPMVUJPO TUSVDUVSBM.3* TDBO 	'JHVSF �"
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMF�
NFOU �"
� 5IF -$
 BT TPNF PUIFS CSBJOTUFN TUSVDUVSFT
 IBT JODSFBTFE OFVSPNFMBOJO DPODFOUSBUJPO BOE
DBO UIVT CF JEFOUJஷ஫FE JO UIF54& TDBOT BT UXP CJMBUFSBM MPDBMNBYJNB PG FMFWBUFE TJHOBM JOUFOTJUZXJUIJO UIF
NJECSBJO UFHNFOUVN BOE QPOT
 BU UIF ஸ஼PPS PG UIF GPVSUI WFOUSJDMF <��
 ��
 ���>� 8F EFMJOFBUFE -$ WPYFMT
JO UIF TMJDF XJUI UIF DMFBSFTU TJHOBM JOUFOTJUZ FMFWBUJPO JO UIF EFTJHOBUFE SFHJPO BOE JO UIF POF TMJDF BCPWF
BOE POF CFMPX� 5IF 30* EFஷ஫OJUJPO XBT JOJUJBMMZ QFSGPSNFE CZ UIF ஷ஫STU BVUIPS BOE UIFO JOEFQFOEFOUMZ
WFSJஷ஫FE CZ BOPUIFS BVUIPS� 'PS UIF BOBMZTJT PG GVODUJPOBM -$ SFTQPOTFT
 XF USBOTGPSNFE UIF JOEJWJEVBMMZ
EFMJOFBUFE IJHI�SFTPMVUJPO -$ 30* UP TVCKFDU� BOE TFTTJPO�TQFDJஷ஫D &1* TQBDF 	USJMJOFBS Bஶஷ஫OF USBOTGPSNB�
UJPO
 VTJOH '4- '-*35
 BG஽FS ஷ஫STU 	J
 DP�SFHJTUFSJOH UIF IJHI�SFTPMVUJPO QBSUJBM ஷ஫FME�PG�WJFX54& TDBO BOE
XIPMF�CSBJO 54& TDBO 	XJUI � EFHSFFT PG GSFFEPN

 	JJ
 DP�SFHJTUFSJOH UIF XIPMF�CSBJO 54& TDBO BOE UIF
5��XFJHIUFE BOBUPNJDBM TDBO 	�� EFHSFFT PG GSFFEPN

 BOE 	JJJ
 DPODBUFOBUJOH UIF FTUJNBUFE USBOTGPSNB�
UJPONBUSJDFT� 8F UIFOEFUFSNJOFE UIFNJOJNVNOVNCFS PG &1* WPYFMT 	PCUBJOFE BU MPXFS SFTPMVUJPO
 GPS
XIJDI UIF QSPCBCJMJUZ PG UIF BOBUPNJDBM -$30* DPOUBJOFE JO UIJT &1* WPYFM XBT MBSHFS UIBO �XJUIJO FBDI
PG UIF �� TVCKFDUT� 5IF BWFSBHF OVNCFS PG WPYFMT XJUI B OPO�[FSP QSPCBCJMJUZ PG DPOUBJOJOH UIF BOBUPN�
JDBM -$ 30* XBT �� WPYFMT
 BOE UIF TNBMMFTU OVNCFS BDSPTT UIF HSPVQ XBT ��� 8F UIFSFGPSF JODMVEFE GPS
FBDI TVCKFDU UIF �� WPYFMT XJUI UIF MBSHFTU QSPCBCJMJUZ PG DPOUBJOJOH UIF -$� 5IF -$ SFHJPO UJNF TFSJFT
XBT DPNQVUFE BT UIF BWFSBHF PG UIF UJNF TFSJFT GSPN UIFTF �� WPYFMT
 XFJHIUFE CZ UIFJS QSPCBCJMJUZ WBMVFT�
'PS DPNQBSJTPO
 XF VTFE UIF TBNF QSPDFEVSF
 JODMVEJOH UIF TBNF OVNCFS PG WPYFMT
 GPS UIF PUIFS CSBJO�
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TUFN SFHJPOT� 'PS UIF NPTU TQBUJBMMZ TQFDJஷ஫D EFஷ஫OJUJPO PG UIF -$ SFHJPO BஶGPSEFE CZ PVS NFBTVSFNFOUT
XF DPNQVUFE B XFJHIUFE BWFSBHF BDSPTT UIF UXP WPYFMT XJUI UIF MBSHFTU QSPCBCJMJUZ PG DPOUBJOJOH UIF -$
	'JHVSF �%
�

4১ৢৗ৤৛ৡ৤ ৓ৠ৖ ৛ৠ৘ৗ৤৛ৡ৤ ৕ৡ৞৞৛৕১৞৛ 	4$ ৓ৠ৖ *$
 8F NBOVBMMZ EFMJOFBUFE UIF 4$ BOE *$ CBTFE
PO UIF BOBUPNJDBM TUBOEBSE 	./*
 CSBJO BT UIF UXP FMFWBUFE ؤIJMMTأ BU UIF EPSTBM QBSU PG UIF NJECSBJO�

0০৚ৗ৤ ৔৤৓৛ৠ৥০ৗয় ৠ১৕৞ৗ৛ 8F VTFE QSPCBCJMJTUJD BUMBTFT JO BOBUPNJDBM TUBOEBSE 	./*
 TQBDF UP
EFMJOFBUF UIF GPMMPXJOH PUIFS CSBJOTUFNOVDMFJ� WFOUSBM UFHNFOUBM BSFB 	75"

 TVCTUBOUJB OJHSB 	4/
 <���>

BOE UXP EJWJTJPOT PG UIF CBTBM GPSFCSBJO 	#'
� POF UIBU JODMVEFT DFMM HSPVQT XJUIJO UIF TFQUVN BOE UIF
IPSJ[POUBM MJNC PG UIF EJBHPOBM CBOE 	#'�TFQU

 BOE POF UIBU JODMVEFT UIF TVCMFOUJDVMBS QBSU PG UIF CBTBM
GPSFCSBJO 	#'�TVCM
� 5IF QSPCBCJMJTUJD #' BUMBTFT <��> XFSF PCUBJOFE GSPN UIF 41. BOBUPNZ UPPMCPY
<���>� "T XF EJE GPS UIF -$
 XF USBOTGPSNFE UIFTF BOBUPNJDBM 30*T UP TVCKFDU� BOE TFTTJPO�TQFDJஷ஫D &1*
TQBDF BOE UISFTIPMEFE UIF SFTVMUJOHNBTLT TVDI BT UP JODMVEF POMZ UIF �� WPYFMT XJUI UIF MBSHFTU QSPCBCJMJUZ
PG DPOUBJOJOH UIF QBSUJDVMBS TUSVDUVSF� -JLFXJTF
 30*�MFWFM UJNF TFSJFT XFSF DPNQVUFE BT UIF BWFSBHF PG
UIF UJNF TFSJFT GSPN UIFTF �� WPYFMT
 XJUI UIF XFJHIUT DPSSFTQPOEJOH UP FBDI WPYFMءT QSPCBCJMJUZ WBMVF�

"ৠ০ৗ৤৛ৡ৤ ৕৛ৠ৙১৞৓০ৗ ৕ৡ৤০ৗ৪ 8F QBSDFMMBUFE UIF DPSUFY XJUI UIF 'SFFTVSGFS %FTUSJFVY BUMBT <���>

BOEPCUBJOFE BOUFSJPS DJOHVMBUF DPSUFY 	"$$
NBTLTCZ USBOTGPSNJOH UIF MBCFM(@BOE@4@DJOHVM�.JE@"OU@E
UP TVCKFDU� BOE TFTTJPO�TQFDJஷ஫D GVODUJPOBM TQBDF 	XJUI 'SFFTVSGFS NSJ@MBCFM�WPM UPPM
�

7৛৥১৓৞ ৕ৡ৤০৛৕৓৞ ৓৤ৗ৓৥ 7��7� 4UJNVMVT�SFTQPOTJWF BOE TVSSPVOEJOH TVC�SFHJPOT PG FBSMZ WJTVBM DPS�
UJDBM BSFBT 7��7� 	'JHVSF �
 XFSF EFஷ஫OFE JO UXP TUFQT� 'JSTU
 UIF CPVOEBSJFT CFUXFFO UIFTF WJTVBM DPSUJDBM
BSFBT XFSF JEFOUJஷ஫FE CZ SFUJOPUPQJD NBQQJOH WJB QPQVMBUJPO SFDFQUJWF ஷ஫FME JNBHJOH 	J�F�
 RVBOUJGZJOH
 GPS
FBDI WPYFM
 UIF QSFGFSSFE QPMBS BOHMF BOE FDDFOUSJDJUZ
 <���>� 5P UIJT FOE
 JO B TFQBSBUF TDBOOJOH TFTTJPO

XF QSFTFOUFE NPWJOH CBS BQFSUVSFT DPOTJTUJOH PG B MBSHF OVNCFS PG SBOEPNMZ PSJFOUFE (BCPS QBUDIFT
	���গ DPOUSBTU
� 5IF XJEUI PG UIF CBS TVCUFOEFE ��গ PG UIF TUJNVMVT SBEJVT� 'PVS CBS PSJFOUBUJPOT 	�p

��p
 ��p
 ���p
 BOE UXP EJஶGFSFOU NPUJPO EJSFDUJPOT GPS FBDI CBS XFSF VTFE
 ZJFMEJOH B UPUBM PG FJHIU EJG�
GFSFOU CBS DPOஷ஫HVSBUJPOT XJUIJO B HJWFO TDBO� 4VCKFDUT ஷ஫YBUFE BU UIF DFOUFS PG UIF TDSFFO
 BOE QSFTTFE B
CVUUPO XJUI UIFJS SJHIU JOEFY ஷ஫OHFS XIFO UIF ஷ஫YBUJPO EPU DIBOHFE DPMPS 	GSPN SFE UP HSFFO
 BU SBOEPN
UJNF JOUFSWBMT� 4FDPOE
 VTJOH B MPDBMJ[FS SVO JO FBDI TFTTJPO PG UIF NBJO FYQFSJNFOU
 XF JEFOUJஷ஫FE UIF
TVC�SFHJPOT PG 7��7� UIBU DPSSFTQPOEFE SFUJOPUPQJDBMMZ UP UIF TUJNVMVT KVEHFE JO UIF NBJO FYQFSJNFOUBM
	ZFT�OP
 UBTL� 5P UIJT FOE
 GVMM�DPOUSBTU HSBUJOHT XFSF QSFTFOUFE BU UIF TBNF QPTJUJPO BT UIF TUJNVMJ JO UIF
NBJO FYQFSJNFOUBM UBTL
 JO QFSJPEJD BMUFSOBUJPO XJUI DFOUSBM ஷ஫YBUJPO PG BO PUIFSXJTF CMBOL TDSFFO 	CMPDL
EVSBUJPO� �� T
� 'JHVSF �" TIPXT UIF NBQ PG MPDBMJ[FS SFTQPOTFT JO POF FYBNQMF TVCKFDU�

$৚ৡ৛৕ৗ�৥ৢৗ৕৛৘৛৕ ৕ৡ৤০৛৕৓৞ ৤ৗ৙৛ৡৠ৥ $IPJDF�TQFDJஷ஫D 30*T 	'JHVSF �
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMF�
NFOU �
 XFSF EFஷ஫OFE BT GPMMPXT� VOJWBSJBUF MPHJTUJD SFHSFTTJPO PO MBUFSBMJ[FE UBTL�FWPLFE G.3* SFTQPOTFT
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BOE NVMUJWBSJBUF TFBSDIMJHIU EFDPEJOH 	TFF TFDUJPO "OBMZTJT PG .3* EBUB
� (SPVQ�MFWFM DMVTUFS DPSSFDUJPO
ZJFMEFE UIF DPOKVODUJPO NBQT TIPXO 'JHVSF �"
#
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �"஝%� 1FSGPSNJOH
UIFTF BOBMZTFT TFQBSBUFMZ GPS FBDI PG UIF UXP TDBOOJOH TFTTJPOT BMMPXFE VT UP JEFOUJGZ SPCVTU DIPJDF�TQFDJஷ஫D
30*T BT DMVTUFST PG WPYFMT
 XIJDI FYIJCJUFE TUBUJTUJDBMMZ TJHOJஷ஫DBOU DIPJDF�TQFDJஷ஫D BDUJWJUZ XJUIJO CPUI JO�
EFQFOEFOU TFTTJPOT 	DPOKVODUJPO NBQT JO 'JHVSF �"
#
�

5IF ஷ஫STU BQQSPBDI ZJFMEFE UIF GPMMPXJOH DIPJDF�TQFDJஷ஫D 30*T� IBOE SFHJPO PG QSJNBSZ NPUPS DPSUFY
JO UIF DFOUSBM TVMDVT 	.�

 QPTUFSJPS QBSJFUBM DPSUFY
 JO UIF KVODUJPO PG UIF JOUSBQBSJFUBM TVMDVT BOE UIF
QPTUDFOUSBM TVMDVT 	*14�1PTU$F4

 BOE UIF BOUFSJPS JOUSBQBSJFUBM TVMDVT 	B*14�
 	'JHVSF �"
 BOE 'JHVSF
ஷ஫HVSF؜� TVQQMFNFOU �"
#
�

5IF TFDPOE BQQSPBDI ZJFMEFE UIF GPMMPXJOH DIPJDF�TQFDJஷ஫D 30*T� UIF TVQFSJPS QBSJFUBM MPCVMF 	41-


UIF JOGFSJPS QBSJFUBM MPCVMF 	*1-

 B TFDPOE SFHJPO XJUIJO UIF BOUFSJPS JOUSBQBSJFUBM TVMDVT 	B*14�

 UIF
QPTUFSJPS JOTVMB 	Q*OT

 UIF KVODUJPO PG UIF QSFDFOUSBM TVMDVT BOE UIF JOGFSJPS GSPOUBM HZSVT 	1SF�$F4�*'(


BOE UIF NFEJBM GSPOUBM HZSVT 	.'(
 	'JHVSF �#
 BOE 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �$
%
�
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8F UIBOL %BOJFM -JOEI GPS IFMQ XJUI UIF EBUB DPMMFDUJPO PG UIF NBJO FYQFSJNFOU� 8F UIBOL .BUUIFX
.D(JOMFZ GPS QSPWJEJOH UIF TUJNVMJ
 BOE %BOJFMMF 3JKLNBOT
 (VVTKF #PPNHBBSE BOE $ISJTUPQIFS %BWJE
3JEEFMM GPS IFMQ XJUI UIF EBUB DPMMFDUJPO GPS UIF BVEJUPSZ EFUFDUJPO UBTL� 8F UIBOL ,POTUBOUJOPT 5TFU�
TPT
 "OHFMB :V
 %BWJE + )FFHFS
 #JSUF 6 'PSTUNBOO BOE 5PEE )BSF GPS EJTDVTTJPO� 5IJT SFTFBSDI XBT
TVQQPSUFE CZ UIF (FSNBO 3FTFBSDI 'PVOEBUJPO 	%'(
 4'# ����;� BOE %0 
�؜������ UP 5)%

 UIF
&VSPQFBO 6OJPO 4FWFOUI 'SBNFXPSL 1SPHSBNNF 	'1�����������
 VOEFS HSBOU BHSFFNFOU OP� ������
	)VNBO #SBJO 1SPKFDU
 UP 5)%

 BOE UIF &VSPQFBO 3FTFBSDI $PVODJM 	&3$
 VOEFS HSBOU BHSFFNFOU OP�
�������/03&1* 	UP 4/
�
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Figure S1: [Figure 1–Cgure supplement 1] Linear modeling of TPR. The peripheral system (i.e., nerves and the muscles of the iris [110])
that transforms central neural inputs originaঞng from the brainstem into TPR is sluggish and acts as a low-pass Clter [41, 109]. (A) Linear
modeling of TPR (see Materials and methods). We used a previously established general linear model (GLM) to esঞmate the relaঞve
contribuঞon of three putaঞve underlying neural input components (see Materials and methods; [40]). Gray-shaded interval, decision
interval (between cue, i.e., decision onset, and bu�on press). The three beta weights are the best Cমng parameter esঞmates for the
subject from panel B. IRF, impulse response funcঞon. (B) TPR ঞme course from example subject, aligned to cue (le[) and bu�on press
(right). Gray line, mean TPR (n = 624 trials). Black line, model predicঞon. The model provided a good Ct of the shape of the TPR ঞme
course in most subjects. (C) Mean beta weights for all temporal components. As observed previously [40], the predominant input (i.e.,
largest beta-weight) was a sustained component that spanned the interval between cue- and choice-components. Data points, individual
subjects; ***p<0.001. (D) Correlaঞon between TPR and reacঞon ঞme (RT) (5 bins). Shading or error bars, s.e.m. All panels: Group average
(N = 14); stats, permutaঞon test.
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Figure S2: [Figure 2–Cgure supplement 1] Phasic arousal predicts reducঞon of choice bias. (A–D) As main Figure 2 panels A, B, D, E, but
now a[er spliমng trials by (or as a funcঞon of) baseline pupil diameter, quanঞCed as the mean pupil size in the 0.5 s before decision
interval onset. (E–J) As main Figure 2 panels A-F, but now without removing trial-to-trial variaঞons from TPR due to reacঞon ঞme (RT).
The pa�ern of results is qualitaঞvely idenঞcal to the one in Figure 2. All panels: group average (N = 14); shading or error bars, s.e.m.; stats,
permutaঞon test. Panels A, C, E, H: data points, individual subjects.
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Figure S3: [Figure 4–Cgure supplement 1] E@ects of starঞng point vs. dri[ criterion on RT distribuঞons. Analyঞcal RT distribuঞons
sorted by the four SDT categories: “yes”- and “no”-choices, as well as signal+noise and noise trials. Within each category, RT distribuঞons
are shown separately for a biased model (black) and an unbiased model (green), whereby biased model refers to a model producing
unequal fracঞons of “yes”- and “no”-choices. RTs for “no”-choices were sign-Yipped for illustraঞon purposes. A conservaঞve choice bias
was implemented in two separate mechanisms in the two panels, both producing the same change on the fracঞon of choices. These
mechanisms have disঞnguishable e@ect on the shape of the RT distribuঞons, most evident in the mode. (A) Conservaঞve choice bias
through seমng the starঞng point of the accumulaঞon process closer to the “no”-bound. Straight lines, mode (i.e., maximum) of the
analyঞcal RT distribuঞons. A shi[ in starঞng point produced a substanঞal shi[ of the mode of the RT distribuঞon (compare black and
green verঞcal lines). (B) Conservaঞve choice bias through changing dri[ criterion in the direcঞon of the “no”-bound. This shi[ in dri[
criterion had a negligible e@ect on the mode of RT distribuঞons (green and black verঞcal lines are on top of one another).
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Figure S4: [Figure 4–Cgure supplement 2] Phasic arousal predicts reducঞon of accumulaঞon bias. (A) As main Figure 4C, but now a[er
spliমng trials by baseline pupil diameter, quanঞCed as the mean pupil size in the 0.5 s before decision interval onset. (B–D) As main Figure
4C–E, but nowwithout removing trial-to-trial variaঞons from TPR due to reacঞon ঞme (RT). The pa�ern of results is qualitaঞvely idenঞcal.
Data points, individual subjects; stats, permutaঞon test.
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Figure S5: [Figure 5–Cgure supplement 1] Quanঞfying single-trial reliability of sঞmulus-speciCc responses. (A) The sঞmulus-predicঞve
index was calculated from the receiver operaঞng characterisঞc (ROC) curve, separately for “yes”- (le[) and “no”-choices (right). Each
panel shows distribuঞons (taken from area V1 of one example subject) of single-trial pa�ern responses (see Materials and methods) for
signal+noise and noise condiঞons. ROC curves (insets) were constructed by shi[ing a criterion across both distribuঞons, and ploমng
against one another, for each posiঞon of the criterion, the fracঞon of trials for which responses were larger than the criterion. The area
under the resulঞng ROC curve (AUC; grey shading), here referred to as “predicঞve index”, quanঞCes the probability with which an ideal
observer can predict the signal presence from the single-trial fMRI response. Predicঞve indices calculated separately for “yes”- and “no”-
trials were pooled (averaged) into a single sঞmulus-predicঞve index. The predicঞve index in this example was 0.63. (B) Sঞmulus-predicঞve
indexes for orientaঞon-speciCc responses (signal+noise vs. noise, irrespecঞve of choice; see Materials and methods and panel A). Data
points, individual subjects; stats, permutaঞon test.
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Figure S6: [Figure 7–Cgure supplement 1] Idenঞfying choice-speciCc corঞcal signals. (A) Session-wise maps map of logisঞc regression
coeLcients (choice against fMRI lateralizaঞon). (B) Overlay of both maps from panel A, to idenঞfy robust and replicable choice-speciCc
responses. (C) Session-wise maps of searchlight choice classiCcaঞon precision scores. (D) Overlay of both maps from panel C, to idenঞfy
robust and replicable choice-speciCc responses. A-D: all tested against 0.5 at group level; red outlines, ROIs used for further analyses.
(E,F) Choice-speciCc responses in ROIs from panels B and D, respecঞvely, separately for “yes”- and “no”-choices. (G) Quanঞfying the
reliability of choice-speciCc corঞcal responses, using single-trial, lateralized M1-responses of an example subject. As Figure 5–Cgure
supplement 1A, but now for predicঞon of choice, rather than of signal presence. To remove e@ects of signal presence, we averaged ROC
indexes for choice computed separately for signal+noise and noise condiঞons. The resulঞng measure is analogous to “choice probability”
employed in monkey electrophysiology. The predicঞve index in this example was 0.82. All panels: group average (N = 14); data points,
individual subjects; stats, permutaঞon test. aIPS, anterior intraparietal sulcus; IPS, intraparietal sulcus; PostCeS, postcentral sulcus; M1,
primary sensorimotor cortex (hand area); SPL, superior parietal lobule; IPL, inferior parietal lobule; pINS, posterior insular cortex; PreCeS,
precentral sulcus; IFG, inferior frontal gyrus; MFG, medial frontal gyrus. (H) Sঞmulus-predicঞve indexes for choice-speciCc responses
(“yes” vs. “no”, without Crst taking out e@ects of sঞmulus as in panel G). “Combined lateralizaঞon” signal, weighted sum of choice-speciCc
responses across ROIs obtained through mapping signiCcant lateralizaঞon with respect to the hand movement (except M1; from Figure
7A; see Materials and methods). “Combined searchlight” signal, weighted sum of choice-speciCc responses across ROIs obtained through
searchlight classiCcaঞon (from Figure 7B). (I) As panel H, but for choice-predicঞve indexes (signal+noise vs. noise, without Crst taking out
e@ects of choice as in Figure 5–Cgure supplement 1A). (J) As panel I, but a[er removing e@ects of physical sঞmulus via linear regression
(see Materials and methods). All panels: group average (N = 14); data points, individual subjects; ***p<0.001; stats, permutaঞon test.

��



Figure S7: [Figure 8–Cgure supplement 1] TPR-linked brainstem responses. (A) As Figure 8A for all subjects. Green outline, subject
presented in Figure 8A. (B) Task-evoked responses in SC and IC, separately for low and high TPR trials. (C) As panel B, but for LC, SN, VTA,
BF-sept, and BF-subl. Data correspond to Figure 8 panels B and E, but is now represented as bar graphs of task-evoked fMRI response
scalar measures (see Materials and methods). (D) Remaining task-evoked fMRI response in the fourth ventricle (a[er RETROICOR). The
fourth ventricle ROI was delineated in the TSE scan, and its response computed by averaging across all voxels covering the ventricle. Gray-
shaded interval, task-evoked fMRI response measure ঞme window. Residual signal Yuctuaঞons in the fourth ventricle were uncorrelated
to task events. Shading, s.e.m. (E) Task-evoked fMRI responses in the fourth ventricle plo�ed against TPR. Data were binned for display
(50 bins). Panels B–E: group average (N = 14). Panels B,C: data points, individual subjects; stats, permutaঞon test.
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Figure S8: [Figure 9–Cgure supplement 1] Brainstem responses are not associated to sensiঞvity. (A) Correlaঞon between perceptual
sensiঞvity (d’) and the combined neuromodulatory brainstem response (linear combinaঞon of responses in LC, SN, VTA, BF-sept, and BF-
subl maximizing the correlaঞon to TPR; see Materials and methods), and the combined colliculi response (linear combinaঞon of responses
in SC and IC maximizing the correlaঞon to TPR) (5 bins). Stats, permutaঞon test. (B) Group-level posterior probability densiঞes for means
of the remaining parameters in the DDM regression model, through which we assessed the linear relaঞonship between the trial-by-trial
dri[ and the trial-by-trial combined neuromodulatory response and the combined colliculi response (see Materials and methods). All
panels: group average (N = 14); shading or error bars, s.e.m.
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5IF HMPCBM BSPVTBM TUBUF PG UIF CSBJO DIBOHFT GSPNNPNFOU UPNPNFOU <�
 ��>� 5IFTF HMPCBM TUBUF DIBOHFT
BSF DPOUSPMMFE JO MBSHF QBSU CZ NPEVMBUPSZ OFVSPUSBOTNJUUFST SFMFBTFE GSPN TVCDPSUJDBM OVDMFJ TVDI BT UIF
OPSBESFOFSHJD MPDVT DPFSVMFVT BOE UIF DIPMJOFSHJD CBTBM GPSFCSBJO� 3FMFBTF PG UIFTF OFVSPNPEVMBUPST DBO
QSPGPVOEMZ DIBOHF UIF PQFSBUJOH NPEF PG UBSHFU DPSUJDBM DJSDVJUT �<��؜�> 5IFTF TBNF BSPVTBM TZTUFNT
BSF QIBTJDBMMZ SFDSVJUFE EVSJOH FMFNFOUBSZ EFDJTJPOT
 JO SFMBUJPO UP LFZ DPNQVUBUJPOBM WBSJBCMFT TVDI BT
VODFSUBJOUZ BOE TVSQSJTF <�
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1IBTJD BSPVTBM EVSJOH EFDJTJPO�NBLJOH NJHIU QMBZ B LFZ SPMF JO DBMJCSBUJOH UIF CJBTFT UIBU TIBQF CFIBW�
JPS BOE CPVOE UIF SBUJPOBMJUZ PG KVEHNFOU BOE EFDJTJPO�NBLJOH JO <���>� *Oஸ஼VFOUJBM UIFPSFUJDBM BDDPVOUT
QSPQPTF UIBU QIBTJD BSPVTBM IBT BO BEBQUJWF GVODUJPO UIBU TFSWFT UP PQUJNJ[F JOGFSFODF BOE DIPJDF CFIBWJPS
<�
 ��>� :FU
 UIF QSFDJTF GVODUJPOBM DPOTFRVFODFT PG QIBTJD BSPVTBM SFNBJO FMVTJWF
 MBSHFMZ EVF UP UFDIOJDBM
MJNJUBUJPOT JO NPOJUPSJOH BDUJWJUZ JO UIFTF EFFQ�CSBJO TUSVDUVSFT EVSJOH CFIBWJPS� )FSF
 XF TFU PVU UP
SFTPMWF GPVS PVUTUBOEJOH JTTVFT QFSUBJOJOH UP UIF BEBQUJWF GVODUJPO PG QIBTJD BSPVTBM�

'JSTU
 MJUUMF JT LOPXO BCPVU UIF TQFDJஷ஫D JNQBDU PG QIBTJD BSPVTBM PO UIF USBOTGPSNBUJPO PG EFDJTJPO�
SFMFWBOU FWJEFODF JOUP B CFIBWJPSBM DIPJDF� .PTU EFDJTJPOT ؜ JODMVEJOH KVEHNFOUT BCPVU XFBL TFOTPSZ
QBUUFSOT FNCFEEFE JO UJNF�WBSZJOH OPJTF ؜ BSF CBTFE PO B QSPUSBDUFE EFMJCFSBUJPO QSPDFTT <��>� 5IJT
QSPDFTT TFFNT UP CF JNQMFNFOUFE CZ B EJTUSJCVUFE CSBJO OFUXPSL� BTTPDJBUJPO DPSUFY BDDVNVMBUFT JOQVU
TJHOBMT FWJEFODFأ	 TBNQMFTؤ
 PWFS UJNF
 JOUP B EFDJTJPO WBSJBCMF
 BOE NPUPS SFHJPOT USBOTMBUF UIF EFDJTJPO
JOUP B CFIBWJPSBM BDU <��
 ��
 ��
 ��>� 4JODF BSPVTBM TIBQFT UIF TUBUF PG BMM UIFTF CSBJO SFHJPOT
 QIBTJD BSPVTBM
NJHIU BMUFS UIF FODPEJOH PG UIF FWJEFODF
 UIF BDDVNVMBUJPO PG UIF FWJEFODF
 UIF JNQMFNFOUBUJPO PG UIF
NPUPS BDU
 PS BMM PG UIF BCPWF� 0OF JOஸ஼VFOUJBM BDDPVOU QSPQPTFT UIBU QIBTJD BSPVTBM TQFDJஷ஫DBMMZ TQFFET VQ
UIF USBOTMBUJPO PG B DIPJDF JOUP UIF SFTVMUJOH NPUPS BDU <�>� 8F BTLFE XIFUIFS BOE IPX QIBTJD BSPVTBM
NJHIU BMTP TIBQF UIF QSFDFEJOH FWJEFODF BDDVNVMBUJPO�

4FDPOE
 XIJMF CSBJOTUFN BSPVTBM TZTUFNT BSF IPNPMPHPVTMZ PSHBOJ[FE BDSPTT NBNNBMT <���
 ���>
 JU JT
OPU DMFBS XIFUIFS BSPVTBM TZTUFNT BSF SFDSVJUFE JO UIF TBNF DJSDVNTUBODFT BDSPTT TQFDJFT� .PSF TQFDJஷ஫DBMMZ

JU JT OPU DMFBS XIFUIFS UIF DPNQVUBUJPOT VOEFSMZJOH EFDJTJPO GPSNBUJPO VOEFS VODFSUBJOUZ BSF BஶGFDUFE CZ
BSPVTBM TJHOBMT JO B NBOOFS UIBU JT DPOTJTUFOU BDSPTT TQFDJFT� 3PEFOUT 	SBUT
 BOE IVNBOT TFFN UP BDDVNV�
MBUF QFSDFQUVBM FWJEFODF JO B TJNJMBS GBTIJPO <��>� #VU JT UIF TIBQJOH PG UIJT DPNQVUBUJPO CZ QIBTJD BSPVTBM
BMTP HPWFSOFE CZ B HFOFSBM QSJODJQMF 

5IJSE
 FMFNFOUBSZ QFSDFQUVBM EFDJTJPOT QSPWJEF BO FTUBCMJTIFE MBCPSBUPSZNPEFM PG FWJEFODF BDDVNVMB�
UJPO <��>
 CVU NBOZ JNQPSUBOU SFBM�MJGF EFDJTJPOT 	F�H� XIJDI TUPDL UP CVZ
 PS XIJDI DBSFFS UP QVSTVF
 BSF
CBTFE PO UIF BDDVNVMBUJPO PG OPO�TFOTPSZ TJHOBMT
 TVDI BT UIPTF HBUIFSFE GSPNNFNPSZ <���>
 PS GSPN BC�
TUSBDU 	F�H� OVNFSJDBM
 RVBOUJUJFT <���>� %PFT QIBTJD BSPVTBM IBWF UIF TBNF JNQBDU PO EFDJTJPOT SFRVJSJOH
UIF BDDVNVMBUJPO PG QFSDFQUVBM WFSTVT IJHIFS�MFWFM FWJEFODF 

'PVSUI
 CJBTFT JO DIPJDF CFIBWJPS DBO FJUIFS CF BEBQUJWF PS NBMBEBQUJWF
 EFQFOEJOH PO UIF TUBUJTUJDT PG
UIF FOWJSPONFOU <��>� 'PS FYBNQMF
 JONBOZ MBCPSBUPSZ QFSDFQUVBM DIPJDF UBTLT
 TUJNVMJ BSF FRVBMMZ MJLFMZ
UP PDDVS
 TP BOZ CJBT OFFET UP CF TVQQSFTTFE UP PQUJNJ[F CFIBWJPS� #VU XIFO B DFSUBJO UBSHFU JT NPSF 	PS
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MFTT
 MJLFMZ UP PDDVS
 DIPJDF TIPVME CF CJBTFE UPXBSET 	PS BXBZ
 GSPN UIBU UBSHFU DIPJDF� *U JT OPU LOPXO
XIFUIFS QIBTJD BSPVTBM ஸ஼FYJCMZ BஶGFDUT DIPJDF CJBTFT CBTFE PO TUJNVMVT TUBUJTUJDT
 PS
 GPS FYBNQMF
 JG QIBTJD
BSPVTBM NBLFT BOJNBMT BOE IVNBOT VOJGPSNMZ NPSF MJCFSBM JO UIFJS EFDJTJPOT�

8F BQQSPBDIFE UIFTF JTTVFT CZ NFBOT PG B DSPTT�TQFDJFT
 JOUFHSBUFE CFIBWJPSBM BOE DPNQVUBUJPOBM BQ�
QSPBDI� 8F DPNCJOFE QVQJMMPNFUSZ
 CFIBWJPSBM FYQFSJNFOUT BOE NPEFMJOH
 JO CPUI IVNBOT BOE NJDF

BOE TUVEJFE IVNBOT JO B WBSJFUZ PG CFIBWJPSBM DPOUFYUT� 1VQJM EJMBUJPO JT B SFMJBCMF QFSJQIFSBM QSPYZ PG TFW�
FSBM FTUBCMJTIFENBSLFST PG DPSUJDBM BSPVTBM TUBUF <��
 ��
 ��>� 0VS SFTVMUT IBWF SFWFBMFE B HFOFSBM QSJODJQMF
SFHBSEJOH UIF GVODUJPO PG QIBTJD BSPVTBM JO EFDJTJPO�NBLJOH� TVQQSFTTJOH CJBTFT JO FWJEFODF BDDVNVMBUJPO�
5IVT
 UIF QSPUSBDUFE EFMJCFSBUJPO VOEFSMZJOH EFDJTJPOT <��> JT TIBQFE CZ UBTL�FWPLFE OFVSPNPEVMBUPSZ
SFTQPOTFT�
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)VNBOT BOE NJDF QFSGPSNFE UIF TBNF TJNQMF QFSDFQUVBM EFDJTJPO 	BVEJUPSZ HP�OP�HP EFUFDUJPO
� *O
BEEJUJPO
 IVNBOT QFSGPSNFE B GPSDFE�DIPJDF EFDJTJPO UBTL CBTFE PO UIF TBNF BVEJUPSZ FWJEFODF VOEFS
TZTUFNBUJD NBOJQVMBUJPOT PG UBSHFU QSPCBCJMJUJFT
 B NFNPSZ�CBTFE EFDJTJPO UBTL
 BOE B CBTJD MBCPSBUPSZ
UBTL NPEFM PG WBMVF�CBTFE TUPDL NBSLFU EFDJTJPOT�
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8F ஷ஫STU USBJOFENJDF 	/� �
 BOE IVNBOT 	/� ��
 UP SFQPSU EFUFDUJPO PG B OFBS�UISFTIPME BVEJUPSZ TJHOBM
	'JH� �"� .BUFSJBMT BOE .FUIPET
� 4VCKFDUT TFBSDIFE GPS B TJHOBM 	QVSF UPOF
 FNCFEEFE JO B TFRVFODF PG
EJTDSFUF
 CVU EZOBNJD
 OPJTF UPLFOT� #FDBVTF TJHOBMT XFSF FNCFEEFE JO ஸ஼VDUVBUJOH OPJTF
 EFUFDUJPO QFS�
GPSNBODF DPVME CF NBYJNJ[FE CZ BDDVNVMBUJOH UIF TFOTPSZ FWJEFODF PWFS UJNF� 5P JOEJDBUF B ZFT�DIPJDF

NJDF MJDLFE GPS TVHBS XBUFS SFXBSE BOE IVNBO TVCKFDUT QSFTTFE B CVUUPO� 5IF MPVEOFTT XBT NBOJQVMBUFE
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Figure 1: High phasic arousal is associated with reduced
perceptual choice bias. (A) Auditory go/no-go tone-in-
noise detecঞon task. Schemaঞc sequence of sঞmuli dur-
ing a trial. Subjects were trained to respond to a weak
signal (pure tone) in noise and withheld a response for
noise-only sound tokens. Each sound was treated as a
separate decision (Materials and Methods). (B) Relaঞon-
ship between reacঞon ঞme and loudness inmice (le[) and
humans (right). ‘X’ symbols are predicঞons from best Ct-
ঞng variant of dri[ di@usion model (Materials and Meth-
ods); stats are from mixed linear modeling (Materials and
Methods). (C) As panel B, but for sensiঞvity (quanঞCed
by signal detecঞon d’; Materials and Methods). (D) Task-
evoked pupil response (solid line) and response derivaঞve
(dashed line) in mice (le[) and humans (right). Grey, in-
terval for task-evoked pupil response measures (Materials
andMethods); black bar, signiCcant pupil derivaঞve; stats,
cluster-corrected one-sample t-test. (E) Relaঞonship be-
tween overall perceptual choice bias (Materials andMeth-
ods) and task-evoked pupil response in mice (le[) and hu-
mans (right). Linear Cts were plo�ed if Crst-order Ct was
superior to constant Ct; quadraঞc Cts were not superior
to Crst-order Cts (Materials and Methods). ‘X’ symbols
are predicঞons from best Cমng variant of dri[ di@usion
model (Materials and Methods); green line, opঞmal bias
(see Fig. S1C,D,J); stats, mixed linear modeling. Panels B-
E: group average (N = 5; N = 20); shading or error bars,
s.e.m.
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Figure 2: Phasic arousal accounts for substanঞal variability in sensory evidence accumulaঞon. (A) Relaঞonship between boundary sepa-
raঞon esঞmates and task-evoked pupil response in mice (top) and humans (bo�om), collapsed across loudness. See Fig. S2 for parameter
esঞmates separately per loudness. Linear Cts are plo�ed wherever the Crst-order Ct was superior to the constant Ct; quadraঞc Cts were
plo�ed (dashed lines) wherever the second-order Ct was superior to Crst-order Ct. Stats, mixed linear modeling. (B-D) As A, but for dri[
rate, dri[ bias and non-decision ঞme esঞmates, respecঞvely. (E) Recovered dri[ rate variability for models with and without pupil pre-
dicted shi[ in dri[ bias. The model was Ct to simulated RT distribuঞons from two condiঞons that di@ered according to the C�ed dri[
bias esঞmates in the lowest and highest pupil-deCned bin of each individual (Materials and Methods). Black line, true dri[ rate variability.
Stats, paired-samples t-test. All panels: group average (N = 5; N = 20); error bars, s.e.m.
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Figure 3: High phasic arousal associates with reduced
perceptual evidence accumulaঞon bias during yes/no
decisions. (A)Auditory yes/no (forced choice) tone-in-
noise detecঞon task. Schemaঞc sequence of events
during a trial. Subjects reported the presence or ab-
sence of a faint signal (pure sine wave) embedded in
noise (Materials and Methods). (B) Relaঞonship be-
tween perceptual choice bias (quanঞCed by signal de-
tecঞon criterion) and task-evoked pupil response. Lin-
ear Cts were plo�ed if Crst-order Ct was superior to
constant Ct; quadraঞc Cts were plo�ed (dashed lines)
wherever the second-order Ct was superior to Crst-
order Ct. Green line, opঞmal criterion (see Fig S3A);
‘X’ symbols are predicঞons from the dri[ di@usion
model; stats, mixed linear modeling; group average (N
= 24); error bars, s.e.m. (C) As B, but for relaঞonship
between dri[ di@usion model parameters and task-
evoked pupil response.
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5IF NBKPSJUZ PG NJDF BOE IVNBOT JO UIF BCPWF HP�OP�HP BOE ZFT�OP UBTLT FYIJCJUFE B DPOTFSWBUJWF UFO�
EFODZ UPXBSET DIPPTJOH �ؤOPأ 5IJT DPOTFSWBUJWF CJBT XBT TVCPQUJNBM JO UIFTF UBTLT
 BOE TP UIF QVQJM�
MJOLFE JODSFBTF JO MJCFSBM EFDJTJPO�NBLJOH 	BDDVNVMBUJPO UPXBSET 
ؤZFTأ JNQSPWFE QFSGPSNBODF 	TFF 'JHT�
� BOE �
� )PXFWFS
 XIFO UBSHFUT BSF SBSF 	PS GBMTF BMBSNT IFBWJMZ QFOBMJ[FE

 B DPOTFSWBUJWF CJBT JT PQUJNBM

BOE DPOWFSTFMZ GPS GSFRVFOU UBSHFUT <��>� 5IVT
 GPS QIBTJD BSPVTBM UP CF BEBQUJWF
 JUT FஶGFDUT PO BDDVNV�
MBUJPO CJBTFT TIPVME CF ஸ஼FYJCMZ BEKVTUBCMF UP TUJNVMVT TUBUJTUJDT� QSPNPUJOH MJCFSBM EFDJTJPO�NBLJOH JO B
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TUFSFPUZQJDBM GBTIJPO XPVME OPU CF BEBQUJWF�

Figure 4: Phasic arousal Yexibly reduces both conservaঞve
and liberal accumulaঞon biases. (A) Overall sensiঞvity and
choice bias (quanঞCed by signal detecঞon d’ and criterion,
respecঞvely) in the rare signal condiঞon (P(Signal) = 0.3;
le[) and frequent condiঞon (P(Signal) = 0.7; right). Green
line, opঞmal bias. See Fig. S4A,B for task-evoked pupil re-
sponse ঞme course. (B) Relaঞonship between choice bias
and task-evoked pupil response in the rare condiঞon (le[)
and frequent condiঞon (right). Linear Cts were plo�ed if
Crst-order Ct was superior to constant Ct; quadraঞc Cts
were not superior to Crst-order Cts. ‘X’ symbols are pre-
dicঞons from the dri[ di@usion model; stats, mixed linear
modeling. (C) As B, for relaঞonship between dri[ di@usion
model parameters and task-evoked pupil response. All pan-
els: group average (N = 15); error bars, s.e.m.
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5P BTTFTT XIFUIFS QVQJM�MJOLFENPEVMBUJPO PG BDDVNVMBUJPO CJBTFT BEBQUT UP UIF TUJNVMVT TUBUJTUJDT
 XF
BTLFE B OFX HSPVQ PG PCTFSWFST UP QFSGPSN UIF TBNF BVEJUPSZ ZFT�OP UBTL
 CVU XJUI SBSF 	1	4JHOBM
����

PS GSFRVFOU 	1	4JHOBM
����
 PDDVSSFODF PG UBSHFUT 	.BUFSJBM BOE .FUIPET
� "T FYQFDUFE
 TVCKFDUT EFWFM�
PQFE B DPOTFSWBUJWF CJBT JO UIF SBSF UBSHFU DPOEJUJPO BOE B MJCFSBM CJBT JO UIF GSFRVFOU UBSHFU DPOEJUJPO 	'JH�
�"
�8F VTFE UISFF QVQJM�EFஷ஫OFE CJOT CFDBVTF UIFSF XFSF GFXFS DSJUJDBM USJBMT QFS JOEJWJEVBM 	MFTT UIBO ���

UIBO JO UIF QSFWJPVT EBUB TFUT 	NPSF UIBO ���� .BUFSJBMT BOE .FUIPET
� $SJUJDBMMZ
 QVQJM SFTQPOTF OPX
QSFEJDUFE DIBOHFT JO DIPJDF CJBTFT PG PQQPTJUF TJHO JO UIF UXP DPOEJUJPOT 	'JH� �#
� *O CPUI DPOEJUJPOT

JODSFBTFE QVQJM SFTQPOTF XBT BTTPDJBUFE XJUI B UFOEFODZ UPXBSET OFVUSBM CJBT� "HBJO
 UIF FஶGFDU PG QVQJM�
MJOLFE BSPVTBM PO DIPJDF CJBTFT XBT NFEJBUFE CZ TIJG஽T JO BDDVNVMBUJPO CJBTFT 	'JH� �$
� 5IFSF XBT BO
FஶGFDU PG QVQJM�MJOLFE BSPVTBM PO TUBSUJOH QPJOU UPP
 CVU JO UIF PQQPTJUF EJSFDUJPO BT UIF DIPJDF CJBT TIJG஽
	'JH� �$
� "HBJO UIF QVQJM�MJOLFE DIBOHFT JO ESJG஽ CJBT
 CVU MFTT TP UIF DIBOHFT JO TUBSUJOH QPJOU
 DPSSFMBUFE
XJUI UIF JOEJWJEVBM SFEVDUJPOT JO EFDJTJPO CJBT BT NFBTVSFE CZ 4%5 JO UIF SBSF DPOEJUJPO 	TRVBSFE NVM�
UJQMF DPSSFMBUJPO R2 � ������ ESJG஽ CJBT� CFUB � �����
 Q � ������ TUBSUJOH QPJOU� CFUB � �����
 Q � �����

BT XFMM BT JO UIF GSFRVFOU DPOEJUJPO 	TRVBSFE NVMUJQMF DPSSFMBUJPO R2 � ������ ESJG஽ CJBT� CFUB � �����
 Q
� ������ TUBSUJOH QPJOU� CFUB � ����
 Q � �����
� 5IVT
 BHBJO POMZ UIF DIBOHFT PG ESJG஽ CJBT FYQMBJOFE UIF
SFEVDUJPOT JO EFDJTJPO CJBT�
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*O NBOZ JNQPSUBOU SFBM�MJGF EFDJTJPOT
 UIF FWJEFODF GFFEJOH JOUP UIF EFDJTJPO QSPDFTT DBOOPU CF TBNQMFE
GSPN UIF DVSSFOU TFOTPSZ FOWJSPONFOU
 CVU SBUIFS OFFET UP CF ESBXO GSPNNFNPSZ� *U IBT CFFO QSPQPTFE
UIBU NFNPSZ�CBTFE EFDJTJPOT GPMMPX UIF TBNF TFRVFOUJBM TBNQMF QSJODJQMF FTUBCMJTIFE GPS QFSDFQUVBM EF�
DJTJPOT
 XIFSFCZ UIF ؤTBNQMFTأ BDDVNVMBUFE JOUP UIF EFDJTJPO WBSJBCMF BSF ESBXO GSPNNFNPSZ <���
 ���>�
8FOFYU BTTFTTFEXIFUIFS UIF TVQQSFTTJPOPG BDDVNVMBUJPOCJBTFT JEFOUJஷ஫FE GPS QFSDFQUVBM EFDJTJPOT BCPWF
HFOFSBMJ[FE UP NFNPSZ�CBTFE EFDJTJPOT�

5P UIJT FOE
 XF NPEFMFE UIF JNQBDU PG QVQJM�MJOLFE QIBTJD BSPVTBM PO DIPJDF CFIBWJPS JO B ZFT�OP
SFDPHOJUJPO NFNPSZ UBTL 	'JH� �"� .BUFSJBMT BOE .FUIPET
� 4VCKFDUT XFSF JOTUSVDUFE UP NFNPSJ[F ���
QJDUVSFT 	JOUFOUJPOBM FODPEJOH
 BOE UP FWBMVBUF IPX FNPUJPOBM FBDI QJDUVSF XBT PO B ��QPJOU TDBMF GSPN
� 
ؤOFVUSBMأ	 UP � WFSZأ	 OFHBUJWFؤ
� 5XFOUZ�GPVS IPVST QPTU FODPEJOH
 TVCKFDUT TBX BMM QJDUVSFT UIBU XFSF
QSFTFOUFE PO UIF ஷ஫STU EBZ BOE BO FRVBM OVNCFS PG OPWFM QJDUVSFT JO SBOEPNJ[FE PSEFS
 BOE JOEJDBUFE GPS
FBDI JUFNXIFUIFS JU IBECFFOQSFTFOUFECFGPSF 
ؤPME؜ZFTأ	 PS OPU 
ؤOFX؜OPأ	� %BUB GSPNBO BOBMPHPVT
UBTL IBWF CFFO TVDDFTTGVMMZ ஷ஫UUFE XJUI UIF EJஶGVTJPO NPEFM <���>
 JOEJDBUJOH UIBU UIF BSPVTBM DPNQPOFOU
PG UIF JNBHFT TQFDJஷ஫DBMMZ BMUFST BDDVNVMBUJPO CJBT 	DBMMFE NFNPSZأ CJBTؤ
� )FSF
 XF TIPX UIF JNQBDU PG
USJBM�UP�USJBM WBSJBUJPOT JO QIBTJD BSPVTBM
 BT NFBTVSFE CZ QVQJM SFTQPOTFT
 GBDUPSJOH PVU WBSJBUJPOT JO UIF
TUJNVMVT NBUFSJBM 	.BUFSJBMT BOE .FUIPET
�

5IF MBSHF TBNQMF TJ[F 	/���
 JO UIJT EBUB TFU BஶGPSEFE BOPUIFS DSJUJDBM UFTU PG UIF BEBQUJWF OBUVSF PG
UIF QVQJM�MJOLFE BSPVTBM FஶGFDU� 8F PCTFSWFE B SPCVTU SFMBUJPOTIJQ CFUXFFO TVCKFDUTء PWFSBMM DIPJDF CJBT
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BOE UIF QVQJM QSFEJDUFE TIJG஽ JO UIBU CJBT� UIPTF TVCKFDUT XJUI UIF TUSPOHFTU CJBTFT
 MJCFSBM PS DPOTFSWB�
UJWF
 FYIJCJUFE UIF TUSPOHFTU QVQJM�QSFEJDUFE TIJG஽ UPXBSET B OFVUSBM 	PQUJNBM
 CJBT 	'JH� �#
� *OEFFE
 UIF
HSPVQ�BWFSBHF DIPJDF CJBT 	TJHOBM EFUFDUJPO UIFPSFUJD DSJUFSJPO� TJHO�ஸ஼JQQFE GPS PWFSBMM MJCFSBM TVCKFDUT

XBT TJHOJஷ஫DBOUMZ SFEVDFE UPXBSET � 	PQUJNBM
 PO MBSHF QVQJM SFTQPOTF USJBMT 	'JH� �$
� "HBJO
 UIJT FஶGFDU
PG QVQJM�MJOLFE BSPVTBM PO DIPJDF CJBT XBTNJNJDLFE CZ DPSSFTQPOEJOH DIBOHFT JO BDDVNVMBUJPO CJBT 	'JH�
�%
 'JH� 4�&
'
 BOE OPU CZ DIBOHFT JO TUBSUJOH QPJOU 	'JH� 4�&
'
 	EJஶGFSFODF JO DPSSFMBUJPO� Δr � ������

Q � �����
� /PUF UIBU MPXFS DSJUFSJPO WBMVFT JOEJDBUF NPSF MJCFSBM CFIBWJPS
 BOE MPXFS ESJG஽ CJBT WBMVFT
NPSF DPOTFSWBUJWF CFIBWJPS
 XIJDI FYQMBJOT UIF DPSSFMBUJPOT PG PQQPTJUF TJHO JO 'JH� � QBOFMT # BOE %�
5IF QVQJM SFTQPOTF GVSUIFS QSFEJDUFE BO JODSFBTF JO ESJG஽ SBUF 	Q � ����
 BO JODSFBTF 	J�F� MFOHUIFOJOH
 PO
OPO�EFDJTJPO UJNF
 BOE OP DIBOHFT JO TUBSUJOH QPJOU 	Q � ���
 PS CPVOEBSZ TFQBSBUJPO 	Q � �����
 	'JH�
4�&
� 5BLFO UPHFUIFS
 XF DPODMVEF UIBU QIBTJD BSPVTBM SFEVDFT DIPJDF CJBTFT
 JSSFTQFDUJWF PG TJHO
 BOE UIVT
DBO TIJG஽ CPUI DPOTFSWBUJWF BOE MJCFSBM CJBTFT UPXBSET PQUJNBMJUZ�

Figure 5: Phasic arousal predicts a reducঞon of memory accumulaঞon biases. (A) A Picture yes/no (forced-choice) recogniঞon task.
Schemaঞc sequence of events during a trial. Subjects judged whether they had seen pictures twenty-four hours previously during an
encoding task (Materials and Methods). See Fig. S5A,B for task-evoked pupil response ঞme course. (B) Individual pupil predicted shi[ in
choice bias (quanঞCed by signal detecঞon criterion), plo�ed against individual’s overall choice bias. Data points, individual subjects. Stats,
Pearson’s correlaঞon. Error bars, 60% conCdence intervals (bootstrap) (C) Choice bias (sign-Yipped for overall liberal subjects) for low and
high pupil response bins. Green line, opঞmal bias; ‘X’ symbols are predicঞons from the dri[ di@usion model; stats, paired-samples t-test;
group average (N = 54); error bars, s.e.m. (D) As B, but pupil predicted shi[ in dri[ bias, plo�ed against individual’s overall choice bias.
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%PFT UIF BSPVTBM�SFMBUFE TVQQSFTTJPO PG BDDVNVMBUJPO CJBT HFOFSBMJ[F UP NPSF IJHI�MFWFM GPSNT PG CJBTFT
JEFOUJஷ஫FE JOCFIBWJPSBM FDPOPNJDT 4ZTUFNBUJD EFWJBUJPOTPGIVNBOEFDJTJPO�NBLJOH GSPNSBUJPOBM DIPJDF
BSF VCJRVJUPVT JO WBMVF�CBTFE EFDJTJPO�NBLJOH BOE IJHIFS�MFWFM SFBTPOJOH <���
 ���
 ���>� 0OF GPSN PG
TVDI CJBTFT JT SJTL�TFFLJOH
 UIF UFOEFODZ UP DIPPTF PQUJPOT XJUI MBSHF VODFSUBJOUZ BCPVU UIFJS PVUDPNF�

5P TUVEZ UIF JNQBDU PG QIBTJD BSPVTBM PO SJTL�TFFLJOH
 XF VTFE B UBTL UIBU QSPCFT EFDJTJPOT CBTFE PO
WBSZJOH OVNFSJDBM JOGPSNBUJPO
 BLJO UP EFDJEJOH XIJDI PG UXP ஸ஼VDUVBUJOH TUPDL PQUJPOT IBE UIF IJHIFS
SFUVSOT JO UIF QBTU ZFBS <���
 ���>� 1BSUJDJQBOUT 	/ � ��
 XFSF JOTUSVDUFE UP BWFSBHF UXP TFRVFODFT PG QBZ�
PஶG WBMVFT �؜�	 QBJST
 BOE
 BG஽FS UIF BQQFBSBODF PG B SFTQPOTF DVF
 DIPPTF UIF NPTU ؤQSPஷ஫UBCMFأ TFRVFODF
	'JH� �"�.BUFSJBMT BOE.FUIPET
� #FDBVTF UIF EFDJTJPO JT CBTFE PO UIF BDDVNVMBUJPO PG ஸ஼VDUVBUJOH TBN�
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QMFT 	JO UIJT DBTF OVNCFST

 JU JT BNFOBCMF UP UIF TFRVFOUJBM TBNQMJOH NPEFMJOH BQQSPBDI XF BQQMJFE UP
QFSDFQUVBM EFDJTJPO�NBLJOH BCPWF� 8F EFTJHOFE UXP USJBM UZQFT UP RVBOUJGZ TVCKFDUTء BUUJUVEFT UPXBSET
SJTL� 0O ؤOBSSPX�DPSSFDUأ USJBMT
 UIF TUBOEBSE EFWJBUJPO PG UIF NPSF QSPஷ஫UBCMF TFRVFODF XBT MPXFS UIBO
UIBU PG UIF MPTJOH TFRVFODF� PO 
ؤOBSSPX�FSSPSؤ USJBMT UIJT XBT SFWFSTFE 	'JH� �# BOE .BUFSJBMT BOE .FUI�
PET
� 3JTL QSFGFSFODFXBT RVBOUJஷ஫FE BT B QSP�WBSJBODFأ CJBTؤ� UIF GSBDUJPO PG IJHI�WBSJBODF DIPJDFT QPPMFE
BDSPTT CPUI USJBM UZQFT 	.BUFSJBMT BOE .FUIPET
� "T JO QSFWJPVT XPSL <���
 ���>
 TVCKFDUT FYIJCJUFE B TZT�
UFNBUJD QSP�WBSJBODF CJBT
 JOEJDBUJOH SJTL TFFLJOH 	GSBDUJPO PG IJHI�WBSJBODF DIPJDFT MBSHFS UIBO ���� 'JH�
�$
� *OEFFE
 UIF QSP�WBSJBODF CJBT XBT TVQQSFTTFE BT B GVODUJPO PG QVQJM SFTQPOTF 	'JH� �$
� 5IJT CJBT XBT
NPTU SFEVDFE PO JOUFSWBMT DIBSBDUFSJ[FE CZ SFMBUJWFMZ TUSPOH QVQJM�MJOLFE QIBTJD BSPVTBM SFTQPOTFT� 1VQJM
SFTQPOTFT EJE OPU QSFEJDU DIBOHFT JO35PS BDDVSBDZ 	'JH� 4�$
�8F VTFE UISFF QVQJM�EFஷ஫OFE CJOT CFDBVTF
PG UIF SFMBUJWFMZ GFX DSJUJDBM USJBMT QFS JOEJWJEVBM 	MFTT UIBO ���� .BUFSJBMT BOE .FUIPET
�

8F BHBJO VTFE TFRVFOUJBM TBNQMJOH NPEFMJOH UP QJOQPJOU UIF TPVSDF PG UIF QVQJM�MJOLFE QSP�WBSJBODF
CJBT TVQQSFTTJPO� 1SFWJPVT XPSL PO UIJT UBTL IBT VODPWFSFE TQFDJஷ஫D EFWJBUJPOT JO UIF FWJEFODF BDDVNVMB�
UJPO QSPDFTT GSPN UIF POF BU QMBZ JO TUBOEBSE QFSDFQUVBM DIPJDF UBTLT <���>� 8F UIVT ஷ஫STU DPNQBSFE UIF
BCJMJUZ PG GPVS FTUBCMJTIFE EFDJTJPO�NBLJOH NPEFMT UP BDDPVOU GPS CFIBWJPS JO UIF UBTL 	TFF .BUFSJBMT BOE
.FUIPET GPSNBUIFNBUJDBM EFTDSJQUJPOT
� UIF ESJG஽ EJஶGVTJPONPEFM 	%%.
 UIBUXFMM BDDPVOUFE GPS BMM UIF
QSFWJPVT EBUB TFUT� UIF MFBLZ BDDVNVMBUPS NPEFM 	-".� <��>
� UIF MFBLZ DPNQFUJOH BDDVNVMBUPS NPEFM
	-$".� <��>
� BOE UIF MFBLZ TFMFDUJWF BDDVNVMBUPS NPEFM 	-4".� <���>
� "MM NPEFMT FOUBJM UIF QFSGFDU
	%%.
 PS MFBLZ 	BMM PUIFSNPEFMT
 BDDVNVMBUJPO PG UIF QSFTFOUFE QBJST PG OVNCFST BDSPTT UIF USJBM� *O UIF
-4".
 BDDVNVMBUJPO JT CJBTFE CZ B TP�DBMMFE TFMFDUJWF HBJO QBSBNFUFS UIBU QSJPSJUJ[FT 	J�F� BTTJHOT MBSHFS
XFJHIU UP
 UP UIF OVNCFS UIBU JT IJHIFS PO B HJWFO QBJS
 HJWJOH SJTF UP UIF QSP�WBSJBODF CJBT PCTFSWFE JO
DIPJDF CFIBWJPS <���>�

5XP TFQBSBUF DSJUFSJB CPUI GBWPSFE UIF -4".� 'JSTU
 HSPVQ BWFSBHF #*$T XFSF MPXFTU GPS UIF -4".
	������
 DPNQBSFE UP UIF %%. 	������

 -". 	������
 BOE -$". 	������
� #*$ DPNQBSFT NPEFMT
CBTFE PO UIFJS NBYJNJ[FE MPH�MJLFMJIPPE WBMVF
 XIJMF QFOBMJ[JOH GPS UIF OVNCFS PG QBSBNFUFST <���>�
-PXFS #*$ WBMVFT JOEJDBUF B NPEFM UIBU CFUUFS FYQMBJOFE UIF EBUB
 XIFSFCZ #*$ EJஶGFSFODFT PG �� JOEJDBUF
B EFDJTJWFMZ CFUUFS ஷ஫U <���>� 4FDPOE
 BOE NPSF JNQPSUBOUMZ
 POMZ UIF -4". XBT BCMF UP KPJOUMZ BDDPVOU
GPS UXP EJBHOPTUJD CFIBWJPSBM TJHOBUVSFT� 	J
 SFDFODZ CJBT
 B UFOEFODZ UP SFMZ NPSF PO SFDFOU UIBO PO FBSMZ
TBNQMFT PG FWJEFODF 	'JH� �&� 'JH� 4�%� .BUFSJBMT BOE .FUIPET
� BOE 	JJ
 UIF QSP�WBSJBODF CJBT 	'JH� �$
�
5IF %%.
 CZ BTTVNJOH QFSGFDU BDDVNVMBUJPO
 DPVME OPU BDDPVOU GPS SFDFODZ PS QSP�WBSJBODF CJBTFT 	'JH�
�&
'
� 5IF -". BOE UIF -$". JODMVEFE MFBL UFSNT BOE DPVME UIFSFGPSF BDDPVOU GPS UIF SFDFODZ CJBT�
IPXFWFS
 CPUI NPEFMT GBJMFE UP DBQUVSF UIF QSP�WBSJBODF CJBT 	CVU TFF 'JH� 4�&
� 0OMZ -4". DPVME BD�
DPVOU GPS CPUI GFBUVSFT PG CFIBWJPS 	'JH� �%஝'
�

)BWJOH FTUBCMJTIFE UIF -4". BT UIF CFTU�ஷ஫UUJOH NPEFM GPS UIJT UBTL
 XF UIFO VTFE UIF -4". ஷ஫UT UP
FWBMVBUF UIF FஶGFDUT PG QIBTJD BSPVTBM PO FWJEFODF BDDVNVMBUJPO� $POTJTUFOU XJUI QSFWJPVT TUVEJFT
 UIF TF�
MFDUJWF HBJOQBSBNFUFSXBT MBSHFS UIBO� 	'JH� �(

 JOEJDBUJOH BOPWFSBMM UFOEFODZ UPXBSET EPXO�XFJHIUJOH
TBNQMFT UIBU XFSF NPNFOUBSJMZ MPXFS JO WBMVF� #VU
 DSJUJDBMMZ
 TFMFDUJWF HBJO XBT QVTIFE DMPTFS UPXBSET
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Figure 6: Phasic arousal predicts reduced risk seeking bias in a value-based choice task. (A) Value-based choice task. Schemaঞc sequence
of events during a trial. Subjects integrated two value sequences (5–8 pairs) and judged which sequence had on average the higher value.
(B) On “narrow-correct” trials, the standard deviaঞon of the more proCtable sequence was lower than that of the losing sequence; on
“narrow-error”, trials this was reversed. (C) Relaঞonship between pro-variance bias (Materials and Methods) and pupil response. Linear
Cts are plo�ed wherever the Crst-order Ct was superior to the constant Ct (Materials and Methods); quadraঞc Cts were not superior to
Crst-order Cts. Green line, opঞmal fracঞon of high-variance choices; ‘X’ symbols are predicঞons from the dri[ di@usion model; stats,
mixed linear modelling. (D) Schemaঞc of the leaky selecঞve accumulator model (LSAM; Materials and Methods). At the end of the
accumulaঞon period (a[er 5–8 number pairs) the accumulator with the higher total integrated value determines choice. The momentarily
higher values pass onto the accumulaঞon layer una@ected, but the momentarily lower ones are truncated according to the “selecঞve gain”.
(E) Psychophysical kernels, indicaঞng the e@ect of each pair of numbers on observers’ choice (plo�ed only for trials with 8 pairs; see Fig.
S6D for all trial duraঞons). Lines, exponenঞal Cts to data (grey) or model predicঞons (colors). (F) Time constant from exponenঞal Ct in E
(top) and pro-variance bias (bo�om) for the data (grey) and model predicঞons (colors). (G) As C, but for the LSAM parameters noise (le[)
and leak (middle) and selecঞve gain (right). All panels: group average (N = 32); error bars, s.e.m.

[FSP PO USJBMT DIBSBDUFSJ[FE CZ MBSHF QVQJM SFTQPOTFT 	'JH� �(

 NFEJBUJOH B SFEVDUJPO JO UIF QSP�WBSJBODF
CJBT� 8F EJE OPU ஷ஫OE SPCVTU FWJEFODF GPS QVQJM�QSFEJDUFE DIBOHFT JO PUIFS NPEFM QBSBNFUFST TVDI BT MFBL
	DPOUSPMMJOH UIF UJNF�DPOTUBOU PG BDDVNVMBUJPO
 PS OPJTF� *O PUIFS XPSET
 BMTP JO UIJT IJHI�MFWFM UBTL EJE
QIBTJD QVQJM�MJOLFE BSPVTBM QSFEJDU B TFMFDUJWF DIBOHF JO FWJEFODF BDDVNVMBUJPO QSPDFTT
 IFSF SFEVDJOH B
SJTL�TFFLJOH CJBT�

*O UIJT UBTL
 B QSP�WBSJBODF CJBT DBO JO GBDU CF BEBQUJWF 	J�F� JNQSPWF SFXBSE SBUF
 JG OPJTF DPSSVQUT
UIF BDDVNVMBUJPO QSPDFTT EPXOTUSFBN UIF PG SFQSFTFOUBUJPO PG UIF JODPNJOH OVNCFST� GPS B HJWFO MFWFM
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PG BDDVNVMBUJPO OPJTF UIF TFMFDUJWF HBJO QBSBNFUFS NBYJNJ[JOH BDDVSBDZ JT HFOFSBMMZ OPO�[FSP <���>� 8F
VTFE UIF CFTU�ஷ஫UUJOH BDDVNVMBUJPO OPJTF GPS FBDI QBSUJDJQBOU UP PCUBJO UIF TFMFDUJWF HBJO QBSBNFUFS UIBU
NBYJNJ[FE BDDVSBDZ BOE DBMDVMBUFE UIF QSP�WBSJBODF CJBT QSFEJDUFE CZ UIJT TFMFDUJWF HBJO QBSBNFUFS 	HSFFO
MJOF JO 'JH� �$ GPS B HSPVQ BWFSBHF
� 5IF TUSPOHFS UIF QVQJM SFTQPOTFT
 UIF DMPTFS UP PQUJNBM XBT UIF
NFBTVSFE QSP�WBSJBODF CJBT
 XJUI UIF PQUJNBM QSP�WBSJBODF CJBT PCUBJOFE GPS UIF MBSHFTU QVQJM SFTQPOTF
CJO� 5IFSFGPSF
 DPOTJTUFOU XJUI UIF QFSDFQUVBM UBTLT
 TUSPOHFS QIBTJD QVQJM BSPVTBM JO B IJHI�MFWFM UBTL XBT
BTTPDJBUFE XJUI NPSF PQUJNBM EFDJTJPO�NBLJOH�

����� 5৚ৗ ৢ৚৓৥৛৕ ৓৤ৡ১৥৓৞�৤ৗ৞৓০ৗ৖ ৔৛৓৥ ৥১ৢৢ৤ৗ৥৥৛ৡৠ ৛৥ ৖৛৥০৛ৠ৕০ ৘৤ৡয় ৡৠ৙ৡ৛ৠ৙
 ৓৤ৡ১৥৓৞
৥০৓০ৗ ৘৞১৕০১৓০৛ৡৠ৥

0OF DPODFSO NJHIU CF UIBU UIF CJBT TVQQSFTTJPO FஶGFDUT VOEFS MBSHF QVQJM SFTQPOTFT SFQPSUFE IFSF XFSF
EVF UP BTTPDJBUJPOT CFUXFFO UIF QSFDFEJOH CBTFMJOF QVQJM EJBNFUFS BOE CFIBWJPS� 4VDI CBTFMJOF FஶGFDUT
NJHIU CF ؤJOIFSJUFEأ CZ UIF QIBTJD QVQJM SFTQPOTF UISPVHI JUT DPNNPOMZ OFHBUJWF DPSSFMBUJPO XJUI CBTF�
MJOF QVQJM EJBNFUFS <��
 ��>
 XIJDI MJLFMZ DBVTFT ஸ஼PPS BOE DFJMJOH FஶGFDUT PO QVQJM TJ[F EVF UP FZF NVTDMF
HFPNFUSZ BOE MJHIU DPOEJUJPOT� *OIFSJUFE DPSSFMBUJPOXJUI CBTFMJOF QVQJM DPVME OPU BDDPVOU GPS UIF SFTVMUT
SFQPSUFE IFSF
 GPS B OVNCFS PG SFBTPOT� 'JSTU
 JO UIF HP�OP�HP EBUB TFUT
 QVQJM SFTQPOTFTXFSF RVBOUJஷ஫FE BT
UIF SJTJOH TMPQFT 	TFF BCPWF

 BOE UIPTF FYIJCJUFE BOFHMJHJCMF DPSSFMBUJPO UP UIFQSFDFEJOHCBTFMJOFEJBNFUFS
	NJDF� S � �����
 q����� T�F�N�� IVNBOT� S � ������
 q����� T�F�N�
� 4FDPOE
 UIFSF XBT B OPO�NPOPUPOJD
BTTPDJBUJPO CFUXFFO CBTFMJOF QVQJM EJBNFUFS BOE EFDJTJPO CJBT JO NJDF <��>
 JO DPOUSBTU UP UIF NPOPUPOJD
QBUUFSO XF PCTFSWFE IFSF GPS QIBTJD BSPVTBM JO UIF TBNF EBUBTFU 	'JH� �'
� 5IJSE
 XIJMF UIF QVQJM SFTQPOTFT
XFSF OFHBUJWFMZ SFMBUFE UP CBTFMJOF QVQJM EJBNFUFS JO UIF CBTJD ZFT�OP 	S � ������
 q����� T�F�N�

 UIF ZFT�OP
SBSF DPOEJUJPO 	S � ������
 q����� T�F�N�

 UIF ZFT�OP GSFRVFOU DPOEJUJPO 	S � ������
 q����� T�F�N�

 BOE
OVNCFST 	S � ������
 q����� T�F�N�
 EBUB TFUT
 UIFSF XBT FJUIFS OP PS B XFBL TZTUFNBUJD 	MJOFBS PS OPO�
NPOPUPOJD
 BTTPDJBUJPO CFUXFFO CBTFMJOF QVQJM EJBNFUFS BOE EFDJTJPO CJBT 	HP�OP�HP� Q � ������ ZFT�OP�
Q � ������ ZFT�OP SBSF� Q � ������ ZFT�OP GSFRVFOU� Q � ������ OVNCFST� Q � �����
� 'PVSUI
 JO UIF ZFT�OP
SFDPHOJUJPO UBTL
 UIFSF XBT BHBJO B OFHMJHJCMF DPSSFMBUJPO CFUXFFO QVQJM SFTQPOTF BOE QSFDFEJOH CBTFMJOF
EJBNFUFS 	S � ������
 q����� T�F�N�
� 5IVT
 UIF CFIBWJPSBM DPSSFMBUFT PG QVQJM SFTQPOTFT SFQPSUFE JO UIJT
QBQFS SFஸ஼FDU HFOVJOF FஶGFDUT PG QIBTJD BSPVTBM
 XIJDI BSF MBSHFMZ VODPOUBNJOBUFE CZ UIF CBTFMJOF BSPVTBM
TUBUF�

��� %৛৥৕১৥৥৛ৡৠ

"SPVTBM JT USBEJUJPOBMMZ UIPVHIU UP HMPCBMMZ VQ�SFHVMBUF UIF Fஶஷ஫DJFODZ PG JOGPSNBUJPO QSPDFTTJOH 	F�H�
 UIF
RVBMJUZ PG FWJEFODF FODPEJOH PS UIF Fஶஷ஫DJFODZ PG BDDVNVMBUJPO <�
 ��>
� )PXFWFS
 SFDFOU XPSL JOEJDBUFT
UIBU QIBTJD BSPVTBM TJHOBMT NJHIU IBWF NPSF TQFDJஷ஫D FஶGFDUT
 TVDI BT SFEVDJOH UIF JNQBDU PG QSJPS FYQFD�
UBUJPOT BOE CJBTFT PO EFDJTJPO GPSNBUJPO <��
 ��
 ��
 ���
 ���>� 8F IFSF FTUBCMJTIFE B QSJODJQMF PG UIF
GVODUJPO PG QIBTJD BSPVTBM JO EFDJTJPO�NBLJOH
 XIJDI HFOFSBMJ[FT BDSPTT TQFDJFT 	IVNBOT BOE NJDF
 BOE

��



CFIBWJPSBM UBTLT 	GSPN QFSDFQUVBM UP NFNPSZ�CBTFE BOE OVNFSJDBM EFDJTJPOT
� TVQQSFTTJOH NBMBEBQUJWF
CJBTFT JO UIF BDDVNVMBUJPO PG FWJEFODF MFBEJOH VQ UP B DIPJDF�

8F JEFOUJஷ஫FE UIJT QSJODJQMF JO IVNBO BOE NPVTF DIPJDF CFIBWJPS JO UIF TBNF BVEJUPSZ EFDJTJPO UBTL�
5BTL�FWPLFE QVQJM SFTQPOTFT PDDVSSFE FBSMZ EVSJOH EFDJTJPO GPSNBUJPO
 FWFO PO USJBMT XJUIPVU BOZ NPUPS
SFTQPOTF
 BOE QSFEJDUFE B TVQQSFTTJPO PG DPOTFSWBUJWF DIPJDF CJBT� #FIBWJPSBM NPEFMJOH SFWFBMFE UIBU UIF
CJBT SFEVDUJPO XBT EVF UP B TFMFDUJWF JOUFSBDUJPO XJUI UIF BDDVNVMBUJPO PG UIF ஸ஼VDUVBUJOH TFOTPSZ JOQVU
	FWJEFODF
� 8F GVSUIFSNPSF TIPXFE UIBU QIBTJD BSPVTBM ஸ஼FYJCMZ SFEVDFT BDDVNVMBUJPO CJBTFT
 JSSFTQFDUJWF
PG TJHO
 JO UIF QSFTFODF PG EJஶGFSFOU TUJNVMVT TUBUJTUJDT� 'JOBMMZ
 XF FTUBCMJTIFE UIF QVQJM�MJOLFE TVQQSFT�
TJPO PG FWJEFODF BDDVNVMBUJPO CJBT BMTP GPS NFNPSZ�CBTFE EFDJTJPO
 BOE GPS IJHIFS�MFWFM GPSN PG IVNBO
CJBT XJEFMZ LOPXO JO CFIBWJPSBM FDPOPNJDT� SJTL�TFFLJOH� 8F DPODMVEF UIBU UIF POHPJOH EFMJCFSBUJPO
DVMNJOBUJOH JO B DIPJDF <��> JT TIBQFE CZ USBOTJFOU CPPTUT JO UIF HMPCBM BSPVTBM TUBUF PG UIF CSBJO
 JO B
TUFSFPUZQFE GBTIJPO� TVQQSFTTJPO PG FWJEFODF BDDVNVMBUJPO CJBT�

8F IFSF VTFE QVQJM SFTQPOTFT BT B QFSJQIFSBM SFBEPVU PG DIBOHFT JO DPSUJDBM BSPVTBM TUBUF <��
 ��>� *O�
EFFE
 SFDFOU XPSL IBT TIPXO UIBU QVQJM EJBNFUFS DMPTFMZ USBDLT TFWFSBM FTUBCMJTIFE NFBTVSFT PG DPSUJDBM
BSPVTBM TUBUF <��
 ��>� $IBOHFT JO QVQJM EJBNFUFS BSF BMTP BTTPDJBUFE XJUI MPDVT DPFSVMFVT 	-$
 SFTQPOTFT
JO IVNBOT <��
 ��>
 NPOLFZT <��
 ��>
 BOE NJDF �<��؜��> #VU TPNF PG UIFTF TUVEJFT BMTP GPVOE VOJRVF
DPOUSJCVUJPOT UP QVQJM TJ[F JO PUIFS TVCDPSUJDBM SFHJPOT MJLF UIF TVQFSJPS BOE JOGFSJPS DPMMJDVMJ
 UIF DIPMJO�
FSHJD CBTBM GPSFCSBJO BOE EPQBNJOFSHJD NJECSBJO <��
 ��
 ��>� 5IVT
 XF SFNBJO BHOPTUJD BCPVU UIF FYBDU
OFVSPBOBUPNJDBM TPVSDF	T
 PG UIF SFQPSUFE FஶGFDUT PG QIBTJD BSPVTBM�

8F DIPTF UIF ESJG஽ EJஶGVTJPO NPEFM UP DBQUVSF UIF CFIBWJPSBM EBUB GSPN UIF HP�OP�HP BOE ZFT�OP UBTLT
CFDBVTF UIF NPEFM� 	J
 JT TVஶஷ஫DJFOUMZ MPX�EJNFOTJPOBM TP UIBU JUT QBSBNFUFS FTUJNBUFT BSF XFMM DPOTUSBJOFE
CZ UIF DIPJDFT BOE TIBQF PG 35 EJTUSJCVUJPOT
 	JJ
 IBT CFFO TIPXO UP TVDDFTTGVMMZ BDDPVOU GPS CFIBWJPSBM
EBUB GSPN B XJEF SBOHF PG EFDJTJPO�NBLJOH UBTLT
 JODMVEJOH HP�OP�HP <��
 ���>
 BOE 	JJJ
 JT
 VOEFS DFSUBJO
QBSBNFUFS SFHJNFOT
 FRVJWBMFOU UP B SFEVDUJPO PG CJPQIZTJDBMMZ EFUBJMFE OFVSBM DJSDVJU NPEFMT PG EFDJTJPO�
NBLJOH <��
 ���>� 5IF ESJG஽ EJஶGVTJPO NPEFM SFRVJSFE VT UP NBLF UISFF NBJO BTTVNQUJPOT� 'JSTU
 JO UIF
HP�OP�HP UBTL
 QBSUJDJQBOUT BDDVNVMBUFE UIF BVEJUPSZ FWJEFODF XJUIJO FBDI EJTDSFUF OPJTF TPVOE EVSJOH B
USJBM
 SFTFUUJOH UIJT BDDVNVMBUJPO QSPDFTT CFGPSF FBDI OFYU EJTDSFUF TPVOE� 4FDPOE
 JO CPUI UIF HP�OP�HP
BOE ZFT�OP UBTLT
 UIBU TVCKFDUT BDUJWFMZ BDDVNVMBUFE FWJEFODF UPXBSET CPUI ZFT� BOE OP�DIPJDFT
 XIJDI
JT TVQQPSUFE CZ OFVSPQIZTJPMPHJDBM EBUB GSPN ZFT�OP UBTLT <��
 ��>� 5IJSE
 JO UIF HP�OP�HP UBTL
 UIBU
TVCKFDUT TFU BO JNQMJDJU CPVOEBSZ GPS OP�DIPJDFT <���>� 5IF RVBMJUZ PG PVS NPEFM ஷ஫UT TVHHFTU UIBU UIF
NPEFM TVDDFTTGVMMZ BDDPVOUFE GPS UIFNFBTVSFE CFIBWJPS
 MFOEJOH TVQQPSU UP UIF DPODMVTJPOT ESBXO GSPN
UIF QBSBNFUFS FTUJNBUFT�

5IF CFIBWJPSBM NPEFMT GPS UIF QFSDFQUVBM BOE WBMVF�CBTFE UBTL JODMVEFE B TPNFXIBU EJஶGFSFOU NFDIB�
OJTN UP BDDPVOU GPS UIF QVQJM�QSFEJDUFE CJBT TVQQSFTTJPO� 'JSTU
 UIF ESJG஽ EJஶGVTJPO NPEFM BDDPVOUFE GPS
UIF TVQQSFTTJPO PG QFSDFQUVBM BOE NFNPSZ DIPJDF CZ BTTVNJOH BO BEEJUJWF NFDIBOJTN� BSPVTBM TIBQFE
UIF FWJEFODF�JOEFQFOEFOU DPOTUBOU 	UPXBSET ؤZFTأ PS 
ؤOPأ UIBU XBT BEEFE UP UIF NFBO FWJEFODF 	J�F�

ESJG஽
� 4FDPOE
 UIF TFMFDUJWF JOUFHSBUJPONPEFM BDDPVOUFE GPS UIF SFEVDUJPO PG B QSP�WBSJBODF 	SJTL�TFFLJOH


��



CJBT CZ BTTVNJOH B NVMUJQMJDBUJWF NFDIBOJTN� BSPVTBM TIBQFE UIF NVMUJQMJDBUJWF HBJO 	XFJHIUJOH
 PG UIF
NPNFOUBSZ FWJEFODF� $PVME B TJOHMF BEEJUJWF PS NVMUJQMJDBUJWF NFDIBOJTN DBQUVSF UIF CJBT TIJG஽T JO
CPUI UBTLT 8F UIJOL UIJT JT VOMJLFMZ
 BT UIF PWFSU CJBT XBT EJஶGFSFOU JO OBUVSF� UIF QFSDFQUVBM BOE NFN�
PSZ DIPJDF CJBTFT XFSF BO PWFSBMM UFOEFODZ UP SFTQPOEJOH ؤZFTأ NPSF PG஽FO UIBO ؤOPأ 	PS UIF PUIFS XBZ
BSPVOE
 SFHBSEMFTT PG UIF PCKFDUJWF FWJEFODF� #Z DPOUSBTU
 UIF QSP�WBSJBODF CJBT EJE OPU NBQ POUP UIF
DIPJDF CPVOEBSJFT 	GPS ؤMFG஽أ BOE 
ؤSJHIUأ CVU XBT BO PWFSBMM UFOEFODZ UP DIPPTF UIF NPSF WPMBUJMF TF�
RVFODF PG WBMVFT
 BOE UIVT EFQFOET PO UIF JOUFSBDUJPO XJUI UIF FWJEFODF� "MUIPVHI UIF TVQQSFTTJPO PG
QFSDFQUVBM BOE NFNPSZ DIPJDF CJBTFT XBT XFMM BDDPVOUFE GPS CZ BO BEEJUJWF FஶGFDU
 XF DBOOPU
 BU QSFTFOU

SVMF PVU B NVMUJQMJDBUJWF FஶGFDU PO NPNFOUBSZ FWJEFODF BDDVNVMBUJPO� 'SPN UIF BOBMZTFT QSFTFOUFE IFSF

XF DBO DPODMVEF UIBU QIBTJD BSPVTBM BஶGFDUT UIF FWJEFODF BDDVNVMBUJPO QSPDFTT
 SFTVMUJOH JO B NPOPUPOJD
TVQQSFTTJPO PG B XJEF SBOHF PG CJBTFT�

5IFNPOPUPOJD FஶGFDUT PG QIBTJD BSPVTBM PO EFDJTJPO CJBTFT UIBU XF SFQPSU IFSF DPOUSBTU XJUI SFDFOU PC�
TFSWBUJPOT UIBU UPOJD 	QSF�TUJNVMVT
 BSPVTBM MFWFMT IBWF B OPO�NPOPUPOJD 	JOWFSUFE 6
 FஶGFDUT PO CFIBWJPS
	QFSDFQUVBM TFOTJUJWJUZ BOE CJBT
 BOE OFVSBM BDUJWJUZ 	UIF TJHOBM�UP�OPJTF SBUJP PG UIBMBNJD BOE DPSUJDBM TFO�
TPSZ SFTQPOTFT� <��
 ���>� *NQPSUBOUMZ
 PVS DVSSFOU XPSL FOBCMFT B EJSFDU DPNQBSJTPO PG UIFTF GVODUJPOBM
DPSSFMBUFT PG UPOJD BOE QIBTJD BSPVTBM XJUIJO UIF FYBDU TBNF EBUB TFU JO NJDF� " QSFWJPVT SFQPSU PO UIBU
EBUB TFU TIPXFE UIBU UIF NJDFءT CFIBWJPSBM QFSGPSNBODF XBT NPTU SBQJE
 BDDVSBUF
 BOE UIF MFBTU CJBTFE BU
JOUFSNFEJBUF BSPVTBM 	NFEJVN CBTFMJOF QVQJM TJ[F
 <��>� *O DPOUSBTU
 XF IFSF TIPX UIBU UIFJS CFIBWJPSBM
QFSGPSNBODF XBT MJOFBSMZ SFMBUFE UP QIBTJD BSPVTBM
 XJUI UIF NPTU SBQJE
 BDDVSBUF BOE MFBTU CJBTFE DIPJDFT
GPS UIF MBSHFTU QIBTJD BSPVTBM USBOTJFOUT� *U JT UFNQUJOH UP TQFDVMBUF UIBU UIFTF EJஶGFSFODFT SFஸ஼FDU EJஶGFSFOU
OFVSPNPEVMBUPSZ TZTUFNT HPWFSOJOH UPOJD BOE QIBTJD BSPVTBM� *OEFFE
 SBQJE EJMBUJPOT PG UIF QVQJM 	QIB�
TJD BSPVTBM
 BSF NPSF UJHIUMZ BTTPDJBUFE XJUI QIBTJD BDUJWJUZ JO OPSBESFOFSHJD BYPOT
 XIFSFBT TMPX DIBOHFT
JO QVQJM 	UPOJD BSPVTBM
 BSF BDDPNQBOJFE CZ TVTUBJOFE BDUJWJUZ JO DIPMJOFSHJD BYPOT <��>�

3FDFOU ஷ஫OEJOHT JOEJDBUF UIBU JOUSJOTJD CFIBWJPSBM WBSJBCJMJUZ JT JODSFBTFE EVSJOH TVTUBJOFE 
ؤUPOJDأ	 FMF�
WBUJPO PG /" MFWFMT
 JO MJOF XJUI UIF BEBQUJWFأ HBJO UIFPSZؤ <�>� 'JSTU
 PQUJDBM TUJNVMBUJPO PG -$ JOQVUT UP
BOUFSJPS DJOHVMBUF DPSUFY DBVTFE SBUT UP BCBOEPO TUSBUFHJD DPVOUFS QSFEJDUJPO JO GBWPS PG TUPDIBTUJD DIPJDF
JO B DPNQFUJUJWF HBNF <���>� 4FDPOE
 DIFNPHFOFUJD TUJNVMBUJPO PG UIF -$ JO SBUT QFSGPSNJOH B QBUDI
MFBWJOH UBTL JODSFBTFE EFDJTJPO OPJTF BOE TVCTFRVFOU FYQMPSBUJPO <���>� 5IJSE
 QIBSNBDPMPHJDBMMZ SFEVD�
JOH DFOUSBM OPSBESFOBMJOF MFWFMT JO NPOLFZT QFSGPSNJOH BO PQFSBOU FஶGPSU FYFSUJPO UBTL QBSBNFUSJDBMMZ JO�
DSFBTFE DIPJDF DPOTJTUFODZ <���>� 'JOBMMZ
 QIBSNBDPMPHJDBMMZ JODSFBTJOH DFOUSBM UPOJD OPSBESFOBMJOF MFWFMT
JO IVNBO TVCKFDUT CPPTUFE UIF SBUF PG BMUFSOBUJPOT JO B CJTUBCMF WJTVBM JOQVU BOE MPOH�SBOHF DPSSFMBUJPOT
JO CSBJO BDUJWJUZ <��>� )FSF
 XF UFTUFE GPS UIF FஶGFDU PG QIBTJD BSPVTBM PO B SBOHF PG CFIBWJPSBM QBSBNFUFST

JODMVEJOH EFDJTJPO OPJTF� *O UIF ESJG஽ EJஶGVTJPO NPEFM
 JODSFBTFE EFDJTJPO OPJTF XPVME NBOJGFTU BT B EF�
DSFBTF PG UIF NFBO ESJG஽ SBUF
 XIJDI TDBMFT JOWFSTFMZ XJUI 	XJUIJO�USJBM
 EFDJTJPO OPJTF� 8F GPVOE OP TVDI
FஶGFDU UIBU XBT DPOTJTUFOU BDSPTT EBUB TFUT� 5IJT JT BOPUIFS JOEJDBUJPO
 UPHFUIFS XJUI UIF CBTFMJOF QVQJM
FஶGFDUT SFQPSUFE CZ <��>
 UIBU UIF FஶGFDUT PG QIBTJD BOE UPOJD OFVSPNPEVMBUJPO BSF EJTUJODU�

0OF JOஸ஼VFOUJBM BDDPVOU IPMET UIBU QIBTJD -$ SFTQPOTFT EVSJOH EFDJTJPO�NBLJOH BSF USJHHFSFE CZ UIF

��



UISFTIPME DSPTTJOH JO TPNF DJSDVJU BDDVNVMBUJOH FWJEFODF
 BOE UIBU UIF SFTVMUJOH OPSBESFOBMJOF SFMFBTF
UIFO GBDJMJUBUFT UIF USBOTMBUJPO PG UIF DIPJDF JOUP B NPUPS BDU <�>� 8JUIJO UIF ESJG஽ EJஶGVTJPO NPEFM
 UIJT
QSFEJDUT B SFEVDUJPO JO OPO�EFDJTJPO UJNF BOE OP FஶGFDU PO FWJEFODF BDDVNVMBUJPO� *O DPOUSBTU UP UIJT QSF�
EJDUJPO
 XF GPVOE UIBU JO BMM PVS EBUBTFUT UIBU QIBTJD BSPVTBM BஶGFDUFE FWJEFODF BDDVNVMBUJPO 	TVQQSFTTJOH
CJBTFE UIFSFJO

 CVU OPU OPO�EFDJTJPO UJNF� 0VS BQQSPBDI EPFT OPU FOBCMF VT UP SVMF PVU BO FஶGFDU PG QIB�
TJD BSPVTBM PO NPWFNFOU FYFDVUJPO 	J�F�
 LJOFNBUJDT
� :FU
 PVS SFTVMUT DMFBSMZ FTUBCMJTI BO JNQPSUBOU SPMF
PG QIBTJD BSPVTBM JO FWJEFODF BDDVNVMBUJPO
 SVMJOH PVU BOZ QVSFMZ QPTU�EFDJTJPOBM BDDPVOU� 5IJT JNQMJFT
UIBU QIBTJD -$ SFTQPOTFT ESJWJOH QVQJM EJMBUJPO BSF BMSFBEZ SFDSVJUFE EVSJOH FWJEFODF BDDVNVMBUJPO
 PS
UIBU UIF FஶGFDU PG QVQJM�MJOLFE BSPVTBM PO FWJEFODF BDDVNVMBUJPO BSF HPWFSOFE CZ TZTUFNT PUIFS UIBO UIF
-$� 'VUVSF FYQFSJNFOUT DIBSBDUFSJ[JOH QIBTJD BDUJWJUZ JO UIF -$ PS PUIFS CSBJOTUFN OVDMFJ JOWPMWFE JO
BSPVTBM EVSJOH QSPUSBDUFE FWJEFODF BDDVNVMBUJPO UBTLT DPVME TIFE MJHIU PO UIJT JTTVF�

*U JT UFNQUJOH UP TQFDVMBUF UIBU UBTL�FWPLFE OFVSPNPEVMBUPSZ SFTQPOTFT BOE DPSUJDBM EFDJTJPO DJSDVJUT
JOUFSBDU JO B SFDVSSFOU GBTIJPO� 0OF QPTTJCJMJUZ JT UIBU OFVSPNPEVMBUPSZ SFTQPOTFT BMUFS UIF CBMBODF CF�
UXFFO ؤCPUUPN�VQأ BOE ؤUPQ�EPXOأ TJHOBMJOH BDSPTT UIF DPSUJDBM IJFSBSDIZ <��
 
��؜�� ���>� 4FOTPSZ DPSUJ�
DBM SFHJPOT FODPEF MJLFMJIPPE TJHOBMT BOE TFOU UIFTF 	CPUUPN�VQ
 UP BTTPDJBUJPO DPSUFY� QBSUJDJQBOUTء QSJPS
CFMJFGT 	BCPVU GPS FYBNQMF UBSHFU QSPCBCJMJUZ
 BSF TFOU CBDL 	UPQ�EPXO
 UP UIF MPXFS MFWFMT PG UIF IJFSBS�
DIZ <��
 ��>� /FVSPNPEVMBUPST NJHIU SFEVDF UIF XFJHIU PG UIJT QSJPS JO UIF JOGFSFODF QSPDFTT <��
 ���>

UIFSFCZ SFEVDJOH DIPJDF CJBTFT� "OPUIFS QPTTJCJMJUZ JT OFVSPNPEVMBUPS SFMFBTF NJHIU TDBMF XJUI VODFS�
UBJOUZ BCPVU UIF JODPNJOH TFOTPSZ EBUB <��
 ���>� 4VDI B QSPDFTT DPVME CF JNQMFNFOUFE CZ UPQ�EPXO
DPOUSPM PG UIF DPSUJDBM TZTUFNT EFDJTJPO�NBLJOH PWFS OFVSPNPEVMBUPSZ CSBJOTUFN DFOUFST� 5IJT MJOF PG
SFBTPOJOH JT DPOTJTUFOU XJUI BOBUPNJDBM DPOOFDUJWJUZ <�
 ��>� 'JOBMMZ
 B SFMBUFE DPODFQUVBM NPEFM UIBU IBT
CFFO QSPQPTFE GPS QIBTJD -$ SFTQPOTFT JT UIBU DPSUJDBM SFHJPOT ESJWJOH UIF -$ 	F�H� "$$
 DPOUJOVPVTMZ
DPNQVUF UIF SBUJP PG UIF QPTUFSJPS QSPCBCJMJUZ PG UIF TUBUF PG UIF XPSME
 EJWJEFE CZ JUT 	FTUJNBUFE
 QSJPS
QSPCBCJMJUZ <��>� -$ JT UIFO BDUJWBUFEXIFO OFVSBM BDUJWJUZ SBNQT UPXBSET UIF OPO�EFGBVMU DIPJDF 	BHBJOTU
POFTء CJBT
� 5IF SFTVMUJOH -$ BDUJWJUZ NJHIU SFTFU JUT DPSUJDBM UBSHFU DJSDVJUT <��> BOE PWFSSJEF UIF EFGBVMU
TUBUF <��>
 GBDJMJUBUJOH UIF USBOTJUJPO PG UIF DPSUJDBM EFDJTJPO DJSDVJUSZ UPXBSET UIF OPO�EFGBVMU TUBUF�

5IF ஷ஫OEJOH UIBU QIBTJD BSPVTBM BMTP PQUJNJ[FT DIPJDF CFIBWJPS JO UIF WBMVF�CBTFE DIPJDF UBTL DPNQMF�
NFOUT SFDFOU JOTJHIUT JOUP UIF JNQBDU PG UPOJD BSPVTBM BOE TUSFTT PO WBMVF�CBTFE EFDJTJPO�NBLJOH <���>�
'PS FYBNQMF
 BDVUF TUSFTT SFEVDFT SJTL�TFFLJOH XIFONBLJOH EFDJTJPOT JOWPMWJOH ஷ஫OBODJBM HBJOT <���>
 JU JO�
DSFBTFT PWFSFYQMPJUBUJPO JO TFRVFOUJBM GPSBHJOH EFDJTJPOT <���>
 BOE JU JNQBJST ؤNPEFM�CBTFEأ HPBM�EJSFDUFE
DIPJDF CFIBWJPS <���
 ���>� " EJSFDU DPNQBSJTPO CFUXFFO UIFTF TUVEJFT BOE PVST JT DPNQMJDBUFE CZ UIF EJG�
GFSFOU UBTLT VTFE BT XFMM BT UIF EJஶGFSFOU CFIBWJPSBM TUBUFT BTTFTTFE 	TUSFTT WT� QIBTJD BSPVTBM
� #VU UIF FஶGFDUT
PG BDVUF TUSFTT PO DPHOJUJPO BOE EFDJTJPO�NBLJOH BSFNFEJBUFE
 BU MFBTU JO QBSU
 CZ UPOJD OPSBESFOBMJOF BOE
EPQBNJOF SFMFBTF <���>� *U JT UFNQUJOH UP JOUFSQSFU UIF DVSSFOU ஷ஫OEJOHT BT B ஸ஼JQ�TJEF PG UIF JNQBJSNFOU
JO DIPJDF PQUJNBMJUZ GPVOE JO UIF QSFWJPVT TUSFTT XPSL� DBUFDIPMBNJOFSHJD NPEVMBUJPO OPU POMZ IBNQFST

CVU DBO BMTP CPPTU
 DIPJDF PQUJNBMJUZ XIFO JUT EVSBUJPO JT NPSF DPOஷ஫OFE�

*G
 BT XF TIPX
 QIBTJD BSPVTBM NPOPUPOJDBMMZ PQUJNJ[FT FWJEFODF BDDVNVMBUJPO
 XIZ JT OPU BMXBZT FO�

��



HBHFE BT TUSPOHMZ BT QPTTJCMF 5IFSF BSF TFWFSBM QPTTJCMF SFBTPOT� 'JSTU
 QIBTJD -$ SFTQPOTFT EFQFOE JO
B OPO�NPOPUPOJD GBTIJPO PO CBTFMJOF -$ BDUJWJUZ <�>� 5IF CBTFMJOF BDUJWJUZ PG OFVSPNPEVMBUPSZ CSBJO�
TUFN DFOUFST
 JO UVSO
 JT TIBQFE CZ UIF NBOZ JOQVUT UIBU UIFZ SFDFJWF� .PTU JOQVUT JOGPSN BCPVU HFOFSBM
CPEJMZ TUBUF
 BOE UIF UPQ�EPXO JOQVUT DPOWFZJOH UIF DPHOJUJWF TJHOBMT SFMBUFE UP EFDJTJPO�NBLJOH NBLF
VQ POMZ B NPEFTU GSBDUJPO PG UIFTF JOQVUT� 5IVT
 FWFO JG UIF UPQ�EPXO TJHOBMT ESJWJOH QIBTJD BSPVTBM
XFSF QFSGFDUMZ DBMJCSBUFE UP DPOUJOVPVTMZ PQUJNJ[F UBTL QFSGPSNBODF
 UIF QIBTJD BSPVTBM SFTQPOTFT QFS TF
NJHIU OPU CF� *O PUIFS XPSET
 BSPVTBM TZTUFNT NJHIU XFMM BDU DMPTF UP PQUJNBMMZ JO KVHHMJOH BMM B QMFUIPSB
PG USBEFPஶGT CFUXFFO EJஶGFSFOU UBTLT JO SFBM MJGF� PVS PQUJNBMJUZ BOBMZTJT POMZ GPDVTFT PO B TNBMM TVCTFU�
3FMBUFE
 OFVSPNPEVMBUPSZ CBTFMJOF BDUJWJUZ MJLFMZ NFEJBUFT TIJG஽T CFUXFFO SFTU
 FYQMPJUBUJPO 	QFSGPSNJOH
UIF UBTL JO PSEFS UP PCUBJO UIF SFXBSET
 BOE FYQMPSBUJPO 	MPPLJOH GPS NPSF SFXBSEJOH BMUFSOBUJWFT
 <�
 ��>�
5IVT
 UISPVHI UIF TBNF CBTFMJOF EFQFOEFODF
 QIBTJD BSPVTBM NJHIU OPU BMXBZT CF QFSGFDUMZ DBMJCSBUFE UP
PQUJNJ[F UBTL QFSGPSNBODF� 'JOBMMZ
 QIBTJD BSPVTBM NJHIU OPU BMXBZT CF FOHBHFE BT TUSPOHMZ BT QPTTJCMF
CFDBVTF PG JUT FOFSHFUJD DPTUT� JO UIF CSBJO
 OFVSPNPEVMBUPSZ BDUJWBUJPO PG (�QSPUFJO DPVQMFE DBTDBEFT
BSF NFUBCPMJDBMMZ DPTUMZ
 BOE UBYJOH PO DFMMT EVF UP GPS FYBNQMF GSFF SBEJDBMT
 BOE DBMDJVN MPBE� JO UIF SFTU
PG UIF CPEZ
 -$ட/" TJHOBMJOH USJHHFST UIF SFMFBTF PG HMVDPTF GSPN FOFSHZ TUPSFT�

0VS TUVEZ TIPXDBTFT UIF WBMVF PG DPNQBSBUJWF FYQFSJNFOUT JO IVNBOT BOE OPO�IVNBO TQFDJFT� 0OF
XPVME FYQFDU UIF CBTJD GVODUJPOT PG BSPVTBM TZTUFNT 	F�H� UIF -$ட/" TZTUFN
 UP CF BOBMPHPVT JO IVNBOT
BOE SPEFOUT� :FU
 JU IBT CFFO VODMFBS XIFUIFS UIFTF TZTUFNT BSF SFDSVJUFE CZ UIF TBNF DPNQVUBUJPOBM
WBSJBCMFT FOUBJMFE JO EFDJTJPO�NBLJOH� $PNQVUBUJPOBM WBSJBCMFT MJLF EFDJTJPO VODFSUBJOUZ PS TVSQSJTF BSF
FODPEFE JO QSFGSPOUBM DPSUJDBM SFHJPOT 	F�H� BOUFSJPS DJOHVMBUF PS PSCJUPGSPOUBM DPSUFY <���؜���> BOE DPO�
WFZFE UP CSBJOTUFN BSPVTBM TZTUFNT WJB UPQ�EPXO QSPKFDUJPOT <�
 ��>� #PUI UIF DPSUJDBM SFQSFTFOUBUJPOT
PG DPNQVUBUJPOBM WBSJBCMFT BOE UPQ�EPXO QSPKFDUJPOT UP CSBJOTUFN NBZ EJஶGFS CFUXFFO TQFDJFT� .PSF
JNQPSUBOUMZ
 JU IBT CFFO VOLOPXO XIFUIFS LFZ DPNQPOFOUT PG UIF EFDJTJPO GPSNBUJPO QSPDFTT
 JO QBSUJD�
VMBS FWJEFODF BDDVNVMBUJPO
 XPVME CF BஶGFDUFE CZ BSPVTBM TJHOBMT JO UIF TBNF XBZ CFUXFFO TQFDJFT� 0OMZ
SFDFOUMZ IBT JU CFFO FTUBCMJTIFE UIBU SPEFOUT 	SBUT
 BOE IVNBOT BDDVNVMBUF QFSDFQUVBM FWJEFODF JO BO BOBM�
PHPVT GBTIJPO <��>� )FSF
 XF FTUBCMJTIFE UIBU UIF TIBQJOH PG FWJEFODF BDDVNVMBUJPO CZ QIBTJD BSPVTBM JT
BMTP HPWFSOFE CZ B DPOTFSWFE QSJODJQMF�

��� .৓০ৗ৤৛৓৞৥ ৓ৠ৖ .ৗ০৚ৡ৖৥

����� 4১৔ড়ৗ৕০৥

"MM QSPDFEVSFT DPODFSOJOH UIF BOJNBM FYQFSJNFOUT XFSF DBSSJFE PVU JO BDDPSEBODF XJUI :BMF 6OJWFSTJUZ
*OTUJUVUJPOBM "OJNBM $BSF BOE 6TF $PNNJUUFF
 BOE BSF EFTDSJCFE JO EFUBJM FMTFXIFSF <��>� )VNBO TVC�
KFDUT XFSF SFDSVJUFE BOE QBSUJDJQBUFE JO UIF FYQFSJNFOU JO BDDPSEBODF XJUI UIF FUIJDT DPNNJUUFF PG UIF
%FQBSUNFOU PG 1TZDIPMPHZ BU UIF 6OJWFSTJUZ PG "NTUFSEBN 	HP�OP�HP BOE ZFT�OP UBTL

 UIF FUIJDT DPN�
NJUUFF PG #BZMPS $PMMFHF PG .FEJDJOF 	ZFT�OP UBTL XJUI CJBTFE TJHOBM QSPCBCJMJUJFT

 UIF FUIJDT DPNNJUUFF
PG UIF 6OJWFSTJUZ PG )BNCVSH 	SFDPHOJUJPO UBTL
 PS UIF FUIJDT DPNNJUUFF PG UIF 6OJWFSTJUZ .FEJDBM $FO�

��



UFS )BNCVSH�&QQFOEPSG 	WBMVF�CBTFE DIPJDF UBTL
� )VNBO TVCKFDUT HBWF XSJUUFO JOGPSNFE DPOTFOU BOE
SFDFJWFE DSFEJU QPJOUT 	HP�OP�HP BOE ZFT�OP UBTLT
 PS B QFSGPSNBODF�EFQFOEFOU NPOFUBSZ SFNVOFSBUJPO
	ZFT�OP UBTL XJUI CJBTFE TJHOBM QSPCBCJMJUJFT
 SFDPHOJUJPO UBTL BOE WBMVF�CBTFE DIPJDF UBTL
 GPS UIFJS QBS�
UJDJQBUJPO� 8F BOBMZ[FE UISFF QSFWJPVTMZ VOQVCMJTIFE IVNBO EBUB TFUT
 BOE SF�BOBMZ[FE B QSFWJPVTMZ QVC�
MJTIFE NJDF EBUB TFU <��> BOE UXP IVNBO EBUB TFUT <��
 ���>� #FSHU FU BM� 	����
 <���> IBWF BOBMZ[FE QVQJM
SFTQPOTFT POMZ EVSJOH UIF FODPEJOH QIBTF PG UIF SFDPHOJUJPO NFNPSZ FYQFSJNFOU ؜ XF IFSF QSFTFOU UIF
ஷ஫STU BOBMZTFT PG QVQJM SFTQPOTFT EVSJOH UIF SFDPHOJUJPO QIBTF�

'JWF NJDF 	BMM NBMFT� BHF SBOHF
 �؜� NPOUIT
 BOE UXFOUZ IVNBO TVCKFDUT 	�� GFNBMFT� BHF SBOHF
 ��؜��
Z
 QFSGPSNFE UIF HP�OP�HP UBTL� 5XFOUZ�GPVS IVNBO TVCKFDUT 	PG XIJDI �� IBE BMSFBEZ QBSUJDJQBUFE JO
UIF HP�OP�HP UBTL� �� GFNBMFT� BHF SBOHF
 ��؜�� Z
 QFSGPSNFE BO BEEJUJPOBM ZFT�OP UBTL� 'JG஽FFO IVNBO
TVCKFDUT 	� GFNBMFT� BHF SBOHF
 ��؜�� Z
 QFSGPSNFE UIF ZFT�OP UBTL XJUI CJBTFE TJHOBM QSPCBCJMJUJFT� 'JG஽Z�
GPVS IVNBO TVCKFDUT 	�� GFNBMFT� BHF SBOHF
 ��؜�� Z
 QFSGPSNFE B QJDUVSF SFDPHOJUJPO UBTL
 PG XIJDI UXP
XFSF FYDMVEFE GSPN UIF BOBMZTFT EVF UP FZF�USBDLJOH GBJMVSF� 5IJSUZ�TFWFO IVNBO TVCKFDUT 	�� GFNBMFT� BHF
SBOHF
 ��؜�� Z
 QFSGPSNFE B WBMVF�CBTFE DIPJDF UBTL
 PG XIJDI ஷ஫WF XFSF FYDMVEFE GSPN UIF BOBMZTFT EVF
UP CBE FZF USBDLJOH EBUB RVBMJUZ BOE�PS FYDFTTJWF CMJOLJOH�

'PS UIF HP�OP�HP UBTL
 NJDF QFSGPSNFE CFUXFFO ஷ஫WF BOE TFWFO TFTTJPOT 	EFTDSJCFE JO <��>

 ZJFMEJOH B
UPUBM PG ����؜���� USJBMT QFS TVCKFDU� 'PS UIF HP�OP�HP UBTL
 IVNBO QBSUJDJQBOUT QFSGPSNFE �� CMPDLT PG
�� USJBMT FBDI 	EJTUSJCVUFE PWFS UXP NFBTVSFNFOU TFTTJPOT

 ZJFMEJOH B UPUBM PG ��� USJBMT QFS QBSUJDJQBOU�
'PS UIF ZFT�OP UBTL
 IVNBO QBSUJDJQBOUT QFSGPSNFE CFUXFFO �� BOE �� CMPDLT PG ��� USJBMT FBDI 	EJTUSJCVUFE
PWFS UXP NFBTVSFNFOU TFTTJPOT

 ZJFMEJOH B UPUBM PG ����؜���� USJBMT QFS QBSUJDJQBOU� 'PS UIF ZFT�OP UBTL
XJUI CJBTFE TJHOBM QSPCBCJMJUJFT
 IVNBO TVCKFDUT QFSGPSNFE � CMPDLT PG ��� USJBMT FBDI 	EJTUSJCVUFE PWFS
UXPNFBTVSFNFOU TFTTJPOT

 ZJFMEJOH B UPUBM PG ��� USJBMT QFS QBSUJDJQBOU� 'PS UIF QJDUVSF SFDPHOJUJPO UBTL

IVNBO TVCKFDUT QFSGPSNFE ��� USJBMT� 'PS UIF WBMVF�CBTFE DIPJDF UBTL
 XF POMZ BOBMZ[FE EBUB GSPN POF PG
UIF FYQFSJNFOUBM DPOEJUJPOT ؤQSP�WBSJBODFأ	 DPOEJUJPO
 SFDPSEFE EVSJOH UIF QMBDFCP BOE OPDFCP TFTTJPOT

TFF CFMPX
 ZJFMEJOH B UPUBM PG ��� USJBMT QFS QBSUJDJQBOU�

����� #ৗ৚৓২৛ৡ৤৓৞ ০৓৥ঢ়৥

"১৖৛০ৡ৤৫ ৙ৡ�ৠৡ�৙ৡ ০ৡৠৗ�৛ৠ�ৠৡ৛৥ৗ ৖ৗ০ৗ৕০৛ৡৠ ০৓৥ঢ় &BDI USJBM DPOTJTUFE PG UXP UP TFWFO DPOTFD�
VUJWF EJTUJODU BVEJUPSZ OPJTF TUJNVMJ 	TUJNVMVT EVSBUJPO
 � T� JOUFS�TUJNVMVT�JOUFSWBM
 ��� T
� " XFBL TJHOBM
UPOF 	QVSF TJOF XBWF
 XBT TVQFSJNQPTFE POUP UIF MBTU OPJTF TUJNVMVT 	'JH� �"
� 5IF OVNCFS PG OPJTF
TUJNVMJ
 BOE UIVT UIF TJHOBM QPTJUJPO JO UIF TFRVFODF
 XBT SBOEPNMZ ESBXO CFGPSFIBOE� 5IF QSPCBCJMJUZ
PG B UBSHFU TJHOBM EFDSFBTFE MJOFBSMZ XJUI TPVOE QPTJUJPO JO UIF TFRVFODF 	'JH� �#

 TP BT UP LFFQ IB[BSE SBUF
PG TJHOBM POTFU BQQSPYJNBUFMZ ஸ஼BU BDSPTT UIF USJBM� &BDI USJBM XBT UFSNJOBUFE CZ UIF TVCKFDUءT HP�SFTQPOTF
	IJU PS GBMTF BMBSN
 PS BG஽FS B OP�HP FSSPS 	NJTT
� &BDI JOUFSWBM DPOTJTUFE PG POMZ BO BVEJUPSZ OPJTF TUJNVMVT
<��>
 PS B QVSF TJOF XBWF 	� ,)[
 TVQFSJNQPTFE POUP POF PG UIF OPJTF TUJNVMJ� *O UIF NJDF FYQFSJNFOU

BVEJUPSZ TUJNVMJ XFSF QSFTFOUFE BU BO JOUFOTJUZ PG ��E#� *O UIF IVNBO FYQFSJNFOU
 BVEJUPSZ TUJNVMJ XFSF
QSFTFOUFE BU BO JOUFOTJUZ PG ��E# VTJOH BO *.(4UBHFMJOF.%�����%3PWFS�FBS IFBEQIPOF
 TVQQSFTTJOH

��



BNCJFOU OPJTF� 0UIFSXJTF
 JU XBT UIF TBNF CFIBWJPSBM TFU�VQ BT JO <��>�
.JDF MFBSOFE UP SFTQPOE EVSJOH UIF TJHOBM�QMVT�OPJTF JOUFSWBMT BOE UP XJUIIPME SFTQPOTFT EVSJOH OPJTF

JOUFSWBMT UISPVHI USBJOJOH� )VNBO QBSUJDJQBOUT XFSF JOTUSVDUFE UP EP UIF TBNF� .JDF SFTQPOEFE CZ
MJDLJOH GPS TVHBS XBUFS SFXBSE� )VNBOT SFTQPOEFE CZ QSFTTJOH B CVUUPO XJUI UIFJS SJHIU JOEFY ஷ஫OHFS�
$PSSFDU ZFT�DIPJDFT 	IJUT
 XFSF GPMMPXFE CZ QPTJUJWF GFFECBDL� � μL PG TVHBS XBUFS JO UIFNJDF FYQFSJNFOU

BOE B HSFFO ஷ஫YBUJPO EPU JO UIF IVNBO FYQFSJNFOU� 'BMTF BMBSNTXFSF GPMMPXFE CZ BO � T UJNFPVU� )VNBOT
SFDFJWFE BO � T UJNFPVU BG஽FS NJTTFT UPP�

5BSHFU TJHOBM MPVEOFTT XBT SBOEPNMZ TFMFDUFE PO FBDI USJBM
 VOEFS UIF DPOTUSBJOU UIBU FBDI PG TJY 	NJDF

PS ஷ஫WF 	IVNBOT
 MFWFMTXPVMEPDDVS FRVBMMZ PG஽FOXJUIJO FBDI TFTTJPO 	NJDF
 PS CMPDL PG �� USJBMT 	IVNBOT
�
5IF DPSSFTQPOEJOH MPVEOFTT FYIJCJUFE B SPCVTU FஶGFDU PO NFBO BDDVSBDZ
 XJUI IJHIFTU BDDVSBDZ GPS UIF
MPVEFTU TJHOBM MFWFM� '	�
��
 � �����
 Q � �����
 BOE '	�
��
 � �����
 Q � �����

 GPS NPVTF BOE IVNBO
TVCKFDUT SFTQFDUJWFMZ� )VNBO IJU�SBUFT XFSF BMNPTU BU DFJMJOH MFWFM GPS UIF MPVEFTU TJHOBM� ����গ 	q����গ
T�F�N�
� #FDBVTF TP GFX FSSPST BSF OPU FOPVHI UP TVஶஷ஫DJFOUMZ DPOTUSBJO UIF ESJG஽ EJஶGVTJPONPEFM
 XFNFSHFE
UIF UXP DPOEJUJPOT XJUI UIF MPVEFTU TJHOBMT�

"১৖৛০ৡ৤৫ ৫ৗ৥�ৠৡ 	৘ৡ৤৕ৗ৖৕৚ৡ৛৕ৗ
 ০ৡৠৗ�৛ৠ�ৠৡ৛৥ৗ ৖ৗ০ৗ৕০৛ৡৠ০৓৥ঢ় &BDI USJBM DPOTJTUFE PG UXP
DPOTFDVUJWF JOUFSWBMT 	'JH� �"
� 	J
 UIF CBTFMJOF JOUFSWBM 	��� T VOJGPSNMZ EJTUSJCVUFE
� 	JJ
 UIF EFDJTJPO JO�
UFSWBM
 UIF TUBSU PG XIJDI XBT TJHOBMFE CZ UIF POTFU PG UIF BVEJUPSZ TUJNVMVT BOE XIJDI XBT UFSNJOBUFE
CZ UIF TVCKFDUءT SFTQPOTF 	PS BG஽FS B NBYJNVN EVSBUJPO PG ��� T
� 5IF EFDJTJPO JOUFSWBM DPOTJTUFE PG POMZ
BO BVEJUPSZ OPJTF TUJNVMVT <��>
 PS B QVSF TJOF XBWF 	� ,)[
 TVQFSJNQPTFE POUP UIF OPJTF� *O UIF ஷ஫STU
FYQFSJNFOU
 UIF TJHOBM XBT QSFTFOUFE PO ��গ PG USJBMT 	'JH� �"
� "VEJUPSZ TUJNVMJ XFSF QSFTFOUFE BU UIF
TBNF JOUFOTJUZ PG ��E# VTJOH UIF TBNF PWFS�FBS IFBEQIPOF BT JO UIF HP�OP�HP UBTL� *O UIF TFDPOE FYQFS�
JNFOU
 JO PSEFS UP FYQFSJNFOUBMMZ NBOJQVMBUF QFSDFQUVBM DIPJDF CJBT
 UIF TJHOBM XBT QSFTFOUFE PO FJUIFS
��গ PG ��গ PG USJBMT� "VEJUPSZ TUJNVMJ XFSF QSFTFOUFE BU BQQSPYJNBUFMZ UIF TBNF MPVEOFTT 	��E#
 VTJOH
B 4FOOIFJTFS )% ��� 4 PWFS�FBS IFBEQIPOF
 TVQQSFTTJOH BNCJFOU OPJTF�

1BSUJDJQBOUT XFSF JOTUSVDUFE UP SFQPSU UIF QSFTFODF PS BCTFODF PG UIF TJHOBM CZ QSFTTJOH POF PG UXP
SFTQPOTF CVUUPOT XJUI UIFJS MFG஽ PS SJHIU JOEFY ஷ஫OHFS
 PODF UIFZ GFMU TVஶஷ஫DJFOUMZ DFSUBJO 	GSFF SFTQPOTF
QBSBEJHN
� 5IF NBQQJOH CFUXFFO QFSDFQUVBM DIPJDF BOE CVUUPO QSFTT 	F�H�
 ؤZFTأ �؜ SJHIU LFZ� ؤOPأ �؜
MFG஽ LFZ
 XBT DPVOUFSCBMBODFE BDSPTT QBSUJDJQBOUT� "G஽FS FWFSZ �� USJBMT TVCKFDUT XFSF JOGPSNFE BCPVU UIFJS
QFSGPSNBODF� *O UIF TFDPOE FYQFSJNFOU
 TVCKFDUT XFSF FYQMJDJUMZ JOGPSNFE BCPVU TJHOBM QSPCBCJMJUZ� 5IF
PSEFS PG TJHOBM QSPCBCJMJUZ 	F�H�
 ஷ஫STU ��� USJBMT �؜ ��গ� MBTU ��� USJBMT �؜ ��গ
XBT DPVOUFSCBMBODFE BDSPTT
TVCKFDUT�

5ISPVHIPVU UIF FYQFSJNFOU
 UIF UBSHFU TJHOBM MPVEOFTT XBT ஷ஫YFE BU B MFWFM UIBU ZJFMEFE BCPVU ��গ DPS�
SFDU DIPJDFT JO UIF ��গ TJHOBM QSPCBCJMJUZ DPOEJUJPO� &BDI QBSUJDJQBOUءT JOEJWJEVBM MPVEOFTT XBT EFUFS�
NJOFE CFGPSF UIF NBJO FYQFSJNFOU VTJOH BO BEBQUJWF TUBJSDBTF QSPDFEVSF 
VFTUߕ	� 'PS UIJT
 XF VTFE B
UXP�JOUFSWBM GPSDFE DIPJDF WBSJBOU PG UIF UPOF�JO�OPJTF EFUFDUJPO ZFT�OP UBTL 	POF JOUFSWBM
 TJHOBM�QMVT�
OPJTF� UIF PUIFS
 OPJTF

 JO PSEFS UP NJOJNJ[F DPOUBNJOBUJPO PG UIF TUBJSDBTF CZ JOEJWJEVBM CJBT 	HFOFSBMMZ

��



TNBMMFS JO UXP�JOUFSWBM GPSDFE DIPJDF UIBO ZFT�OP UBTLT
� *O UIF ஷ஫STU FYQFSJNFOU
 UIF SFTVMUJOH UISFTIPME
MPVEOFTT QSPEVDFE B NFBO BDDVSBDZ PG �����গ DPSSFDU 	q����গ T�F�N�
� *O UIF TFDPOE FYQFSJNFOU
 UIF
SFTVMUJOH UISFTIPME MPVEOFTT QSPEVDFE B NFBO BDDVSBDZ PG �����গ DPSSFDU 	q����গ T�F�N�
 BOE �����গ
DPSSFDU 	q����গ T�F�N�
 JO UIF 1	4JHOBM
���� BOE 1	4JHOBM
���� DPOEJUJPOT
 SFTQFDUJWFMZ� 5IJT JODSFBTFE
BDDVSBDZ XBT FYQFDUFE HJWFO UIF TVCKFDUTء BCJMJUZ UP JODPSQPSBUF QSJPS LOPXMFEHF BCPVU TJHOBM QSPCBCJMJUZ
JOUP UIFJS EFDJTJPO�NBLJOH�

1৛৕০১৤ৗ ৫ৗ৥�ৠৡ 	৘ৡ৤৕ৗ৖�৕৚ৡ৛৕ৗ
 ৤ৗ৕ৡ৙ৠ৛০৛ৡৠ 5IF GVMM FYQFSJNFOU DPOTJTUFE PG B QJDUVSF BOE
XPSE FODPEJOH UBTL
 BOE B �� IPVST�EFMBZFE GSFF SFDBMM BOE SFDPHOJUJPO UFTUT 	'JH� �"
 QSFWJPVTMZ EFTDSJCFE
JO 	#FSHU FU BM�
 ����
� )FSF XF EJE OPU BOBMZ[F EBUB GSPN UIF XPSE SFDPHOJUJPO UBTL CFDBVTF PG B NPEBM�
JUZ NJTNBUDI� BVEJUPSZ EVSJOH FODPEJOH
 WJTVBM EVSJOH SFDPHOJUJPO� %VSJOH FODPEJOH
 �� OFVUSBM BOE ��
OFHBUJWF HSFZTDBMF QJDUVSFT 	NPEJஷ஫FE UP IBWF UIF TBNF BWFSBHF MVNJOBODF
 XFSF SBOEPNMZ DIPTFO GSPN
UIF QJDUVSF QPPM <���> BOE QSFTFOUFE JO SBOEPNJ[FE PSEFS GPS � TFDPOET BU UIF DFOUFS PG UIF TDSFFO
 BHBJOTU
B HSFZ CBDLHSPVOE UIBU XBT FRVJMVNJOBOU UP UIF QJDUVSFT� 4VCKFDUT XFSF JOTUSVDUFE UP NFNPSJ[F UIF QJD�
UVSFT 	JOUFOUJPOBM FODPEJOH
 BOE UP FWBMVBUF IPX FNPUJPOBM FBDI QJDUVSF XBT PO B ��QPJOU TDBMF GSPN �

ؤOFVUSBMأ	 UP � WFSZأ	 OFHBUJWFؤ
� %VSJOH SFDPHOJUJPO
 ���IPVST QPTU FODPEJOH
 TVCKFDUT TBX BMM QJDUVSFT
UIBU XFSF QSFTFOUFE PO UIF ஷ஫STU EBZ BOE BO FRVBM OVNCFS PG OPWFM OFVUSBM BOE OFHBUJWF JUFNT JO SBOEPN�
J[FE PSEFS� 4VCKFDUT XFSF JOTUSVDUFE UP JOEJDBUF GPS FBDI JUFN XIFUIFS JU IBE CFFO QSFTFOUFE UIF QSFWJPVT
EBZ ZFTأ	 ؜ PMEؤ
 PS OPU OPأ	 ؜ OFXؤ
� 'PS JUFNT UIBU XFSF JEFOUJஷ஫FE BT 
ؤPMEأ QBSUJDJQBOUT XFSF GVSUIFS
BTLFE UP SBUF PO B TDBMF GSPN � OPUأ	 DFSUBJOؤ
 UP � WFSZأ	 DFSUBJOؤ
 IPX DPOஷ஫EFOU UIFZ XFSF UIBU UIF JUFN
XBT JOEFFE �ؤPMEأ

7৓৞১ৗ�৔৓৥ৗ৖ ৕৚ৡ৛৕ৗ ০৓৥ঢ় &BDI USJBM DPOTJTUFE PG GPVS DPOTFDVUJWF JOUFSWBMT 	'JH� �"
� 	J
 B QSF�
TUJNVMVT CBTFMJOF JOUFSWBM 	��� T
� 	JJ
 B TUJNVMVT JOUFSWBM DPOTJTUJOH PG �؜� QBJST PG OVNCFST� 	JJJ
 B SFTQPOTF
JOUFSWBM XIJDI XBT QSPNQUFE CZ UIF ஷ஫YBUJPO EPU UVSOJOH XIJUF BOE XIJDI XBT UFSNJOBUFE CZ UIF QBSUJDJ�
QBOUءT SFTQPOTF PS BG஽FS B NBYJNVN PG � T� *NNFEJBUFMZ BG஽FS UIF SFTQPOTF UIF ஷ஫YBUJPO EPU UVSOFE HSFFO
PS SFE
 GPS DPSSFDU BOE JODPSSFDU SFTQPOTFT SFTQFDUJWFMZ
 BOE TUBZFE PO TDSFFO GPS BO BEEJUJPOBM ��� T 	JW
�

1BSUJDJQBOUT XFSF JOTUSVDUFE UP SFQPSU XIJDI TFRVFODF 	MFG஽ PS SJHIU
 IBE
 PO BWFSBHF
 UIF IJHIFS WBMVF�
5IFZ JOEJDBUFE UIJT KVEHNFOU CZ QSFTTJOH POF PG UXP SFTQPOTF CVUUPOT
 XJUI UIF JOEFY ஷ஫OHFS PG UIF MFG஽
PS SJHIU IBOE� 4VCKFDUT SFDFJWFE GFFECBDL BU UIF FOE PG FBDI USJBM 	HSFFO ஷ஫YBUJPO EPU
 DPSSFDU� SFE ஷ஫YBUJPO
EPU
 FSSPS
� 1BSUJDJQBOUT XFSF JOGPSNFE BCPVU UIFJS BDDVSBDZ TP GBS BU UIF FOE PG FBDI CMPDL� 0O FBDI
TFTTJPO
 QBSUJDJQBOUT SFDFJWFE B NBYJNVN PG ��ٮ CPOVT 	DBMDVMBUFE BT 	9����
 Y ��
 XIFSF 9 XBT UIFJS
PWFSBMM GSBDUJPO PG DPSSFDU DIPJDFT PS BDDVSBDZ� GPS 9 � ��� UIF CPOVT XBT DBQQFE BU 
��ٮ�

5IF �؜� QBJST PG ��EJHJU OVNFSJDBM WBMVFT XFSF CMBDL BOE QSFTFOUFE TFRVFOUJBMMZ
 UP UIF MFG஽ BOE SJHIU PG
B DFOUSBM ஷ஫YBUJPO QPJOU 	����pEJBNFUFS
 BHBJOTU B HSFZ CBDLHSPVOE� &BDI OVNCFS QBJS GBEFE�JO
 DIBOHJOH
MJOFBSMZ GSPN HSFZ UP CMBDL GPS UIF ஷ஫STU ��� NT
 SFNBJOFE CMBDL GPS ��� NT
 BOE UIFO GBEFE�PVU UP HSFZ
GPS UIF MBTU ��� NT� 5IF WJFXJOH EJTUBODF XBT �� DN BOE FBDI OVNFSJDBM DIBSBDUFS XBT ����pXJEF BOE
����pMPOH�

��



*O BMM USJBMT UIFSF XBT B DPSSFDU BOTXFS
 XJUI UIF BWFSBHF EJஶGFSFODF CFUXFFO UIF IJHIFS BOE UIF MPXFS
TFRVFODF CFJOH TBNQMFE GSPN d ∼ U(1, 12)XJUI B NFBO PG ���� 5IJT FYQFSJNFOU DPOUBJOFE UISFF DPOEJ�
UJPOT
 XIJDI XFSF JOUFSNJYFE XJUIJO B CMPDL PG USJBMT� B OFVUSBM DPOEJUJPO
 B DPOEJUJPO EFTJHOFE UP JOEVDF
B ؤQSP�WBSJBODFأ FஶGFDU
 BOE B DPOEJUJPO EFTJHOFE UP JOEVDF B GSFRVFOUأ XJOOFSؤ FஶGFDU� *O UIJT SFQPSU
 XF
QSFTFOU BOBMZTFT PG UIF QSP�WBSJBODF DPOEJUJPO� SFTVMUT PG UIF OFVUSBM BOE GSFRVFOU XJOOFS DPOEJUJPOT XJMM
CF UIF GPDVT PG BOPUIFS SFQPSU� 5IF QSP�WBSJBODF DPOEJUJPO JOWPMWFE UXP UZQFT PG USJBMT
 ؤOBSSPX�DPSSFDUأ
USJBMT BOE ؤOBSSPX�FSSPSأ USJBMT� *O CPUI UZQFT PG USJBMT UIF TFRVFODFT XFSF HFOFSBUFE GSPN (BVTTJBO EJT�
USJCVUJPOT
 XJUI UIF NFBO PG UIF IJHIFS TFRVFODF 	μH
 TBNQMFE GSPN μH ∼ U(45, 65)� 5IF NFBO PG
UIF MPXFS TFRVFODF XBT μL = μH− d� *O UIF OBSSPX�DPSSFDU USJBMT
 UIF TUBOEBSE EFWJBUJPO PG UIF IJHIFS
TFRVFODF XBT σH = 10XIJMF UIF TUBOEBSE EFWJBUJPO PG UIF MPXFS TFRVFODF XBT σL = 20� JO UIF OBSSPX�
FSSPS USJBMT UIJT XBT SFWFSTFE 	σH = 20 BOE σL = 10
�

5IJT FYQFSJNFOU XBT QBSU PG B MBSHFS TUVEZ UIBU BMTP JODMVEFE .&( NFBTVSFNFOUT PG DPSUJDBM BDUJWJUZ
DPNCJOFE XJUI QIBSNBDPMPHJDBM JOUFSWFOUJPO� 4VCKFDUT QFSGPSNFE UIF OVNCFS JOUFHSBUJPO UBTL JO UISFF
NFBTVSFNFOU TFTTJPOT 	OPDFCP
 QMBDFCP
 ESVH <MPSB[FQBN>
� UIFZ SFDFJWFE BO BEEJUJPOBM ஷ஫YFE ��ٮ JO UIF
OPDFCP TFTTJPO
 BOE BO BEEJUJPOBM ��ٮ JO UIF QMBDFCP BOE ESVH TFTTJPOT�

����� 1১ৢ৛৞ ৖৓০৓ ৓৕ଂ১৛৥৛০৛ৡৠ

5IF NPVTF QVQJM EBUB BDRVJTJUJPO JT EFTDSJCFE FMTFXIFSF <��>� 5IF IVNBO FYQFSJNFOUT XFSF DPOEVDUFE
JO B QTZDIPQIZTJDT MBCPSBUPSZ 	HP�OP�HP BOE ZFT�OP UBTLT
 PS JO UIF.&( MBCPSBUPSZ 	WBMVF�CBTFE DIPJDF
UBTL
� 5IF MFG஽ FZFءT QVQJM XBT USBDLFE BU ����)[ XJUI BO BWFSBHF TQBUJBM SFTPMVUJPO PG �� UP ��NJO BSD
 VT�
JOH BO&ZF-JOL ����-POH3BOHF.PVOU 	433FTFBSDI
0THPPEF
0OUBSJP
 $BOBEB

 BOE JUXBT DBMJCSBUFE
PODF BU UIF TUBSU PG FBDI CMPDL�

����� "ৠ৓৞৫৥৛৥ ৡ৘ ০৓৥ঢ়�ৗ২ৡঢ়ৗ৖ ৢ১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥

1৤ৗৢ৤ৡ৕ৗ৥৥৛ৠ৙ 1FSJPET PG CMJOLT BOE TBDDBEFT XFSF EFUFDUFE VTJOH UIF NBOVGBDUVSFSءT TUBOEBSE BMHP�
SJUINT XJUI EFGBVMU TFUUJOHT� 5IF SFNBJOJOH EBUB BOBMZTFT XFSF QFSGPSNFE VTJOH DVTUPN�NBEF 1ZUIPO
TDSJQUT� 8F BQQMJFE UP FBDI QVQJM UJNFTFSJFT 	J
 MJOFBS JOUFSQPMBUJPO PG NJTTJOH EBUB EVF UP CMJOLT PS PUIFS
SFBTPOT 	JOUFSQPMBUJPO UJNF XJOEPX
 GSPN ��� NT CFGPSF VOUJM ��� NT BG஽FS NJTTJOH EBUB

 	JJ
 MPX�QBTT
ஷ஫MUFSJOH 	UIJSE�PSEFS #VUUFSXPSUI
 DVU�PஶG� � )[

 	JJJ
 GPS IVNBO QVQJM EBUB
 SFNPWBM PG QVQJM SFTQPOTFT
UP CMJOLT BOE UP TBDDBEFT
 CZ ஷ஫STU FTUJNBUJOH UIFTF SFTQPOTFT CZ NFBOT PG EFDPOWPMVUJPO BOE UIFO SFNPW�
JOH UIFN GSPN UIF QVQJM UJNF TFSJFT CZ NFBOT PG NVMUJQMF MJOFBS SFHSFTTJPO 	,OBQFO FU BM�
 ����

 BOE 	JW

DPOWFSTJPO UP VOJUT PG NPEVMBUJPO 	QFSDFOU TJHOBM DIBOHF
 BSPVOE UIFNFBO PG UIF QVQJM UJNF TFSJFT GSPN
FBDINFBTVSFNFOU TFTTJPO� 8F DPNQVUFE UIF ஷ஫STU UJNF EFSJWBUJWF PG UIF QVQJM TJ[F
 CZ TVCUSBDUJOH UIF TJ[F
GSPN BEKBDFOU GSBNFT
 BOE TNPPUIFOFE UIF SFTVMUJOH UJNF TFSJFT XJUI B TMJEJOH CPYDBS XJOEPX 	XJEUI
 ��
NT
�

��



2১৓ৠ০৛৘৛৕৓০৛ৡৠ ৡ৘ ০৓৥ঢ়�ৗ২ৡঢ়ৗ৖ ৢ১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥ 5IF BVEJUPSZ ZFT�OP UBTLT BOE UIF ZFT�OP
SFDPHOJUJPO UBTL XFSF BOBMPHPVT JO TUSVDUVSF UP UIF UBTLT GSPN PVS QSFWJPVT QVQJMMPNFUSZ BOE EFDJTJPO�
NBLJOH TUVEJFT <��
 ��>� 8F IFSF DPNQVUFE UBTL�FWPLFE QVQJM SFTQPOTFT UJNF�MPDLFE UP UIF CFIBWJPSBM
SFQPSU 	CVUUPO QSFTT
� 8F VTFE NPUPS SFTQPOTF�MPDLJOH CFDBVTF NPUPS SFTQPOTFT
 XIJDI PDDVSSFE JO BMM
USJBMT
 FMJDJU B USBOTJFOU QVQJM EJMBUJPO SFTQPOTF <��
 ���>� 5IVT
 MPDLJOH QVQJM SFTQPOTFT UP UIF NPUPS
SFTQPOTF CBMBODFE UIPTF NPUPS DPNQPOFOUT JO UIF QVQJM SFTQPOTFT BDSPTT USJBMT
 FMJNJOBUJOH UIFN BT B
DPOGPVOEJOH GBDUPS GPS FTUJNBUFT PG QIBTJD BSPVTBM BNQMJUVEFT� 4QFDJஷ஫DBMMZ
 XF DPNQVUFE QVQJM SFTQPOTFT
BT UIF NBYJNVN PG UIF QVQJM EFSJWBUJWF UJNF TFSJFT <��> JO UIF ��� NT CFGPSF CVUUPO QSFTT 	HSFZ XJOEPXT
JO 'JHT� 4�#
 4�"
 4�"
� 5IF SFTVMUJOH QVQJM CJOT XFSF BTTPDJBUFE XJUI EJஶGFSFOU PWFSBMM QVQJM SFTQPOTF
BNQMJUVEFT BDSPTT UIF XIPMF EVSBUJPO PG UIF USJBM 	'JHT� 4�$
 4�#
 4�#
�

5IF HP�OP�HP BOE WBMVF�CBTFE DIPJDF UBTL FOUBJMFE TFWFSBM EFWJBUJPOT GSPN UIF BCPWF UBTL TUSVDUVSF
UIBU SFRVJSFE EJஶGFSFOU RVBOUJஷ஫DBUJPOT PG UBTL�FWPLFE QVQJM SFTQPOTFT� 5IF HP�OP�UBTL IBE
 CZ EFTJHO

BO JNCBMBODF PG NPUPS SFTQPOTFT CFUXFFO USJBMT FOEJOH XJUI EJஶGFSFOU EFDJTJPOT
 XJUI OPNPUPS SFTQPOTF
GPS 	JNQMJDJU
 OP�DIPJDFT� 5IVT
 UIF BCPWF�EFTDSJCFE USBOTJFOU NPUPS DPNQPOFOU UP UIF QVQJM SFTQPOTF
XPVME ZJFME MBSHFS QVQJM SFTQPOTFT GPS ZFT� UIBO GPS OP�DIPJDFT
 FWFO XJUIPVU BOZ MJOL CFUXFFO QIBTJD
BSPVTBM BOE EFDJTJPO CJBT� 8F UPPL UXP BQQSPBDIFT UP NJOJNJ[F DPOUBNJOBUJPO CZ UIJT NPUPS JNCBMBODF�
'JSTU
 XF RVBOUJஷ஫FE UIF QVQJM SFTQPOTFT BT UIF NBYJNVN PG UIF QVQJM EFSJWBUJWF JO BO FBSMZ XJOEPX UIBU
SBOHFE GSPN UIF TUBSU PG UIF QVQJM EFSJWBUJWF UJNF DPVSTF CFJOH TJHOJஷ஫DBOUMZ EJஶGFSFOU GSPN [FSP VQ UP UIF
ஷ஫STU QFBL 	HSFZXJOEPXT JO 'JH� �%
� 'PS UIFNJDF
 UIJT XJOEPX SBOHFE GSPN؜����� BG஽FS TPVOE POTFU� GPS
IVNBOT
 UIJTXJOEPX SBOHFE GSPN؜������NT BG஽FS TPVOEPOTFU� 4FDPOE
 XF FYDMVEFE EFDJTJPO JOUFSWBMT
XJUI B NPUPS SFTQPOTF CFGPSF UIF FOE PG UIJT XJOEPX QMVT B ��NT CVஶGFS 	DVUPஶG� ���NT GPS NJDF
 ��� NT
GPS IVNBOT� 'JH� 4�&
,
� *O CPUI TQFDJFT
 UIF SFTVMUJOH QVQJM EFSJWBUF EFஷ஫OFE CJOT XFSF BTTPDJBUFE XJUI
EJஶGFSFOU PWFSBMM QVQJM SFTQPOTF BNQMJUVEFT BDSPTT UIF XIPMF EVSBUJPO PG UIF USJBM 	'JH� 4�(
.
�

*O UIF WBMVF�CBTFE DIPJDF UBTL
 XF DPNQVUFE QVQJM SFTQPOTFT BT UIF NFBO QVQJM TJ[F GSPN ��� T UP ��� T
BG஽FS UIF POTFU PG UIF ஷ஫STU QBJS PG TBNQMFT 	HSFZ XJOEPX JO 'JH� 4�"

 XJUI UIF QSF�USJBM CBTFMJOF QVQJM TJ[F
	NFBO QVQJM TJ[F JO UIF ��� NT CFGPSF UIF ஷ஫STU QBJS PG TBNQMFT
 TVCUSBDUFE PVU� 8F DIPPTF UIJT XJOEPX
PG JOUFSFTU GPS UISFF SFBTPOT� 'JSTU
 UP RVBOUJGZ UIF BNQMJUVEF PG QIBTJD BSPVTBM BDSPTT UIF GVMM JOUFSWBM PG
FWJEFODF BDDVNVMBUJPO
 XIJDI XBT TVCTUBOUJBMMZ MPOHFS UIBO JO UIF HP�OP�HP BOE ZFT�OP UBTLT ���؜���	
T WT� ∼ � T
� 4FDPOE
 UIF ஷ஫STU ��� T BG஽FS TUJNVMVT POTFU XFSF FYDMVEFE CFDBVTF IFSF XF PCTFSWFE JOJUJBM
DPOTUSJDUJPO PG UIF QVQJM CFMPX QSF�TUJNVMVT CBTFMJOF MFWFM
 MJLFMZ FMJDJUFE CZ UIF IJHI�DPOUSBTU OVNCFST
FMJDJUFE 	'JH� 4�"
� 5IJSE
 BT QVQJM EJBNFUFS JODSFBTFE XJUI FBDI TBNQMF BG஽FS UIF ஷ஫STU 	'JH� 4�"

 MBSHFS
QVQJM SFTQPOTFT XFSF UP CF FYQFDUFE GPS ��TBNQMF DPNQBSFE UP ��TBNQMF USJBMT� 5IFSFGPSF
 XF DPNQVUFE
QVQJM SFTQPOTFT BMJHOFE UP TUJNVMVT POTFU
 XIJMF FYDMVEJOH NPUPS BOE�PS GFFECBDL�SFMBUFE DPNQPOFOUT
PDDVSSJOH QPTU ��� T GPS UIF TIPSUFTU USJBMT 	� TBNQMFT
 	'JH� 4�"
 MFG஽
� 5IF SFTVMUJOH QVQJM�SFTQPOTF EFஷ஫OFE
CJOTXFSF BTTPDJBUFEXJUI EJஶGFSFOU PWFSBMM QVQJM SFTQPOTF BNQMJUVEFT BDSPTT UIFXIPMF EVSBUJPO PG UIF USJBM
	'JH� 4�#
�

'PS BOBMZTFT PG UIF HP�OP�HP BOE ZFT�OP UBTLT
 XF VTFE ஷ஫WF FRVBMMZ QPQVMBUFE CJOT PG UBTL�FWPLFE

��



QVQJM SFTQPOTF BNQMJUVEFT� 8F VTFE UISFF CJOT GPS UIF ZFT�OP UBTL XJUI CJBTFE FOWJSPONFOUT BOE UIF
WBMVF�CBTFE UBTL
 CFDBVTF TVCKFDUT QFSGPSNFE TVCTUBOUJBMMZ GFXFS USJBMT 	TFF 4VCKFDUT
� 8F VTFE UXP CJOT
GPS UIF SFDPHOJUJPO UBTL
 TP UIBU XF DPVME QFSGPSN UIF JOEJWJEVBM EJஶGFSFODF BOBMZTJT SFQPSUFE JO 'JH� �� *O
UIF SFDPHOJUJPO UBTL
 XF FOTVSFE UIBU FBDI QVQJM CJO DPOUBJOFE BO FRVBM OVNCFS PG OFVUSBM BOE FNPUJPOBM
TUJNVMJ� *O BMM DBTFT
 UIF SFTVMUT BSF RVBMJUBUJWFMZ UIF TBNF XIFO VTJOH ஷ஫WF FRVBMMZ QPQVMBUFE CJOT PG UBTL�
FWPLFE QVQJM SFTQPOTF BNQMJUVEFT�

����� "ৠ৓৞৫৥৛৥ ৓ৠ৖ য়ৡ৖ৗ৞৛ৠ৙ ৡ৘ ৕৚ৡ৛৕ৗ ৔ৗ৚৓২৛ৡ৤

*O UIF HP�OP�HP UBTL
 FBDI TUJNVMVT JO B HJWFO USJBM 	J�F�
 TFRVFODF EJTDSFUF TJHOBM�QMVT�OPJTF PS OPJTF�POMZ
TPVOET
 XBT JOUFSQSFUFE BT B TFQBSBUF EFDJTJPO� 5IF ஷ஫STU TUJNVMVT PG FBDI USJBM 	TFF #FIBWJPSBM UBTLT
 XBT
FYDMVEFE GSPN UIF BOBMZTFT
 CFDBVTF UIJT JOUFSWBM TFSWFE BT B SFGFSFODF BOE OFWFS JODMVEFE UIF UBSHFU TJHOBM
	QVSF TJOF XBWF
� *O UIF HP�OP�HP BOE ZFT�OP UBTLT
 SFBDUJPO UJNF 	35
 XBT EFஷ஫OFE BT UIF UJNF GSPN
TUJNVMVT POTFU VOUJM UIF MJDL PS CVUUPO QSFTT� *O UIF WBMVF�CBTFE DIPJDF UBTL
 35 XBT EFஷ஫OFE BT UIF UJNF
GSPN UIF MBTU TBNQMF PஶGTFU VOUJM UIF CVUUPOQSFTT� *O UIFNJDF HP�OP�HPEBUB TFU
 JOUFSWBMTXJUI35T TIPSUFS
UIBO ��� NT XFSF FYDMVEFE GSPN UIF BOBMZTFT 	TFF DBUJPO׾VBOUJآ PG UBTL�FWPLFE QVQJMMBSZ SFTQPOTॻ BOE
'JH� 4�&
� JO UIF IVNBO HP�OP�HP EBUB TFU
 JOUFSWBMT XJUI 35T TIPSUFS UIBO ���NT XFSF FYDMVEFE GSPN UIF
BOBMZTFT 	'JH� 4�,
�

4৛৙ৠ৓৞�৖ৗ০ৗ৕০৛ৡৠ ০৚ৗৡ৤ৗ০৛৕ য়ৡ৖ৗ৞৛ৠ৙ 	৙ৡ�ৠৡ�৙ৡ ৓ৠ৖ ৫ৗ৥�ৠৡ ০৓৥ঢ়৥
 5IF TJHOBM EFUFDUJPO
NFUSJDT TFOTJUJWJUZ 	Eء
 BOE DSJUFSJPO 	D
 <��> XFSF DPNQVUFE TFQBSBUFMZ GPS FBDI PG UIF CJOT PG QVQJM SF�
TQPOTF TJ[F� 8F FTUJNBUFE Eء BT UIF EJஶGFSFODF CFUXFFO [�TDPSFT PG IJU�SBUFT BOE GBMTF�BMBSN SBUFT� 8F
FTUJNBUFE DSJUFSJPO CZ BWFSBHJOH UIF [�TDPSFT PG IJU�SBUFT BOE GBMTF�BMBSN SBUFT BOE NVMUJQMZJOH UIF SFTVMU
CZ ���

*O UIF HP�OP�HP UBTL
 TVCKFDUT DPVME TFU POMZ POF EFDJTJPO DSJUFSJPO 	PS CJBT TFU QPJOU
 BHBJOTU XIJDI UP
DPNQBSF TFOTPSZ FWJEFODF
 CFDBVTF MPVEOFTT XBT ESBXO QTFVEP�SBOEPNMZ PO FBDI USJBM� 5IFSFGPSF
 VTJOH
TJHOBM EFUFDUJPO UIFPSZ
 QFS QVQJM CJO XF DPNQVUFE BO PWFSBMM QFSDFQUVBM DIPJDF CJBT BDSPTT MPVEOFTT BT
GPMMPXT� 8F DPNQVUFE POF GBMTF BMBSN SBUF 	CBTFE PO UIF OPJTF TPVOET
 BOE NVMUJQMF IJU�SBUFT 	POF QFS
MPVEOFTT
� #BTFE PO UIFTFXFNPEFMMFE POF PWFSBMM OPJTF EJTUSJCVUJPO 	OPSNBMMZ EJTUSJCVUFEXJUINFBO��

TJHNB��

 BOE POF ؤDPNQPTJUFأ TJHOBM EJTUSJCVUJPO 	'JH� 4�"

 XIJDI XBT DPNQVUFE BT UIF BWFSBHF BDSPTT
B OVNCFS PG TJHOBM EJTUSJCVUJPOT TFQBSBUFMZ NPEFMMFE GPS FBDI MPVEOFTT 	FBDI OPSNBMMZ EJTUSJCVUFE XJUI
NFBO�FNQJSJDBM Eء GPS UIBU MPVEOFTT
 BOE TJHNB��
� 5IVT
 UIF TUBOEBSE TJHOBM EFUFDUJPO UIFPSZ BTTVNQ�
UJPOT XFSF BQQMJFE GPS FBDI TUJNVMVT�

8FEFஷ஫OFE UIF FSP�CJBT]أ QPJOUؤ 	;
 BT UIF WBMVF GPSXIJDI UIF OPJTF BOE DPNQPTJUF TJHOBM EJTUSJCVUJPOT
DSPTTFE�

S(Z)− N(Z) = 0 	�


XIFSF S BOEN BSF UIF DPNQPTJUF TJHOBM BOE OPJTF EJTUSJCVUJPOT
 SFTQFDUJWFMZ�

��



5IF TVCKFDUءT FNQJSJDBM DIPJDFأ QPJOUؤ 	C
 XBT DPNQVUFE BT�

C = (0.5× d ′) + c 	�


XIFSF d ′ BOE c BSF B TVCKFDUءT TJHOBM EFUFDUJPO UIFPSFUJD TFOTJUJWJUZ BOE DSJUFSJPO GPS B HJWFO MPVEOFTT�
/PUF UIBU
 BT C JT B DPOTUBOU XIFO Eء BOE DSJUFSJPO BSF DPNQVUFE GPS FBDI MPVEOFTT CBTFE PO UIF TBNF
GBMTF BMBSN SBUF
 JU EPFT OPU NBUUFS XIJDI MPVEOFTT JT VTFE UP DPNQVUF UIF FNQJSJDBM DIPJDF QPJOU�

'JOBMMZ
 UIF PWFSBMM CJBT NFBTVSF XBT UIFO UBLFO BT UIF EJTUBODF CFUXFFO UIF TVCKFDUءT DIPJDF QPJOU BOE
UIF [FSP�CJBT QPJOU�

Overall bias = C− Z 	�


%ৗ০ৗ৤য়৛ৠ৛ৠ৙ ৡৢ০৛য়৓৞ ৕৚ৡ৛৕ৗ ৔৛৓৥ ৛ৠ ০৚ৗ ৙ৡ�ৠৡ�৙ৡ ০৓৥ঢ় 'PS CPUI UIF HP�OP�HP EBUB TFUT
 XF
DBMDVMBUFE POF HSPVQ�BWFSBHF GBMTF BMBSN SBUF
 BOE POF HSPVQ�BWFSBHF IJU�SBUF QFS MPVEOFTT� "T BCPWF

XF DPNQVUFE Eء TFQBSBUFMZ QFS MPVEOFTT BT UIF EJஶGFSFODF CFUXFFO [�TDPSFT PG IJU؜ BOE GBMTF؜BMBSN SBUFT

XIJMF VTJOH UIF TBNF GBMTF BMBSN SBUF GPS FBDI MPVEOFTT� 8F UIFO HFOFSBUFE POF OPJTF EJTUSJCVUJPO 	OPS�
NBMMZ EJTUSJCVUFE XJUI NFBO��
 TJHNB��
 BOE TFQBSBUF TJHOBM EJTUSJCVUJPOT GPS FBDI MPVEOFTT 	OPSNBMMZ
EJTUSJCVUFE XJUI NFBO�FNQJSJDBM HSPVQ�BWFSBHF Eء GPS UIBU MPVEOFTT
� 5IF OPJTF EJTUSJCVUJPO XBT UISFF
UJNFT MBSHFS UIBO UIF TJHOBM�QMVT�OPJTF EJTUSJCVUJPO CFDBVTF TVCKFDUT FODPVOUFSFE NPSF OPJTF TPVOET 	GPM�
MPXT GSPN UIF QSPCBCJMJUJFT JO 'JH� 4�"
� 8F UIFO TJNVMBUFE � NJMMJPO USJBMT GPS B SBOHF PG DIPJDF CJBTFT
	4%5 DSJUFSJPO
� $SJUFSJPO SBOHFE GSPN �� UP � JO TUFQT PG ����� 0O FBDI USJBM
 TJHOBM QPTJUJPO 	���� JO UIF
TFRVFODF
 BOE MPVEOFTT XFSF ESBXO SBOEPNMZ BT JO UIF BDUVBM UBTL� 0O FWFSZ TPVOE JOUFSWBM
 EFQFOE�
JOH PO UIF SBOEPNMZ TFMFDUFE TUJNVMVT
 UIF BHFOUءT JOUFSOBM EFDJTJPO WBSJBCMF 	%7
 XBT SBOEPNMZ ESBXO
GSPN UIF OPJTF PS GSPN POF PG UIF TJHOBM�OPJTF EJTUSJCVUJPOT� &WFSZ FODPVOUFSFE OPJTF TPVOE BEEFE ���
T 	� T TPVOE � ��� T *4*� TFF 'JH� �"
 UP UPUBM UJNF� " DPSSFDU SFKFDU 	%7 ESBXO GSPN OPJTF EJTUSJCVUJPO �
DSJUFSJPO
 XBT GPMMPXFE CZ UIF OFYU TPVOE JO UIF TBNF TFRVFODF� " IJU 	%7 ESBXO GSPN TJHOBM�OPJTF EJT�
USJCVUJPO � DSJUFSJPO
 SFTVMUFE JO B SFXBSE BOE UIF DPNQMFUJPO PG UIF USJBM� " GBMTF BMBSN 	%7 ESBXO GSPN
OPJTF EJTUSJCVUJPO � DSJUFSJPO
 SFTVMUFE JO B UJNFPVU 	BEEJUJPOBM � T BEEFE UP UPUBM UJNF
 BOE UIF BCPSUJPO
PG UIF USJBM XJUIPVU PCUBJOJOH B SFXBSE� " NJTT 	%7 ESBXO GSPN TJHOBM�OPJTF EJTUSJCVUJPO � DSJUFSJPO

SFTVMUFE UIF BCPSUJPO PG UIF USJBM XJUIPVU PCUBJOJOH B SFXBSE� 'PS UIF IVNBO WFSTJPO PG UIF HP�OP�HP UBTL

BO BEEJUJPOBM � T XBT BEEFE UP UPUBM UJNF BG஽FS NJTTFT� 'PS FWFSZ DSJUFSJPO WBMVF XF DPNQVUFE SFXBSE SBUF
BT UIF OVNCFS PG SFXBSE EJWJEFE CZ UIF UPUBM UJNF UP DPNQMFUF UIF POFNJMMJPO USJBMT
 BOE XF SFDPNQVUFE
PVS PWFSBMM CJBT NFBTVSF CBTFE PO UIF PCTFSWFE GBMTF BMBSN SBUF BOE IJU�SBUFT 	TFF 4JHOBM�EFUFDUJPO UIFPSFUJD
NPEFMJOH 	HP�OP�HP BOE Zॻ�OP UBTLT
� 0QUJNBMJUZ XBT EFஷ஫OFE BT UIF PWFSBMM CJBT WBMVF UIBU NBYJNJ[FE
SFXBSE SBUF 	� SFXBSET � UPUBM UJNF
 	'JH� 4�%
+
�

%৤৛৘০৖৛৘৘১৥৛ৡৠয়ৡ৖ৗ৞৛ৠ৙ %BUB GSPNBMM UBTLT FYDFQU UIF WBMVF�CBTFE DIPJDF UBTLXFSF FYDMVTJWFMZ ஷ஫U
XJUI UIF ESJG஽ EJஶGVTJPO NPEFM
 XIJDI XFMM DBQUVSFE BMM GFBUVSFT PG CFIBWJPS XF BTTFTTFE� 5IF WBMVF�CBTFE

��



DIPJDF UBTL XBT BMTP ஷ஫U XJUI NPSF DPNQMFY FWJEFODF BDDVNVMBUJPO NPEFMT EFTDSJCFE CFMPX
 CFDBVTF UIF
TUBOEBSE ESJG஽ EJஶGVTJPONPEFM GBJMFE UP DBQUVSF UIF TQFDJஷ஫D TFU PG CFIBWJPSBM TJHOBUVSFT PG CJBTFE FWJEFODF
BDDVNVMBUJPO JO UIJT UBTL 	'JH� �'
�

8F VTFE UIF )%%. ����� QBDLBHF <��> UP ஷ஫U CFIBWJPSBM EBUB GSPN UIF ZFT�OP BOE HP�OP�HP UBTLT� *O
BMM EBUBTFUT
 XF BMMPXFE UIF GPMMPXJOH QBSBNFUFST UP WBSZ XJUI QVQJM SFTQPOTF�CJOT� 	J
 UIF TFQBSBUJPO CF�
UXFFO CPUI CPVOET 	J�F� SFTQPOTF DBVUJPO
� 	JJ
 UIF NFBO ESJG஽ SBUF BDSPTT USJBMT� 	JJJ
 ESJG஽ CJBT 	BO FWJEFODF
JOEFQFOEFOU DPOTUBOU BEEFE UP UIF ESJG஽
� 	JW
 UIF OPO�EFDJTJPO UJNF 	TVN PG UIF MBUFODJFT GPS TFOTPSZ
FODPEJOH BOE NPUPS FYFDVUJPO PG UIF DIPJDF
� *O UIF EBUBTFUT VTJOH ZFT�OP QSPUPDPMT
 XF BEEJUJPOBMMZ BM�
MPXFE TUBSUJOH QPJOU UP WBSZ XJUI QVQJM SFTQPOTF CJO� *O UIF HP�OP�HP EBUBTFUT
 XF BMMPXFE OPO�EFDJTJPO
UJNF
 ESJG஽ SBUF
 BOE ESJG஽ CJBT UP WBSZ XJUI TJHOBM TUSFOHUI 	J�F�
 MPVEOFTT
� 5IF TQFDJஷ஫DT PG UIF ஷ஫UUJOH QSP�
DFEVSFT GPS UIF ZFT�OP BOE HP�OP�HP QSPUPDPMT BSF EFTDSJCFE CFMPX� 5P WFSJGZ UIBU CFTU�ஷ஫UUJOH NPEFMT
JOEFFE BDDPVOUFE GPS UIF QVQJM SFTQPOTF�EFQFOEFOU DIBOHFT JO CFIBWJPS
 XF HFOFSBUFE B TJNVMBUFE EBUB
TFU VTJOH UIF ஷ஫UUFE ESJG஽ EJஶGVTJPO NPEFM QBSBNFUFST� 4FQBSBUFMZ QFS TVCKFDU
 XF TJNVMBUFE ������ USJBMT
GPS FBDI QVQJM CJO 	BOE
 GPS UIF HP�OP�HP EBUB
 GPS FBDI MPVEOFTT

 XIJMF FOTVSJOH UIBU UIF GSBDUJPO PG TJH�
OBM�OPJTF WT� OPJTF USJBMT NBUDIFE UIBU PG UIF FNQJSJDBM EBUB� XF UIFO DPNQVUFE 35
 BOE TJHOBM EFUFDUJPO
Eء BOE PWFSBMM CJBT 	GPS UIF HP�OP�HP EBUB TFUT
 PS DSJUFSJPO 	GPS UIF SFTU
 GPS FWFSZ CJO 	BT EFTDSJCFE BCPWF
�

8F VTFE B TJNJMBS BQQSPBDI UP UFTU JG
 XJUIPVUNPOJUPSJOH UBTL�FWPLFE QVQJM SFTQPOTFT
 TZTUFNBUJD WBSJ�
BUJPOT JO BDDVNVMBUJPO CJBT 	ESJG஽ CJBT
 XPVME BQQFBS BT SBOEPN USJBM�UP�USJBM WBSJBCJMJUZ JO UIF BDDVNVMB�
UJPO QSPDFTT 	ESJG஽ SBUF WBSJBCJMJUZ
 	'JH� �&
)
� 'PS TJNQMJDJUZ
 XF UIFO QPPMFE BDSPTT MPVEOFTT BOE TJNV�
MBUFE ������ USJBMT GSPN UXP DPOEJUJPOT UIBU EJஶGFSFE BDDPSEJOH UP UIF ஷ஫UUFE ESJG஽ CJBT 	BDDVNVMBUJPO CJBT

FTUJNBUFT JO UIF MPXFTU BOE IJHIFTU QVQJM�EFஷ஫OFE CJO PG FBDI JOEJWJEVBM� ESJG஽ SBUF
 CPVOEBSZ TFQBSBUJPO
BOE OPO�EFDJTJPO UJNF XFSF ஷ஫YFE UP UIF NFBO BDSPTT QVQJM CJOT PG FBDI JOEJWJEVBM� ESJG஽ SBUF WBSJBCJMJUZ
XBT ஷ஫YFE UP ���� 8F UIFO ஷ஫UUFE UIF ESJG஽ CJBT NPEFM BT EFTDSJCFE BCPWF UP UIF TJNVMBUFE EBUB
 BOE BOPUIFS
WFSTJPO PG UIF NPEFM JO XIJDI XF ஷ஫YFE ESJG஽ CJBT BDSPTT UIF UXP DPOEJUJPOT�

:ৗ৥�ৠৡ ০৓৥ঢ় 8F ஷ஫UUFE BMM ZFT�OP EBUBTFUT VTJOH .BSLPW�DIBJO .POUF $BSMP TBNQMJOH BT JNQMF�
NFOUFE JO UIF )%%. UPPMCPY <��>� 'JUUJOH UIF NPEFM UP 35 EJTUSJCVUJPOT GPS UIF TFQBSBUF SFTQPOTFT
	UFSNFE TUJNVMVTأ DPEJOHؤ <��>
 FOBCMFE FTUJNBUJOH QBSBNFUFST UIBU DPVME IBWF JOEVDFE CJBTFT UPXBSET
TQFDJஷ஫D DIPJDFT� #BZFTJBO .$.$ HFOFSBUFT GVMM QPTUFSJPS EJTUSJCVUJPOT PWFS QBSBNFUFS FTUJNBUFT
 RVBO�
UJGZJOH OPU POMZ UIF NPTU MJLFMZ QBSBNFUFS WBMVF CVU BMTP UIF VODFSUBJOUZ BTTPDJBUFE XJUI UIBU FTUJNBUF�
5IF IJFSBSDIJDBM OBUVSF PG UIF NPEFM BTTVNFT UIBU BMM PCTFSWFST JO B EBUBTFU BSF ESBXO GSPN B HSPVQ
 XJUI
TQFDJஷ஫D HSPVQ�MFWFM QSJPS EJTUSJCVUJPOT UIBU BSF JOGPSNFE CZ UIF MJUFSBUVSF� *O QSBDUJDF
 UIJT SFTVMUT JONPSF
TUBCMF QBSBNFUFS FTUJNBUFT GPS JOEJWJEVBM TVCKFDUT
 XIP BSF DPOTUSBJOFE CZ UIF HSPVQ�MFWFM JOGFSFODF� 5IF
IJFSBSDIJDBM OBUVSF PG UIF NPEFM BMTP NJOJNJ[FT SJTLT UP PWFSஷ஫U UIF EBUB <��
 ���
 ���>� 5PHFUIFS
 UIJT BM�
MPXFE VT UP TJNVMUBOFPVTMZ WBSZ BMM NBJO QBSBNFUFST XJUI QVQJM CJO� TUBSUJOH QPJOU
 CPVOEBSZ TFQBSBUJPO

ESJG஽ SBUF
 ESJG஽ CJBT BOE OPO�EFDJTJPO UJNF� 8F ஷ஫YFE ESJG஽ SBUF WBSJBCJMJUZ BDSPTT UIF QVQJM�EFஷ஫OFE CJOT�
8F SBO � TFQBSBUF .BSLPW DIBJOT XJUI ����� TBNQMFT FBDI� 0G UIPTF
 ���� XFSF EJTDBSEFE BT CVSO�JO� *O�

��



EJWJEVBM QBSBNFUFS FTUJNBUFT XFSF UIFO FTUJNBUFE GSPN UIF QPTUFSJPS EJTUSJCVUJPOT BDSPTT UIF SFTVMUJOH
����� TBNQMFT� "MM HSPVQ�MFWFM DIBJOT XFSF WJTVBMMZ JOTQFDUFE UP FOTVSF DPOWFSHFODF� "EEJUJPOBMMZ
 XF
DPNQVUFE UIF(FMNBO�3VCJO R̂ TUBUJTUJD 	XIJDI DPNQBSFT XJUIJO�DIBJO BOE CFUXFFO�DIBJO WBSJBODF
 BOE
DIFDLFE UIBU BMM HSPVQ�MFWFM QBSBNFUFST IBE BO R̂ CFUXFFO ����������

(ৡ�ৠৡ�৙ৡ ০৓৥ঢ় 5IF BCPWF EFTDSJCFE IJFSBSDIJDBM #BZFTJBO ஷ஫UUJOH QSPDFEVSF XBT OPU VTFE GPS UIF
HP�OP�HP UBTLT CFDBVTF B NPEJஷ஫FE MJLFMJIPPE GVODUJPO XBT OPU ZFU TVDDFTTGVMMZ JNQMFNFOUFE JO)%%.�
*OTUFBE
 XF ஷ஫UUFE UIF HP�OP�HP EBUB CBTFE PO 35 RVBOUJMFT
 VTJOH UIF TP�DBMMFE ( TRVBSF NFUIPE 	DPEF
DPOUSJCVUFE UP UIF NBTUFS )%%. SFQPTJUPSZ PO (JUIVC 	#//+.΂ζζ"$/#0�΀�*(ζ#��(Ζ� 1.ζ#��(ζ
�'*�ζ(�./ -ζ#��(ζ 3�(+' .ζ"*)*"*ά� (*΀$+4)�
� 5IF35EJTUSJCVUJPOT GPS ZFT�DIPJDFTXFSF SFQ�
SFTFOUFE CZ UIF ���
 ���
 ���
 ��� BOE ��� RVBOUJMFT
 BOE
 BMPOH XJUI UIF BTTPDJBUFE SFTQPOTF QSPQPSUJPOT

DPOUSJCVUFE UP ( TRVBSF� B TJOHMF CJO DPOUBJOJOH UIF OVNCFS PG OP�HP�DIPJDFT DPOUSJCVUFE UP ( TRVBSF
<���>� 4UBSUJOH QPJOU BOE ESJG஽ SBUF WBSJBCJMJUZ XFSF ஷ஫UUFE CVU ஷ஫YFE BDSPTT UIF QVQJM�EFஷ஫OFE CJOT� "EEJ�
UJPOBMMZ
 ESJG஽ SBUF
 ESJG஽ CJBT BOE OPO�EFDJTJPO UJNF WBSJFE XJUI MPVEOFTT� 5IF TBNF OPJTF POMZ JOUFSWBMT
XFSF SF�VTFE XIFO ஷ஫UUJOH UIF NPEFM UP FBDI MPVEOFTT�

5IF BCTFODF PG OP�SFTQPOTFT JO UIF HP�OP�HP QSPUPDPM SFRVJSFE ஷ஫YJOH POF PG UIF UXP CJBT QBSBNFUFST
	TUBSUJOH QPJOU PS ESJG஽ CJBT
 BT GVODUJPO PG QVQJM SFTQPOTF� 8F ஷ஫YFE TUBSUJOH QPJOU CBTFE PO GPSNBMNPEFM
DPNQBSJTPO CFUXFFO B NPEFM XJUI QVQJM�EFQFOEFOU WBSJBUJPO PG ESJG஽ CJBT BOE TUBSUJOH QPJOU� #*$ EJஶGFS�
FODFT SBOHFE GSPN ������ UP ������ 	NFBO
 ������� NFEJBO
 ������

 BOE GSPN ������ UP ������ 	NFBO
 �������
NFEJBO
 ������
 JO GBWPS PG UIF NPEFM XJUI ஷ஫YFE TUBSUJOH QPJOU
 GPS NJDF BOE IVNBOT SFTQFDUJWFMZ� 5IF
TBNFXBT USVF XIFO JHOPSJOH MPVEOFTT� EFMUB #*$T SBOHFE GSPN ����� UP ����� 	NFBO
 ������ NFEJBO
 �����


BOE GSPN ����� UP ����� 	NFBO
 ������ NFEJBO
 �����

 GPS NJDF BOE IVNBOT SFTQFDUJWFMZ�

.ৡ৖ৗ৞৛ৠ৙ ৔ৗ৚৓২৛ৡ৤ ৘৤ৡয় ০৚ৗ ২৓৞১ৗ�৔৓৥ৗ৖ ৕৚ৡ৛৕ৗ ০৓৥ঢ় *O UIF WBMVF�CBTFE UBTL XF NPEFMFE
DIPJDF CFIBWJPS VTJOH EJTDSFUF�UJNF BDDVNVMBUPSNPEFMT
 DPNQMZJOHXJUI UIF GBDU QBJST PG OVNFSJDBM XFSF
QSFTFOUFE BU EJTDSFUF UJNF QPJOUT� *O BMM NPEFMT EFTDSJCFE CFMPX UXP BDDVNVMBUPST 	Y(A,B) 
 POF QFS DIPJDF
BMUFSOBUJWF
 JOUFHSBUF OVNFSJDBM JOGPSNBUJPO PWFS UJNF 	t
� 5IF UXP BDDVNVMBUPST XFSF JOJUJBMJ[FE BU ��
YA(0) = YB(0) = 0� "U UIF FOE PG UIF BDDVNVMBUJPO QFSJPE 	BU t = T
 XJUIT BT UIF UPUBM OVNCFS PG QBJST
PG TBNQMFT QSFTFOUFE
 B EFDJTJPO XBT NBEF JO GBWPS PG UIF BDDVNVMBUPS XJUI UIF IJHIFS UPUBM JOUFHSBUFE
WBMVF� *G CPUI BDDVNVMBUPST FOEFE VQXJUI UIF TBNF UPUBM JOUFHSBUFE WBMVF
 B EFDJTJPOXBTNBEF SBOEPNMZ�

8F ஷ஫UUFE UIF GPMMPXJOH GPVSNPEFMT� B EJஶGVTJPONPEFM 	XIJDI JT UIF EJTDSFUF�UJNF BOBMPHVF PG UIF ESJG஽�
EJஶGVTJPO NPEFM

 B MFBLZ BDDVNVMBUJPO NPEFM 	-".

 B MFBLZ DPNQFUJOH BDDVNVMBUPS NPEFM 	-$".

BOE B MFBLZ TFMFDUJWF BDDVNVMBUPS NPEFM 	-4".
�

*O UIF EJஶGVTJPO NPEFM UIF BDDVNVMBUPST FWPMWF PWFS UJNF BDDPSEJOH UP UIF GPMMPXJOH EJஶGFSFODF FRVB�
UJPOT�

��

https://github.com/hddm-devs/hddm/blob/master/hddm/examples/gonogo_demo.ipynb
https://github.com/hddm-devs/hddm/blob/master/hddm/examples/gonogo_demo.ipynb


YA(t) = YA(t− 1) + SA + ξ · ζA(t) 	�B

YB(t) = YB(t− 1) + SB + ξ · ζB(t) 	�C


*O UIF BCPWF
 SA,B(t) BSF UIF JOQVUT UP UIF UXP BDDVNVMBUPST PO B HJWFO UJNF�TUFQ
 ξ JT UIF TUBOEBSE
EFWJBUJPO PG UIF OPJTF
 BOE ζA,B(t) JT UIF TUBOEBSE (BVTTJBO TBNQMFT 	JOEFQFOEFOU GSPN FBDI PUIFS BOE
BDSPTT UJNF
� 5IF POMZ GSFF QBSBNFUFS PG UIF NPEFM JT UIF TUBOEBSE EFWJBUJPO PG UIF OPJTF ξ�

*O UIF MFBLZ BDDVNVMBUJPO NPEFM 	-".
 UIF BDDVNVMBUPST FWPMWF BDDPSEJOH UP�

YA(t) = (1− λ) · YA(t− 1) + SA + ξ · ζA(t) 	�B

YB(t) = (1− λ) · YB(t− 1) + SB + ξ · ζB(t) 	�C


3FMBUJWF UP UIF EJஶGVTJPO NPEFM
 UIF -". IBT POF FYUSB QBSBNFUFS
 λ XIJDI JT UIF MFBL PG UIF BDDVNV�
MBUJPO QSPDFTT� 'PS λ = 1 UIF -". SFEVDFT UP UIF EJஶGVTJPO NPEFM
 XIFSFBT GPS λ > 0 	λ < 0
 UIF NPEFM
BTTJHOT MBSHFS XFJHIUT UP MBUF 	FBSMZ
 JOGPSNBUJPO
 ZJFMEJOH UIVT B ؤSFDFODZأ 
ؤQSJNBDZأ	 FஶGFDU�

*O BEEJUJPO UP MFBL
 UIF MFBLZ DPNQFUJOH BDDVNVMBUPS NPEFM 	-$".
 IBT B UIJSE QBSBNFUFS
 β
 XIJDI
JNQMFNFOUT MBUFSBM JOIJCJUJPO CFUXFFO UIF UXP BDDVNVMBUPST� 'VSUIFSNPSF
 JO UIF -$". UIF TUBUF PG
UIF BDDVNVMBUPST DBOOPU UBLF OFHBUJWF WBMVFT�

YA(t) = max(0, (1− λ) · YA(t− 1) + SA + ξ · ζA(t)) 	�B

YB(t) = max(0, (1− λ) · YB(t− 1) + SB + ξ · ζB(t)) 	�C


'JOBMMZ
 UIF MFBLZ TFMFDUJWF BDDVNVMBUPS NPEFM 	-4".
 IBT BMTP UISFF GSFF QBSBNFUFST�

YA(t) = (1− λ) · YA(t− 1) + IA + ξ · ζA(t) 	�B

YB(t) = (1− λ) · YB(t− 1) + IB + ξ · ζB(t) 	�C


5IF JOQVUT UP UIF UXP BDDVNVMBUPST
 IA,B(t)
 SFஸ஼FDUFE UIF NPEJஷ஫FE TFRVFODF WBMVFT BG஽FS B TFMFDUJWF JOUF�
HSBUJPO ஷ஫MUFS JT BQQMJFE
 SFGFSSFE UP BT TFMFDUJWFأ HBJOؤ BOE JNQMFNFOUFE BT GPMMPXT�

IA(t) = θ(SA(t), SB(t)) · SA 	�D

IB(t) = θ(SB(t), SA(t)) · SB 	�E


��



XJUI GVODUJPO θ BT GPMMPXT�

θ(x, y) =
1

1+ exp−w(x− y
	�F


5IJT MPHJTUJD GVODUJPO SFUVSOT B WBMVF PG ��� XIFO UIF JOQVUT BSF FRVBM 	x = y
 BOE B WBMVF MBSHFS UIBO
��� XIFO x > y
 XIJDI HFUT MBSHFS UIF MBSHFS UIF EJஶGFSFODF CFUXFFO x BOE y JT� 1BSBNFUFS X JT UIF TFMFDUJWF
HBJO QBSBNFUFS UIBU DPOUSPMT UIF TMPQF PG UIF GVODUJPO� 5IF MBSHFS UIF TFMFDUJWF HBJO JT UIF TUSPOHFS UIF
TFMFDUJWF NPEVMBUJPO XJMM CF
 XIJMF GPSw = 0 UIF -4". SFEVDFT UP UIF -". <���>�

8F ஷ஫UUFE UIF GPVS NPEFMT BCPWF VTJOH B NBYJNVN MJLFMJIPPE BQQSPBDI UPHFUIFS XJUI #BZFTJBO #*$
DPNQBSJTPOT <���>� 5IF BDUVBM TUPDIBTUJD TFRVFODFT UIBU QBSUJDJQBOUT FODPVOUFSFE JO UIF FYQFSJNFOUBM
USJBMT XFSF GFE BT JOQVU UP UIF NPEFMT� 1SFEJDUJPOT GSPN UIF EJஶGVTJPO
 -". BOE -4".XFSF EFSJWFE OV�
NFSJDBMMZ XIJMF UIF -$".NPEFM XBT TJNVMBUFE 	���� UJNFT QFS USJBM
� 'JOEJOH UIFNBYJNVN MJLFMJIPPE
QBSBNFUFST GPS FBDI NPEFM XBT EPOF WJB B UXP�TUBHF QSPDFEVSF� 	J
 CZ BO JOJUJBM HSJE TFBSDI JO UIF QBSBN�
FUFS TQBDF
 BOE 	JJ
 CZ GFFEJOH UIF �� CFTU ஷ஫UUJOH QBSBNFUFS TFUT PCUBJOFE GSPN UIF HSJE TFBSDI
 BT TUBSUJOH
QPJOUT JO B 4*.1-&9 PQUJNJ[BUJPO SPVUJOF� 'PS -4".
 XIJDI XBT UIF CFTU�ஷ஫UUJOH NPEFM BDDPSEJOH UP
#*$ DPNQBSJTPOT
 UIF NPEFM XBT BMTP ஷ஫UUFE UP EBUB GSPN UIF QSP�WBSJBODF USJBMT POMZ BOE TFQBSBUFMZ GPS
FBDI QVQJM CJO�

'JOBMMZ
 JO BEEJUJPO UP RVBOUJUBUJWF NPEFM DPNQBSJTPO
 XF QJUUFE UIF NPEFMT BHBJOTU UXP DIBSBDUFSJTUJD
CFIBWJPSBM TJHOBUVSFT PCUBJOFE JO UIF UBTL 	'JH� �
� 'JSTU
 UIFQSP�WBSJBODFCJBT <���
 ���>
 XIJDIXBTEFஷ஫OFE
BT UIF BT UIF GSBDUJPO PG IJHI�WBSJBODF DIPJDFT BDSPTT CPUI USJBM UZQFT 	TFRVFODF " XIFO σA > σB� PS
TFRVFODF # XIFO σA < σB� 4FDPOE
 UIF SFDFODZ CJBT XIJDI XBT EFஷ஫OFE CZ 	J
 FTUJNBUJOH WJB MPHJTUJD
SFHSFTTJPO UIF XFJHIU BTTJHOFE UP UIF FWJEFODF BU FBDI UJNF�QPJOU
 BOE 	JJ
 ஷ஫UUJOH UIFTF MPHJTUJD XFJHIUT
VTJOH BO FYQPOFOUJBM GVODUJPO XJUI UIF TJHO PG UIF FYQPOFOU EFUFSNJOJOH UIF UZQF PG UIF UFNQPSBM�PSEFS
CJBT 	QSJNBDZ� SFDFODZ
�

%ৗ০ৗ৤য়৛ৠ৛ৠ৙ ৡৢ০৛য়৓৞ ৕৚ৡ৛৕ৗ ৔৛৓৥ ৛ৠ ০৚ৗ ২৓৞১ৗ�৔৓৥ৗ৖ ৕৚ৡ৛৕ৗ ০৓৥ঢ় 5P VOEFSTUBOE XIFUIFS
USFOET JO CFIBWJPS SFMBUFE UP QVQJM JNQSPWFE PS EFHSBEFE PWFSBMM QFSGPSNBODF
 XF VTFE UIF -4". BOE
ஷ஫UUFE UIF EBUB UP BMM USJBMT
 SFHBSEMFTT PG QVQJM SFTQPOTF� 'PS UIF QFS QBSUJDJQBOU CFTU�ஷ஫UUJOH OPJTF 	ξ
 BOE
MFBL 	λ
 QBSBNFUFST XF FTUJNBUFE UIF TFMFDUJWF HBJO QBSBNFUFS 	w
 UIBU BDIJFWFE NBYJNVN BDDVSBDZ 	OPUF
UIBU GPS ξ > 0 UIF BDDVSBDZ NBYJNJ[JOH w XJMM BMTP CF MBSHFS UIBO � <���>
� 6TJOH UIF PQUJNBM w MFWFM
 XF
QSFEJDUFE UIF PQUJNBM QSP�WBSJBODF CJBT 	J�F�
 UIF CJBT NBYJNJ[JOH QFSDFOUBHF DPSSFDU
 VTJOH UIF PQUJNBM
TFMFDUJWF HBJO BOE UIF CFTU�ஷ஫UUJOH OPJTF 	ξ
 BOE MFBL 	λ
 QBSBNFUFST GPS FBDI QBSUJDJQBOU 	'JH� �$ HSFFO MJOF
GPS BO BWFSBHF
�
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8F VTFE B NJYFE MJOFBS NPEFMJOH BQQSPBDI JNQMFNFOUFE JO UIF 3�QBDLBHF MNF� <���> UP RVBOUJGZ UIF
EFQFOEFODF PG TFWFSBM NFUSJDT PG PWFSU CFIBWJPS
 PS PG FTUJNBUFE NPEFM QBSBNFUFST 	TFF BCPWF

 PO QVQJM
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SFTQPOTF� 'PS UIF HP�OP�HP UBTL
 XF TJNVMUBOFPVTMZ RVBOUJஷ஫FE UIF EFQFOEFODF PO MPVEOFTT� 0VS BQ�
QSPBDI XBT BOBMPHPVT UP TFRVFOUJBM QPMZOPNJBM SFHSFTTJPO BOBMZTJT <���>
 CVU OPX QFSGPSNFE XJUIJO B
NJYFE MJOFBS NPEFMJOH GSBNFXPSL� *O UIF ஷ஫STU TUFQ
 XF ஷ஫UUFE UISFF NJYFE NPEFMT UP UFTU XIFUIFS QVQJM
SFTQPOTFT QSFEPNJOBOUMZ FYIJCJUFE OP FஶGFDU 	[FSP�PSEFS QPMZOPNJBM

 B NPOPUPOJD FஶGFDU 	ஷ஫STU�PSEFS


PS B OPO�NPOPUPOJD FஶGFDU 	TFDPOE�PSEFS
 PO UIF CFIBWJPSBM NFUSJD PG JOUFSFTU 	Z
� 5IF ஷ஫YFE FஶGFDUT XFSF
TQFDJஷ஫FE BT�

.PEFM �� y ∼ β01+ β1S 	�B


.PEFM �� y ∼ β01+ β1S+ β2TPR
1 	�C


.PEFM �� y ∼ β01+ β1S+ β2TPR
1 + β3TPR

2 	�D


XJUI β BT SFHSFTTJPO DPFஶஷ஫DJFOUT
 S BT UIF MPVEOFTT 	GPS HP�OP�HP UBTL

 BOE TPR BT UIF CJO�XJTF UBTL�
FWPLFE QVQJM SFTQPOTF BNQMJUVEFT� 8F JODMVEFE UIF NBYJNBM SBOEPN FஶGFDUT TUSVDUVSF KVTUJஷ஫FE CZ UIF
EFTJHO <���>� 'PS EBUB GSPN UIF HP�OP�HP UBTL
 UIF SBOEPN FஶGFDUT XFSF TQFDJஷ஫FE UP BDDPNNPEBUF MPVE�
OFTT DPFஶஷ஫DJFOU UP WBSZ XJUI QBSUJDJQBOU
 BOE UIF JOUFSDFQU BOE 513�DPFஶஷ஫DJFOUT UP WBSZ XJUI MPVEOFTT
BOE QBSUJDJQBOU� 'PS EBUB GSPN UIF ZFT�OP BOE WBMVF�CBTFE DIPJDF UBTLT
 UIF SBOEPN FஶGFDUT XFSF TQFDJஷ஫FE
UP BDDPNNPEBUF UIF JOUFSDFQU BOE 513�DPFஶஷ஫DJFOUT UP WBSZ XJUI QBSUJDJQBOU� 5IF NJYFE NPEFMT XFSF
ஷ஫UUFE UISPVHI NBYJNVN MJLFMJIPPE FTUJNBUJPO� &BDI NPEFM XBT UIFO TFRVFOUJBMMZ UFTUFE JO B TFSJBM IJFS�
BSDIJDBM BOBMZTJT
 CBTFE PO DIJ�TRVBSFE TUBUJTUJDT� 5IJT BOBMZTJT XBT QFSGPSNFE GPS UIF DPNQMFUF TBNQMF BU
PODF
 BOE JU UFTUFE XIFUIFS BEEJOH UIF OFYU IJHIFS PSEFS NPEFM ZJFMEFE B TJHOJஷ஫DBOUMZ CFUUFS EFTDSJQUJPO
PG UIF SFTQPOTF UIBO UIF SFTQFDUJWF MPXFS PSEFS NPEFM� 8F UFTUFE NPEFMT GSPN UIF [FSP�PSEFS 	DPOTUBOU

OP FஶGFDU PG QVQJM SFTQPOTF
 VQ UP UIF TFDPOE�PSEFS 	RVBESBUJD
 OPO�NPOPUPOJD
� *O UIF TFDPOE TUFQ
 XF
SFஷ஫UUFE UIF XJOOJOH NPEFM UISPVHI SFTUSJDUFE NBYJNVN MJLFMJIPPE FTUJNBUJPO
 BOE DPNQVUFE Q�WBMVFT
XJUI 4BUUFSUIXBJUFءT NFUIPE JNQMFNFOUFE JO UIF 3�QBDLBHF MNFS5FTU <���>�

8FVTFE QBJSFE�TBNQMF U�UFTUT UP UFTU GPS TJHOJஷ஫DBOU EJஶGFSFODFT CFUXFFO UIF QVQJM EFSJWBUJWF UJNF DPVSTF
BOE �
 BOE CFUXFFO QVQJM SFTQPOTF BNQMJUVEFT GPS ZFT� WFSTVT OP�DIPJDFT�
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8F UIBOL %BOJ«MMF 3JKLNBOT
 (VVTKF #PPNHBBSE BOE $ISJTUPQIFS %BWJE 3JEEFMM GPS IFMQ XJUI UIF EBUB
DPMMFDUJPO GPS UIF IVNBO BVEJUPSZ EFUFDUJPO UBTLT
 "OOF #FSHU GPS IFMQ XJUI UIF EBUB DPMMFDUJPO GPS UIF
IVNBO NFNPSZ SFDPHOJUJPO UBTL
 BOE BMM NFNCFST PG UIF %POOFS MBC GPS EJTDVTTJPO� 5IJT SFTFBSDI XBT
TVQQPSUFE CZ UIF (FSNBO 3FTFBSDI 'PVOEBUJPO 	%'(
 HSBOU OVNCFST� %0 �؜������ BOE 4'# ���"� UP
5)%

 &VSPQFBO $PNNJTTJPO $)���� �UI 'SBNFXPSL 1SPHSBNNF 	.BSJF 4LĂPEPXTLB�$VSJF *OEJWJE�
VBM 'FMMPXTIJQ� �������$0%*3
 UP,5 BOE5)%

 BOE UIF/BUJPOBM *OTUJUVUFT PG)FBMUI 	3��%$������

UP .+.
�
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Figure S1: Quanঞfying pupil responses andbehavior inmice andhumans. (A)Probability of target signal across the sequence of 1–7 sounds.
Hazard rate of signal occurrence was kept approximately Yat. (B) The four combinaঞons of sঞmulus category (signal+noise vs. noise) and
behavioral choice (go vs. no-go) yielded the four standard signal detecঞon theory categories. (C) Schemaঞc of overall perceptual choice
bias measure (Materials and Methods). Per pupil bin we modelled one overall noise distribuঞon (green; normally distributed with mean=0,
sigma=1), and one “composite” signal distribuঞon. This composite signal distribuঞon was computed as the average across a number of
signal distribuঞons separately modelled for each loudness (orange; each normally distributed with mean=empirical d’ for that loudness,
sigma=1). We deCned the “zero-bias point” (Z) as the value for which the noise and composite signal distribuঞons cross. The subject’s
empirical “choice point” was computed based on the empirical d’ and criterion for any diLculty level (Materials and Methods). The overall
bias measure was then taken as the distance between the subject’s choice point and the zero-bias point. (D) Results of simulaঞon study
of opঞmal bias in go/no-go task for mice (Materials and Methods). Opঞmality was deCned as the level of overall choice bias (computed
as in panel A; second from right) or average criterion (across loudness; right) that maximized reward rate (# rewards / total ঞme). Red
lines indicate range of group-average exhibited biased as a funcঞon of pupil response bin; arrows indicate direcঞon from low to high
pupil response bins. (E) RT distribuঞon of example subject. Red line, group average latency of the Crst peak in pupil slope ঞmeseries
plus a 50 ms bu@er, which was used as a cut-o@ for excluding decision intervals in order to control for a potenঞal motor confound in our
task-evoked pupil response measures (Materials and Methods). Range of omi�ed trials across all subjects: 29.9%–45.4% (mean, 35.3%;
median, 33.5%). (F) Task-evoked pupil responses in mice sorted into go- and no-go choices (pooled across loudness). Stats, paired-samples
t-test. (G) Overall pupil response ঞme courses in mice for three pupil derivaঞve deCned bins (pooled across loudness). (H) Relaঞonship
between median RT (le[), perceptual sensiঞvity (right; quanঞCed by signal detecঞon d’) and pupil response in mice, separately for each
loudness. Linear Cts are plo�ed wherever the Crst-order Ct was superior to the constant Ct (Materials and Methods). Quadraঞc Cts were
plo�ed (dashed lines) wherever the second-order Ct was superior to Crst-order Ct. Stats, mixed linear modeling. (I) As H, but for average
criterion collapsed across loudness. ‘X’ markers are predicঞons from best Cমng variant of dri[ di@usion model (Materials and Methods).
(J-O), as D-I, but for humans. Range of omi�ed trials in panel K: 0%–30.7% (mean, 7.0%; median, 4.4%). All panels: group average (N = 5;
N = 20); error bars or shading, s.e.m.
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Figure S2: Pupil-dependent changes in computaঞonal model parameters during go/no-go task. (A) Schemaঞc of dri[ di@usion model
accounঞng for choices, and their associated RTs (for go-trials). Orange windows, RTs for which biased choices are expected under shi[s
in either “starঞng point” (z; le[) or “dri[ bias” (dc; right). Solid (dashed) lines, (implicit) RT distribuঞons. In the equaঞon, v is the dri[
rate (esঞmated separately for each loudness). (B) Group average RT distribuঞons, separately for yes- and no-choices. There were no RTs
associated with no-choices (no-go); hence, a single bin containing the number of no-choices contributed to the model Ct (Materials and
Methods). Black lines, “vanilla model” Ct (parameters boundary separaঞon, dri[ rate, non-decision ঞme, starঞng point and dri[ bias were
Cxed across loudness and pupil bins). (C) Starঞng point esঞmates of best Cমng model (Materials and Methods) in mice expressed as a
fracঞon of the boundary separaঞon (a). (D) Relaঞonship between dri[ rate esঞmates (le[), dri[ bias esঞmates (right) of best Cমng model
(Materials and Methods) and pupil responses in mice, separately for each loudness. Linear Cts are plo�ed wherever the Crst-order Ct was
superior to the constant Ct. Quadraঞc Cts were plo�ed (dashed lines) wherever the second-order Ct was superior to Crst-order Ct. Stats,
mixed linear modeling. (E-G) As B-D, but for humans. All panels: group average (N = 5; N = 20); error bars, s.e.m.
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Figure S3: Opঞmality analysis of yes/no task. (A) Simulaঞon study of opঞmal bias in yes/no (forced-choice) task (Materials and Methods).
Opঞmality was deCned as the level of choice bias (signal detecঞon criterion) that maximized accuracy. Le[: simulated internal sensory
representaঞons for signal+noise and noise trials. Signal detecঞon theory assumes that internal sensory representaঞons are normally
distributed across trials (with the same standard deviaঞon) and shi[ed between signal+noise and noise trials along the sensory conঞnuum
(in our case, loudness of the pure sine-wave). Subject will base their signal detecঞon judgement according to some criterion along the
sensory conঞnuum (“criterion”). Middle: fracঞon of yes- and no-choices as a funcঞon of criterion (obtained a[er sliding the criterion along
in the sensory conঞnuum in the le[ panel). Right: as middle panel but for accuracy and perceptual sensiঞvity (d’). When signal+noise
and noise trials are equally frequent, the opঞmal signal detecঞon criterion is zero, because a neutral bias maximizes accuracy. (B) Task-
evoked pupil response (solid line) and response derivaঞve (dashed line). Grey, interval for task-evoked pupil response measures (Materials
and Methods); black bar, signiCcant pupil derivaঞve. Stats, paired-samples t-test. (C) Overall pupil response ঞme course for three pupil
derivaঞve deCned bins. (D) Le[: individual task-evoked pupil response amplitude for yes-choices in the go/no-go task, plo�ed against
individual pupil response amplitude for yes-choices in the yes/no (forced choice) task. Data points, individual subjects. Right: as le[,
but for no-choices. Stats, Pearson’s correlaঞon. A leverage analysis veriCed that the reported correlaঞons are not driven by outliers.
(E) Relaঞonship between RT (le[), perceptual sensiঞvity (right) and pupil response. Linear Cts are plo�ed wherever the Crst-order Ct
was superior to the constant Ct. Quadraঞc Cts were not superior to Crst-order Cts. Stats, mixed-linear modeling. (F) Group average RT
distribuঞons, separately for yes- and no-choices. Black lines, “vanilla model” Ct (parameters boundary separaঞon, dri[ rate, non-decision
ঞme, starঞng point and dri[ bias were Cxed across pupil bins.
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Figure S4: (A)Task-evoked pupil response (solid line) and response derivaঞve (dashed line). Grey, interval for task-evoked pupil response
measures (Materials and Methods); black bar, signiCcant pupil derivaঞve. Stats, paired-samples t-test. (B) Overall pupil response ঞme
course for three pupil derivaঞve deCned bins. (C) Relaঞonship between RT, perceptual sensiঞvity (right) and pupil response in the rare
condiঞon (le[) and frequent condiঞon (right). Linear Cts are plo�ed wherever the Crst-order Ct was superior to the constant Ct. Quadraঞc
Cts were not superior to Crst-order Cts. Stats, mixed-linear modeling. (D) Group average RT distribuঞons in the rare condiঞon (le[) and
frequent condiঞon (right). Black lines, “vanilla model” Ct (parameters boundary separaঞon, dri[ rate, non-decision ঞme, starঞng point and
dri[ bias were Cxed across pupil bins).
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Figure S5: (A) Task-evoked pupil response (solid line) and response derivaঞve (dashed line). Grey, interval for task-evoked pupil response
measures (Materials and Methods); black bar, signiCcant pupil derivaঞve. Stats, paired-samples t-test. (B) Overall pupil response ঞme
course for three pupil derivaঞve deCned bins. Stats, paired-samples t-test. (C) RT (le[), sensiঞvity (right), choice bias, (right) for low and
high pupil response bins. (D) Group average RT distribuঞons in the conservaঞve condiঞon, separately for yes- and no-choices. Black lines,
“vanilla model” Ct (parameters boundary separaঞon, dri[ rate, non-decision ঞme, starঞng point and dri[ bias were Cxed across pupil bins).
(E) As B, but for dri[ di@usion model parameters. (F) Individual pupil predicted shi[ in starঞng, plo�ed against individual’s overall choice
bias. Data points, individual subjects. Stats, Pearson’s correlaঞon. Error bars, 60% conCdence intervals (bootstrap).
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Figure S6: Pupil responses and pupil-dependent changes in behavior during value-based choice task. (A) Task-evoked pupil response ঞme
courses locked to the onset of the Crst pair of samples. Le[: for the shortest trials (5 pairs of samples). Dashed verঞcal lines, onset
of sample pairs 2-5. Right: for all trials (5–8 pairs of samples). Grey box, interval for compuঞng single trial task-evoked pupil response
measures (Materials and Methods). (B) Overall pupil response ঞme course for three overall pupil deCned bins. (C) Le[: relaঞonship
between RT and task-evoked pupil responses (3 bins). Right: as le[, but for accuracy. Linear Cts are plo�ed wherever the Crst-order Ct
was superior to the constant Ct (Materials and Methods). Quadraঞc Cts were not superior to Crst-order Cts. Stats, mixed linear modelling.
(D) Psychophysical kernels, indicaঞng the e@ect of each pair of numbers on observers’ choice, separately for each trial duraঞon (5-8
samples). Lines, exponenঞal Cts to data. (E) Simulated pro-variance bias by the leaky compeঞng accumulator model, for various levels of
leak and mutual inhibiঞon. The LCA can only produce pro-variance in an inhibiঞon-dominant regime (mutual inhibiঞon > leak). However,
this produces a primacy bias (overweighing of early samples of evidence), which is the opposite of what we found in the empirical data
(see panel E). Therefore, the LCA does not provide a good Ct to our behavioral data, while the selecঞve integraঞon model does (see main
text). All panels: group average (N = 32); error bars or shading, s.e.m.

��



���



4UBUVT� JO QSFQBSBUJPO
EF (FF +8
 8JMNJOH / � %POOFS 5) 	����
�

3
1IBTJD BSPVTBM TIBQFT FWJEFODF BDDVNVMBUJPO CZ

UVOJOH DPSUJDBM FYDJUBCJMJUZ

$PODFQUVBMJ[BUJPOCZ +8(
5)%� *OWFTUJHBUJPOCZ +8(�'PSNBM BOBMZTJT CZ +8(
/8�8SJUJOH؜PSJHJOBM
ESBG஽ CZ +8(�

.৓ৠ৫৖ৗ৕৛৥৛ৡৠ৥৓৤ৗয়৓৖ৗ ৛ৠ০৚ৗ৘৓৕ৗৡ৘১ৠ৕ৗ৤০৓৛ৠ০৫৓ৠ৖ ৛ৠ২ৡ৞২ৗ৓৕৕১য়১৞৓০৛ৠ৙৓য়৔৛৙১�
ৡ১৥ৗ২৛৖ৗৠ৕ৗৡ২ৗ৤০৛য়ৗ� 5৚ৗ৔৤৓৛ৠء৥ ৓৤ৡ১৥৓৞ ৥৫৥০ৗয়৥৓৤ৗ৤৓ৢ৛৖৞৫৓৕০৛২৓০ৗ৖৖১৤৛ৠ৙৥১৕৚
৖ৗ৕৛৥৛ৡৠ৥� 1১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥ 	৓ ৢ৤ৡ৪৫ ৡ৘ ৢ৚৓৥৛৕ ৓৤ৡ১৥৓৞
 ৢ৤ৗ৖৛৕০ ৓ ৥১ৢৢ৤ৗ৥৥৛ৡৠ ৡ৘ ৥১৔�
ৡৢ০৛য়৓৞ ৔৛৓৥ৗ৥ ৛ৠ ৗ২৛৖ৗৠ৕ৗ ৓৕৕১য়১৞৓০৛ৡৠ ৓৕৤ৡ৥৥ ৓ ৩৛৖ৗ ৤৓ৠ৙ৗ ৡ৘ ৖ৗ৕৛৥৛ৡৠ�০৫ৢৗ৥ ৓ৠ৖
৥ৢৗ৕৛ৗ৥� 8৚৓০ ৓৤ৗ ০৚ৗ ৔৛ৡ৞ৡ৙৛৕৓৞ ১ৠ৖ৗ৤ৢ৛ৠৠ৛ৠ৙৥ ৡ৘ ০৚৛৥ ৤ৗ৞৓০৛ৡৠ৥৚৛ৢ 8৛০৚ ৥৛য়১৞০৓�
ৠৗৡ১৥ ৢ১ৢ৛৞৞ৡয়ৗ০৤৫ ৓ৠ৖ .&( ৩ৗ ৛৖ৗৠ০৛৘৛ৗ৖ ৕৚ৡ৛৕ৗ�ৢ৤ৗ৖৛৕০৛২ৗ ৓ৠ৖ ৢ১ৢ৛৞�৞৛ৠঢ়ৗ৖ ৡ৥৕৛৞�
৞৓০ৡ৤৫ ৢৡ৩ৗ৤ ৛ৠ ২৛৥১৓৞ ৤ৗ৙৛ৡৠ৥
 ৗ৥০৓৔৞৛৥৚ৗ৖ ০৚৓০ ০৚ৗ৛৤ ৥ৢৗ৕০৤৓৞ ৢ৤ৡ৘৛৞ৗ৥ ৩ৗ৤ৗ ৚৛৙৚৞৫
৥৛য়৛৞৓৤
 ৖৤৛২ৗৠ ৔৫ ৕ৡয়য়ৡৠ ৗ৘৘ৗ৕০৥ ৛ৠ ০৚ৗ ৓৞ৢ৚৓�৔৓ৠ৖ ��؜�	 )৬
 ৤৓ৠ৙ৗ� $৤৛০৛৕৓৞৞৫
 ৩ৗ
০৚ৗ ৓৤ৡ১৥৓৞�ৢ৤ৗ৖৛৕০ৗ৖ ৥১ৢৢ৤ৗ৥৥৛ৡৠ ৡ৘ ৗ২৛৖ৗৠ৕ৗ ৓৕৕১য়১৞৓০৛ৡৠ ৔৛৓৥ ৩৓৥ ৘ৡ৤য়৓৞৞৫ য়ৗ৖৛�
৓০ৗ৖ ৔৫ ০৚ৗ ৓৤ৡ১৥৓৞�৤ৗ৞৓০ৗ৖ ৥৚৓ৢ৛ৠ৙ ৡ৘ ৕৚ৡ৛৕ৗ�ৢ৤ৗ৖৛৕০৛২ৗ ৓৞ৢ৚৓�৔৓ৠ৖ ৓৕০৛২৛০৫ ৛ৠ ৤ৗ�
৙৛ৡৠ৥ ৓৞ৡৠ৙ ০৚ৗ ৖ৡ৤৥৓৞ ৥০৤ৗ৓য় ৡ৘ ০৚ৗ ২৛৥১৓৞ ৕ৡ৤০৛৕৓৞ ৚৛ৗ৤৓৤৕৚৫ 	৛ৠ৕৞১৖৛ৠ৙ 7�
 ৓ৠ৖
৛ৠ ৤ৗ৙৛ৡৠ৥ ৡ৘ ০৚ৗ য়ৗ৖৛৓৞ ৘৤ৡৠ০৓৞ ৕ৡ৤০ৗ৪� 5৓ঢ়ৗৠ ০ৡ৙ৗ০৚ৗ৤
 ৡ১৤ ৤ৗ৥১৞০৥ ৥১৙৙ৗ৥০ ০৚৓০
ৢ৚৓৥৛৕ ৓৤ৡ১৥৓৞ ৥৚৓ৢৗ৥ ৗ২৛৖ৗৠ৕ৗ ৓৕৕১য়১৞৓০৛ৡৠ ৔৫ ০১ৠ৛ৠ৙ ৕ৡ৤০৛৕৓৞ ৗ৪৕৛০৓৔৛৞৛০৫�

��� *ৠ০৤ৡ৖১৕০৛ৡৠ

5IF HMPCBM BSPVTBM TUBUF PG UIF CSBJO DIBOHFT DPOUJOVPVTMZ UISPVHIPVU UIF EBZ <�
 ��>� $IBOHFT JO HMPCBM
BSPVTBM TUBUF BSF DPOUSPMMFE JO MBSHF QBSU CZ TVCDPSUJDBM OVDMFJ
 XIJDI
 WJB XJEFTQSFBE OFVSPNPEVMBUPSZ

���



QSPKFDUJPOT
 DBO QSPGPVOEMZ DIBOHF UIF PQFSBUJOH NPEF PG UBSHFU DPSUJDBM DJSDVJUT �<��؜�> 5IFTF TBNF
BSPVTBM TZTUFNT BSF QIBTJDBMMZ SFDSVJUFE EVSJOH EFDJTJPOT <�
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5IF SBQJE BSPVTBM NPEVMBUJPOT EVSJOH EFDJTJPOT BSF GVODUJPOBMMZ SFMFWBOU� .PTU EFDJTJPOT ؜ JODMVEJOH
KVEHNFOUT BCPVU XFBL TFOTPSZ QBUUFSOT FNCFEEFE JO UJNF�WBSZJOH OPJTF ؜ BSF CBTFE PO B QSPUSBDUFE EF�
MJCFSBUJPO QSPDFTT UIBU JOWPMWFT BDDVNVMBUJOH QJFDFT PG FWJEFODF JO GBWPS PG B QBSUJDVMBS DIPJDF <��>� 6TJOH
QVQJM EJMBUJPO BT B QSPYZ PG DPSUJDBM BSPVTBM TUBUF <��
 ��
 ��>
 JU XBT SFDFOUMZ TIPXO UIBU QIBTJD BSPVTBM
JT FMFWBUFE BMSFBEZ EVSJOH TVDI QSPUSBDUFE EFMJCFSBUJPO QSPDFTTFT <��
 ��>� 'VSUIFSNPSF
 UIF GVODUJPOBM
JNQBDU PG BSPVTBM USBOTJFOUT EVSJOH EFDJTJPO�NBLJOH
 XIJDI HFOFSBMJ[FT BDSPTT TQFDJFT 	IVNBOT BOENJDF

BOE CFIBWJPSBM UBTLT 	GSPN QFSDFQUVBM UP NFNPSZ�CBTFE BOE OVNFSJDBM EFDJTJPOT

 TFFNT UP CF UP TVQ�
QSFTT NBMBEBQUJWF CJBTFT JO UIF BDDVNVMBUJPO PG FWJEFODF MFBEJOH VQ UP B DIPJDF <��
 ��>� 5IFTF SFTVMUT
XFSF PCUBJOFE CZ DPNCJOJOH MJOFBS TZTUFNT BOBMZTJT UP QVQJM EBUB XJUI SJHPSPVT NPEFMJOH PG CFIBWJPS�
UIF CJPMPHJDBM VOEFSQJOOJOHT PG UIFTF FஶGFDUT SFNBJO IPXFWFS VOLOPXO�

1SPUSBDUFE EFDJTJPO�NBLJOH JT JNQMFNFOUFE CZ B EJTUSJCVUFE CSBJO OFUXPSL� JO UIF DPOUFYU PG B QFSDFQ�
UVBM EFDJTJPO
 TFOTPSZ DPSUFY FODPEFT JOQVU TJHOBMT FWJEFODFأ	 TBNQMFTؤ

 XIJDI BTTPDJBUJPO DPSUFY BDDV�
NVMBUFT PWFS UJNF JOUP B EFDJTJPO WBSJBCMF
 BOE NPUPS SFHJPOT USBOTMBUF UIF EFDJTJPO JOUP B CFIBWJPSBM BDU
<��
 ��
 ��
 ��>� )FSF XF BTLFE XIFO BOE XIFSF JO UIF DPSUJDBM EFDJTJPO�NBLJOH NBDIJOFSZ QIBTJD BSPVTBM
TIBQFT EFDJTJPO DPNQVUBUJPOT�

5IF NPEFMJOH SFTVMUT EFTDSJCFE BCPWF QVU TUSPOH DPOTUSBJOUT PO UIF FYQFDUFE TIBQJOH PG DPSUJDBM EFDJ�
TJPO QSPDFTTJOH CZ QIBTJD BSPVTBM� 4QFDJஷ஫DBMMZ
 UIF TFMFDUJWF FஶGFDU PG QIBTJD BSPVTBM PO ESJG஽ CJBT 	SBUIFS
UIBO UIF PWFS Fஶஷ஫DJFODZ PG FWJEFODF BDDVNVMBUJPO
 QSFEJDUT TIBQJOH PG DIPJDF�SFMBUFE TJHOBMT
 BOE OPU
PG TUJNVMVT�SFMBUFE TJHOBMT� $IPJDF�QSFEJDUJWF TJHOBMT FYJTU BMSFBEZ JO UIF ஷ஫STU TUBHFT PG WJTVBM QSPDFTTJOH
<��
 ���>� *OEFFE
 JO WJTVBM SFHJPOT
 QSF�TUJNVMVT PTDJMMBUPSZ BDUJWJUZ JO UIF BMQIB�CBOE 	BCPVU ��؜� )[

IBT CFFO TIPXO UP DPSSFMBUF XJUI EFDJTJPO CJBT �<���؜���> *OUSJHVJOHMZ
 QIBTJD QVQJM EJMBUJPO QSFEJDUT PT�
DJMMBUPSZ QPXFS JO WJTVBM SFHJPOT JO UIF TBNF GSFRVFODZ SBOHF <���>� 8F UIVT QSFEJDUFE UIBU
 JO UIF DPOUFYU
PG B WJTVBM EFDJTJPO�NBLJOH UBTL
 QIBTJD BSPVTBM FYFSUT JUT FஶGFDU PO FWJEFODF BDDVNVMBUJPO BOE DIPJDF CZ
TIBQJOH PTDJMMBUPSZ BMQIB�CBOE BDUJWJUZ JO WJTVBM SFHJPOT
 QFSIBQT BT FBSMZ BT QSJNBSZ WJTVBM DPSUFY 	7�
�

8F UFTUFE UIJT QSFEJDUJPO JO IVNBO TVCKFDUT QFSGPSNJOH B TJNQMF DPOUSBTU�EFUFDUJPO UBTL EVSJOH TJNVM�
UBOFPVT QVQJMMPNFUSZ BOE .&( SFDPSEJOHT� )JHIMJHIUJOH UIF RVBMJUZ PG PVS EBUB
 XF ஷ஫STU FTUBCMJTIFE
UIF DPNNPO CFIBWJPSBM DPSSFMBUF PG QVQJM�MJOLFE QIBTJD BSPVTBM 	SFEVDUJPO PG ESJG஽ CJBT
 BOE B OVNCFS PG
DPNNPO.&( TJHOBUVSFT PG QFSDFQUVBM EFDJTJPO�NBLJOH� 8F OFYU JEFOUJஷ஫FE DIPJDF�QSFEJDUJWF BOE QVQJM�
MJOLFE PTDJMMBUPSZ QPXFS JO WJTVBM SFHJPOT BOE FTUBCMJTIFE UIBU UIFJS TQFDUSBM QSPஷ஫MFT XFSF IJHIMZ TJNJMBS

ESJWFO CZ DPNNPO FஶGFDUT JO UIF BMQIB�CBOE ��؜�	 )[
 SBOHF� 'JOBMMZ
 XF PCTFSWFE UIBU UIF FஶGFDU PG QIB�
TJD BSPVTBM PO ESJG஽ CJBT XBT GPSNBMMZ NFEJBUFE CZ UIF BSPVTBM�SFMBUFE TIBQJOH PG BMQIB�CBOE BDUJWJUZ JO
SFHJPOT BMPOH UIF EPSTBM TUSFBN PG UIF WJTVBM DPSUJDBM IJFSBSDIZ 	JODMVEJOH 7�
 BOE JO SFHJPOT PG UIFNFEJBM
GSPOUBM DPSUFY�
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%VSJOH TJNVMUBOFPVT QVQJMMPNFUSZ BOE.&( SFDPSEJOHT
 TVCKFDUT QFSGPSNFE B ZFT�OP DPOUSBTU EFUFDUJPO
UBTL UIBU PO FBDI USJBM JOWPMWFE EJTDSJNJOBUJOH TJHOBM�OPJTF GSPN OPJTF TUJNVMJ
 DPOஷ஫EFODF SBUJOHT BOE
GFFECBDL 	'JH� �"� .BUFSJBMT BOE .FUIPET
� 8F EFTJHOFE UXP DPOEJUJPOT UP FYQFSJNFOUBMMZ NBOJQVMBUF
DIPJDF CJBT 	.BUFSJBMT BOE.FUIPET
� *O UIF OFVUSBMأ DPOEJUJPOؤ UIF EZOBNJD OPJTF SFGSFTIFE BU ��)[ BOE
JO UIF DPOTFSWBUJWFأ DPOEJUJPOؤ UIF EZOBNJD OPJTF SFGSFTIFE BU �)[� 5IF UXP DPOEJUJPOT XFSF SBOEPNMZ
JOUFSMFBWFE BDSPTT USJBMT� 5XP JOEFQFOEFOU POMJOF VFTUߕ TUBJSDBTFT <���> LFQU TVCKFDUءT QFSGPSNBODF BU
SPVHIMZ ��গ DPSSFDU JO FBDI CJBT DPOEJUJPO 	.BUFSJBMT BOE .FUIPET
�
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8F ஷ஫STU BJNFE UP FTUBCMJTI UIF DPNNPO CFIBWJPSBM DPSSFMBUF PG QVQJM�MJOLFE QIBTJD BSPVTBM� B SFEVDUJPO
PG ESJG஽ CJBT <��
 ��> 	TFF BMTP <��
 ���
 ���
 ���>
� 5P USBDL QIBTJD BSPVTBM
 XF NFBTVSFE UIF NBYJNVN
PG UIF SJTJOH TMPQF PG UIF QVQJM <��
 ��
 ���> JO UIF TFDPOE IBMG PG UIF TUJNVMVT JOUFSWBM 	'JH� �#
� 8F
DIPTF UIJT NFBTVSF GPS UXP SFBTPOT� 	J
 UP FMJNJOBUF DPOUBNJOBUJPO CZ DPOUSBTU�FWPLFE DPOTUSJDUJPOT BOE
CVUUPO�QSFTT SFMBUFE EJMBUJPOT 	.BUFSJBMT BOE .FUIPET

 BOE 	JJ
 UP NPTU TQFDJஷ஫DBMMZ USBDL OPSBESFOFSHJD
BDUJWJUZ <��>� 'SPN UIF SFTVMUJOH UBTL�FWPLFE QVQJM SFTQPOTF NFBTVSFT XF SFNPWFE
 WJB MJOFBS SFHSFTTJPO

DPNQPOFOUT FYQMBJOFE CZ TJHOBM DPOUSBTU BOE CBTFMJOF QVQJM TJ[F 	.BUFSJBMT BOE .FUIPET
�

Figure 1: High phasic arousal is associated with reduced perceptual choice bias. (A) Visual contrast detecঞon task. Schemaঞc sequence of
sঞmuli during a trial. Subjects were instructed to respond to a weak signal (gabor patch) in noise. In two condiঞons that were interleaved
across trials, the noise refreshed at 24 Hz or 6 Hz (Materials and Methods). (B) Task-evoked pupil response (black) and response derivaঞve
(grey). Grey window, interval for task-evoked pupil response measures (Materials and Methods). Shading, s.e.m. (C) Relaঞonship between
overall perceptual choice bias (Materials and Methods) and task-evoked pupil response). Data points, individual subjects; stats, paired-
samples t-test. (D) As panel C, but for perceptual sensiঞvity (d’; Materials and Methods; top) and reacঞon ঞme (RT; bo�om). Panels B-D:
group average (N = 20).

���



8F IBWF QSFWJPVTMZ TIPXO UIBU UIF FஶGFDU PG QIBTJD BSPVTBM JT BEBQUJWF� JU QSFEJDUT B TVQQSFTTJPO PG CJBT
PG BOZ TJHO 	DPOTFSWBUJWF BOE MJCFSBM
 UPXBSET BO PQUJNBM MFWFM <��>� *O CPUI DPOEJUJPOT PG UIF DVSSFOU
FYQFSJNFOU
 TJHOBM�OPJTF TUJNVMJ PDDVSSFE PO ��গ PG USJBMT 	.BUFSJBMT BOE .FUIPET

 BOE BDDVSBDZ DPVME
CF NBYJNJ[FE CZ BEBQUJOH B OFVUSBM CJBT� *G UIF FஶGFDU PG QIBTJD BSPVTBM JT BEBQUJWF
 JU TIPVME QSFEJDU OP
DIBOHF JO CJBT JO UIF OFVUSBM DPOEJUJPO 	CFDBVTF TVCKFDUءT CJBT XBT BMSFBEZ DMPTF UP PQUJNBM

 BOE B SFEVD�
UJPO PG CJBT JO UIF DPOTFSWBUJWF DPOEJUJPO 	CFDBVTF TVCKFDUءT CJBT XBTNBMBEBQUJWF
� 5IJT JT FYBDUMZXIBUXF
GPVOE 	'JH� �$
� *O UIF OFVUSBM DPOEJUJPO
 TVCKFDUT IBE BO PWFSBMM XFBL MJCFSBM CJBT XIJDI XBT BMNPTU OFV�
USBM 	TJHOBM EFUFDUJPO UIFPSFUJD DSJUFSJPO D � ������
 q ����� T�F�N�

 BOE UIFSF XBT OP SFMBUJPOTIJQ CFUXFFO
QVQJM�MJOLFE QIBTJD BSPVTBM BOE CJBT 	'JH� �$
� *O UIF DPOTFSWBUJWF DPOEJUJPO
 XF GPVOE UIBU TVCKFDUT IBE
BO PWFSBMM DPOTFSWBUJWF QFSDFQUVBM DIPJDF CJBT 	D � �����
 q ����� T�F�N�

 B UFOEFODZ UP SFQPSU 
ؤOPأ JSSF�
TQFDUJWF PG UIF PCKFDU FWJEFODF 	'JH� �$
� 5IJT CJBT XBT TVQQSFTTFE PO USJBMT XJUI MBSHF QVQJM SFTQPOTFT 	'JH�
�$
� 1IBTJD QVQJM SFTQPOTFT FYIJCJUFE OP SFMBUJPOTIJQ UP QFSDFQUVBM TFOTJUJWJUZ 	TJHOBM EFUFDUJPO UIFPSFUJD
Eء
 JO FJUIFS PG UIF DPOEJUJPOT 	'JH� �%
 BOE QSFEJDUFE B 	TNBMM
 SFEVDUJPO PG SFBDUJPO UJNF 	35
 JO UIF
OFVUSBM DPOEJUJPO 	'JH� �%
�
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8FIBWF SFDFOUMZ TIPXO UIBU UIF 	NPOPUPOJD
 QVQJM�MJOLFECJBT TVQQSFTTJPO JT FYQMBJOFECZ B 	NPOPUPOJD

SFEVDUJPO PG CJBT JO UIF BDDVNVMBUJPO PG FWJEFODF MFBEJOH VQ UP B DIPJDF <��
 ��>� 5IJTNFDIBOJTUJD JOTJHIU
XBT BDIJFWFE CZ ஷ஫UUJOH UIF ESJG஽ EJஶGVTJPO NPEFM 	'JH� 4�"
 UP CFIBWJPSBM EBUB� 5IF ESJG஽ EJஶGVTJPO NPEFM
CFMPOHT UP B DMBTT PG CPVOEFE BDDVNVMBUJPO NPEFMT PG EFDJTJPO�NBLJOH <�
 ��
 ��
 ��> UIBU EFTDSJCF UIF
BDDVNVMBUJPO PG OPJTZ TFOTPSZ FWJEFODF JO B EFDJTJPO WBSJBCMF UIBU ESJG஽T UP POF PG UXP CPVOET� 5IF
NPEFM BDDPVOUT XFMM GPS CFIBWJPSBM EBUB GSPN B XJEF SBOHF PG UXP�DIPJDF UBTLT <��>�

)FSF
 XF BHBJO GPVOE FWJEFODF TVQQPSUJOH UIF JEFB UIBU QIBTJD BSPVTBM JOUFSBDUT XJUI UIF FWJEFODF BD�
DVNVMBUJPO QSPDFTT 	'JH� �
� 8F VTFE UIF IJFSBSDIJDBM ESJG஽ EJஶGVTJPO SFHSFTTJPO NPEFM UP BTTFTT UIF USJBM�
CZ�USJBM
 MJOFBS SFMBUJPOTIJQ CFUXFFO UIF ESJG஽ BOE QVQJM SFTQPOTFT 	.BUFSJBMT BOE .FUIPET
� 4QFDJஷ஫DBMMZ

TFQBSBUFMZ JO FBDI DPOEJUJPO
 XFNPEFMFE UIF TJOHMF�USJBM ESJG஽ BT B GVODUJPO PG BO JOUFSDFQU 	DBQUVSJOH UIF
PWFSBMM ESJG஽أ CJBTؤ UPXBSET ؤZFTأ PS 
ؤOPأ
 UIF TUJNVMVT 	DBQUVSJOH UIF PWFSBMM ESJG஽أ SBUFؤ
 UIBU JT
 UIF FG�
ஷ஫DJFODZ PG FWJEFODF BDDVNVMBUJPO
 BOE QVQJM SFTQPOTF 	DBQUVSJOH UIF USJBM�CZ�USJBM EJSFDUFE TIJG஽T JO UIF
ESJG஽ <DPEFE UPXBSET <ؤZFTأ BT B GVODUJPO PG QIBTJD BSPVTBM
 	TFF UIF FRVBUJPO JO 'JH� �
� 5IF QBSBNF�
UFST TUBSUJOH QPJOU
 CPVOEBSZ TFQBSBUJPO
 OPO�EFDJTJPO UJNF BOE ESJG஽ SBUF WBSJBCJMJUZ XFSF BMTP JODMVEFE
JO UIF NPEFM
 CVU WBSJFE POMZ XJUI DPOEJUJPO
 BOE OPU XJUI QIBTJD BSPVTBM 	'JH� 4�#
$
� 5IF FWJEFODF
BDDVNVMBUJPO QSPDFTT XBT PWFSBMM CJBTFE UPXBSET 
ؤOPأ FTQFDJBMMZ JO UIF DPOTFSWBUJWF DPOEJUJPO 	'JH� �"
�
*NQPSUBOUMZ
 POMZ JO UIF DPOTFSWBUJWF DPOEJUJPO
 UIJT ESJG஽ CJBT UPXBSET ؤOPأ XBT TVQQSFTTFE PO USJBMT
DIBSBDUFSJ[FE CZ MBSHF QVQJM SFTQPOTFT 	'JH� �$
�

8F WFSJஷ஫FE UIBU 	J
 QIBTJD BSPVTBM IBE OP FஶGFDU PO UIF PUIFS NPEFM QBSBNFUFST
 BOE 	JJ
 UIF FஶGFDU PG
QIBTJD BSPVTBM PO UIF ESJG஽ XBT MJOFBS� 5P UIBU FOE
 XF BHBJO ஷ஫UUFE UIF ESJG஽ EJஶGVTJPO NPEFM
 CVU OPX
TFQBSBUFMZ QFS DPOEJUJPO BOE TFQBSBUFMZ GPS UISFF QVQJM�SFTQPOTF EFஷ஫OFE CJOT 	'JH� 4�%
&� .BUFSJBMT BOE
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Figure 2: High phasic arousal is associated with re-
duced evidence accumulaঞon bias. Group-level pos-
terior probability densiঞes in the hierarchical dri[ dif-
fusion regression model for means of (A) intercept
(capturing the overall dri[ bias), (B) sঞmulus (captur-
ing the overall dri[ rate) and (C) pupil response (cap-
turing the arousal-predicted directed shi[ in dri[ to-
wards “yes”). The p-value quanঞCes the fracঞon of
MCMC samples being smaller than 0 (dashed line)
(Materials and Methods). All panels: group average
(N = 20). See Figure S2B for the remaining parame-
ters “starঞng point”, “boundary separaঞon” and “non-
decision ঞme”.

.FUIPET
� 'JSTU
 XIFO DPNQBSJOH UIF MPXFTU BOE IJHIFTU QVQJM CJO 	DPOUBJOJOH UIF MPXFTU BOE IJHIFTU
��গ PG USJBMT� .BUFSJBMT BOE .FUIPET
 XF PCTFSWFE POMZ B TJHOJஷ஫DBOU FஶGFDU PG QVQJM�MJOLFE QIBTJD BSPVTBM
PO ESJG஽ CJBT JO UIF DPOTFSWBUJWF DPOEJUJPO 	'JH� 4�%
&

 BOE OPU PO BOZ PG UIF PUIFS QBSBNFUFST JO FJUIFS
DPOEJUJPO� 4FDPOE
 ESJG஽ CJBT FTUJNBUFT GPS UIFNFEJVNQVQJM CJO GFMM JO CFUXFFO FTUJNBUFT GPS UIF MPX BOE
IJHI QVQJM CJOT 	'JH� 4�%
&
�

*O TVN
 QIBTJD BSPVTBM TVQQSFTTFE CJBT JO UIF BDDVNVMBUJPO PG FWJEFODF MFBEJOH VQ UP B DIPJDF� 8F OFYU
VTFE UIF .&( EBUB UP DIBSBDUFSJ[F UIF CJPMPHJDBM VOEFSQJOOJOH PG UIJT JOUFSBDUJPO� 0VS BQQSPBDI XBT BT
GPMMPXT� 	J
 FTUBCMJTI B OVNCFS PG DPNNPO .&( TJHOBUVSFT PG QFSDFQUVBM EFDJTJPO�NBLJOH
 	JJ
 JEFOUJGZ
DIPJDF�QSFEJDUJWF BOE QVQJM�MJOLFE PTDJMMBUPSZ QPXFS JO WJTVBM SFHJPOT BOE RVBOUJGZ UIF TJNJMBSJUZ PG UIFJS
TQFDUSBM QSPஷ஫MFT
 BOE 	JJJ
 UFTU XIFUIFS UIF FஶGFDU PG QIBTJD BSPVTBM PO ESJG஽ CJBT JT GPSNBMMZ NFEJBUFE CZ
TVDI DIPJDF�QSFEJDUJWF BOE QVQJM�MJOLFE PTDJMMBUPSZ BDUJWJUZ�
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8F ஷ஫STU DPOஷ஫SNFE UIBU PVS EBUB JO CPUI FYQFSJNFOUBM DPOEJUJPOT DPOUBJOFE UIF UZQJDBM .&( TJHOBUVSFT
PG 	J
 TUJNVMVT QSPDFTTJOH BOE 	JJ
 SFTQPOTF QSFQBSBUJPO <��>� $PNQVUJOH UJNF�GSFRVFODZ QPXFS BU FBDI
WFSUFY MPDBUJPO BOE UIFO BWFSBHJOH BDSPTT BMM WFSUJDFT XJUIJO B SFHJPO PG JOUFSFTU 	30*�.BUFSJBMT BOE.FUI�
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PET
 BMMPXFEVT UP USBDL.&(TJHOBUVSFT PG EFDJTJPO�NBLJOH BU GVMM UJNF�GSFRVFODZ SFTPMVUJPO UISPVHIPVU
UIF EJTUSJCVUFE EFDJTJPO�NBLJOH OFUXPSL� 5IF TJHOBM�OPJTF PS OPJTF TUJNVMJ JOEVDFE SPCVTU QPQVMBUJPO
SFTQPOTFT XJUI B DIBSBDUFSJTUJD EZOBNJD TJHOBUVSF <��
 ��>� JO WJTVBM SFHJPOT
 UIF.&(QPXFS JODSFBTFE JO
B CSPBE IJHI�GSFRVFODZ SBOHF 	BCPVU ���؜�� )[

 BDDPNQBOJFE CZ B EFDSFBTF JO UIF MPX�GSFRVFODZ SBOHF
CFMPX �� )[ 	'JHVSF �"
� *O NPUPS BOE GSPOUBM SFHJPOT
 XF PCTFSWFE POMZ UBTL�JOEVDFE EFDSFBTFT JO UIF
MPX�GSFRVFODZ SBOHF CFMPX �� )[ 	'JHVSF �"
�

8F FYQMPJUFE UIF DPOUSBMBUFSBM CJBT PG UIF DPSUJDBMNPUPS TZTUFN 	J�F�
 TUSPOHFS BDUJWJUZ JO UIF IFNJTQIFSF
DPOUSBMBUFSBM UP UIF NPUPS NPWFNFOU
 UP JEFOUJGZ UIF DIBSBDUFSJTUJD EZOBNJD TJHOBUVSF PG SFTQPOTF QSFQB�
SBUJPO <��
 ��>� JO B OVNCFS PG MBUFSBM GSPOUBM BOE NPUPS SFHJPOT
 JODMVEJOH UIF IBOE BSFB PG .�
 HBNNB�
CBOE BDUJWJUZ 	BCPVU ���؜�� )[
 XBT TFMFDUJWFMZ FOIBODFE DPOUSBMBUFSBM UP UIF CVUUPO�QSFTT
 BOE BMQIB�
BOE CFUB�CBOE BDUJWJUZ 	BCPVU ��؜� )[
 XBT TFMFDUJWFMZ TVQQSFTTFE 	'JHVSF �#
� 8F PCTFSWFE UIF DIPJDF�
QSFEJDUJWF MBUFSBMJ[BUJPO PG MPX�GSFRVFODZ QPXFS NPSF UIBO ��� T CFGPSF SFQPSU 	'JHVSF �#
�

4JODF TVCKFDUءT QFSGPSNBODFXBT IFME BU SPVHIMZ ��গ DPSSFDU 	.BUFSJBMT BOE.FUIPET

 TUJNVMVT JEFOUJUZ
	TJHOBM�OPJTF WT OPJTF
 XBT IJHIMZ QSFEJDUJWF PG DIPJDF ؤZFTأ	 WT� 
ؤOPأ� 5IVT
 UIF DIPJDF DPOUSBTU 5'3T
QSFTFOUFE JO 'JH� �# DPVME
 BU MFBTU UP BO FYUFOU
 SFஸ஼FDU UIF TUJNVMVT DPOUSBTU� 8F SVMFE PVU UIJT DPODFSO
CZ SFDPNQVUJOH UIF DIPJDF DPOUSBTU BT GPMMPXT� 	IJU � GBMTF BMBSN
 ؜ 	DPSSFDU SFKFDU � NJTT

 FஶGFDUJWFMZ

Figure 3: Time-frequency responses in the yes/no contrast detecঞon task. (A) Overall task-induced ঞme-frequency responses (average
across hemispheres) in the selected ROIs, expressed as % signal change from baseline (Materials and Methods), separately for the neutral
(le[) and conservaঞve condiঞon (right). See Materials and Methods for the deCniঞon of each corঞcal ROI. (B) As panel A, but for the con-
trast “yes” vs. “no” and a[er subtracঞng data from the ipsi-lateral hemisphere from the contralateral hemisphere (Materials and Methods).
See Fig. S3 for the choice contrast computed as (hit + false alarm) – (correct reject + miss), e@ecঞvely factoring out e@ect of sঞmulus
idenঞty and accuracy. All panels: Group average (N = 20), saturaঞon, signiCcant ঞme-frequency ঞles (p < 0.05, two-sided permutaঞon
across subjects, cluster corrected).
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GBDUPSJOH PVU FஶGFDU PG TUJNVMVT JEFOUJUZ BOE BDDVSBDZ� %PJOH TP WFSJஷ஫FE UIBU UIF SFTVMUT JO 'JH� �# JOEFFE
SFஸ஼FDU QVSF DIPJDF�QSFEJDUJWF BDUJWJUZ 	'JH� 4�

 DPOTJTUFOU XJUI FBSMJFS SFQPSUT <��
 ��>�

*O TVN
 JO CPUI FYQFSJNFOUBM DPOEJUJPOT XF PCTFSWFE UIF UZQJDBM .&( TJHOBUVSFT PG TUJNVMVT QSPDFTT�
JOH BOE SFTQPOTF QSFQBSBUJPO
 IJHIMJHIUJOH UIF RVBMJUZ PG PVS EBUB� 8F IZQPUIFTJ[FE UIBU UIF BSPVTBM�
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Figure 4: Overlapping spectral proCles for choice and pupil response contrasts. (A) “Yes” vs. “no” contrast of task-induced ঞme-frequency
responses (average across hemispheres) in the selected regions of interest (ROIs), expressed as % signal change from baseline (Materials
and Methods), separately for the neutral (le[) and conservaঞve condiঞon (right). See Fig. S4 for the choice contrast computed as (hit +
false alarm) – (correct reject + miss), e@ecঞvely factoring out e@ect of sঞmulus idenঞty and accuracy. See Materials and Methods for the
deCniঞon of corঞcal ROIs. Saturaঞon, signiCcant ঞme-frequency ঞles (p < 0.05, two-sided permutaঞon across subjects, cluster corrected);
orange bar (far le[), ঞmepoints used for calculaঞng power spectra in panel C. (B)As panel A, but for the contrast high vs low pupil response
(average across hemispheres). Note that the signiCcant ঞmepoints before sঞmulus onset are due the window length of 400 ms in our ঞme-
frequency analysis (Materials and Methods) which causes some smearing in the low frequencies. Red bar (far le[), ঞmepoints used for
calculaঞng power spectra in panel C. (C) Spectra of the power modulaঞon of the “yes” vs. “no” contrast (average across hemispheres;
ঞme window, 0.5–0 s before report; see also orange bar in panel A) and high vs. low pupil response (average across hemispheres; ঞme
window, -0.2 s before sঞmulus onset to 0.3 s a[er; see also red bar in panel B), separately for the neutral (le[) and conservaঞve condiঞon
(right). Spectra are shown for frequencies 2–36 Hz; there were no signiCcant power modulaঞons in the higher frequencies 36-160 Hz (Fig.
3A,B). Bars, clusters of signiCcant power modulaঞon (p < 0.05, two-sided permutaঞon across subjects, cluster corrected). (D) Correlaঞon
between the choice and pupil contrast spectra shown in panel C. Stats, Wilcoxon signed-rank test; *, p<0.05; **, p<0.01. All panels: group
average (N = 20); Shading or error bars, s.e.m.
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 XF 	J
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DIPJDF�QSFEJDUJWF BOE QVQJM�MJOLFE PTDJMMBUPSZ QPXFS JO WJTVBM SFHJPOT
 	JJJ
 FTUBCMJTIFE UIBU UIFJS TQFDUSBM

Figure 5: Relaঞonship between pupil-linked
arousal, alpha-band acঞvity in V1 and dri[ (A)
Schemaঞc of mediaঞon analysis (see Materi-
als and Methods). Pupil, vector of trial-wise
pupil responses; V1 alpha, vector of trial-wise
alpha-band acঞvity measures in primary visual
cortex (Materials and Methods); dri[, single-trial
dri[ towards the “yes” bound, as esঞmated
with the hierarchical dri[ di@usion regression
model. All arrows are regressions. (B) Group-level
posterior probability densiঞes from hierarchical
regression (Materials and Methods) of the linear
relaঞonship between trial-wise pupil responses
and V1 alpha. The p-value quanঞCes the fracঞon
of MCMC samples being larger than 0 (dashed
line) (Materials and Methods). We veriCed
that the e@ect of phasic arousal on alpha-band
acঞvity is linear (Fig. S5A,B le[ panels). (C)
Group-level posterior probability densiঞes from
the hierarchical dri[ di@usion regression model
of the linear relaঞonship between trial-wise V1
alpha and dri[ bias. The p-value quanঞCes the
fracঞon of MCMC samples being larger than 0
(dashed line) (Materials and Methods). We veriCed
that the e@ect of V1 alpha on dri[ bias is linear
(Fig. S5A,B right panels). (D) Group-level posterior
probability densiঞes of the indirect path a × b
(Materials and Methods). The p-value quanঞCes
the fracঞon of MCMC samples being smaller than
0 (dashed line). See also Fig. S6 for mediaঞon
analysis in other corঞcal ROIs. All panels: Group
average (N = 20); stats, directly on the posterior
probability densiঞes (Materials and Methods).
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 SBOHF
 BOE 	JW
 GPVOE
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 UIF DIPMJOFSHJD CBTBM GPSFCSBJO BOE
EPQBNJOFSHJD NJECSBJO <��
 ��
 ��>� 5IVT
 XF SFNBJO BHOPTUJD BCPVU UIF FYBDU OFVSPBOBUPNJDBM TPVSDF	T

PG UIF SFQPSUFE FஶGFDUT PG QIBTJD BSPVTBM�

0OF BDDPVOU IPMET UIBU UBTL�FWPLFE -$ SFTQPOTFT EVSJOH EFDJTJPO�NBLJOH BSF USJHHFSFE CZ B UISFTIPME
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DPSUFY�XJEF OPSBESFOBMJOF SFMFBTF UIFO GBDJMJUBUFT UIF USBOTMBUJPO PG UIF DIPJDF JOUP B NPUPS BDU� 5IJT
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 UIFO CPPTUJOH PWFSBMM OFVSBM FYDJUBCJMJUZ XJMM BTZNNFUSJDBMMZ FO�
IBODF OFVSBM BDUJWJUZ JO WJTVBM DPSUFY 	PO CPUI TJHOBM�OPJTF BOE OPJTF USJBMT

 XIJDI
 JO UVSO
 XJMM USBOTMBUF
JO GBTUFS BDDVNVMBUJPO UPXBSE �ؤZFTأ

���



0VS SFTVMUT BSF SFNBSLBCMZ DPOTJTUFOU XJUI UXP MJOFT PG SFTFBSDIXIJDIXFSF TP GBS MBSHFMZ EJTDPOOFDUFE�
'JSTU
 PVS SFTVMUT TVQQPSU UIF OPUJPO UIBU DPSUJDBM BMQIB�CBOE BDUJWJUZ SFஸ஼FDUT FYDJUBCJMJUZ BOE QSFEJDUT
DIBOHFT JO DIPJDF CJBT SBUIFS UIBO BDDVSBDZ 
���؜���> ���>� 4FDPOE
 PVS SFTVMUT BSF JO MJOF XJUI B CPEZ
PG XPSL UIBU TIPXT UIBU QVQJM�MJOLFE BSPVTBM CPPTUT DPSUJDBM FYDJUBCJMJUZ BOE TVQQSFTTFT MPX�GSFRVFODZ
TZODISPOPVT BDUJWJUZ <��
 ��
 ��
 ���>
 JODMVEJOH BMQIB�CBOE BDUJWJUZ <���>� 5IF SFMFBTF PG OPSBESFOBMJOF
BOE�PS BDFUZMDIPMJOF NJHIU FYQMBJO UIJT SFMBUJPOTIJQ� UIFTF NPEVMBUPSZ OFVSPUSBOTNJUUFST UVOF JPOJD
DVSSFOUT
 XIJDI OPU POMZ DPOUSPM UIF NFNCSBOF QPUFOUJBM BOE FYDJUBCJMJUZ PG DPSUJDBM OFVSPOT
 CVU BMTP
TUSPOHMZ TVQQSFTT UIF HFOFSBUJPO PG TMPX PTDJMMBUJPOT� 5IVT
 UIF TVQQSFTTJPO PG MPX GSFRVFODZ BDUJWJUZ
OFFE OPU QVSFMZ SFஸ஼FDU B 	BUUFOUJPOBM
 UPQ�EPXO TJHOBM GSPN IJHIFS�PSEFS TFOTPSZ SFHJPOT PS GSPN BTTP�
DJBUJPO DPSUJDFT 
<���؜���> CVU NJHIU BMTP SFஸ஼FDU UIF JNQBDU PG OFVSPNPEVMBUPST SFMFBTFE CZ TVCDPSUJDBM
OVDMFJ�

5BLFO UPHFUIFS
 PVS SFTVMUT TVHHFTU UIBU UIF QIBTJD BSPVTBM TIBQFT FWJEFODF BDDVNVMBUJPO CZ UVOJOH
DPSUJDBM FYDJUBCJMJUZ� 5IVT
 XIFO EFDJTJPOT BSF NBEF JO UIF GBDF PG VODFSUBJOUZ
 USBDLJOH QIBTJD BSPVTBM
TJHOBMT NBZ CF KVTU BT JNQPSUBOU GPS QSFEJDUJOH DPSUJDBM EFDJTJPO�DPNQVUBUJPOT BOE TVCTFRVFOU DIPJDF
CFIBWJPS BT USBDLJOH UIF PCKFDUJWF FWJEFODF HBUIFSFE GSPN UIF PVUTJEF XPSME�

��� .৓০ৗ৤৛৓৞৥ ৓ৠ৖ .ৗ০৚ৡ৖৥

����� 4১৔ড়ৗ৕০৥

5XFOUZ�UISFF TVCKFDUT 	�� GFNBMF
 BHF SBOHF �����
 QBSUJDJQBUFE JO UIF FYQFSJNFOU
 FOUBJMJOH DPODVSSFOU
QVQJMMPNFUSZ BOE.&( SFDPSEJOHT� "MM IBE OPSNBM PS DPSSFDUFE UP OPSNBM WJTJPO BOE OP IJTUPSZ PS JOEJ�
DBUJPOT PG QTZDIPMPHJDBM PS OFVSPMPHJDBM EJTPSEFST� 5IF FYQFSJNFOUXBT BQQSPWFE CZ UIF FUIJDT DPNNJUUFF
PG UIF 6OJWFSTJUZ .FEJDBM $FOUFS )BNCVSH�&QQFOEPSG� 4VCKFDUT QFSGPSNFE CFUXFFO � BOE �� CMPDLT PG
��� USJBMT FBDI 	EJTUSJCVUFE PWFS UXP NFBTVSFNFOU TFTTJPOT
 FBDI MBTUJOH GPS BQQSPYJNBUFMZ �� NJOVUFT


ZJFMEJOH B UPUBM PG �������� USJBMT QFS QBSUJDJQBOU� 4VCKFDUT DPNQMFUFE POF USBJOJOH TFTTJPO PO B TFQBSBUF
EBZ CFGPSF UIF .&( SFDPSEJOHT� 8F BMTP DPMMFDUFE B TUSVDUVSBM .3* GPS FBDI TVCKFDU PO B TFQBSBUF EBZ
BG஽FS UIF .&( SFDPSEJOHT� 4VCKFDUT XFSF QBJE ٮ�� QFS IPVS� 5ISFF TVCKFDUT DPNQMFUFE POMZ POF .&(
SFDPSEJOH TFTTJPO BOE XFSF FYDMVEFE GSPN GVSUIFS BOBMZTFT�

����� #ৗ৚৓২৛ৡ৤৓৞ ০৓৥ঢ়

&BDI USJBM DPOTJTUFE PG TJY DPOTFDVUJWF JOUFSWBMT 	'JHVSF �"
� 	J
 UIF CBTFMJOF JOUFSWBM 	VOJGPSNMZ EJTUSJCVUFE
CFUXFFO ��� BOE ��� T
 DPOUBJOJOH POMZ B HSFFO ஷ஫YBUJPO EPU� 	JJ
 UIF TUJNVMVT JOUFSWBM 	� T EVSBUJPO
 DPOUBJO�
JOH FJUIFS B TJHOBM 	HBCPS QBUDI
 JO OPJTF PS POMZ OPJTF� 	JJJ
 UIF DIPJDF JOUFSWBM
 UIF TUBSU PG XIJDI XBT
TJHOBMFE CZ UIF EJTBQQFBSBODF PG UIF TUJNVMVT
 BOE UFSNJOBUFE CZ UIF TVCKFDUءT SFTQPOTF� 	JW
 EFMBZ JOUFS�
WBM 	VOJGPSNMZ EJTUSJCVUFE CFUXFFO ��� BOE ��� T
� 	W
 DPOஷ஫EFODF JOUFSWBM
 UIF TUBSU PG XIJDI XBT TJHOBMFE
UIF ஷ஫YBUJPO EPU UVSOJOH CMVF
 BOE UFSNJOBUFE CZ UIF TVCKFDUءT SFTQPOTF� 	WJ
 GFFECBDL JOUFSWBM 	���� T
�

���



" EZOBNJD OPJTF QBUUFSO XBT QSFTFOUFE UISPVHIPVU UIF TUJNVMVT JOUFSWBM� 5IF MVNJOBODF BDSPTT BMM
QJYFMT XBT LFQU DPOTUBOU� 5IJT QFEFTUBM OPJTF QBUUFSO IBE ��গ DPOUSBTU� 8F EFTJHOFE UXP DPOEJUJPOT UP
FYQFSJNFOUBMMZ NBOJQVMBUF DIPJDF CJBT� *O UIF OFVUSBMأ DPOEJUJPOؤ UIF EZOBNJD OPJTF SFGSFTIFE BU �� )[
BOE JO UIF DPOTFSWBUJWFأ DPOEJUJPOؤ UIF EZOBNJD OPJTF SFGSFTIFE BU � )[ 	FWFSZ GPVS GSBNFT
� 5IF UXP
DPOEJUJPOT XFSF SBOEPNMZ JOUFSMFBWFE BDSPTT USJBMT
 VOEFS UIF DPOTUSBJOU UIBU UIFZ XPVME PDDVS PO ��গ PG
UIF USJBMT XJUIJO FBDI CMPDL PG ��� USJBMT�

0O POF IBMG PG USJBMT ؤTJHOBM�OPJTFأ	 USJBMT

 B TJOVTPJEBM HSBUJOH 	� DZDMFT QFS EFHSFF
 XBT TVQFSJNQPTFE
PO UIF WJTVBM OPJTF GPS UIF FOUJSF TUJNVMVT JOUFSWBM 	'JHVSF �"
� 5IF PUIFS IBMG PG USJBMT ؤOPJTFأ	 USJBMT

DPOUBJOFE OP UBSHFU TJHOBM EVSJOH UIF TUJNVMVT JOUFSWBM� 4JHOBM QSFTFODF XBT SBOEPNMZ TFMFDUFE PO FBDI
USJBM
 VOEFS UIF DPOTUSBJOU UIBU JU XPVME PDDVS PO ��গ PG UIF USJBMT XJUIJO UIF OFVUSBM BOE DPOTFSWBUJWF
DPOEJUJPOT
 BOE XJUIJO FBDI CMPDL PG ��� USJBMT� "MM TJHOBM BOE OPJTF TUJNVMJ XFSF QSFTFOUFE JO B (BVTTJBO
BOOVMVT
 XJUI BO BWFSBHF EJTUBODF 	q 4%
 UP ஷ஫YBUJPO PG ��� 	���
 EFHSFFT 	'JHVSF �"
�

"G஽FS TUJNVMVT PஶGTFU TVCKFDUT XFSF JOTUSVDUFE UP SFQPSU UIF QSFTFODF PS BCTFODF PG UIF TJHOBM �JOUFSأ	
SPHBUJPO QBSBEJHNؤ
 CZ QSFTTJOH POF PG UXP SFTQPOTF CVUUPOT XJUI UIFJS MFG஽ PS SJHIU JOEFY ஷ஫OHFS� 5IF
NBQQJOH CFUXFFO QFSDFQUVBM DIPJDF BOE CVUUPO QSFTT 	F�H�
 ؤZFTأ �؜ QSFTT SJHIU LFZ� ؤOPأ �؜ QSFTT MFG஽
LFZ
 XBT DPVOUFSCBMBODFE BDSPTT UIF UXP SFDPSEJOH TFTTJPOT� "G஽FS B TIPSU EFMBZ
 TVCKFDUT XFSF QSPNQUFE
UP SBUF UIFJS DPOஷ஫EFODF PO B GPVS�QPJOU TDBMF OPUأ	 BU BMMؤ
 OPUأ TP NVDIؤ
 
ؤRVJUFأ 
ؤWFSZأ XJUI UIF GPVS
ஷ஫OHFST PG UIFJS SJHIU IBOE� 4VCKFDUT SFDFJWFE BVEJUPSZ GFFECBDL 	IJHI UPOF �؜ DPSSFDU� MPX UPOF �؜ FSSPS

BU UIF FOE PG FBDI USJBM�

5ISPVHIPVU UIF NBJO FYQFSJNFOU
 UIF DPOUSBTU PG UIF UBSHFU TJHOBM XBT EZOBNJDBMMZ UJUSBUFE UP UIF
UISFTIPME MFWFM UIBU ZJFMEFE BCPVU ��গ DPSSFDU DIPJDFT VTJOH BO BEBQUJWF TUBJSDBTF QSPDFEVSF 
VFTUߕ	 <���>�
8F SBO JOEFQFOEFOU TUBJSDBTFT GPS UIF OFVUSBM BOE DPOTFSWBUJWF DPOEJUJPOT� 5IFNFBO UISFTIPME DPOUSBTUT
XFSF ����� গ 	q ����� গ T�F�N�
 JO UIF OFVUSBM DPOEJUJPO BOE ����� গ 	q ����� গ T�F�N�
 JO UIF DPOTFSWBUJWF
DPOEJUJPO 	'JH� 4�"
� 5IFTF UISFTIPME DPOUSBTUT ZJFMEFE B NFBO BDDVSBDZ PG ����� গ DPSSFDU 	q ���� গ
T�F�N�
 JO UIF OFVUSBM DPOEJUJPO
 BOE ����� গ DPSSFDU 	q ���� গ T�F�N�
 JO UIF DPOTFSWBUJWF DPOEJUJPO�

4UJNVMJ XFSF CBDL�QSPKFDUFE PO B USBOTQBSFOU TDSFFO VTJOH B 4BOZP 1$-ட91�� QSPKFDUPS XJUI B SFTPMV�
UJPO PG ���Y��� BU ��)[� 5IF TDSFFO XBT QPTJUJPOFE �� DN BXBZ GSPN UIFJS FZFT� 5IF MVNJOBODF QSPஷ஫MF
XBT MJOFBSJ[FE CZ NFBTVSJOH BOE DPSSFDUJOH GPS UIF TZTUFNT HBNNB DVSWF� " EPVCMJOH PG DPOUSBTU WBMVFT
UIFSFGPSF BMTP QSPEVDFE B EPVCMJOH PG MVNJOBODF EJஶGFSFODFT� %VSJOH UIF ஷ஫STU USBJOJOH TFTTJPO TUJNVMJ
XFSF QSFTFOUFE PO B 7*&81JYY NPOJUPS XJUI UIF TBNF SFTPMVUJPO BOE SFGSFTI SBUF 	BMTP MJOFBSJ[FE
� 5P
NJOJNJ[F BOZ FஶGFDU PG MJHIU PO QVQJM EJBNFUFS
 UIF PWFSBMM MVNJOBODF PG UIF TDSFFO XBT IFME DPOTUBOU
UISPVHIPVU UIF FYQFSJNFOU�

����� %৓০৓ ৓৕ଂ১৛৥৛০৛ৡৠ

8FVTFE B$5'.&(TZTUFNXJUI ��� BYJBM HSBEJPNFUFS TFOTPST BOE SFDPSEFE BU ����)[� 3FDPSEJOHT UPPL
QMBDF JO B EJNMZ MJU NBHOFUJDBMMZ TIJFMEFE SPPN� 8F DPODVSSFOUMZ DPMMFDUFE QVQJMMPNFUSJD EBUB BU ����)[
VTJOH BO &ZF-JOL ���� -POH3BOHF.PVOU 	433FTFBSDI
 0THPPEF
 0OUBSJP
 $BOBEB
� 8F DPOUJOVPVTMZ

���



NPOJUPSFE IFBE QPTJUJPO CZ VTJOH UISFF ஷ஫EVDJBM DPJMT� 8F VTFE "H�"H$M FMFDUSPEFT UP NFBTVSF &$( BOE
WFSUJDBM BOE IPSJ[POUBM &0(�

����� "ৠ৓৞৫৥৛৥ ৡ৘ ০৓৥ঢ়�ৗ২ৡঢ়ৗ৖ ৢ১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥

1৤ৗৢ৤ৡ৕ৗ৥৥৛ৠ৙ 1FSJPET PG CMJOLT BOE TBDDBEFT XFSF EFUFDUFE VTJOH UIF NBOVGBDUVSFSءT TUBOEBSE BMHP�
SJUINT XJUI EFGBVMU TFUUJOHT� 5IF SFNBJOJOH EBUB BOBMZTFT XFSF QFSGPSNFE VTJOH DVTUPN�NBEF 1ZUIPO
TDSJQUT� 8F BQQMJFE UP FBDI QVQJM UJNFTFSJFT 	J
 MJOFBS JOUFSQPMBUJPO PG NJTTJOH EBUB EVF UP CMJOLT PS PUIFS
SFBTPOT 	JOUFSQPMBUJPO UJNF XJOEPX
 GSPN ��� NT CFGPSF VOUJM ��� NT BG஽FS NJTTJOH EBUB

 	JJ
 MPX�QBTT
ஷ஫MUFSJOH 	UIJSE�PSEFS #VUUFSXPSUI
 DVU�PஶG� � )[

 	JJJ
 SFNPWBM PG QVQJM SFTQPOTFT UP CMJOLT BOE UP TBD�
DBEFT
 CZ ஷ஫STU FTUJNBUJOH UIFTF SFTQPOTFT CZ NFBOT PG EFDPOWPMVUJPO BOE UIFO SFNPWJOH UIFN GSPN UIF
QVQJM UJNF TFSJFT CZNFBOT PG NVMUJQMF MJOFBS SFHSFTTJPO <���>
 BOE 	JW
 DPOWFSTJPO UP VOJUT PG NPEVMBUJPO
	QFSDFOU TJHOBM DIBOHF
 BSPVOE UIF NFBO PG UIF QVQJM UJNF TFSJFT GSPN FBDI NFBTVSFNFOU TFTTJPO� 8F
DPNQVUFE UIF ஷ஫STU UJNF EFSJWBUJWF PG UIF QVQJM TJ[F
 CZ TVCUSBDUJOH UIF TJ[F GSPN BEKBDFOU GSBNFT
 BOE
TNPPUIFOFE UIF SFTVMUJOH UJNF TFSJFT XJUI B TMJEJOH CPYDBS XJOEPX 	XJEUI
 �� NT
�

2১৓ৠ০৛৘৛৕৓০৛ৡৠ ৡ৘ ০৓৥ঢ়�ৗ২ৡঢ়ৗ৖ ৢ১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥ 8F DPNQVUFE UBTL�FWPLFE QVQJM SFTQPOTFT
UJNF�MPDLFE UP UIF TUJNVMVT� 8F VTFE TUJNVMVT�MPDLJOH CFDBVTF UIF IJHI DPOUSBTU EZOBNJD OPJTF QBUUFSO

XIJDI PDDVSSFE JO BMM USJBMT
 FMJDJUFE B USBOTJFOU QVQJM DPOTUSJDUJPO 	'JH� �#
� 5IVT
 MPDLJOH QVQJM SFTQPOTFT
UP UIF TUJNVMVT CBMBODFE UIPTF QVQJM DPOTUSJDUJPOT BDSPTT USJBMT
 FMJNJOBUJOH UIFN BT B DPOGPVOEJOH GBDUPS
GPS FTUJNBUFT PG QIBTJD BSPVTBM BNQMJUVEFT� 4QFDJஷ஫DBMMZ
 XF DPNQVUFE QVQJM SFTQPOTFT BT UIF NBYJNVN
PG UIF QVQJM EFSJWBUJWF UJNF TFSJFT <��
 ��
 ���> JO UIF ��� NT CFGPSF TUJNVMVT PஶGTFU� 5IJT UJNF XJOEPX
PG JOUFSFTU EJE OPU JODMVEF NPUPS SFTQPOTFT
 TP UIBU CVUUPO�QSFTT SFMBUFE EJMBUJPOT <��
 ���> XFSF BMTP
DPOGPVOEJOH GBDUPS� 'SPN UIF SFTVMUJOH UBTL�FWPLFE QVQJM SFTQPOTF NFBTVSFT XF SFNPWFE
 WJB MJOFBS SF�
HSFTTJPO
 DPNQPOFOUT FYQMBJOFE CZ TJHOBM DPOUSBTU BOE CBTFMJOF QVQJM TJ[F 	.BUFSJBMT BOE .FUIPET

 TP
UIBU BMM UIF SFTVMUT SFQPSUFE IFSF DPVME OPU CF EVF B DBSSZ�PWFS FஶGFDU GSPN UIF QVQJM SFTQPOTF EFQFOEFODF
PO JUT CBTFMJOF <��
 ��>�

*O TPNF BOBMZTFT 	'JHT� � BOE �

 USJBMT XFSF TPSUFE CZ QVQJM SFTQPOTF BNQMJUVEF BOE DPMMBQTFE JOUP UISFF
CJOT DPOUBJOJOH UIF MPXFTU BOE IJHIFTU ��গ 	XIJDIXFSF VTFE GPS BOBMZTFT

 BT XFMM BT UIF JOUFSNFEJBUF ��গ
PG QVQJM SFTQPOTF BNQMJUVEFT� 5IJT BDIJFWFE B USBEF�PஶG CFUXFFO NBYJNJ[JOH CPUI 	J
 USJBM DPVOUT JO UIF
IJHI BOE MPX QVQJM SFTQPOTF CJOT BOE 	JJ
 UIF EJTQBSJUZ CFUXFFO UIF QVQJM SFTQPOTFT GPS CPUI CJOT� 5IF
SFTVMUJOH QVQJM CJOT XFSF BTTPDJBUFE XJUI EJஶGFSFOU PWFSBMM QVQJM SFTQPOTF BNQMJUVEFT BDSPTT UIF XIPMF
EVSBUJPO PG UIF USJBM 	'JH� 4�#
� *O PUIFS BOBMZTFT 	'JHT� � BOE �

 XF RVBOUJஷ஫FE UIF JOUFSBDUJPO CFUXFFO
QVQJM SFTQPOTFT
 DPSUJDBM SFTQPOTFT BOE CFIBWJPS BU UIF TJOHMF�USJBM MFWFM�

����� "ৠ৓৞৫৥৛৥ ৡ৘ ০৓৥ঢ়�৛ৠ৖১৕ৗ৖ .&( ৤ৗ৥ৢৡৠ৥ৗ৥

1৤ৗৢ৤ৡ৕ৗ৥৥৛ৠ৙ 8F BVUPNBUJDBMMZ MBCFMFE BSUJGBDUT JO SBX .&( EBUB CZ EFUFDUJOH CMJOLT
 NVTDMF BS�
UJGBDUT
 TFOTPS KVNQT BOE DBST QBTTJOH CZ JO UIF WJDJOJUZ PG UIF CVJMEJOH� #MJOLT XFSF EFUFDUFE CBTFE PO

���



DPODVSSFOUMZ SFDPSEFE FZF�NPWFNFOU TJHOBMT 	43ட3FTFBSDI &ZF-JOL ����
� 4FOTPS KVNQT XFSF EFUFDUFE
CZ DPOWPMWJOH FBDI TFOTPS XJUI B ஷ஫MUFS EFTJHOFE UP EFUFDU MBSHF TVEEFO KVNQT
 BOE TVCTFRVFOUMZ CZ MPPL�
JOH GPS PVUMJFST JO UIF ஷ஫MUFS SFTQPOTF� .VTDMF 	DBS
 BSUJGBDUT XFSF EFUFDUFE CZ ஷ஫MUFSJOH FBDI DIBOOFM JO UIF
������� )[ 	�� )[
 SBOHF BOE CZ EFUFDUJOH PVUMJFST UIBU PDDVSSFE TJNVMUBOFPVTMZ JO NBOZ DIBOOFMT� 5P
SFNPWF QPXFS MJOF OPJTF
 XF BQQMJFE B OPUDI ஷ஫MUFS 	�� BOE JUT IBSNPOJDT
� *O B OFYU TUFQ XF FQPDIFE EBUB

EPXOTBNQMFE UP ���)[ BOE EJTDBSEFE BMM FQPDIT UIBU DPOUBJOFE BSUJGBDUT� 5IF DPEF UIBU EFUFDUT BSUJGBDUT
BOE QSPEVDFT TPVSDF FTUJNBUFT 	TFF CFMPX
 JT BWBJMBCMF BU 222΀"$/#0�΀�*(ζ�*)) -'��ζ+4( "�

.&( ৥ৡ১৤৕ৗ ৤ৗ৕ৡৠ৥০৤১৕০৛ৡৠ 8F VTFE CFBNGPSNJOH UP SFDPOTUSVDU UIF TPVSDFT PG BDUJWJUZ PC�
TFSWFE BU UIF.&( TFOTPS MFWFM
 BT GPMMPXT� 'JSTU
 XF DPOTUSVDUFE JOEJWJEVBM UISFF�MBZFS IFBENPEFMT GSPN
TVCKFDU TQFDJஷ஫D .3* TDBOT VTJOH UIF 'JFMEUSJQ GVODUJPOT G஽@WPMVNFTFHNFOU BOE G஽@QSFQBSF@NFTI <���>�
)FBE NPEFMT XFSF BMJHOFE UP UIF .&( EBUB CZ B USBOTGPSNBUJPO NBUSJY UIBU BMJHOFE UIF BWFSBHF ஷ஫EVDJBM
DPJM QPTJUJPO JO UIF .&( EBUB BOE UIF DPSSFTQPOEJOH MPDBUJPOT JO FBDI IFBE NPEFM� 8F DPNQVUFE POF
USBOTGPSNBUJPO NBUSJY QFS SFDPSEJOH TFTTJPO� 4FDPOE
 XF SFDPOTUSVDUFE DPSUJDBM TVSGBDFT GSPN JOEJWJEVBM
.3*T VTJOH 'SFFTVSGFS <���
 ���> BOE BMJHOFE UXP EJஶGFSFOU BUMBTFT UP FBDI TVSGBDF <���
 ���>� 5IJSE
 XF
VTFE./& <���> UP DPNQVUF -$.7 ஷ஫MUFST UIBU QSPKFDU EBUB JOUP SFHJPOT PG JOUFSFTU EFஷ஫OFE CZ FBDI BUMBT
<���>� -$.7 ஷ஫MUFST DPNCJOFE B GPSXBSE NPEFM CBTFE PO UIF IFBE NPEFM BOE B TPVSDF TQBDF DPOTUSBJOFE
UP UIF DPSUJDBM TIFFU 	���� WFSUJDFT QFS IFNJTQIFSF
 SFDVSTJWFMZ TVCEJWJEFE PDUBIFESPO
 XJUI B EBUB DP�
WBSJBODF NBUSJY FTUJNBUFE GSPN UIF DMFBOFE FQPDIFE EBUB� 8F DPNQVUFE POF ஷ஫MUFS QFS 30*
 CBTFE PO
UIF DPWBSJBODF NBUSJY DPNQVUFE PO UIF UJNF�QPJOUT GSPN TUJNVMVT POTFU VOUJM TUJNVMVT PஶGTFU 	� T BG஽FS
TUJNVMVT POTFU
 BDSPTT BMM USJBMT� 8F DIPTF UIF TPVSDF PSJFOUBUJPO XJUI NBYJNVN PVUQVU TPVSDF QPXFS
BU FBDI DPSUJDBM MPDBUJPO� *O B ஷ஫OBM TUFQ
 XF DPNQVUFE B NVMUJ�UBQFS CBTFE 5'3 EFDPNQPTJUJPO PG PVS
FQPDIFE .&( EBUB BOE QSPKFDUFE UIF DPNQMFY UJNF TFSJFT JOUP TPVSDF TQBDF� 'PS MPX GSFRVFODJFT ��؜�	
)[ JO TUFQT PG � )[

 XF VTFE UIF NVMUJUBQFS UFDIOJRVF XJUI ஷ஫WF EJTDSFUF QSPMPJE TMFQJBO UBQFST <���>

B XJOEPX MFOHUI PG ��� NT JO TUFQT PG �� NT
 BOE ��� )[ GSFRVFODZ TNPPUIJOH� 'PS IJHI GSFRVFODJFT
	������)[ JO TUFQT PG �)[

 XF VTFE UIFNVMUJUBQFS UFDIOJRVF XJUI POF QSPMPJE TMFQJBO UBQFS
 B XJOEPX
MFOHUI PG ���NT JO TUFQT PG ��NT
 BOE ��� )[ GSFRVFODZ TNPPUIJOH� *O TPVSDF TQBDF XF DPNQVUFE 5'3
QPXFS BU FBDI WFSUFY MPDBUJPO BOE UIFO BWFSBHFE BDSPTT BMM WFSUJDFT XJUIJO B 30*� 8F BMJHOFE UIF QPMBSJUZ
PG UJNF�TFSJFT BU OFJHICPSJOH WFSUJDFT
 CFDBVTF UIF CFBNGPSNFS PVUQVU QPUFOUJBMMZ JODMVEFT BSCJUSBSZ TJHO
ஸ஼JQT GPS EJஶGFSFOU WFSUJDFT�

8F DPOWFSUFE EBUB JO FBDI SFHJPO PG JOUFSFTU 	30*
 UP VOJUT PG NPEVMBUJPO 	QFSDFOU TJHOBM DIBOHF
�
%BUB GPS FBDI 30* BOE GSFRVFODZ XBT OPSNBMJ[FE CZ UIF DPSSFTQPOEJOH 	30* BOE GSFRVFODZ�XJTF
 NFBO
QPXFS BDSPTT BMM USJBMT JO UIF UJNF XJOEPX ���� UP ���� T CFGPSF TUJNVMVT POTFU� 'PS TVCTFRVFOU BOBMZTFT
XF FJUIFS BWFSBHFE 30*T BDSPTT IFNJTQIFSFT PS DPNQVUFE B NFBTVSF PG MBUFSBMJ[BUJPO� 'PS UIF BWFSBHF
NFBTVSF XF BWFSBHFE CPUI IFNJTQIFSFT QFS 30*� 'PS UIF MBUFSBMJ[BUJPO TDPSF XF TVCUSBDUFE EBUB GSPN UIF
JQTJ�MBUFSBM IFNJTQIFSF GSPN UIF DPOUSBMBUFSBM IFNJTQIFSF�

���

www.github.com/Donnerlab/pymeg
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UFSFTU
 XF DPNQVUFE USJBM�XJTF BMQIB�CBOE BDUJWJUZ NFBTVSFT BT UIF NFBO BMQIB QPXFS ��؜�	 )[
 JO UIF
UJNF XJOEPX ���؜���� T GSPN TUJNVMVT POTFU� 5IF SFTVMUJOH TJOHMF USJBM NFBTVSFT XFSF OPSNBMJ[FE CZ UIF
DPSSFTQPOEJOH 	30*�XJTF
 NFBO QPXFS JO UIF TBNF GSFRVFODZ SBOHF BDSPTT BMM USJBMT JO UIF UJNF XJOEPX
���� UP ���� T CFGPSF TUJNVMVT POTFU�
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1SPUSBDUFE EFDJTJPO�NBLJOH JT JNQMFNFOUFE CZ B EJTUSJCVUFE CSBJO OFUXPSL� JO UIF DPOUFYU PG B QFSDFQ�
UVBM EFDJTJPO
 TFOTPSZ DPSUFY FODPEFT JOQVU TJHOBMT FWJEFODFأ	 TBNQMFTؤ

 XIJDI BTTPDJBUJPO DPSUFY BDDV�
NVMBUFT PWFS UJNF JOUP B EFDJTJPO WBSJBCMF
 BOE NPUPS SFHJPOT USBOTMBUF UIF EFDJTJPO JOUP B CFIBWJPSBM BDU
<��
 ��
 ��
 ��>� 8F FOTVSFE UIBU PVS SFHJPO PG JOUFSFTU 	30*
 TFMFDUJPO DPWFSFE UIJT EJTUSJCVUFE CSBJO OFU�
XPSL DPNQMFUFMZ� 4QFDJஷ஫DBMMZ
 GSPN UIF 8BOH FU BM� 	����
 BUMBT <���>
 XF TFMFDUFE BMM SFHJPOT BOE HSPVQFE
UIF JOEJWJEVBM SFHJPOT JOUP UIF GPMMPXJOH DMVTUFST <���>� 7�
 QSJNBSZ PDDJQJUBM DPSUFY� 7���
 FBSMZ PDDJQ�
JUBM SFHJPOT 7�
 7� BOE 7�� 7�"�#
 EPSTBM PDDJQJUBM DPSUFY SFHJPOT 7�" BOE 7�#� *14���
 JOUSBQBSJFUBM
TVMDVT SFHJPOT � BOE �� *14���
 JOUSBQBSJFUBM TVMDVT BSFBT � BOE �� 7FOU� 0DD
 WFOUSBM PDDJQJUBM DPSUFY SF�
HJPOT 70� BOE 70�� 1)$
 QBSBIJQQPDBNQBM DPSUFY SFHJPOT 1$)� BOE 1$) ��.5�
 UFNQPSBM PDDJQJUBM
DPSUFY SFHJPOT .5 BOE .45� -BU� 0DD
 MBUFSBM PDDJQJUBM DPSUFY SFHJPOT -0� BOE -0�� '&'
 GSPOUBM FZF
ஷ஫FMET� 8F TFMFDUFE UISFF SFHJPOT UIBU XFSF QSFWJPVTMZ TIPXO UP FYIJCJU DIPJDF�QSFEJDUJWF MBUFSBMJ[FE BDUJW�
JUZ <��>� *14�1PTU$F4
 JOUSBQBSJFUBM TVMDVT � QPTUDFOUSBM TVMDVT� .�
 IBOE BSFB PG QSJNBSZ NPUPS DPSUFY�
'JOBMMZ
 CBTFE PO UIF (MBTTFS FU BM�
 ���� BUMBT <���> XF DSFBUFE UIF GPMMPXJOH DMVTUFST� EM1'$
 EPSTPMBUFSBM
QSFGSPOUBM DPSUFY 	SFHJPOT� 
ؤ$�أ 
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ؤ���Jأ 
ؤ���Tأ 
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ؤ-#�أ 
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ؤQ����Wأ ��Bأ
��Wؤ
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ؤ��Cأ 
ؤ�Eأ 
ؤ�Bأ 
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ؤ�Wأ 
ؤ�Sأ 
ؤ'&1أ�
QN1'$
 QPTUFSJPS NFEJBM GSPOUBM DPSUFY 	SFHJPOT� 
ؤ'&$4أ 
ؤQ��QSأ 
ؤB��QSأ 
ؤB��QSأ 
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WFOUSBM NFEJBM GSPOUBM DPSUFY 	SFHJPOT� 
ؤ��Qأ 
ؤ��Tأ 
ؤ��Bأ 
ؤ��Wأ 
ؤ��Sأ 
ؤ��أ� BN1'$
 BOUFSJPS NFEJBM
GSPOUBM DPSUFY 	SFHJPOT� 
ؤ��Eأ 
ؤ.#�أ 
ؤ�Nأ� 8F FYDMVEFE WFSUJDFT GSPN UIF (MBTTFS BU BM� 	����
 DMVTUFST
UIBU XFSF BMSFBEZ JODMVEFE JO SFHJPOT GSPN 8BOH FU BM� 	����
 BUMBT BOE UIPTF UBLFO GSPN EF (FF FU BM�
	����
 ؜ GPS FYBNQMF
 WFSUJDFT DPSSFTQPOEJOH UP UIF MPDBUJPO PG '&'�
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35 XBT EFஷ஫OFE BT UIF UJNF GSPN TUJNVMVT PஶGTFU VOUJM UIF CVUUPO QSFTT�

4৛৙ৠ৓৞�৖ৗ০ৗ৕০৛ৡৠ ০৚ৗৡ৤ৗ০৛৕ য়ৡ৖ৗ৞৛ৠ৙ 5IF TJHOBM EFUFDUJPO NFUSJDT TFOTJUJWJUZ 	Eء
 BOE DSJUF�
SJPO 	D
 <��> XFSF DPNQVUFE TFQBSBUFMZ GPS FBDI PG UIF QVQJM CJOT� 8F FTUJNBUFE Eء BT UIF EJஶGFSFODF
CFUXFFO [�TDPSFT PG IJU�SBUFT BOE GBMTF�BMBSN SBUFT� 8F FTUJNBUFE DSJUFSJPO CZ BWFSBHJOH UIF [�TDPSFT PG
IJU�SBUFT BOE GBMTF�BMBSN SBUFT BOE NVMUJQMZJOH UIF SFTVMU CZ ���
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%৤৛৘০ ৖৛৘৘১৥৛ৡৠয়ৡ৖ৗ৞৛ৠ৙ 8F VTFE UIF)%%. UPPMCPY <��> UP BTTFTT UIF USJBM�CZ�USJBM
 MJOFBS SFMB�
UJPOTIJQ CFUXFFO QVQJM SFTQPOTFT BOE UIF ESJG஽ 	'JHVSF �$
 'JHVSF ஷ஫HVSF؜� TVQQMFNFOU �
� 4QFDJஷ஫DBMMZ
 JO
UIF ஷ஫STU IJFSBSDIJDBM ESJG஽ EJஶGVTJPO SFHSFTTJPO NPEFM XF NPEFMFE TJOHMF�USJBM ESJG஽ BT UIF GPMMPXJOH MJOFBS
DPNCJOBUJPO�

v = β01+ β1S+ β2P 	�


XIFSF vXBT UIF TJOHMF�USJBM ESJG஽
 SXBT B CJOBSZ WFDUPS EFTDSJCJOH UIF TUJNVMVT JEFOUJUZ 	�
 TJHOBM�OPJTF�
�
 OPJTF

 PXBT B WFDUPS PG UIF TJOHMF�USJBM QVQJM SFTQPOTFT� 5IF ஷ஫U QBSBNFUFST RVBOUJஷ஫FE IPX UIF TJOHMF�
USJBM ESJG஽ XBT BஶGFDUFE CZ UIF PWFSBMM ESJG஽ CJBT 	J�F�
 NFBO ESJG஽ DSJUFSJPO BDSPTT USJBMT
 SFHBSEMFTT PG CSBJO�
TUFN SFTQPOTF
 β0

 UIF PWFSBMM ESJG஽ SBUF 	J�F�
 NFBO TUJNVMVT�EFQFOEFOU ESJG஽ BDSPTT USJBMT
 β1

 BOE QVQJM
SFTQPOTFT β2� 5IF QBSBNFUFST TUBSUJOH QPJOU
 CPVOEBSZ TFQBSBUJPO
 OPO�EFDJTJPO UJNF BOE ESJG஽ SBUF WBSJ�
BCJMJUZ XFSF BMTP JODMVEFE JO UIF NPEFM CVU EJE OPU WBSZ QVQJM SFTQPOTFT�

*O UIF TFDPOE IJFSBSDIJDBM ESJG஽ EJஶGVTJPO SFHSFTTJPONPEFMXF BEEJUJPOBMMZNPEFMFE UIF TJOHMF�USJBM ESJG஽
BT B GVODUJPO PG TJOHMF�USJBM BMQIB�CBOE BDUJWJUZ JO QSJNBSZ WJTVBM DPSUFY�

v = β01+ β1S+ β2P+ β3A 	�


XIFSF AXBT B WFDUPS PG UIF TJOHMF�USJBM BMQIB�CBOE BDUJWJUZ JO 7��
5IFTF WBSJBOUT PG UIF IJFSBSDIJDBM ESJG஽ EJஶGVTJPO SFHSFTTJPO NPEFM XFSF ஷ஫UUFE UP CFIBWJPSBM BOE QIZT�

JPMPHJDBM EBUB VTJOH .BSLPW�DIBJO .POUF $BSMP TBNQMJOH BT JNQMFNFOUFE JO UIF )%%. UPPMCPY <��>�
#BZFTJBO.$.$HFOFSBUFT GVMM QPTUFSJPS EJTUSJCVUJPOT PWFS QBSBNFUFS FTUJNBUFT
 RVBOUJGZJOHOPU POMZ UIF
NPTU MJLFMZ QBSBNFUFS WBMVF CVU BMTP UIF VODFSUBJOUZ BTTPDJBUFE XJUI UIBU FTUJNBUF� 5IF IJFSBSDIJDBM OB�
UVSF PG UIFNPEFM BTTVNFT UIBU BMM PCTFSWFST JO B EBUBTFU BSF ESBXO GSPN B HSPVQ
 XJUI TQFDJஷ஫D HSPVQ�MFWFM
QSJPS EJTUSJCVUJPOT UIBU BSF JOGPSNFE CZ UIF MJUFSBUVSF� *O QSBDUJDF
 UIJT SFTVMUT JO NPSF TUBCMF QBSBNFUFS
FTUJNBUFT GPS JOEJWJEVBM TVCKFDUT
 XIP BSF DPOTUSBJOFE CZ UIF HSPVQ�MFWFM JOGFSFODF� 5IF IJFSBSDIJDBM OB�
UVSF PG UIF NPEFM BMTP NJOJNJ[FT SJTLT UP PWFSஷ஫U UIF EBUB <��
 ���
 ���>� 8F SBO � TFQBSBUF .BSLPW DIBJOT
XJUI ����� TBNQMFT FBDI� 0G UIPTF
 ���� XFSF EJTDBSEFE BT CVSO�JO� *OEJWJEVBM QBSBNFUFS FTUJNBUFT XFSF
UIFO FTUJNBUFE GSPN UIF QPTUFSJPS EJTUSJCVUJPOT BDSPTT UIF SFTVMUJOH ����� TBNQMFT� "MM HSPVQ�MFWFM DIBJOT
XFSF WJTVBMMZ JOTQFDUFE UP FOTVSF DPOWFSHFODF� "EEJUJPOBMMZ
 XF DPNQVUFE UIF (FMNBO�3VCJO R̂ TUBUJTUJD
	XIJDI DPNQBSFT XJUIJO�DIBJO BOE CFUXFFO�DIBJO WBSJBODF
 BOE DIFDLFE UIBU BMM HSPVQ�MFWFM QBSBNFUFST
IBE BO R̂ CFUXFFO ����������

5P DIFDL GPS UIF MJOFBSJUZ PG UIFNPEFMFE SFMBUJPOTIJQT
 XF BMTP ஷ஫UUFE B SFHVMBS 	OPO�SFHSFTTJPO
 WFSTJPO
PG UIF ESJG஽ EJஶGVTJPO NPEFM UP 35 EJTUSJCVUJPOT GPS UIF TFQBSBUF SFTQPOTFT 	UFSNFE TUJNVMVTأ DPEJOHؤ JO
<��>
� 8F BMMPXFE UIF GPMMPXJOH QBSBNFUFST UP WBSZ XJUI QVQJM SFTQPOTF CJO PS 7� BMQIB�CBOE BDUJWJUZ
CJO� 	J
 UIF TUBSUJOH QPJOU PG BDDVNVMBUJPO QSPDFTT� 	JJ
 UIF TFQBSBUJPO CFUXFFO CPUI CPVOET 	J�F� SFTQPOTF
DBVUJPO
� 	JJJ
 UIF NFBO ESJG஽ SBUF BDSPTT USJBMT� 	JW
 ESJG஽ CJBT 	BO FWJEFODF JOEFQFOEFOU DPOTUBOU BEEFE UP
UIF ESJG஽
� 	W
 UIF OPO�EFDJTJPO UJNF 	TVN PG UIF MBUFODJFT GPS TFOTPSZ FODPEJOH BOE NPUPS FYFDVUJPO PG

���



UIF DIPJDF
� ESJG஽ SBUF WBSJBCJMJUZ XBT JODMVEFE JO UIF NPEFM
 CVU EJE OPU WBSZ XJUI QVQJM SFTQPOTF CJO PS
7� BMQIB�CBOE BDUJWJUZ CJO� 5IF ஷ஫UUJOH QSPDFEVSF XBT PUIFSXJTF UIF TBNF BT BCPWF�

.ৗ৖৛৓০৛ৡৠ৓ৠ৓৞৫৥৛৥ 8FVTFE UXPBQQSPBDIFT GPS UIFNFEJBUJPO� POFIJFSBSDIJDBM BQQSPBDI UPNPEFM
UIF JOUFSBDUJPO CFUXFFO QVQJM SFTQPOTFT
 BMQIB�CBOE BDUJWJUZ JO7� BOE ESJG஽ CJBT 	'JH� �

 BOE POF GSFRVFO�
UJTU BQQSPBDI UP NPEFM UIF JOUFSBDUJPO CFUXFFO QVQJM SFTQPOTFT
 BMQIB�CBOE BDUJWJUZ JO WBSJPVT DPSUJDBM
SFHJPOT BOE DIPJDF 	'JH� 4�
�

8F XJMM ஷ஫STU EFTDSJCF UIF GSFRVFOUJTU BQQSPBDI� 8F ஷ஫UUFE UIF GPMMPXJOH NPEFM CBTFE PO TUBOEBSE NF�
EJBUJPO QBUI BOBMZTJT�

M = α01+ α1S+ α2P 	�


Yes = β01+ β1S+ β2P+ β3M 	�


XIFSF Yes JT UIF QSFEJDUFE QSPCBCJMJUZ UIBU UIF TVCKFDU NBEF B �DIPJDFؤZFTأ PO UIBU USJBM
 SXBT B CJOBSZ
WFDUPS EFTDSJCJOH UIF TUJNVMVT JEFOUJUZ 	�
 TJHOBM�OPJTF� �
 OPJTF

MXBT B WFDUPS PG TJOHMF�USJBM BMQIB�CBOE
BDUJWJUZ JO B HJWFO DPSUJDBM 30*
 1 XBT B WFDUPS PG TJOHMF�USJBM QVQJM SFTQPOTFT
 BOE α0
 α1
 α2
 β0
 β1
 β2 BOE
β3 BSF UIF GSFF QBSBNFUFST PG UIF ஷ஫U� 5IF QBSBNFUFST XFSF ஷ஫U VTJOH GSFFMZ BWBJMBCMF 3�TPG஽XBSF <���>� /PUF
UIBU FRVBUJPO � JT B MPHJTUJD SFHSFTTJPO� 5IF B�QBUI XBT HJWFO CZ α2� UIF C�QBUI XBT HJWFO CZ β3� UIF D�QBUI
	NFEJBO FஶGFDU
 XBT HJWFO CZ B�QBUI× C�QBUI�

*O UIF IJFSBSDIJDBM BQQSPBDIXF ஷ஫UUFE UIF FRVBUJPOT � BOE �� &RVBUJPO �XBT ஷ஫UUFE VTJOH UIF IJFSBSDIJDBM
ESJG஽ EJஶGVTJPO SFHSFTTJPO NPEFM EFTDSJCFE BCPWF� &RVBUJPO � XBT SFஷ஫UUFE XJUI B IJFSBSDIJDBM MJOFBS SFHSFT�
TJPO BQQSPBDI 	XF JODMVEFE SBOEPN JOUFSDFQUT BOE TMPQFT
 BT EJE UIF ESJG஽ EJஶGVTJPO SFHSFTTJPO NPEFM

VTJOH #BNCJ BOE 1Z.$� <���
 ���>� 5IF D�QBUI 	NFEJBO FஶGFDU
 XBT BHBJO HJWFO CZ UIF B�QBUI× C�QBUI

XIJDI OPX JOWPMWFE NVMUJQMZJOH UIF UXP QPTUFSJPS EJTUSJCVUJPOT�

����� 4০৓০৛৥০৛৕৓৞ ৕ৡয়ৢ৓৤৛৥ৡৠ৥

8F VTFE UIF QBJSFE�TBNQMF U�UFTU UP UFTU GPS TJHOJஷ஫DBOU EJஶGFSFODFT CFUXFFO CFIBWJPSBM NFBTVSFT GPS UIF
IJHI WT� MPX QVQJM SFTQPOTF CJO 	'JH� �
� 8F VTFE UIF 8JMDPYPO TJHOFE�SBOL UFTU UP UFTU GPS SFHSFTTJPO
DPFஶஷ஫DJFOUT CFJOH TJHOJஷ஫DBOUMZ EJஶGFSFOU GSPN � 	'JHT� � BOE 4�
� 0O UIF UJNF�GSFRVFODZ TQFDUSB
 XF VTFE
DMVTUFS�CBTFE QFSNVUBUJPO UFTUJOH <���> UP ஷ஫OE DMVTUFST BDSPTT UJNF BOE GSFRVFODZ UIBU EJஶGFSFE GPS PVS
DPOUSBTU PG JOUFSFTU 	'JHT� �
 �
 4� BOE 4�
� *O BMM PUIFS BOBMZTFT 	'JHT� �
 �
 4� BOE 4�
XF QFSGPSNFE TUBUJTUJDT
EJSFDUMZ PO UIF HSPVQ�MFWFM QPTUFSJPS EJTUSJCVUJPO
 XIJDI XBT NBEF VQ PG BMM UIF .$.$ TBNQMFT� 4VDI B
QPTUFSJPS EJTUSJCVUJPOT XBT FJUIFS EJSFDUMZ DPNQBSFE UP � 	UIF Q�WBMVF RVBOUJGZJOH UIF GSBDUJPO PG TBNQMFT
CFJOH CJHHFS PS TNBMMFS UIBO �

 PS UP BOPUIFS QPTUFSJPS EJTUSJCVUJPO 	UIF Q�WBMVF RVBOUJGZJOH UIF PWFSMBQ
CFUXFFO UIF EJTUSJCVUJPOT
�

���
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5IF EBUB BSF QVCMJDMZ BWBJMBCMF PO <UP CF ஷ஫MMFE JO VQPO QVCMJDBUJPO>� "OBMZTJT TDSJQUT BSF QVCMJDMZ BWBJMBCMF
PO <UP CF ஷ஫MMFE JO VQPO QVCMJDBUJPO>�

��� "৕ঢ়ৠৡ৩৞ৗ৖৙ৗয়ৗৠ০৥

8F UIBOL $ISJTUJBOF 3FJTTNBOO
 ,BSJO %FB[MF BOE /JFMT ,MPPTUFSNBO GPS IFMQ XJUI TVCKFDU SFDSVJUNFOU
BOE EBUB BDRVJTJUJPO
 3PHFS ;JNNFSNBOO GPS UFDIOJDBM BTTJTUBODF
 BOE BMM NFNCFST PG UIF %POOFS MBC
GPS EJTDVTTJPO� 5IJT SFTFBSDI XBT TVQQPSUFE CZ UIF (FSNBO3FTFBSDI 'PVOEBUJPO 	%'(
 HSBOU OVNCFST�
%0 �؜������ BOE 4'# ���"� UP 5)%
�
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Figure S1: (A) Mean contrast values of the online staircases for the neutral and conservaঞve condiঞon. Data points, individual subjects.
(B)Overall pupil response ঞme courses in for the highest (33% of trials) and lowest (33% of trials) pupil derivaঞve deCned bins, separately
for the two noise condiঞons. Shading, s.e.m.. All panels: Group average (N = 20).
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Figure S2: (A) Schemaঞc of dri[ di@usion model accounঞng for choices, and their associated RTs. Solid lines, RT distribuঞons. In the
equaঞon, v is the dri[ rate. (B,C) Group-level posterior probability densiঞes of the remaining parameters of the hierarchical dri[ di@usion
regressionmodel (see Fig. 2; Materials andMethods). The parameters starঞng point, boundary separaঞon, non-decision ঞme and dri[ rate
variability were included in the model, but varied only with condiঞon, and not with phasic arousal. (D,E) Group-level posterior probability
densiঞes of all dri[ di@usion model parameters, when each esঞmated separately for three pupil-deCned bins (Materials and Methods).
P-values indicate the overlap between the posterior probability densiঞes of highest (red) and lowest (blue) pupil bin. Correlaঞon plots:
relaঞonship between dri[ bias esঞmates and pupil response bin; error bars, s.e.m. All panels: Group average (N = 20).
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Figure S3: As Fig. 3B, but a[er compuঞng the choice contrast as follows: (hit + false alarm) – (correct reject + miss), e@ecঞvely factoring
out e@ect of sঞmulus idenঞty and accuracy.

Figure S4: As Fig. 4A, but a[er compuঞng the choice contrast as follows: (hit + false alarm) – (correct reject + miss), e@ecঞvely factoring
out e@ect of sঞmulus idenঞty and accuracy.
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Figure S5: (A) Le[: relaঞonship between alpha-band acঞvity in V1 and pupil responses in the neutral condiঞon. Right: relaঞonship
between dri[ bias and alpha-band acঞvity in V1 in the neutral condiঞon. Error bars, s.e.m. (B) As panel A, but for the conservaঞve
condiঞon. (C)Group-level posterior probability densiঞes in the neutral condiঞon for means of parameters in the hierarchical dri[ di@usion
regression model. We used the model to assess the trial-by-trial, linear relaঞonship between phasic arousal and alpha-band acঞvity in V1
and the single-trial dri[ (Materials and Methods). (D) As panel C, but for the conservaঞve condiঞon. All panels: Group average (N = 20).
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Figure S6: (A) Schemaঞc of mediaঞon analysis (see Materials and Methods). Pupil, vector of trial-wise pupil responses; alpha, vector of
trial-wise alpha-band acঞvity measures in a given ROI (Materials and Methods); sঞm, sঞmulus (signal+noise vs. noise); choice, response
(“yes” vs. “no”). All arrows are regressions. (B) CoeLcients of linear relaঞonship between trial-wise pupil responses and alpha-band
acঞvity (a-path) for the selected ROIs. Sঞmulus idenঞty (0, noise; 1, signal+noise) was added as a covariate (Materials and Methods). (C)
CoeLcients of the logisঞc regression of choice (0, “no”: 1, “yes”) on trial-wise pupil responses and alpha-band (b-path) in the selected
ROIs. Sঞmulus idenঞty was added as a covariate. (D) CoeLcients of the indirect path a× b (Materials and Methods). All panels: Group
average (N = 20); error bars, s.e.m.; stats, Wilcoxon signed-rank test.
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.BOZ EFDJTJPOT BSF NBEF JO UIF GBDF PG VODFSUBJOUZ BCPVU UIF TUBUF PG UIF FOWJSPONFOU� " CPEZ PG
FWJEFODF JOEJDBUFT UIBU EFDJTJPO�NBLFST VTF JOUFSOBM VODFSUBJOUZ TJHOBMT GPS BEKVTUJOH DIPJDF CFIBWJPS
<���
 ���
 ���>
 BOE EFWJBUJPOT CFUXFFO FYQFDUFE BOE FYQFSJFODFE SFXBSET GPS MFBSOJOH <���
 ���>� 5IF
CSBJO NJHIU VUJMJ[F JUT BSPVTBM TZTUFNT UP CSPBEDBTU TVDI DPNQVUBUJPOBM WBSJBCMFT UP DJSDVJUT JNQMFNFOU�
JOH JOGFSFODF BOE BDUJPO TFMFDUJPO <�
 ���
 �<���؜���

3FDFOU UIFPSFUJDBM XPSL QPTUVMBUFT UXP WBSJBCMFT BU EJஶGFSFOUNPNFOUT EVSJOH B DIBMMFOHJOH QFSDFQUVBM
EFDJTJPO <���
 ���
 ���>� 	J
 EFDJTJPO DPOஷ஫EFODF CFGPSF GFFECBDL 	J�F�
 UIF JOUFSOBMMZ FTUJNBUFE QSPCBCJMJUZ
PG B DIPJDF CFJOH DPSSFDU
 HJWFO UIF BWBJMBCMF FWJEFODF
 BOE 	JJ
 QSFEJDUJPO FSSPS 	J�F�
 UIF EJஶGFSFODF CFUXFFO
FYQFDUFE BOE FYQFSJFODFE SFXBSE
 BG஽FS SFDFJWJOH GFFECBDL� $SJUJDBMMZ
 BOE EJஶGFSFOU GSPN QSFWJPVT XPSL
PO SFJOGPSDFNFOU MFBSOJOH <��
 ���
 ���>
 UIF QSFEJDUJPO FSSPS TJHOBMT EFQFOEPO HSBEFE JOUFSOBM DPOஷ஫EFODF
<���> SBUIFS UIBO PO UIF DBUFHPSJDBM TUJNVMVT JEFOUJUZ 	TFF.PEFM 1SFEJDUJPOT CFMPX
� 4VDI JOUFSOBM CFMJFG
TUBUFT IBWF CFFO JODPSQPSBUFE JO NPSF SFDFOU NPEFMT PG SFJOGPSDFNFOU MFBSOJOH <���>� #VJMEJOH PO QSFWJ�
PVT XPSL JNQMJDBUJOH BSPVTBM JO VODFSUBJOUZ NPOJUPSJOH <��
 ���
 ���
 ���>
 XF IFSF BTLFE XIFUIFS UIFTF
UXP DPNQVUBUJPOBM WBSJBCMFT XPVME FWPLF SFTQPOTFT PG DFOUSBM BSPVTBM TZTUFNT�

*U IBT MPOH CFFO LOPXO UIBU UIF QVQJM EJMBUFT TZTUFNBUJDBMMZ EVSJOH UIF QFSGPSNBODF PG DPHOJUJWF UBTLT

B QIFOPNFOPO SFGFSSFE UP BT UBTL�FWPLFE QVQJM SFTQPOTF <��
 �<���؜��� 1IZTJPMPHJDBM XPSL JOEJDBUFT UIBU
OPO�MVNJOBODF NFEJBUFE DIBOHFT JO QVQJM EJBNFUFS BSF DMPTFMZ MJOLFE UP DFOUSBM BSPVTBM TUBUF <��
 ��
 ��

��>� 8F RVBOUJஷ஫FE QVQJM SFTQPOTFT EVSJOH B QFSDFQUVBM DIPJDF UBTL DPNCJOFE XJUI SFXBSE�MJOLFE GFFE�
CBDL
 BOBMPHPVT UP UIF UBTL VTFE JO SFDFOUNPOLFZ XPSL PO VODFSUBJOUZ BOE QSFEJDUJPO FSSPST��� 8F UIFO
DPNQBSFE QVQJM SFTQPOTFT CFGPSF BOE BG஽FS SFXBSE�MJOLFE GFFECBDL UP QSFEJDUJPOT EFSJWFE GSPN BMUFSOB�
UJWF DPNQVUBUJPOBM NPEFMT PG UIF JOUFSOBM WBSJBCMFT FODPEFE JO UIF CSBJO� 0VS HPBM XBT UP 	J
 SFQMJDBUF UIF
QSFWJPVTMZ GPVOE TDBMJOH PG QVQJM SFTQPOTFT XJUI EFDJTJPO VODFSUBJOUZ CFGPSF GFFECBDL� BOE 	JJ
 UFTU GPS
UIF TBNF TDBMJOH PG QVQJM SFTQPOTFT BG஽FS GFFECBDL
 BT PCTFSWFE GPS EPQBNJOF OFVSPOT <���>�
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8F NPOJUPSFE QVQJM EJBNFUFS JO �� IVNBO QBSUJDJQBOUT QFSGPSNJOH BO VQ WT� EPXO SBOEPN EPU NPUJPO
EJTDSJNJOBUJPO UBTL
 GPMMPXFE CZ EFMBZFE SFXBSE�MJOLFE GFFECBDL 	'JH� �
� 5IF SBOEPN EPU NPUJPO UBTL
IBT CFFO XJEFMZ VTFE JO UIF OFVSPQIZTJPMPHZ PG QFSDFQUVBM EFDJTJPO�NBLJOH <�
 ��>� *NQPSUBOUMZ
 PVS
WFSTJPO PG UIF UBTL FOUBJMFE MPOH BOE WBSJBCMF EFMBZT CFUXFFO EFDJTJPO GPSNBUJPO BOE GFFECBDL
 FOBCMJOH
VT UP PCUBJO JOEFQFOEFOU FTUJNBUFT PG UIF QVQJM SFTQPOTFT FWPLFE CZ CPUI PG UIFTF FWFOUT� 8F UJUSBUFE
UIF EJஶஷ஫DVMUZ PG UIF EFDJTJPO 	CZ WBSZJOH UIF FWJEFODF TUSFOHUI
 PS NPUJPO DPIFSFODF
 TFF .FUIPET

 TP
UIBU PCTFSWFST QFSGPSNFE BU ��গ DPSSFDU JO ��� PG UIF USJBMT JO POF DPOEJUJPO 
ءBSE(ء	 BOE BU ��গ DPSSFDU
JO ��� PG UIF USJBMT JO UIF PUIFS DPOEJUJPO 
ءBTZ&ء	� $PSSFDU WT� FSSPS GFFECBDL XBT QSFTFOUFE BG஽FS DIPJDF
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Figure 1: Perceptual choice task with delayed reward. Random dot kinematograms (RDK) were presented in one half of the visual Celd
during each block of trials (counterbalanced). Randommoঞon (0% coherence) was presented throughout all intervals except for the ‘moঞon
sঞmulus’ interval, during which the RDKs to be discriminated were shown, prompted by an auditory cue (250 ms). Moঞon coherence of
the sঞmulus varied from trial to trial, yielding a Hard and an Easy condiঞon. A change back from a closed to an open rectangle in the
Cxaঞon region (constant luminance) prompted subjects’ choice (‘Response interval’). A[er a variable delay (3.5–11.5 s) following the
choice, feedback was presented that was coupled to a monetary reward (see main text). The white circle surrounding the RDKs is for
illustraঞon only and was not present during the experiment.

BOE DPOWFSUFE JOUP B NPOFUBSZ SFXBSE
 CBTFE PO UIF BWFSBHF QFSGPSNBODF MFWFM BDSPTT B CMPDL 	�� USJBMT


BT GPMMPXT� ���গ DPSSFDU ZJFMEFE �� &VSPT
 ��গ ZJFMEFE � &VSPT
 DIBODF MFWFM 	��গ DPSSFDU
 ZJFMEFE � &VSPT�
5IF UPUBM SFXBSE FBSOFE XBT QSFTFOUFE PO UIF TDSFFO UP QBSUJDJQBOUT BU UIF FOE PG FBDI CMPDL�
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8F VTFE UXP DPNQVUBUJPOBM NPEFMT CBTFE PO TJHOBM EFUFDUJPO UIFPSZ <��> UP HFOFSBUF RVBMJUBUJWF QSFEJD�
UJPOT GPS UIF CFIBWJPS PG JOUFSOBM TJHOBMT CFGPSF BOE BG஽FS SFXBSE GFFECBDL UIBU NJHIU ESJWF QVQJM�MJOLFE
BSPVTBM 	'JH� �B
 TFF .BUFSJBMT BOE .FUIPET GPS EFUBJMT
� #PUI NPEFMT BTTVNFE UIBU PCTFSWFST DBUFHP�
SJ[F UIF NPUJPO EJSFDUJPO CBTFE PO B OPJTZ EFDJTJPO WBSJBCMF
 XIJDI JO UVSO EFQFOEFE PO UIF TUJNVMVT
TUSFOHUI 	NPUJPO DPIFSFODF

 UIF TUJNVMVT JEFOUJUZ 	6Q PS %PXO

 BOE PO JOUFSOBM OPJTF� 5IF NPEFMTء
DIPJDFT XFSF HPWFSOFE CZ DPNQBSJOH UIJT OPJTZ EFDJTJPO WBSJBCMF UP [FSP
 FOTVSJOH OP CJBT UPXBSET POF
PWFS UIF PUIFS DIPJDF�

5IF UXP NPEFMT EJஶGFSFE JO IPX DPOஷ஫EFODF XBT EFஷ஫OFE� )FSF
 XJUI DPOஷ஫EFODF XF SFGFS UP UIF PC�
TFSWFSءT JOUFSOBMMZ FTUJNBUFE QSPCBCJMJUZ UIBU B DIPJDF XBT DPSSFDU HJWFO UIF BWBJMBCMF FWJEFODF <���>� #F�
DBVTF DIPJDF BDDVSBDZ XBT DPVQMFE UP B ஷ஫YFE NPOFUBSZ SFXBSE JO PVS FYQFSJNFOU 	TFF BCPWF

 DPOஷ஫EFODF
FRVBMFE BO JEFBM PCTFSWFSءT JOUFSOBMMZ FTUJNBUFE QSPCBCJMJUZ PG PCUBJOJOH UIF SFXBSE
 JO PUIFS XPSET
 SF�
XBSE FYQFDUBUJPO� *O UIF FMJFG#ء 4UBUF.PEFMء
 DPOஷ஫EFODF XBT DPNQVUFE BT UIF BCTPMVUF EJTUBODF CFUXFFO
UIF EFDJTJPO WBSJBCMF 	EFQFOEJOH PO UIF TUJNVMVT JEFOUJUZ
 TUJNVMVT TUSFOHUI
 BOE JOUFSOBM OPJTF
 BOE UIF
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Figure 2: Alternaঞve predicঞons for internal signals during pre- and post-feedback intervals of the task. (a) Computaঞons underlying
choice, conCdence, uncertainty and predicঞon error. Repeated presentaঞons of a generaঞve sঞmulus produce a normal distribuঞon of
internal decision variables (dv) due to the presence of internal noise, which is centered around the generaঞve sঞmulus (μ). In this model,
conCdence is deCned as the single-trial distance between dv and c, the internal decision bound. Predicঞon errors are computed by
comparing experienced reward (i.e. feedback) with the observers’ expected outcome. (b-d) Computaঞonal variables were simulated for
every trial, then averaged separately for Correct and Error condiঞons for each level of task diLculty (in this case, moঞon coherence). Belief
State Model predicঞons. (e-g) Sঞmulus State Model predicঞons. (b,e)Decision uncertainty (complement of conCdence) as funcঞon of task
diLculty during pre-feedback interval. (c,f) Predicঞon error as funcঞon of task diLculty during post-feedback interval. (d,g) Interacঞon
term computed as (Easy Error - Easy Correct) - (Hard Error - Hard Correct). See main text for model details.

EFDJTJPO DSJUFSJPO 	J�F�
 [FSP
 	'JH� �B� TFF .FUIPET BOE <���>
� #Z DPOUSBTU
 JO UIF 4UJNVMVTء 4UBUF .PEFMء

DPOஷ஫EFODF XBT DPNQVUFE BT UIF BCTPMVUF EJTUBODF CFUXFFO UIF QIZTJDBM TUJNVMVT WBMVF 	J�F� QIZTJDBM TUJN�
VMVT JEFOUJUZ UJNFT TUJNVMVT TUSFOHUI
 BOE UIF DSJUFSJPO 	[FSP
� *O CPUI NPEFMT
 SFXBSE QSFEJDUJPO FSSPS
XBT DPNQVUFE BT UIF EJஶGFSFODF CFUXFFO UIF DPOஷ஫EFODF BOE UIF SFXBSE�MJOLFE GFFECBDL� 5IVT
 JO UIF #F�
MJFG 4UBUF .PEFM
 UIF PCTFSWFSءT JOUFSOBM CFMJFG BCPVU UIF TUBUF PG UIF PVUTJEF XPSME 	FODPEFE JO UIF OPJTZ
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EFDJTJPO WBSJBCMF
 EFUFSNJOFE CPUI SFXBSE FYQFDUBUJPO 	J�F�
 DPOஷ஫EFODF
 BOE SFXBSE QSFEJDUJPO FSSPS� JO
UIF 4UJNVMVT 4UBUF.PEFM
 UIFTF DPNQVUBUJPOBM WBSJBCMFT EJE OPU EFQFOE PO UIF PCTFSWFSءT JOUFSOBM CFMJFG

CVU POMZ PO UIF TUSFOHUI BOE JEFOUJUZ PG UIF FYUFSOBM TUJNVMVT�

8F TJNVMBUFE UIFTF UXPNPEFMT UP EFSJWF RVBMJUBUJWF QSFEJDUJPOT UIBU EJTUJOHVJTIFE CFUXFFO UIFJS JOUFS�
OBM TJHOBMT� 5P UIJT FOE
 XF DPNQVUFE DPOஷ஫EFODF BOE SFXBSE QSFEJDUJPO FSSPST BU UIF MFWFM PG JOEJWJEVBM
USJBMT 	TFF BCPWF
 BOE UIFO DPMMBQTFE UIFTF TJOHMF�USJBM TJHOBMT XJUIJO FBDI "DDVSBDZ BOE %Jஶஷ஫DVMUZ DPOEJ�
UJPO� 5IF SBUJPOBMF XBT UIBU UIF JOUFSBDUJPO CFUXFFO DPOEJUJPOT 	EFஷ஫OFE BT <&BTZ &SSPS � &BTZ $PSSFDU>
� <)BSE &SSPS � )BSE $PSSFDU>
 NPTU DMFBSMZ EJTTPDJBUFE CFUXFFO UIF QSFEJDUJPOT HFOFSBUFE GSPN CPUI
NPEFMT 	'JH� �C؜H
�

1SFWJPVT QVQJMMPNFUSZ XPSL PO B TJNJMBS UBTL TIPXFE UIBU QSF�GFFECBDL QVQJM SFTQPOTFT TDBMFE XJUI
EFDJTJPO VODFSUBJOUZ 	J�F� UIF DPNQMFNFOU PG EFDJTJPO DPOஷ஫EFODF
 <���>� 8F UIVT HFOFSBUFE QSFEJDUJPOT
GPS EFDJTJPO VODFSUBJOUZ EVSJOH UIF QSF�GFFECBDL JOUFSWBM 	'JH� �C
F
 BOE
 CZ BOBMPHZ
 GPS UIF DPNQMFNFOU
PG UIF QSFEJDUJPO FSSPS EVSJOH UIF QPTU�GFFECBDL JOUFSWBM 	'JH� �D
଍
�

5IF DSJUJDBM PCTFSWBUJPO JT UIBU UIF #FMJFG 4UBUF .PEFM QSFEJDUT B QPTJUJWF "DDVSBDZ × %Jஶஷ஫DVMUZ JOUFS�
BDUJPO QSF�GFFECBDL
 BOE B OFHBUJWF JOUFSBDUJPO QPTU�GFFECBDL 	'JH� �E
� 5IJT QBUUFSO JT DPOTJTUFOU XJUI
QSFEJDUJPOT GSPN B SFJOGPSDFNFOU MFBSOJOHNPEFM CBTFE PO B QBSUJBMMZ PCTFSWBCMF.BSLPW EFDJTJPO QSPDFTT
	10.%1
 <���>� *O DPOUSBTU
 UIF 4UJNVMVT 4UBUF .PEFM EPFT OPU QSFEJDU BO "DDVSBDZ×%Jஶஷ஫DVMUZ JOUFS�
BDUJPO FJUIFS QSF� PS QPTU�GFFECBDL 	'JH� �H
� 5IJT QBUUFSO JT DPOTJTUFOU XJUI USBEJUJPOBM SFJOGPSDFNFOU
MFBSOJOH NPEFMT <��
 ���
 ���>�

1SFWJPVTXPSL POQFSDFQUVBM DIPJDF IBT TIPXO UIBU SFBDUJPO UJNF 	35
 TDBMFTXJUI EFDJTJPO VODFSUBJOUZ
<���
 ���
 ���>
 JO MJOF XJUI UIF #FMJFG 4UBUF .PEFM� 5IF TBNF XBT FWJEFOU JO UIF QSFTFOU EBUB� UIFSF XBT
B NBJO FஶGFDU PG BDDVSBDZ
 '	�
��
ؒ�ؒ�����
 Qؒ�ؒ�����
 BOE EJஶஷ஫DVMUZ
 '	�
��
ؒ�ؒ�����
 Qؒ�ؒ�����
 BT XFMM BT BO
JOUFSBDUJPO FஶGFDU PG CPUI
 '	�
��
ؒ�ؒ�����
 Qؒ�ؒ�����
 PO 35 	TFF 4VQQMFNFOUBSZ 'JH� 4�
 DPNQBSF XJUI 'JH�
�C

 JO MJOF XJUI UIF #FMJFG 4UBUF .PEFM� 5IJT JOEJDBUFT UIBU
 JO PVS DVSSFOU EBUB
 B HSBEFE
 OPJTZ EFDJTJPO
WBSJBCMF TJNJMBS UP UIF POF QPTUVMBUFE CZ UIF #FMJFG 4UBUF .PEFM XBT FODPEFE BOE VTFE GPS UIF EFDJTJPO
QSPDFTT� 8FOFYU UFTUFEXIJDIPG UIF UXPNPEFMT CFUUFS SFஸ஼FDUFE SFTQPOTFT PG QVQJM�MJOLFE BSPVTBM TZTUFNT�
8F BOBMZ[FE QVQJM SFTQPOTFT BT B GVODUJPO PG NPUJPO TUSFOHUI BOE DIPJDF DPSSFDUOFTT GPS UIF UXP DSJUJDBM
JOUFSWBMT PG UIF USJBM� UIF QIBTF PG SFXBSE BOUJDJQBUJPO CFGPSF GFFECBDL
 BT JO QSFWJPVT XPSL <���>
 BOE
DSJUJDBMMZ
 UIF QIBTF PG SFXBSE QSFEJDUJPO FSSPS TJHOBMJOH BG஽FS GFFECBDL�
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5IF QVQJM SFTQPOEFE JO B TVTUBJOFE GBTIJPO EVSJOH CPUI JOUFSWBMT� BG஽FS UIF POTFU PG UIF NPUJPO TUJNV�
MVT BOE MPDLFE UP UIF PCTFSWFSTء SFQPSUFE DIPJDF 	J�F�
 QSF�GFFECBDL
 BOE QPTU�GFFECBDL 	'JH� �B
 CMVF BOE
QVSQMF MJOFT
� 5IF QVQJM SFTQPOTF SFNBJOFE FMFWBUFE EVSJOH GFFECBDL BOUJDJQBUJPO
 MPOH BG஽FS TUJNVMVT
QSPDFTTJOH 	NBYJNVN PG �ؒT
 ����ؒT TUJNVMVT EVSBUJPO QMVT SFTQPOTF EFBEMJOF PG ����ؒT
 TFF 'JH� �
� 6QPO
GFFECBDL QSFTFOUBUJPO
 UIF QVQJM JOJUJBMMZ DPOTUSJDUFE EVF UP UIF QSFTFOUBUJPO PG UIF WJTVBM GFFECBDL TUJN�
VMVT 	TFF 4VQQMFNFOUBSZ 'JH� 4�
 BOE UIFO EJMBUFE BHBJO UP B TVTUBJOFE MFWFM GPS UIF SFNBJOEFS PG UIF QPTU�

���



GFFECBDL JOUFSWBM� 1MFBTF OPUF UIBU XF TVCUSBDUFE UIF QVQJM EJBNFUFS EVSJOH UIF QSF�GFFECBDL QFSJPE GSPN
UIF GFFECBDL�MPDLFE SFTQPOTFT 	TFF.FUIPET

 TP BT UP TQFDJஷ஫DBMMZ RVBOUJGZ UIF GFFECBDL�FWPLFE SFTQPOTF�

'PS DPNQBSJTPO
 XFNFBTVSFE
 JO UIF TBNFQBSUJDJQBOUT 	TFQBSBUF FYQFSJNFOUBM CMPDLT

 QVQJM SFTQPOTFT
FWPLFE EVSJOH B TJNQMF BVEJUPSZ EFUFDUJPO UBTL 	CVUUPO QSFTT UP TBMJFOU UPOF

 XIJDI EJE OPU FOUBJM QSP�
MPOHFE EFDJTJPO QSPDFTTJOH BOE GFFECBDL BOUJDJQBUJPO 	TFF .FUIPET
� 5IF SFTVMUJOH SFTQPOTF
 UFSNFE
JNQVMTFء SFTQPOTF GVODUJPOء 	*3'
 GPS TJNQMJDJUZ
 XBT NPSF USBOTJFOU UIBO UIPTF NFBTVSFE EVSJOH UIF
NBJO FYQFSJNFOU� UIF *3' SFUVSOFE CBDL UP UIF QSF�TUJNVMVT CBTFMJOF MFWFM BG஽FS �ؒT 	'JH� �B
 DPNQBSF
HSFZ *3' XJUI UIF CMVF MJOF
� 5IVT
 UIF TVTUBJOFE FMFWBUJPOT PG QVQJM EJBNFUFS PCTFSWFE CFZPOE UIBU
UJNF JO UIF NBJO FYQFSJNFOU SFஸ஼FDUFE UPQ�EPXO
 DPHOJUJWF NPEVMBUJPOT JO QVQJM�MJOLFE BSPVTBM EVF UP
EFDJTJPO QSPDFTTJOH BOE SFXBSE BOUJDJQBUJPO 	GPS UIF SFTQPOTFT MPDLFE UP UIF POTFU PG UIF DIPJDF

 PS EVF
UP SFXBSE QSPDFTTJOH 	GPS UIF GFFECBDL�MPDLFE SFTQPOTFT
� 5P RVBOUJGZ UIF BNQMJUVEF PG UIFTF DPHOJUJWF
NPEVMBUJPOT PG UIF QVQJM SFTQPOTF
 XF DPMMBQTFE UIF QVQJM SFTQPOTF BDSPTT UIF UJNF XJOEPX Tؒ�؜� GSPN
UIF DIPJDF 	GPS QSF�GFFECBDL JOUFSWBM
 PS GSPN UIF GFFECBDL 	QPTU�GFFECBDL JOUFSWBM� TFF HSBZ TIBEFE BSFB JO
'JH� �B
� 'PS UIF DPHOJUJWF NPEVMBUJPOT EVSJOH UIF QSF�GFFECBDL JOUFSWBM
 XF GVSUIFS FYUSBDUFE UIF NFBO
QVQJM SFTQPOTF WBMVFT JO UIF ���ؒNT CFGPSF UIF GFFECBDL 	HSBZ TIBEFE BSFB JO 'JH� �C
�
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5IF TVTUBJOFE QVQJM SFTQPOTFT EVSJOH CPUI UIF JOUFSWBMT
 QSF� BOE QPTU�GFFECBDL
 TDBMFE JO MJOF XJUI UIF
QSFEJDUJPOT GSPN UIF #FMJFG 4UBUF .PEFM
 OPU UIF 4UJNVMVT 4UBUF .PEFM 	DPNQBSF 'JH� �E؜G XJUI 'JH�
�C؜E
� 'JSTU
 QVQJM SFTQPOTFT EVSJOH CPUI JOUFSWBMT XFSF PWFSBMM MBSHFS PO &SSPS UIBO $PSSFDU USJBMT 	'JH�
�C
D
� 5IF 4UJNVMVT 4UBUF .PEFM EJE OPU QSFEJDU BOZ EJஶGFSFODF CFUXFFO UIF UXP DBUFHPSJFT EVSJOH UIF
QSF�GFFECBDL JOUFSWBM
 CFDBVTF UIJT NPEFM XBT POMZ JOGPSNFE CZ FYUFSOBM JOGPSNBUJPO 	NPUJPO TUJNVMVT
PS GFFECBDL

 OPU CZ OPJTZ JOUFSOBM TUBUFT� 5IF MBSHFS QVQJM SFTQPOTFT EVSJOH FSSPST JO UIF QSF�GFFECBDL
JOUFSWBM XFSF JO MJOF XJUI QSFWJPVT SFTVMUT�
 TVQQPSUJOH UIF JEFB UIBU BSPVTBM TUBUF CFUXFFO DIPJDF BOE
GFFECBDL SFஸ஼FDUT UIF PCTFSWFSءT EFDJTJPO VODFSUBJOUZ�

4FDPOE
 UIF TVTUBJOFEQVQJM SFTQPOTFT EVSJOH CPUI JOUFSWBMT FYIJCJUFE B QBUUFSO PG JOUFSBDUJPOT CFUXFFO
EFDJTJPO EJஶஷ஫DVMUZ BOE BDDVSBDZ BT QSFEJDUFE CZ UIF #FMJFG 4UBUF .PEFM CVU OPU UIF 4UJNVMVT 4UBUF .PEFM
	DPNQBSF 'JH� �E UP 'JH� �E BOE 'JH� �H
� )FSFCZ
 UIF JOUFSBDUJPOXBT EFஷ஫OFE BT 	&BTZ &SSPS � &BTZ $PSSFDU

� 	)BSE &SSPS � )BSE $PSSFDU
� 4QFDJஷ஫DBMMZ
 UIF #FMJFG 4UBUF .PEFM QSFEJDUFE B TJHOJஷ஫DBOU JOUFSBDUJPO PG
PQQPTJUF TJHO GPS CPUI JOUFSWBMT 	'JH� �E
 DPNQBSF CMVF BOE QVSQMF EPUT
� 5IBU TBNF QBUUFSO XBT FWJEFOU
JO UIF UJNF DPVSTF PG UIF JOUFSBDUJPO UFSN JO UIF QVQJM SFTQPOTF� %VSJOH CPUI JOUFSWBMT
 UIF JOUFSBDUJPO
UFSNTXFSF TJHOJஷ஫DBOU
 XJUI PQQPTJUF TJHOT� QPTJUJWF EVSJOH UIF QSF�GFFECBDL JOUFSWBM BOE OFHBUJWF EVSJOH
UIF QPTU�GFFECBDL JOUFSWBM 	'JH� �E
 CMVF BOE QVSQMF CBST
� $POTFRVFOUMZ
 UIF JOUFSBDUJPO UFSNT XFSF
TJHOJஷ஫DBOUMZ EJஶGFSFOU GSPN POF BOPUIFS UISPVHIPVU UIF FOUJSF QBSU PG UIF TVTUBJOFE QVQJM SFTQPOTF 	'JH�
�E
 CMBDL CBS
�

'JOBMMZ
 BMTP UIF GVMM QBUUFSO PG TVTUBJOFE QVQJM SFTQPOTFT GPS UIF )BSE WT� &BTZ BOE $PSSFDU WT� &SSPS
DPOEJUJPOT JO CPUI USJBM JOUFSWBMT 	'JH� �F
଍
 SFTFNCMFE UIF QBUUFSO QSFEJDUFE CZ UIF #FMJFG 4UBUF .PEFM
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Figure 3: Pupil responses before and a[er feedback reYect observers’ belief state. (a) Pupil responses locked to the observer’s reported
choice (blue) and locked to feedback (purple). Shown for comparison is the pupil ‘impulse response’ from same parঞcipants (IRF, see main
text). Grey shading indicates sustained ঞme window (3-6 s), in which IRF returned to baseline. (b) Evoked pupil responses for Correct
and Error trials in pre-feedback interval. Black bar indicates correct vs. error e@ect, p < 0.05 (cluster-based permutaঞon test). (c) Evoked
pupil responses for Correct and Error trials in post-feedback interval. Black bar indicates correct vs. error e@ect, p < 0.05 (cluster-based
permutaঞon test). (d) Interacঞon term (Easy Error - Easy Correct) - (Hard Error - Hard Correct) for choice-locked (blue, coinciding with
observers’ reported choice) and feedback-locked (purple) responses. Horizontal bars indicate e@ect, p < 0.05 (cluster-based permutaঞon
test): blue bar indicates choice-locked response tested against 0; purple bar indicates feedback-locked response tested against 0; black bar
indicates di@erence in interacঞon between both responses. (e)Mean response in the pre-feedback interval (500 ms preceding feedback),
as a funcঞon of diLculty and accuracy. (f) Mean response (in sustained ঞme window) during the post-feedback interval, as funcঞon of
diLculty and accuracy. Error bars, standard error of the mean (N = 15). *p < 0.05, **p < 0.01, ***p < 0.001.

	'JH� �C
D
� *O UIF TVTUBJOFE XJOEPX EVSJOH UIF QPTU�GFFECBDL JOUFSWBM
 UIFSF XBT B TJHOJஷ஫DBOU JOUFSBDUJPO
CFUXFFO EJஶஷ஫DVMUZ BOE BDDVSBDZ 	'JH� �G
 '	�
��
ؒ�ؒ����
 Qؒ�ؒ������ QPTU IPD DPNQBSJTPOT� )BSE &SSPS WT�
)BSE $PSSFDU
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 Qؒ�ؒ������ )BSE &SSPS WT� &BTZ &SSPS
 Qؒ�ؒ������ )BSE
$PSSFDU WT� &BTZ $PSSFDU
 Qؒ�ؒ�����
� 5IF TVTUBJOFE XJOEPX CFGPSF GFFECBDL FYIJCJUFE B USFOE UPXBSET BO
JOUFSBDUJPO 	'	�
��
ؒ�ؒ����
 Qؒ�ؒ�����
� 5IJT FஶGFDU CFDBNF TUSPOHFS EVSJOH UIF QSF�GFFECBDL JOUFSWBM� JO UIF
���ؒNTXJOEPX KVTU CFGPSF 	BOE MPDLFE UP
 UIF GFFECBDL EFMJWFSZ 	HSFZXJOEPX JO 'JH� �C

 UIF JOUFSBDUJPO
XBT TJHOJஷ஫DBOU 	'JH� �F� '	�
��
ؒ�ؒ����
 Qؒ�ؒ������ QPTU IPD DPNQBSJTPOT� )BSE &SSPS WT� )BSE $PSSFDU

Qؒ�ؒ������ &BTZ &SSPS WT� &BTZ $PSSFDU
 Qؒ�ؒ������ )BSE &SSPS WT� &BTZ &SSPS
 Qؒ�ؒ������ )BSE $PSSFDU WT�
&BTZ $PSSFDU
 Qؒ�ؒ�����
� 'PS BMM TVCTFRVFOU BOBMZTFT
 XF GPDVT PO UIJT JOUFSWBM ���ؒNT CFGPSF GFFECBDL UP
QSPCF JOUP QBSUJDJQBOUTء SFXBSE BOUJDJQBUJPO
 SFGFSSJOH UP UIJT UJNF XJOEPX BT UIF QSF�GFFECBDLء JOUFSWBMء�
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Figure 4: Pupil responses before feedback reYect observers’ belief state even when controlling for RT and moঞon energy Yuctuaঞons.
(a) Time course of belief state scaling in the pupil, computed as trial-by-trial regression of RT-corrected pupil dilaঞon onto moঞon energy
strength. The interacঞon term (beta weights Error - beta weights Correct) is shown for choice-locked (blue, coinciding with onset of
the choice) and feedback-locked (purple) responses. Horizontal bars indicate e@ect, p < 0.05 (cluster-based permutaঞon test): blue bar
indicates choice-locked response tested against 0; purple bar indicates feedback-locked response tested against 0; black bar indicates
di@erence in interacঞon between both responses. (b) Mean response in pre-feedback ঞme window (-0.5–0 s) as a funcঞon of diLculty
and accuracy. Absolute moঞon energy was divided into four equally sized bins (per parঞcipant) for visualizaঞon. Error bars, standard error
of the mean (N = 15). *p < 0.05, **p < 0.01, ***p < 0.001.

*O TVN
 JO UIJT QFSDFQUVBM DIPJDF UBTL
 TVTUBJOFE QVQJM SFTQPOTFT EVSJOH CPUI SFXBSE BOUJDJQBUJPO 	QSF�
GFFECBDL
 BT XFMM BT BG஽FS SFXBSE FYQFSJFODF 	QPTU�GFFECBDL
 XFSF RVBMJUBUJWFMZ JO MJOF XJUI UIF QSFEJDUJPOT
GSPN B NPEFM PG SFXBSE FYQFDUBUJPO BOE QSFEJDUJPO FSSPS
 JO XIJDI UIF DPNQVUBUJPO PG UIFTF JOUFSOBM
WBSJBCMFT EFQFOEFE PO JOUFSOBM CFMJFG TUBUFT� 5IF SFTVMUT GSPN BMM NBJO ஷ஫HVSFT BSF POMZ CBTFE PO USJBMT XJUI
MPOH EFMBZ JOUFSWBMT 
Tؒ���ۑ	 CFUXFFO DIPJDF BOE GFFECBDL
 BOE CFUXFFO GFFECBDL BOE UIF TVCTFRVFOU USJBM

JO PSEFS UP NJOJNJ[F QPTTJCMF DPOUBNJOBUJPO PG FWPLFE QVQJM SFTQPOTFT CZ UIF OFYU FWFOU 	J�F�
 GFFECBDL
PS UIF OFYU USJBMءT DVF� TFF .FUIPET
� 8F GPVOE UIF TBNF QBUUFSO PG SFTVMUT XIFO QFSGPSNJOH UIF BOBMZTFT
PO BMM USJBMT 	4VQQMFNFOUBSZ 'JH� 4�
�
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*O UIF DVSSFOU TUVEZ
 BT JO QSFWJPVT XPSL VTJOH B TJNJMBS QFSDFQUVBM DIPJDF UBTL <���>
 CPUI 35 BOE QSF�
GFFECBDL QVQJM EJMBUJPO TDBMFE XJUI UIF EFDJTJPO VODFSUBJOUZ TJHOBM QPTUVMBUFE CZ UIF #FMJFG 4UBUF .PEFM�
*OEFFE
 35T XFSF TJHOJஷ஫DBOUMZ DPSSFMBUFE UP QSF�GFFECBDL QVQJM SFTQPOTFT JO UIF QSF�GFFECBDL XJOEPX

Tؒ�؜����	 BDSPTT BMM USJBMT
 S	��
ؒ�ؒ����
 Qؒ�ؒ�����
 BOE XJUIJO UIF GPMMPXJOH DPOEJUJPOT� )BSE &SSPS
 Sؒ�ؒ����

Qؒ�ؒ������ )BSE $PSSFDU
 Sؒ�ؒ����
 Qؒ�ؒ������ &BTZ $PSSFDU
 Sؒ�ؒ����
 Qؒ�ؒ�����
 CVU OPU XJUIJO UIF &BTZ &SSPS
DPOEJUJPO
 Sؒ�ؒ����
 Qؒ�ؒ������

8IJMF UIJT BTTPDJBUJPO XBT FYQFDUFE VOEFS UIF BTTVNQUJPO UIBU 35 BOE QVQJM EJMBUJPO XFSF ESJWFO CZ
JOUFSOBM VODFSUBJOUZ TJHOBMT <���>
 UIF BTTPDJBUJPO BMTP SBJTFE B QPTTJCMF DPOGPVOE� "SPVTBM ESJWFT QVQJM
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EJMBUJPO JO B TVTUBJOFE NBOOFS UISPVHIPVU EFDJTJPO GPSNBUJPO <��
 ��
 ��>� 5IF QFSJQIFSBM QVQJM BQQBSB�
UVT GPS QVQJM EJMBUJPO 	OFSWFT BOE TNPPUI NVTDMFT
 IBT UFNQPSBM MPX�QBTT DIBSBDUFSJTUJDT� $POTFRVFOUMZ

USJBM�UP�USJBM WBSJBUJPOT JO EFDJTJPO UJNF 	UIF NBJO TPVSDF PG 35 WBSJBCJMJUZ
 DBO DBVTF USJWJBM USJBM�UP�USJBM
WBSJBUJPOT JO QVQJM EJMBUJPO BNQMJUVEFT
 TJNQMZ EVF UP UFNQPSBM BDDVNVMBUJPO PG B TVTUBJOFE DFOUSBM JO�
QVU PG DPOTUBOU BNQMJUVEF CVU WBSJBCMF EVSBUJPO <��
 ��>� 5IFO
 QSF�GFFECBDL QVQJM SFTQPOTF BNQMJUVEFT
NBZ IBWF SFஸ஼FDUFE 35�MJOLFE VODFSUBJOUZ
 CVU XJUIPVU B DPSSFTQPOEJOH TDBMJOH JO UIF BNQMJUVEFT PG UIF
OFVSBM JOQVU GSPN DFOUSBM BSPVTBM TZTUFNT� /PUF UIBU UIJT DPODFSO BQQMJFE POMZ UP UIF QSF�GFFECBDL QVQJM
EJMBUJPOT
 OPU UIF QPTU�GFFECBDL EJMBUJPOT
 XIJDI XFSF OPSNBMJ[FE VTJOH UIF QSF�GFFECBDL JOUFSWBM BT B
CBTFMJOF 	TFF BCPWF
� "OPUIFS DPODFSO XBT UIBU USJBM�CZ�USJBM ஸ஼VDUVBUJPOT JO NPUJPO FOFSHZ
 DBVTFE CZ UIF
TUPDIBTUJDBMMZ HFOFSBUFE TUJNVMJ 	TFF.FUIPET
 DPOUSJCVUFE UP CFIBWJPSBM WBSJBCJMJUZ XJUIJO UIF OPNJOBMMZ
&BTZ BOE )BSE DPOEJUJPOT�

0VS SFTVMUT XFSF OPU FYQMBJOFE CZ FJUIFS PG UIPTF DPOGPVOET 	'JH� �
� 5P DPOUSPM GPS CPUI PG UIFN
DPOKPJOUMZ
 XF SFNPWFE UIF JOஸ஼VFODF PG USJBM�UP�USJBM WBSJBUJPOT JO 35 	WJB MJOFBS SFHSFTTJPO
 GSPN UIF
QSF�GFFECBDL QVQJM SFTQPOTFT� "OE XF VTFE NPUJPO FOFSHZ ஷ஫MUFSJOH <���
 ���> UP FTUJNBUF FBDI USJBMءT TFO�
TPSZ FWJEFODF TUSFOHUI� 8F ஷ஫OBMMZ SFHSFTTFE UIF 35�DPSSFDUFE QVQJM UJNF DPVSTFT POUP FWJEFODF TUSFOHUI
	BCTPMVUF NPUJPO FOFSHZ

 TFQBSBUFMZ GPS UIF &SSPS BOE $PSSFDU USJBMT� 5IF JOUFSBDUJPO UFSN XBT EFஷ஫OFE
BT UIF EJஶGFSFODF JO CFUB XFJHIUT GPS UIF &SSPS WT� $PSSFDU USJBM SFHSFTTJPOT� *O UIJT DPOUSPM BOBMZTJT
 UIF
DSJUJDBM JOUFSBDUJPO FஶGFDU XBT TJHOJஷ஫DBOU EVSJOH CPUI UIF QSF�GFFECBDL BOE QPTU�GFFECBDL UJNF DPVSTFT
	QTؒ�ؒ����
 DMVTUFS�CBTFE QFSNVUBUJPO UFTU� 'JH� �B
� 5IF JOUFSBDUJPO UFSNT GVSUIFSNPSF EJஶGFSFE CFUXFFO
JOUFSWBMT 	Qؒ�ؒ����
 DMVTUFS�CBTFE QFSNVUBUJPO UFTU� 'JH� �B
� 8IFO SFHSFTTJOH NFBO 35�DPSSFDUFE QVQJM
SFTQPOTFT JO UIF QSF�GFFECBDL UJNF XJOEPX POUP FWJEFODF TUSFOHUI
 UIF DSJUJDBM JOUFSBDUJPO UFSN 	J�F� CFUB
XFJHIUT
 XJUIJO UIF QSF�GFFECBDLXJOEPX TUJMM SFஸ஼FDUFE EFDJTJPO VODFSUBJOUZ 	'JH� �C�.ؒ�ؒ����
 45%ؒ�ؒ����

Qؒ�ؒ�����
� *O TVN
 XIJMF USJBM�UP�USJBM WBSJBUJPOT JO 35 BOENPUJPO FOFSHZ FYQMBJOFE TPNF WBSJBODF JO UIF
QVQJM SFTQPOTFT
 UIF LFZ QBUUFSOT PG UIF QVQJM SFTQPOTFT EJBHOPTUJD PG NPEVMBUJPO CZ CFMJFG TUBUFT XFSF
SPCVTU FWFO XIFO DPOUSPMMJOH GPS UIFTF QBSBNFUFST�
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0VS DVSSFOU SFTVMUT GSPN UIF QSF�GFFECBDL JOUFSWBM SFQMJDBUF PVS FBSMJFS ஷ஫OEJOH <���> UIBU QVQJM SFTQPOTFT
JO QFSDFQUVBM DIPJDF TDBMF XJUI EFDJTJPO VODFSUBJOUZ BT QPTUVMBUFE CZ UIF #FMJFG 4UBUF .PEFM� 5IJT QSFWJ�
PVT TUVEZ GPDVTFE PO UIF QSF�GFFECBDL SFTQPOTFT BOE EJE OPU TQFDJஷ஫DBMMZ BTTFTT UIF GFFECBDL�MPDLFE QVQJM
SFTQPOTFT 	QVQJM NFBTVSFT XFSF DPSSFDUFE XJUI UIF TBNF QSF�USJBM CBTFMJOF GPS UIF FOUJSF USJBM <���>
� 8F
IFSF SF�BOBMZ[FE UIF QPTU�GFFECBDL SFTQPOTFT JO UIF EBUB GSPN <���> GPS DPNQBSJTPO 	TFF 4VQQMFNFOUBSZ
'JH� 4�
� "T JO PVS DVSSFOU EBUB
 QPTU�GFFECBDL SFTQPOTFT XFSF MBSHFS BG஽FS JODPSSFDU UIBO DPSSFDU GFFECBDL
	4VQQMFNFOUBSZ 'JH� 4�B
� )PXFWFS
 UIF VODFSUBJOUZ�EFQFOEFOU TDBMJOH PG QPTU�GFFECBDL SFTQPOTFT EJG�
GFSFE� SBUIFS UIBO B OFHBUJWF JOUFSBDUJPO FஶGFDU 	'JH� �E

 UIF JOUFSBDUJPO FஶGFDU BG஽FS GFFECBDL XBT QPTJUJWF
	4VQQMFNFOUBSZ 'JH� 4�C
D
� 0OF QPTTJCMF FYQMBOBUJPO GPS UIJT EJஶGFSFODF NBZ CF UIF FஶGFDU PG SFXBSE�
MJOLFE GFFECBDL� XIJMF QBSUJDJQBOUT JO UIF DVSSFOU TUVEZ XFSF QBJE B DPNQFOTBUJPO EFQFOEJOH PO UIFJS
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Figure 5: Model Cts to pupil responses. (a) An example of the correlaঞons (r) for a single subject. The four condiঞons of interest were
deCned by the Accuracy x DiLculty interacঞon. Easy and Hard condiঞons for the model parameters were averaged based on the coher-
ence levels presented to each subject. (b) Group-level correlaঞon coeLcients (r) for the comparison of the model parameters and pupil
responses, for the pre-feedback (Pre; -0.5-0 s) and post-feedback (Post; 3-6 s) intervals. (c) An example of the correlaঞons for a single
subject using model parameters simulated with moঞon energy (error trials only). Pupil responses were averaged within equal-sized bins
based on the model parameter for each interval (6 bins). Evidence strength is represented by mean moঞon energy within each bin (color
bar). (d) Group-level correlaঞon coeLcients (r) for the comparison of the model parameters (using moঞon energy) and pupil responses,
for the pre-feedback (Pre; -0.5-0 s) and post-feedback (Post; 3-6 s) intervals (error trials only). Error bars, standard error of the mean (N =
15). **p < 0.01, ***p < 0.001.

QFSGPSNBODF
 GFFECBDL JO UIF TUVEZ CZ <���> EJE OPU BஶGFDU B NPOFUBSZ SFXBSE� *U JT UIVT QPTTJCMF UIBU UIF
QSPTQFDU PG SFDFJWJOH B QFSGPSNBODF�EFQFOEFOUNPOFUBSZ SFXBSE JT SFRVJSFE GPS UIF SFDSVJUNFOU PG QVQJM�

���



MJOLFE BSPVTBM TZTUFNT CZ VODFSUBJOUZ�EFQFOEFOU QSFEJDUJPO FSSPST� " OVNCFS PG GVSUIFS EJஶGFSFODFT CF�
UXFFO UIFTF UXP TUVEJFT DPNQMJDBUFT B EJSFDU DPNQBSJTPO� UIF CFIBWJPSBM UBTL 	J�F� UIF DPNQBSJTPO PG UXP
JOUFSWBMT PG NPUJPO TUSFOHUI WT� DPBSTF NPUJPO EJSFDUJPO EJTDSJNJOBUJPO

 UIF TIPSU WT� MPOH EFMBZ QFSJPET
CFUXFFO FWFOUT
 BOE UIF UXP DPIPSUT PG QBSUJDJQBOUT� %FTQJUF UIFTF MJNJUBUJPOT
 UIF EJஶGFSFODF JO SFTVMUT
CFUXFFO TUVEJFT JT QPUFOUJBMMZ SFMFWBOU BOE TIPVME CF UFTUFE EJSFDUMZ JO GPMMPX�VQXPSL UIBU FMJNJOBUFT UIF
DPOGPVOEJOH GBDUPST MJTUFE BCPWF�

����� #ৗ৞৛ৗ৘ 4০৓০ৗ .ৡ৖ৗ৞ ৢ৤ৗ৖৛৕০৥ ৢ১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥ ଂ১৓ৠ০৛০৓০৛২ৗ৞৫ ৔ৗ০০ৗ৤ ০৚৓ৠ 4০৛য়১�
৞১৥ 4০৓০ৗ .ৡ৖ৗ৞

5IF EBUB QSFTFOUFE UIVT GBS TIPX UIBU UIF QBUUFSO PG QVQJM SFTQPOTFT XBT RVBMJUBUJWFMZ JO MJOF XJUI UIF
#FMJFG 4UBUF .PEFM CVU OPU XJUI UIF 4UJNVMVT 4UBUF .PEFM� 5P UIJT FOE
 XF VTFE QSFEJDUJPOT GSPNNPEFM
TJNVMBUJPOT CBTFE PO UIF HSPVQ EBUB� )PXFWFS
 JOEJWJEVBMT EJஶGFS XJEFMZ JO UFSNT PG UIF JOUFSOBM OPJTF

XIJDI EJTTPDJBUFT CFUXFFO UIF NPEFMT� 8F OFYU UFTUFE XIFUIFS UIF #FMJFG 4UBUF .PEFM QSPWJEFT B RVBOUJ�
UBUJWFMZ TVQFSJPS NBUDI UP UIF NFBTVSFE QVQJM EBUB UIBO UIF 4UJNVMVT 4UBUF .PEFM XIFO JOEJWJEVBM FTUJ�
NBUFT PG JOUFSOBM OPJTF BSF VTFE UP HFOFSBUF NPEFM QSFEJDUJPOT� 5P UIJT FOE
 XF TJNVMBUFE CPUI NPEFMT
VTJOH JOEJWJEVBM FTUJNBUFT PG JOUFSOBM OPJTF 	4VQQMFNFOUBSZ 'JH� 4�B BOE .FUIPET
� 5IJT ZJFMEFE NPEFM
QSFEJDUJPOT GPS FBDI JOEJWJEVBM GPS UIF "DDVSBDZ×%Jஶஷ஫DVMUZ DPOEJUJPOT
 XIJDI XFSF RVBMJUBUJWFMZ JO MJOF
XJUI QSFEJDUJPOT CBTFE PO UIF HSPVQ
 CVU XJUI FஶGFDUT UIBU WBSJFE JO UIFJS NBHOJUVEF CFUXFFO JOEJWJEVBMT
EFQFOEJOH PO UIFJS FTUJNBUFE JOUFSOBM OPJTF 	4VQQMFNFOUBSZ 'JH� 4�C
�

8F QSFEJDUFE UIBU UIPTF JOEJWJEVBM QBUUFSOT QSFEJDUFE CZ UIF #FMJFG 4UBUF.PEFM TIPVME CFNPSF TJNJMBS
UP UIF NFBTVSFE JOEJWJEVBM QVQJM SFTQPOTFT UIBO UIF JOEJWJEVBM QBUUFSOT QSFEJDUFE CZ UIF 4UJNVMVT 4UBUF
.PEFM� 8F UFTUFE UIJT QSFEJDUJPO CZ DPSSFMBUJOH QSFEJDUJPOT PG CPUINPEFMT XJUI UIF DPSSFTQPOEJOH QVQJM
SFTQPOTFT
 TFQBSBUFMZ GPS FBDI JOEJWJEVBM� "O FYBNQMF GPS B TJOHMF TVCKFDU JT TIPXO JO 'JH� �B
 GPS CPUI
USJBM JOUFSWBMT� 'PS CPUI JOUFSWBMT
 HSPVQ�MFWFM DPSSFMBUJPOT 	'JH� �C
 XFSF TJHOJஷ஫DBOU 	J�F� QVQJM SFTQPOTFT
TJNJMBS
 GPS UIF #FMJFG 4UBUF .PEFM 	QTؒ�ؒ����

 CVU OPU UIF 4UJNVMVT 4UBUF .PEFM 	QTؒ�ؒ����
� 'VSUIFS
 GPS
UIFQSF�GFFECBDL JOUFSWBM
 UIF#FMJFG 4UBUF.PEFM DPSSFMBUJPOTXFSF TJHOJஷ஫DBOUMZ TUSPOHFS UIBO UIF 4UJNVMVT
4UBUF .PEFM 	Qؒ�ؒ����
� 'PS UIF QPTU�GFFECBDL JOUFSWBM
 UIFSF XBT B USFOE UPXBSET B TUSPOHFS DPSSFMBUJPO
GPS UIF #FMJFG 4UBUF .PEFM UIBO UIF 4UJNVMVT 4UBUF .PEFM 	Qؒ�ؒ�����
�

5P QFSGPSN B NPSF ஷ஫OF�HSBJOFE FWBMVBUJPO PG UIF DPSSFTQPOEFODF CFUXFFO NPEFM�QSFEJDUFE QBUUFSOT
BOE QVQJM SFTQPOTFT
 XF VTFE UIF NPUJPO FOFSHZ JOGPSNBUJPO FYUSBDUFE GSPN FBDI USJBM 	TFF QSFWJPVT TFD�
UJPO BOE .FUIPET
 SBUIFS UIBO UIF DBUFHPSJDBM EJஶஷ஫DVMUZ DPOEJUJPOT 	&BTZ
 )BSE
 UP HFOFSBUF JOEJWJEVBM
NPEFM QSFEJDUJPOT� #FDBVTF FSSPST
 OPU DPSSFDU USJBMT
 RVBMJUBUJWFMZ EJTTPDJBUF UIF QSFEJDUJPOT GSPN UIF #F�
MJFG 4UBUF BOE 4UJNVMVT 4UBUF.PEFMT 	DPNQBSF 'JH� �C
D XJUI 'JH� �F
଍

 XF SFTUSJDUFE UIJT DPOUSPM BOBMZTJT
UP FSSPS USJBMT 	'JH� �D
E
� "HBJO
 QSFEJDUJPOT PG CPUI NPEFMT XFSF DPSSFMBUFE UP UIF DPSSFTQPOEJOH QVQJM
SFTQPOTFT 	� CJOT PG NPEFM QBSBNFUFST

 TFQBSBUFMZ GPS FBDI JOEJWJEVBM� "O FYBNQMF GPS B TJOHMF TVCKFDU JT
TIPXO JO 'JH� �D�

'PS CPUI JOUFSWBMT
 DPSSFMBUJPOT XFSF QPTJUJWF 	J�F� QVQJM SFTQPOTFT TJNJMBS
 GPS UIF #FMJFG 4UBUF NPEFM

���



QSFEJDUJPOT BOE OFHBUJWF 	J�F� QVQJM SFTQPOTFT EJTTJNJMBS
 GPS UIF 4UJNVMVT 4UBUF NPEFM� $SJUJDBMMZ
 UIF #F�
MJFG 4UBUF .PEFM DPSSFMBUJPOT XFSF TJHOJஷ஫DBOUMZ MBSHFS UIBO UIF 4UJNVMVT 4UBUF .PEFM JO UIF QSF�GFFECBDL
JOUFSWBM 	Qؒ�ؒ�����

 BHBJO XJUI B TJNJMBS USFOE GPS UIF QPTU�GFFECBDL JOUFSWBM 	Qؒ�ؒ�����
� 5IF TBNF IFME
GPS B TJOHMF�USJBM WFSTJPO PG UIJT DPSSFMBUJPO BOBMZTJT
 BHBJO GPDVTJOH PO FSSPS USJBMT POMZ 	EJஶGFSFODF JO DPS�
SFMBUJPO CFUXFFO NPEFMT� Qؒ�ؒ����� GPS QSF�GFFECBDL� Qؒ� ����� GPS QPTU�GFFECBDL
�

��� %৛৥৕১৥৥৛ৡৠ

*U IBT MPOH CFFO LOPXO UIBU UIF QVQJM EJMBUFT TZTUFNBUJDBMMZ EVSJOH UIF QFSGPSNBODF PG DPHOJUJWF UBTLT
<��
 �<���؜��� 5IF DVSSFOU TUVEZ TIPXT UIBU UBTL�FWPLFE QVQJM EJMBUJPO EVSJOH B QFSDFQUVBM DIPJDF UBTL
JOEJDBUFT
 BU EJஶGFSFOU QIBTFT PG UIF USJBM
 EFDJTJPO VODFSUBJOUZ BOE SFXBSE QSFEJDUJPO FSSPS� $PNQBSJTPOT
XJUI RVBMJUBUJWF NPEFM QSFEJDUJPOT TIPXFE UIBU QVQJM SFTQPOTFT EVSJOH GFFECBDL BOUJDJQBUJPO BOE BG஽FS
SFXBSE GFFECBDL XFSF NPEVMBUFE CZ EFDJTJPO�NBLFSTء 	OPJTF�DPSSVQUFE
 JOUFSOBM CFMJFG TUBUFT UIBU BMTP
HPWFSOFE UIFJS DIPJDFT� 5IJT JOTJHIU JT DPOTJTUFOU XJUI B SFJOGPSDFNFOU MFBSOJOH NPEFM 	10.%1
 UIBU
JODPSQPSBUFT HSBEFE CFMJFG TUBUFT JO UIF DPNQVUBUJPO PG UIF QSFEJDUJPO FSSPS TJHOBMT <���
 ���>� *O TVN
 UIF
CSBJOءT BSPVTBM TZTUFN JT TZTUFNBUJDBMMZ SFDSVJUFE JO MJOF XJUI IJHI�MFWFM DPNQVUBUJPOBM WBSJBCMFT�

"OVNCFSPGQSFWJPVT TUVEJFT IBWF SFMBUFEOPO�MVNJOBODFNFEJBUFEQVQJM SFTQPOTFT UPEFDJTJPO�NBLJOH

VODFSUBJOUZ
 BOE QFSGPSNBODF NPOJUPSJOH <��
 ��
 ��
 ���
 ���
 
<���؜��� CVU PVS DVSSFOU SFTVMUT NPWF
CFZPOE UIFJS ஷ஫OEJOHT JO JNQPSUBOU XBZT� 'JSTU
 XJUI UIF FYDFQUJPO PG <���>
 QSFWJPVT TUVEJFT MJOLJOH VO�
DFSUBJOUZ UP QVQJM EZOBNJDT IBWF VTFE UBTLT JO XIJDI VODFSUBJOUZ PSJHJOBUFE GSPN UIF PCTFSWFSءT FOWJSPO�
NFOU <��
 ���
 ���
 ���>� #Z DPOUSBTU
 JO PVS UBTL
 EFDJTJPO VODFSUBJOUZ MBSHFMZ EFQFOEFE PO UIF PCTFSWFSTء
JOUFSOBM OPJTF
 XIJDI EJTTPDJBUFE UIF UXP BMUFSOBUJWF NPEFMT PG UIF DPNQVUBUJPOBM WBSJBCMFT VOEFS TUVEZ
	EFDJTJPO VODFSUBJOUZ BOE SFXBSE QSFEJDUJPO FSSPS
 'JH� �
� 4FDPOE
 PVS XPSL XFOU CFZPOE UIF SFTVMUT
GSPN <���> JO TIPXJOH UIBU QPTU�GFFECBDL QVQJM EJMBUJPO SFஸ஼FDUT CFMJFG�NPEVMBUFE QSFEJDUJPO FSSPS TJHOBMT
EVSJOH QFSDFQUVBM EFDJTJPO�NBLJOH JO UIF DPOUFYU PG B NPOFUBSZ SFXBSE�

1SFWJPVT XPSL PO DFOUSBM BSPVTBM TZTUFNT BOE QVQJM�MJOLFE BSPVTBM EZOBNJDT IBT DPNNPOMZ VTFE UIF
EJDIPUPNZPG 	J
 TMPXWBSJBUJPOT JOCBTFMJOF BSPVTBM TUBUF BOE 	JJ
 SBQJE 	TP�DBMMFE 
ءQIBTJDء FWPLFE SFTQPOTFT
<�
 ��
 ��
 ���>� 0VS DVSSFOU SFTVMUT JOEJDBUF UIBU UIJT EJDIPUPNZ JT PWFSTJNQMJஷ஫FE
 CZ POMZ SFGFSSJOH UP UIF
FYUSFNF QPJOUT PO B OBUVSBM DPOUJOVVN PG BSPVTBM EZOBNJDT EVSJOH BDUJWF CFIBWJPS� 0VS SFTVMUT TIPX
UIBU VODFSUBJOUZ BSPVOE UIF UJNF PG EFDJTJPO GPSNBUJPO BT XFMM BT UIF TVCTFRVFOU SFXBSE FYQFSJFODF CPUI
CPPTU QVQJM�MJOLFE BSPVTBM MFWFMT JO B TVTUBJOFE GBTIJPO� QVQJMT SFNBJOFE EJMBUFE GPS NVDI MPOHFS UIBO
XIBU XPVME CF FYQFDUFE GSPN BO BSPVTBM USBOTJFOU 	'JH� �
 DPNQBSF BMM UJNF DPVSTFT XJUI UIF *3'
� &WFO
JO PVS DPNQBSBCMZ TMPX FYQFSJNFOUBM EFTJHO
 UIFTF TVTUBJOFE EJMBUJPOT MBTUFE VOUJM MPOH BG஽FS UIF OFYU
FYQFSJNFOUBM FWFOU� 5IJT JNQMJFT UIBU UIF TVTUBJOFE FWPLFE BSPVTBM DPNQPOFOU XF DIBSBDUFSJ[FE IFSF
DPOUSJCVUFT TJHOJஷ஫DBOUMZ UP USJBM�UP�USJBM WBSJBUJPOT JO CBTFMJOF QVQJM EJBNFUFS
 XIJDI IBWF DPNNPOMZ CFFO
USFBUFE BT ءTQPOUBOFPVTء ஸ஼VDUVBUJPOT�

0VS JOTJHIUT BSF JO MJOF XJUI UIFPSFUJDBM BDDPVOUT PG UIF GVODUJPO PG OFVSPNPEVMBUPSZ CSBJOTUFN TZT�
UFNT JNQMJDBUFE JO UIF SFHVMBUJPO PG BSPVTBM <�
 ���>� 3FDFOU NFBTVSFNFOUT JO SPEFOUT
 NPOLFZT
 BOE

���



IVNBOT IBWF TIPXO UIBU SBQJE QVQJM EJMBUJPOT SFஸ஼FDU SFTQPOTFT PG OFVSPNPEVMBUPSZ OVDMFJ <��
 ��
 ��>�
/FVSPNPEVMBUPSZ TZTUFNT BSF JOUFSFTUJOH DBOEJEBUFT GPS CSPBEDBTUJOH VODFSUBJOUZ TJHOBMT JO UIF CSBJO CF�
DBVTF PG UIFJS QPUFOUJBM PG DPPSEJOBUJOH DIBOHFT JO HMPCBM CSBJO TUBUF <�
 ��> BOE FOBCMJOH TZOBQUJD QMBTUJDJUZ
JO JUT UBSHFU OFUXPSLT <���
 ���>� 8IJMF QVQJM SFTQPOTFT FWPLFECZ EFDJTJPO UBTLT PSNJDSP�TUJNVMBUJPO IBWF
DPNNPOMZ CFFO BTTPDJBUFE XJUI UIF OPSBESFOFSHJD MPDVT DPFSVMFVT <��
 ��
 ��
 ��
 ��>
 UIFTF TUVEJFT BMTP
GPVOE DPSSFMBUFT JO PUIFS CSBJOTUFN TZTUFNT <��
 ��
 ��>� *O QBSUJDVMBS
 UBTL�FWPLFE QVQJM SFTQPOTFT EVSJOH
QFSDFQUVBM DIPJDF DPSSFMBUF XJUI G.3* SFTQPOTFT JO EPQBNJOFSHJD OVDMFJ
 FWFO BG஽FS BDDPVOUJOH GPS DPSSF�
MBUJPOT XJUI PUIFS CSBJOTUFN OVDMFJ 	'JHVSF �) JO <��>
� 4FWFSBM PUIFS MJOFT PG FWJEFODF BMTP QPJOU UP BO
BTTPDJBUJPO CFUXFFO EPQBNJOFSHJD BDUJWJUZ BOE OPO�MVNJOBODF NFEJBUFE QVQJM EJMBUJPOT� 'JSTU
 UIF MPDVT
DPFSVMFVT BOE EPQBNJOFSHJD NJECSBJO OVDMFJ BSF 	EJSFDUMZ BOE JOEJSFDUMZ
 JOUFSDPOOFDUFE <��
 ���
 ���>�
4FDPOE
 CPUI SFDFJWF UPQ�EPXO JOQVU GSPN UIF TBNF QSFGSPOUBM DPSUJDBM SFHJPOT <��>
 XIJDINJHIU FOEPX
UIFNXJUI JOGPSNBUJPO BCPVU IJHI�MFWFM DPNQVUBUJPOBM WBSJBCMFT TVDI BT CFMJFG TUBUFT� 5IJSE
 UBTL�FWPLFE
G.3* SFTQPOTFT PG UIF MPDVT DPFSVMFVT BOE TVCTUBOUJB OJHSB BSF GVODUJPOBMMZ DPVQMFE 	'JHVSF �( JO <��>
�
'PVSUI
 CPUI OFVSPNPEVMBUPSZ TZTUFNT BSF JNQMJDBUFE JO SFXBSE QSPDFTTJOH <��
 ���>� 'JG஽I
 SFXBSET FY�
IJCJU TNBMMFS FஶGFDUT PO QVQJM EJMBUJPO JO JOEJWJEVBMTXJUI 1BSLJOTPOءT EJTFBTF UIBO JO BHF�NBUDIFE DPOUSPMT

B EJஶGFSFODF UIBU DBO CF NPEVMBUFE CZ EPQBNJOFSHJD BHPOJTUT <���>� 'VUVSF JOWBTJWF TUVEJFT TIPVME FTUBC�
MJTI UIJT QVUBUJWF MJOL CFUXFFO QVQJM EJBNFUFS BOE UIF EPQBNJOF TZTUFN�

3FDPSEJOHT GSPN NJECSBJO EPQBNJOF OFVSPOT JO NPOLFZ IBWF BMTP VODPWFSFE EZOBNJDT PO NVMUJQMF
UJNFTDBMFT <���
 ���>
 JO MJOF XJUI PVS DVSSFOU JOTJHIUT JOUP QVQJM�MJOLFE VODFSUBJOUZ TJHOBMJOH� 'VSUIFS

UIF QBUUFSO PG QVQJM EJMBUJPOT NFBTVSFE JO UIF DVSSFOU TUVEZ NBUDIFE UIF GVODUJPOBM DIBSBDUFSJTUJDT PG
EPQBNJOF OFVSPOT SFNBSLBCMZ DMPTFMZ 	TQFDJஷ஫DBMMZ
 UIF QBUUFSO PG UIF JOUFSBDUJPO CFUXFFO UBTL EJஶஷ஫DVMUZ
BOE BDDVSBDZ JO QSF� BOE QPTU�GFFECBDL SFTQPOTFT
 <���>� )PXFWFS
 UIF QVQJM SFTQPOTFT GPMMPXFE UIF DPN�
QMFNFOU PG UIF DPNQVUBUJPOBM WBSJBCMFT 	J�F�
 ��DPOஷ஫EFODF BOE ��QSFEJDUJPO FSSPS
 BOE UIF EPQBNJOF OFV�
SPOT JEFOUJஷ஫FE CZ <���>� *U JT UFNQUJOH UP TQFDVMBUF UIBU UBTL�FWPLFE QVQJM SFTQPOTFT USBDL
 JOEJSFDUMZ

UIF TJHO�JOWFSUFE BDUJWJUZ PG TVDI B CFMJFG�TUBUF NPEVMBUFE EPQBNJOFSHJD TZTUFN� "OPUIFS BMUFSOBUJWF JT
UIBU PUIFS CSBJOTUFN TZTUFNT ESJWJOH QVQJM EJMBUJPOT <��
 ��
 ��> FYIJCJU UIF TBNF CFMJFG�TUBUF NPEVMBUFE
QSFEJDUJPO FSSPS TJHOBMT BT EPQBNJOF OFVSPOT�

0VS DVSSFOU XPSL IBT TPNF MJNJUBUJPOT
 CVU BMTP CSPBEFS JNQMJDBUJPOT
 XIJDI NJHIU JOTQJSF GVUVSF
XPSL� 'JSTU
 QSPWJEFE UIBU QBSUJDJQBOUT IBE MFBSOFE UIF SFRVJSFE 	DPOTUBOU
 EFDJTJPOCPVOEBSZ
 UIF DVSSFOU
UBTL EJE OPU SFRVJSF UIFN UP MFBSO BOZ FOWJSPONFOUBM TUBUJTUJD� 8IJMF B QSFEJDUJPO FSSPS TJHOBM TVDI BT
UIF POF TUVEJFE IFSF NBZ CF FTTFOUJBM GPS QFSDFQUVBM MFBSOJOH <���
 ���>
 UIF JNQPSUBODF PG UIF QVQJM�
MJOLFE BSPVTBM TJHOBMT GPS MFBSOJOH SFNBJOT TQFDVMBUJWF JO UIF DPOUFYU PG PVS FYQFSJNFOU� 'VUVSF XPSL
TIPVME BEESFTT UIFJS MJOL UP MFBSOJOH� *O QBSUJDVMBS
 XIJMF EFDJTJPO VODFSUBJOUZ DBO BMTP CF SFBE PVU GSPN
CFIBWJPSBM NBSLFST TVDI BT 35 <���
 ���
 ���>
 OP PWFSU CFIBWJPSBM SFTQPOTF JT BWBJMBCMF UP JOGFS JOUFSOBM
WBSJBCMFT JOTUBOUJBUFE JO SFTQPOTF UP GFFECBDL� 5IVT
 PVS JOTJHIU UIBU UIF QPTU�GFFECBDL QVQJM EJMBUJPO
SFQPSUT B TJHOBM UIBU JT LOPXO UP ESJWF MFBSOJOH JO UIF GBDF PG TUBUF VODFSUBJOUZ <���> QBWFT UIF XBZ GPS
GVUVSF TUVEJFT VTJOH UIJT BVUPOPNPVT NBSLFS GPS USBDLJOH TVDI TJHOBMT JO UIF CSBJO�

���



"OPUIFS JNQPSUBOU EJSFDUJPO GPS GVUVSF SFTFBSDI JT UIF SFMBUJPOTIJQ CFUXFFO QVQJM�MJOLFE VODFSUBJOUZ
TJHOBMT BOE UIF TFOTF PG DPOஷ஫EFODF BT SFQPSUFE CZ UIF PCTFSWFS <��>� 5IF #FMJFG 4UBUF .PEFM XF VTFE
IFSF NBLFT QSFEJDUJPOT BCPVU B DPNQVUBUJPOBM WBSJBCMF
 TUBUJTUJDBM EFDJTJPO DPOஷ஫EFODF <���>
 XIJMF CFJOH
BHOPTUJD BCPVU UIF NBQQJOH UP UIF TFOTF PG DPOஷ஫EFODF FYQFSJFODFE PS SFQPSUFE CZ UIF PCTFSWFS� )VNBO
DPOஷ஫EFODF SFQPSUT DMPTFMZ USBDL TUBUJTUJDBM EFDJTJPO DPOஷ஫EFODF JO TPNF FYQFSJNFOUT <���>
 CVU TVஶGFS GSPN
NJTDBMJCSBUJPO JO PUIFST
 FYIJCJUJOH PWFS� PS VOEFSDPOஷ஫EFODF <���>
 JOTFOTJUJWJUZ UP UIF SFMJBCJMJUZ PG UIF
FWJEFODF <���>
 PS CJBTJOH CZ BஶGFDUJWF WBMVF <���>�

*O TVN
 XF IBWF FTUBCMJTIFE UIBU JOUFSOBM CFMJFG TUBUFT EVSJOH QFSDFQUVBM EFDJTJPO�NBLJOH
 BT JOGFSSFE
GSPN B TUBUJTUJDBM NPEFM
 BSF SFஸ஼FDUFE JO UBTL�FWPLFE QVQJM SFTQPOTFT� 5IJT QFSJQIFSBM NBSLFS PG DFOUSBM
BSPVTBM DBO CF PG HSFBU VTF UP CFIBWJPSBM BOE DPHOJUJWF TDJFOUJTUT JOUFSFTUFE JO UIF EZOBNJDT PG EFDJTJPO�
NBLJOH BOE SFXBSE QSPDFTTJOH JO UIF GBDF PG VODFSUBJOUZ�

��� .ৗ০৚ৡ৖৥

"O JOEFQFOEFOU BOBMZTJT PG UIFTF EBUB GPS UIF QSFEJDUJWF QPXFS PG QVQJM EJMBUJPO MPDLFE UPNPUPS SFTQPOTF

GPS QFSDFQUVBM TFOTJUJWJUZ BOE EFDJTJPO DSJUFSJPO IBT CFFO QVCMJTIFE QSFWJPVTMZ��� 5IF BOBMZTFT QSFTFOUFE
JO UIF DVSSFOU QBQFS BSF DPODFQUVBMMZ BOENFUIPEPMPHJDBMMZ EJTUJODU
 JO UIBU UIFZ GPDVT PO UIF SFMBUJPOTIJQ
CFUXFFO #FMJFG 4UBUF .PEFM QSFEJDUJPOT BOE QVQJM EJMBUJPO
 JO QBSUJDVMBS MPDLFE UP UIF QSFTFOUBUJPO PG
SFXBSE GFFECBDL�

����� 1৓৤০৛৕৛ৢ৓ৠ০৥

'JG஽FFO IFBMUIZ TVCKFDUT XJUI OPSNBM PS DPSSFDUFE�UP�OPSNBM WJTJPO QBSUJDJQBUFE JO UIF TUVEZ 	� XPNFO

BHFE ��ؒqؒ� ZFBST
 SBOHF 
��؜��� 5IF FYQFSJNFOU XBT BQQSPWFE CZ UIF &UIJDBM $PNNJUUFF PG UIF %FQBSU�
NFOU PG 1TZDIPMPHZ BU UIF 6OJWFSTJUZ PG "NTUFSEBN� "MM TVCKFDUT HBWF XSJUUFO JOGPSNFE DPOTFOU� "MM FY�
QFSJNFOUT XFSF QFSGPSNFE JO BDDPSEBODF XJUI UIF FUIJDBM HVJEFMJOFT BOE SFHVMBUJPOT� 5XP TVCKFDUT XFSF
BVUIPST� 4VCKFDUT XFSF ஷ஫OBODJBMMZ DPNQFOTBUFE XJUI �� &VSPT QFS IPVS JO UIF CFIBWJPSBM MBC BOE �� &VSPT
QFS IPVS GPS.3* TDBOOJOH� *O BEEJUJPO UP UIJT TUBOEBSE DPNQFOTBUJPO
 TVCKFDUT FBSOFENPOFZ CBTFE PO
UIFJS UBTL QFSGPSNBODF� ��؜� &VSPT MJOFBSMZ TQBDFE GSPN ���গ؜�� BDDVSBDZ QFS FYQFSJNFOUBM TFTTJPO 	J�F�
��গ DPSSFDUؒ�ؒ� &VSPT
 ��গؒ�ؒ� &VSPT
 ���গؒ�ؒ�� &VSPT
� "U UIF FOE PG FBDI CMPDL PG USJBMT
 TVCKFDUT XFSF
JOGPSNFE BCPVU UIFJS BWFSBHF QFSGPSNBODF BDDVSBDZ BOE DPSSFTQPOEJOH NPOFUBSZ SFXBSE� &BSOJOHT XFSF
BWFSBHFE BDSPTT BMM CMPDLT BU UIF FOE PG FBDI TFTTJPO�

����� #ৗ৚৓২৛ৡ৤৓৞ ০৓৥ঢ় ৓ৠ৖ ৢ৤ৡ৕ৗ৖১৤ৗ

4VCKFDUT QFSGPSNFE B UXP�BMUFSOBUJWF GPSDFE DIPJDF 	�"'$
 NPUJPO EJTDSJNJOBUJPO UBTL XIJMF QVQJM EJMB�
UJPO XBT NFBTVSFE 	'JH� �
� .PUJPO DPIFSFODF WBSJFE TP UIBU PCTFSWFST QFSGPSNFE BU ��গ DPSSFDU JO ���
PG USJBMT 
ءBSE(ؠ	 BOE BU ��গ DPSSFDU JO ��� PG USJBMT 
ءBTZ&ؠ	� "G஽FS B WBSJBCMF EFMBZ 
Tؒ����؜���	 GPMMPXJOH UIF
DIPJDF PO FBDI USJBM
 XF QSFTFOUFE GFFECBDL UIBU XBT DPVQMFE UP B NPOFUBSZ SFXBSE 	TFF 
ء1BSUJDJQBOUTؠ�

���



&BDI TVCKFDU QBSUJDJQBUFE JO POF USBJOJOH TFTTJPO BOE GPVS NBJO FYQFSJNFOUBM TFTTJPOT 	JO UIF .3*
TDBOOFS
� %VSJOH UIF USBJOJOH TFTTJPO
 TVCKFDUTء JOEJWJEVBM UISFTIPME DPIFSFODF MFWFMT XFSF EFUFSNJOFE
VTJOH B QTZDIPNFUSJD GVODUJPO ஷ஫U XJUI � MFWFMT
 ��� USJBMT QFS MFWFM
 ��গ؜� DPIFSFODF� 5IF USBJOJOH TFTTJPO
UPPL ���ؒIPVST BOE FBDI FYQFSJNFOUBM TFTTJPO MBTUFE �ؒIPVST� %VSJOH UIF FYQFSJNFOUBM TFTTJPOT
 TUJNVMJ
XFSF QSFTFOUFE PO B ؤ����� .3* DPNQBUJCMF -$% EJTQMBZ XJUI B TQBUJBM SFTPMVUJPO PG ����ؒ�ؒ���� QJYFMT
BOE B SFGSFTI SBUF PG ���ؒ)[�

5IF JOEJWJEVBM DPIFSFODF MFWFMT XFSF WBMJEBUFE BU UIF CFHJOOJOH PG FBDI FYQFSJNFOUBM TFTTJPO JO QSBD�
UJDF CMPDLT 	EVSJOH BOBUPNJDBM TDBOT
 CZ DIFDLJOH UIBU UIF TVCKFDUءT BWFSBHF BDDVSBDZ BDSPTT B CMPDL DPSSF�
TQPOEFE UP ��গ DPSSFDU� *G TVCKFDUTء BWFSBHF BDDVSBDZ PG B CMPDL FYDFFEFE ��গ
 UIF EJஶஷ஫DVMUZ PG UIF UBTL
XBT JODSFBTFE JO UIF GPMMPXJOH CMPDL CZ TMJHIUMZ EFDSFBTJOH UIFNPUJPO DPIFSFODF CBTFE PO JOEJWJEVBM QFS�
GPSNBODF UISFTIPMET 	JO TUFQT PG �গ JO BDDVSBDZ
 FRVBMMZ GPS CPUI )BSE BOE &BTZ DPOEJUJPOT
� %VSJOH FY�
QFSJNFOUBM CMPDLT
 HSFBUFS NPUJPO DPIFSFODF 	J�F� TUSPOHFS FWJEFODF TUSFOHUI
 SFTVMUFE JO IJHIFS BDDVSBDZ
BT XFMM BT GBTUFS SFTQPOTFT� 4VCKFDUTء BDDVSBDZ XBT IJHIFS PO &BTZ USJBMT 	.ؒ�ؒ�����গ DPSSFDU
 4%ؒ�ؒ����

DPNQBSFE UP )BSE USJBMT 	.ؒ�ؒ�����গ DPSSFDU
 4%ؒ�ؒ����

 Qؒ�ؒ������ 4VCKFDUT XFSF GBTUFS UP SFTQPOE PO
&BTZ USJBMT 	.ؒ�ؒ����ؒT
 4%ؒ�ؒ����
 DPNQBSFE UP )BSE USJBMT 	.ؒ�ؒ����ؒT
 4%ؒ�ؒ����

 Qؒ�ؒ������

5BTL JOTUSVDUJPOT XFSF UP JOEJDBUF UIF EJSFDUJPO PG DPIFSFOU EPU NPUJPO 	VQXBSE PS EPXOXBSE
 XJUI
UIF DPSSFTQPOEJOH CVUUPO QSFTT BOE UP DPOUJOVPVTMZ NBJOUBJO ஷ஫YBUJPO JO B DFOUSBM SFHJPO EVSJOH FBDI
UBTL CMPDL� 4VCKFDUT XFSF GVSUIFSNPSF JOTUSVDUFE UP XJUIIPME SFTQPOTFT VOUJM UIF PஶGTFU PG UIF DPIFSFOU
NPUJPO TUJNVMVT 	JOEJDBUFE CZ B WJTVBM DVF
� 5IF NBQQJOH CFUXFFO QFSDFQUVBM DIPJDF BOE CVUUPO QSFTT
	F�H�
 VQ�EPXO UP SJHIU�MFG஽ IBOE CVUUPO QSFTT
 XBT SFWFSTFE XJUIJO TVCKFDUT BG஽FS UIF TFDPOE TFTTJPO 	PVU
PG GPVS
 BOE XBT DPVOUFSCBMBODFE CFUXFFO TVCKFDUT� 4VCKFDUT VTFE UIF JOEFY ஷ஫OHFST PG CPUI IBOET UP
SFTQPOE�

&BDI USJBM DPOTJTUFE PG ஷ஫WF QIBTFT EVSJOH XIJDI SBOEPN NPUJPO 	�গ DPIFSFODF
 XBT QSFTFOUFE
 XJUI
UIF FYDFQUJPO PG UIF TUJNVMVT JOUFSWBM� 	J
 UIF QVQJM CBTFMJOF QFSJPE 
Tؒ�؜���	� 	JJ
 UIF TUJNVMVT JOUFSWBM DPO�
TJTUJOH PG SBOEPNBOE DPIFSFOUNPUJPO GPS B ஷ஫YFEEVSBUJPOPG ����ؒT� 	JJJ
 UIF SFTQPOTFXJOEPX 	NBYJNVN
EVSBUJPOXBT ����ؒT
� 	JW
 UIF EFMBZ QFSJPE QSFDFEJOH GFFECBDL 
Tؒ����؜���	 VOJGPSNMZ EJTUSJCVUFE BDSPTT � MFW�
FMT
 TUFQT PG �ؒT
� 	W
 UIF GFFECBDL BOE UIF JOUFS�USJBM JOUFSWBM 	*5*� 
Tؒ����؜��� VOJGPSNMZ EJTUSJCVUFE BDSPTT �
MFWFMT
 TUFQT PG �ؒT
� 4UJNVMVT POTFU DPJODJEFE XJUI B WJTVBM BOE BVEJUPSZ DVF� 5IF BVEJUPSZ DVF XBT QSF�
TFOUFE GPS ����ؒT 	XIJUF OPJTF PS QVSF UPOF BU ���ؒ)[
 ��গ؜�� PG USJBMT
 SBOEPNMZ JOUFSNJYFE
� 5IF WJTVBM
DVF XBT B DIBOHF JO UIF SFHJPO PG ஷ஫YBUJPO GSPN BO PQFO UP B DMPTFE SFDUBOHMF� 5IF SFUVSO PG UIF ஷ஫YBUJPO
SFHJPO UP BO PQFO SFDUBOHMF JOEJDBUFE UP TVCKFDUT UP HJWF UIFJS SFTQPOTF 	UIF TVSGBDF BSFBT JO QJYFMT PG UIF
PQFO BOE DMPTFE SFDUBOHMFT XFSF IFME FRVBM JO PSEFS UP BTTVSF OP DIBOHF JO PWFSBMM MVNJOBODF
� 'FFECBDL
XBT QSFTFOUFE WJTVBMMZ 	HSFFO�SFE GPS DPSSFDU�FSSPS
 GPS �� GSBNFT 	����ؒT BU ���ؒ)[
� *G TVCKFDUT EJE OPU
SFTQPOE PS XFSF UPP GBTU�TMPX JO SFTQPOEJOH
 B ZFMMPX SFDUBOHMF XBT QSFTFOUFE BT GFFECBDL PO UIBU USJBM�

&BDI CMPDL PG UIF UBTL CFHBO BOE FOEFE XJUI B ���T CBTFMJOF QFSJPE
 DPOTJTUJOH PG B ஷ஫YBUJPO SFHJPO
	OP EPUT
� &BDI CMPDL PG UIF UBTL IBE �� USJBMT BOE MBTUFE BQQSPYJNBUFMZ �ؒNJOVUFT� 4VCKFDUT QFSGPSNFE
CFUXFFO �� BOE �� CMPDLT ZJFMEJOH B UPUBM PG ���؜��� USJBMT QFS TVCKFDU� 0OF TVCKFDU QFSGPSNFE B UPUBM

���



PG �� CMPDLT 	EJTUSJCVUFE PWFS UISFF TFTTJPOT

 ZJFMEJOH B UPUBM PG ��� USJBMT� %BUB GSPN POF TFTTJPO PG UXP
TVCKFDUT 	�� CMPDLT JO UPUBM
 BOE � CMPDLT PG B UIJSE TVCKFDU XFSF FYDMVEFE GSPN UIF BOBMZTFT CFDBVTF PG
QPPS FZF�USBDLFS EBUB RVBMJUZ PS UFDIOJDBM FSSPS�

����� 7৛৥১৓৞ ৥০৛য়১৞৛

%PU NPUJPO TUJNVMJ XFSF QSFTFOUFE XJUIJO B DFOUSBM BOOVMVT UIBU XBT OPU WJTJCMF UP UIF TVCKFDUT 	HSFZ
CBDLHSPVOE
 PVUFS EJBNFUFS ����p
 JOOFS EJBNFUFS PG ���p
� 5IF ஷ஫YBUJPO SFHJPOXBT JO UIF DFOUFS PG UIF BO�
OVMVT BOE DPOTJTUFE PG B CMBDL SFDUBOHMF 	����pMFOHUI
� 4JHOBM EPUTNPWFE BU ���p�T JO POF PG UXP EJSFDUJPOT
	��pPS ���p
� /PJTF EPUT XFSF SBOEPNMZ BTTJHOFE 	VOJGPSNMZ EJTUSJCVUFE
 UP MPDBUJPOT XJUIJO UIF BOOV�
MVT PO FBDI GSBNF
 QSFWFOUJOH UIFN GSPN CFJOH USBDLBCMF� &BDI GSBNF DPOTJTUFE PG ��� XIJUF EPUT 	����pJO
EJBNFUFS
 XJUIJO POF WJTVBM IFNJஷ஫FME 	MFG஽ PS SJHIU� 5IF IFNJஷ஫FME SFNBJOFE DPOTUBOU EVSJOH B CMPDL PG
USJBMT BOE XBT DPVOUFSCBMBODFE CFUXFFO CMPDLT� 5IJT NBOJQVMBUJPO XBT TQFDJஷ஫D GPS UIF.3* FYQFSJNFOU�
5IF UXP IFNJஷ஫FMET XFSF BWFSBHFE JO UIF DVSSFOU BOBMZTJT
� 5IF QSPQPSUJPO PG ءTJHOBMؠ BT DPNQBSFE XJUI
ءOPJTFؠ EPUT EFஷ஫OFE NPUJPO DPIFSFODF MFWFMT� 4JHOBM EPUT XFSF SBOEPNMZ TFMFDUFE PO FBDI GSBNF
 MBTUFE ��
GSBNFT
 BOE XFSF UIFSFBG஽FS SF�QMPUUFE JO SBOEPN MPDBUJPOT 	SFBQQFBSJOH PO UIF PQQPTJUF TJEF XIFO UIFJS
NPUJPO FYUFOEFE PVUTJEF PG UIF BOOVMVT
� 5P QSFWFOU USBDLJOH PG JOEJWJEVBM EPUT
 JOEFQFOEFOU NPUJPO
TFRVFODFT 	Oؒ�ؒ�
 XFSF JOUFSMFBWFE <���>�

����� &৫ৗ�০৤৓৕ঢ়৛ৠ৙ ৖৓০৓ ৓৕ଂ১৛৥৛০৛ৡৠ ৓ৠ৖ ৢ৤ৗৢ৤ৡ৕ৗ৥৥৛ৠ৙

1VQJM EJBNFUFS XBT NFBTVSFE VTJOH BO &ZF-JOL ���� -POH 3BOHF .PVOU 	43 3FTFBSDI
 0UUBXB
 0O�
UBSJP
 $BOBEB
� &JUIFS UIF MFG஽ PS SJHIU QVQJM XBT USBDLFE 	WJB UIF NJSSPS BUUBDIFE UP UIF IFBE DPJM
 BU
����ؒ)[ TBNQMF SBUF XJUI BO BWFSBHF TQBUJBM SFTPMVUJPO PG �� UP ��ؒNJO BSD� 5IF.3*��� DPNQBUJCMF 	OPO�
GFSSPNBHOFUJD
 FZF USBDLFS XBT QMBDFE PVUTJEF UIF TDBOOFS CPSF� &ZF QPTJUJPO XBT DBMJCSBUFE PODF BU UIF
TUBSU PG FBDI TDBOOJOH TFTTJPO�

&ZF CMJOLT BOE TBDDBEFT XFSF EFUFDUFE VTJOH UIF NBOVGBDUVSFSءT TUBOEBSE BMHPSJUINT 	EFGBVMU TFUUJOHT
�
'VSUIFS QSFQSPDFTTJOH TUFQT XFSF DBSSJFE PVU VTJOH DVTUPN�NBEF 1ZUIPO TPG஽XBSF
 XIJDI DPOTJTUFE PG 	J

MJOFBS JOUFSQPMBUJPO BSPVOE CMJOLT 	UJNF XJOEPX GSPN ���ؒT CFGPSF VOUJM ���ؒT BG஽FS FBDI CMJOL

 	JJ
 CBOE�
QBTT ஷ஫MUFSJOH 	UIJSE�PSEFS #VUUFSXPSUI
 QBTTCBOE� 
](ؒ�؜����
 	JJJ
 SFNPWJOH SFTQPOTFT UP CMJOL BOE TBD�
DBEF FWFOUT VTJOH NVMUJQMF MJOFBS SFHSFTTJPO 	SFTQPOTFT FTUJNBUFE CZ EFDPOWPMVUJPO
 <���>
 BOE 	JW
 DPO�
WFSUJOH UP QFSDFOU TJHOBM DIBOHF XJUI SFTQFDU UP UIF NFBO PG UIF QVQJM UJNF TFSJFT QFS CMPDL PG USJBMT�

����� 2১৓ৠ০৛৘৫৛ৠ৙ ৢ৤ৗ� ৓ৠ৖ ৢৡ৥০�৘ৗৗ৖৔৓৕ঢ় ৢ১ৢ৛৞ ৤ৗ৥ৢৡৠ৥ৗ৥

1VQJM EJMBUJPO JT BஶGFDUFE CZ B SBOHF PG OPO�DPHOJUJWF GBDUPST <���>
 XIPTF JNQBDU OFFET UP CF FMJNJOBUFE
CFGPSF JOGFSSJOH UIF SFMBUJPOCFUXFFO DFOUSBM BSPVTBM BOE DPNQVUBUJPOBM WBSJBCMFT PG JOUFSFTU� 8F FYDMVEFE
UIF JNQBDU PG B OVNCFS PG OPO�DPHOJUJWF GBDUPST PO UIF QVQJM SFTQPOTFT� 	J
 CMJOLT BOE FZF NPWFNFOUT

XIJDIXFSF FMJNJOBUFE GSPN UIF BOBMZTJT 	TFF BCPWF
� 	JJ
 MVNJOBODF
 XIJDIXBT IFME DPOTUBOU UISPVHIPVU

���



UIF USJBM
 XJUI UIF FYDFQUJPO PG UIF WJTVBM GFFECBDL TJHOBMT
 XIJDI XF DPOUSPMMFE GPS JO B TFQBSBUF DPOUSPM
FYQFSJNFOU� 4VQQ� 'JH� 4�
� 	JJJ
 NPUPS SFTQPOTFT <���>� BOE 	JW
 USJBM�CZ�USJBM WBSJBUJPOT JO EFDJTJPO UJNF
UIBU NBZ DPOGPVOE QVQJM SFTQPOTF BNQMJUVEFT <��
 ��> EVF UP UIF UFNQPSBM BDDVNVMBUJPO QSPQFSUJFT PG
UIF QFSJQIFSBM QVQJM BQQBSBUVT <��
 ���>� 8JUI UIF BJN PG FYDMVEJOH FஶGFDUT SFMBUFE UP BCPWF NFOUJPOFE
QPJOUT 	JJJ
 BOE 	JW

 XF JOWFTUJHBUFE QVQJM SFTQPOTFT MPDLFE UP UIF DIPJDF SFQPSUFE CZ UIF PCTFSWFS� "E�
EJUJPOBMMZ
 POMZ USJBMT XJUI UIF UISFF MPOHFTU EFMBZ JOUFSWBMT CFUXFFO FWFOUT 	���
 ��� BOE ����ؒT� ��� PG BMM
USJBMT
 XFSF VTFE JO UIF NBJO BOBMZTJT PG QVQJM SFTQPOTFT� 4QFDJஷ஫DBMMZ
 GPS UIF QSF�GFFECBDL JOUFSWBM
 UIF
EFMBZ QFSJPE XBT CFUXFFO UIF DIPJDF BOE GFFECBDL� 'PS UIF QPTU�GFFECBDL JOUFSWBM
 UIF EFMBZ QFSJPE XBT
UIF JOUFS�USJBM JOUFSWBM� 'JOBMMZ
 XF QFSGPSNFE B DPOUSPM BOBMZTJT JO XIJDI 35T XFSF SFNPWFE GSPN QVQJM
SFTQPOTFT WJB MJOFBS SFHSFTTJPO 	TFF 'JH� �
�

'PS FBDI USJBM PG UIF NPUJPO EJTDSJNJOBUJPO UBTL
 UXP FWFOUT PG JOUFSFTU XFSF JOTQFDUFE� 	B
 QVQJM SF�
TQPOTFT MPDLFE UP UIF PCTFSWFSTء SFQPSUFE DIPJDF 	CVUUPO QSFTT
 BOE 	C
 QVQJM SFTQPOTFT MPDLFE UP UIF
POTFU PG UIF GFFECBDL� 0O FBDI USJBM
 UIF NFBO CBTFMJOF QVQJM EJBNFUFS 	UIF QSFDFEJOH ���ؒT
 XJUI SFTQFDU
UP UIF NPUJPO TUJNVMVT POTFU BOE GFFECBDL POTFU XBT TVCUSBDUFE GSPN UIF FWPLFE BOE NFBO SFTQPOTFT
GPS UIF QSF�GFFECBDL BOE QPTU�GFFECBDL JOUFSWBMT
 SFTQFDUJWFMZ� 8F FYUSBDUFE UIF NFBO QVQJM SFTQPOTFT
XJUIJO UIF TVTUBJOFE UJNF XJOEPX 
Tؒ�؜�	
 EFஷ஫OFE CZ UIF QFSJPE EVSJOH XIJDI UIF JOEFQFOEFOUMZ NFB�
TVSFE QVQJM *3' SFUVSOFE UP CBTFMJOF 	BU UIF HSPVQ MFWFM
 'JH� �B
� 5IF VODFSUBJOUZ TJHOBM XBT FYQFDUFE UP
CF MBSHFTU JO UIF UJNF XJOEPX KVTU QSFDFEJOH GFFECBDL CBTFE PO6SBJ FU BM��
 SFஸ஼FDUJOH UIF GBDU UIBU UIF �SFؠ
XBSE BOUJDJQBUJPOء TUBUF JT IJHIFTU UIF MPOHFS UIF PCTFSWFS XBJUT GPS GFFECBDL� 5IFSFGPSF
 XF BEEJUJPOBMMZ
BOBMZ[FE QSF�GFFECBDL QVQJM SFTQPOTFT JO UIF ���ؒT QSFDFEJOH GFFECBDL�

����� .ৡ৖ৗ৞ ৢ৤ৗ৖৛৕০৛ৡৠ৥

*O TJHOBM EFUFDUJPO UIFPSZ
 PO FBDI USJBM B EFDJTJPO WBSJBCMF 	dvi
 XBT ESBXO GSPN B OPSNBM EJTUSJCVUJPO
N(μ, σ)
 XIFSF μ XBT UIF TFOTPSZ FWJEFODF PO UIF DVSSFOU USJBM BOE σ XBT UIF MFWFM PG JOUFSOBM OPJTF� *O
PVS DBTF
 XF UPPL μ UP SBOHF GSPN ���� UP ���
 DPSSFTQPOEJOH UP UIF FYUSFNFT PG UIF NPUJPO DPIFSFODF
QSFTFOUFE JO UIF NBJO FYQFSJNFOU 	XIFSF �ؒ�ؒ���গ SBOEPNNPUJPO BOE �ؒ�ؒ���গ DPIFSFOU NPUJPO
� 5IF
JOUFSOBM OPJTF
 σ
 XBT FTUJNBUFE CZ ஷ஫UUJOH B QSPCJU QTZDIPNFUSJD GVODUJPO POUP UIF DPNCJOFE EBUB BDSPTT
BMM TVCKFDUT 	TMPQF βؒ�ؒ���
� 5IF TUBOEBSE EFWJBUJPO
 σ
 PG UIF dv EJTUSJCVUJPO JT 1

β = 0.133� 5IF EFDJTJPO
CPVOE
 D
 XBT TFU UP �
 JOEJDBUJOH OP DIPJDF CJBT GPS BOZ PCTFSWFS�

'PS FBDI MFWFM PG FWJEFODF TUSFOHUI
 μ = [−0.5, 0.5] JO TUFQT PG ����
 XF TJNVMBUFE BOPSNBM EJTUSJCVUJPO
PG EW XJUI σؒ�ؒ����� XJUI ��
��� USJBMT� 5IF DIPJDF PO FBDI USJBM DPSSFTQPOEFE UP UIF TJHO PG dvi� " DIPJDF
XBT DPSSFDU XIFO UIF TJHO PG dvi XBT FRVBM UP UIF TJHO PG μi� &SSPST PDDVSSFE EVF UP UIF QSFTFODF PG OPJTF
JO UIF dv
 XIJDI HPWFSOFE DIPJDF JO CPUI PG UIF UXP NPEFMT EJTDVTTFE BT GPMMPXT�

8F TJNVMBUFE UXP NPEFMT
 UIF #FMJFG 4UBUF .PEFM BOE UIF 4UJNVMVT 4UBUF .PEFM
 XIJDI EJஶGFSFE POMZ
JO UIF JOQVU JOUP UIF GVODUJPO VTFE UP DPNQVUF DPOஷ஫EFODF� XIFUIFS UIF DPOஷ஫EFODF JT B GVODUJPO PG dvi
PS μi� $POஷ஫EFODF XBT EFஷ஫OFE BT

���



BeliefStateConfidence =
1
n
×

n∑

i=1

f(|dvi − c|) 	�


StimulusStateConfidence =
1
n
×

n∑

i=1

f(|μi − c|) 	�


XIFSF OXBT UIF OVNCFS PG USJBMT QFS DPOEJUJPO
 GPSXIJDI UIF QSFEJDUJPOTXFSF HFOFSBUFE 	TFF CFMPX

 G
XBT UIF DVNVMBUJWF EJTUSJCVUJPO GVODUJPOPG UIF OPSNBM EJTUSJCVUJPO
 USBOTGPSNJOH UIF EJTUBODF |dv−c|PS
|μ−c| JOUP UIF QSPCBCJMJUZ PG B DPSSFDU SFTQPOTF
 GPS UIF #FMJFG 4UBUF PS 4UJNVMVT 4UBUF.PEFM
 SFTQFDUJWFMZ�

f(x) =
1
2
[1+ erf(

x
σ
√
2
)] 	�


#FDBVTF XF BQQMJFE FRVBUJPOT � BOE � TFQBSBUFMZ UP FBDI DPNCJOBUJPO PG%Jஶஷ஫DVMUZ 	J�F� DPIFSFODF MFWFM

BOE "DDVSBDZ 	&SSPS BOE $PSSFDU
 DPOEJUJPOT
 O EFQFOEFE PO UIF WBSJBCMF OVNCFS PG USJBMT PCUBJOFE JO
FBDI DPOEJUJPO 	XJUI UIF TNBMMFTU O GPS UIF &BTZ &SSPS DPOEJUJPO
 JO PVS TJNVMBUJPOT�

%FDJTJPO VODFSUBJOUZ XBT UIF DPNQMFNFOU PG DPOஷ஫EFODF

Uncertainty = 1− confidence 	�


"OE UIF QSFEJDUJPO FSSPS XBT EFஷ஫OFE BT

Predictionerror = feedback− confidence 	�


1SF�GFFECBDL QVQJM SFTQPOTFT IBWF QSFWJPVTMZ CFFO GPVOE UP SFஸ஼FDU EFDJTJPO VODFSUBJOUZ�� XF UIFSFGPSF
FYQFDUFE UIF QPTU�GFFECBDL QVQJM SFTQPOTFT UP TJNJMBSMZ GPMMPX UIF DPNQMFNFOU PG UIF QSFEJDUJPO FSSPS
	J�F� ��QSFEJDUJPO FSSPS
� 'PS FBDI USJBM
 XF DPNQVUFE UIF CJOBSZ DIPJDF
 UIF MFWFM PG EFDJTJPO VODFSUBJOUZ

UIF BDDVSBDZ PG UIF DIPJDF BOE UIF QSFEJDUJPO FSSPS� 'PS QMPUUJOH
 XF DPMMBQTFE UIF DPIFSFODF MFWFMT BDSPTT
UIF TJHOT PG μ
 BT UIFTF BSF TZNNFUSJD GPS UIF VQ BOE EPXO NPUJPO EJSFDUJPOT�

$VTUPN 1ZUIPO DPEF VTFE UP HFOFSBUF UIF NPEFM QSFEJDUJPOT DBO CF GPVOE IFSF� #//+.΂ζζ"$/#0�΀
�*(ζ�*'$5*'$ζ+0+$'ά� '$ !ά./�/ .�

����� .ৡ০৛ৡৠ ৗৠৗ৤৙৫

5P FYUSBDU FTUJNBUFT PG ஸ஼VDUVBUJOH TFOTPSZ FWJEFODF
 XF BQQMJFE NPUJPO FOFSHZ ஷ஫MUFSJOH UP UIF TJOHMF�USJBM
EPUNPUJPO TUJNVMJ 	VTJOH UIF ஷ஫MUFST EFTDSJCFE JO <���>
� 4VNNJOH UIF �%NPUJPO FOFSHZ WBMVFT PWFS TQBDF
BOE UJNF HBWF VT B TJOHMF�USJBM FTUJNBUF PG UIF FYUFSOBM TFOTPSZ FWJEFODF QSFTFOUFE UP UIF TVCKFDU 	QPTJUJWF
GPS VQXBSET
 OFHBUJWF GPS EPXOXBSET NPUJPO
� 8F VTFE UIF BCTPMVUF WBMVF PG UIJT TJHOFE NPUJPO FOFSHZ
TJHOBM BT PVS DPOUJOVPVT NFBTVSF PG TFOTPSZ FWJEFODF TUSFOHUI JO TUBUJTUJDBM BOBMZTFT� 'PS WJTVBMJ[BUJPO
	'JH� �C

 XF EJWJEFE UIJT BCTPMVUF NPUJPO FOFSHZ NFUSJD JOUP � FRVBMMZ�TJ[FE CJOT XJUIJO FWFSZ PCTFSWFS�
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#FIBWJPSBM WBSJBCMFT BOE QVQJM SFTQPOTFT XFSF BWFSBHFE GPS FBDI DPOEJUJPO PG JOUFSFTU QFS TVCKFDU 	/ؒ�ؒ��
�
4UBUJTUJDBM BOBMZTJT PG NFBO EJஶGFSFODFT JO QVQJM EJMBUJPO PG FWPLFE SFTQPOTFT XBT EPOF VTJOH DMVTUFS�CBTFE
QFSNVUBUJPO NFUIPET��� 5IF BWFSBHF SFTQPOTFT JO UIF TVTUBJOFE UJNF XJOEPXT XFSF FWBMVBUFE VTJOH B
UXP�XBZ "/07" XJUI GBDUPST� EJஶஷ஫DVMUZ 	� MFWFMT� )BSE WT� &BTZ
 BOE BDDVSBDZ 	� MFWFMT� $PSSFDU WT�
&SSPS
� "MM QPTU�IPD BOE UXP�XBZ DPNQBSJTPOT XFSF CBTFE PO OPO�QBSBNFUSJD QFSNVUBUJPO UFTUT 	UXP�
UBJMFE
�

����� $ৡৠ০৤ৡ৞ ৗ৪ৢৗ৤৛য়ৗৠ০ �� *ৠ৖৛২৛৖১৓৞ ৢ১ৢ৛৞ ৛য়ৢ১৞৥ৗ ৤ৗ৥ৢৡৠ৥ৗ ৘১ৠ৕০৛ৡৠ৥

*O PSEFS UP EFஷ஫OF B TVTUBJOFE DPNQPOFOU PG QVQJM SFTQPOTFT FWPLFE CZ UIF FWFOUT PG JOUFSFTU EVSJOH
UIF NBJO FYQFSJNFOU
 XF JOEFQFOEFOUMZ NFBTVSFE TVCKFDUTء QVQJM SFTQPOTFT FWPLFE CZ TJNQMZ QVTIJOH
B CVUUPO VQPO IFBSJOH B TBMJFOU DVF� 5IJT FOBCMFE B QSJODJQMFE EFஷ஫OJUJPO PG UIF UJNF XJOEPX PG JOUFS�
FTU JO XIJDI UP BWFSBHF QVQJM SFTQPOTFT CBTFE PO JOEFQFOEFOU EBUB� 4VCKFDUT QFSGPSNFE POF CMPDL PG
UIF QVQJM JNQVMTF SFTQPOTF UBTL BU UIF TUBSU PG FBDI FYQFSJNFOUBM TFTTJPO 	XIJMF BOBUPNJDBM TDBOT XFSF
CFJOH BDRVJSFE
� 1VQJM SFTQPOTFT GPMMPXJOH BO BVEJUPSZ DVF XFSF NFBTVSFE GPS FBDI TVCKFDU��� 1VQJMT
XFSF USBDLFE XIJMF TVCKFDUT NBJOUBJOFE ஷ஫YBUJPO BU B DFOUSBM SFHJPO DPOTJTUJOH PG B CMBDL PQFO SFDUBOHMF
	����pMFOHUI
 BHBJOTU B HSFZ TDSFFO� /P WJTVBM TUJNVMJ DIBOHFE
 FOTVSJOH DPOTUBOU JMMVNJOBUJPO XJUIJO B
CMPDL� "O BVEJUPSZ XIJUF OPJTF TUJNVMVT 	����ؒT
 XBT QSFTFOUFE BU SBOEPN JOUFSWBMT CFUXFFO � BOE �ؒT
	ESBXO GSPN B VOJGPSN EJTUSJCVUJPO
� 1BSUJDJQBOUT XFSF JOTUSVDUFE UP QSFTT B CVUUPO XJUI UIFJS SJHIU JO�
EFY ஷ஫OHFS BT GBTU BT QPTTJCMF BG஽FS FBDI BVEJUPSZ TUJNVMVT� 0OF CMPDL DPOTJTUFE PG �� USJBMT BOE MBTUFE �ؒNJO�
5XP TVCKFDUT QFSGPSNFE UISFF CMPDLT
 ZJFMEJOH B UPUBM PG ���؜�� USJBMT QFS TVCKFDU� 5SJBMT XJUIPVU B SF�
TQPOTF XFSF FYDMVEFE GSPN UIF BOBMZTJT� &BDI TVCKFDUءT JNQVMTF SFTQPOTF GVODUJPO 	*3'
 XBT FTUJNBUFE
VTJOH EFDPOWPMVUJPO 	XJUI SFTQFDU UP UIF BVEJUPSZ DVF
 JO PSEFS UP SFNPWF FஶGFDUT PG PWFSMBQQJOH FWFOUT
EVF UP UIF TIPSU EFMBZ JOUFSWBM CFUXFFO TVCTFRVFOU USJBMT���
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1VQJM SFTQPOTFT FWPLFE CZ UIF HSFFO BOE SFE ஷ஫YBUJPO SFHJPOT VTFE JO UIFNBJO FYQFSJNFOU XFSFNFBTVSFE
JO B TFQBSBUF DPOUSPM FYQFSJNFOU 	TFF 4VQQMFNFOUBSZ 'JH� 4�� /ؒ�ؒ��
 � XPNFO
 BHFE ����ؒqؒ� ZFBST
 SBOHF

��؜��� 5ISFF TVCKFDUT XFSF BVUIPST
 UXP PGXIJDI QBSUJDJQBUFE JO UIFNBJO �"'$ UBTL� /P PUIFS TVCKFDUT
GSPN UIJT DPOUSPM FYQFSJNFOU QBSUJDJQBUFE JO UIF NBJO �"'$ UBTL� 1VQJMT XFSF USBDLFE XIJMF TVCKFDUT
NBJOUBJOFE ஷ஫YBUJPO BU B DFOUSBM SFHJPO PG UIF TDSFFO� 4UJNVMJ XFSF JEFOUJDBM UP UIF NBJO �"'$ UBTL� EPU
NPUJPO DPOTJTUFE PG POMZ SBOEPNNPUJPO 	�গ DPIFSFODF
� " USJBM DPOTJTUFE PG UXP QIBTFT� 	J
 UIF CBTFMJOF
QFSJPE QSFDFEJOH UIF POTFU PG B DPMPS DIBOHF 
Tؒ�؜�	 VOJGPSN EJTUSJCVUJPO

 BOE 	JJ
 QBTTJWF WJFXJOH PG UIF
TUJNVMJ VTFE GPS GFFECBDL JO UIF NBJO FYQFSJNFOU� EVSJOH XIJDI UIF ஷ஫YBUJPO SFHJPO DIBOHFE UP FJUIFS
SFE PS HSFFO ��গ؜��	 PG USJBMT
 SBOEPNJ[FE
 GPS �� GSBNFT 	����ؒT BU ���ؒ)[
� 5IJT XBT GPMMPXFE CZ BO *5*

���




Tؒ�؜�	 VOJGPSNMZ EJTUSJCVUFE
� 1BSUJDJQBOUT XFSF JOTUSVDUFE UIBU UIFZ EJE OPU OFFE UP SFTQPOE
 POMZ UP
NBJOUBJO ஷ஫YBUJPO� " CMPDL DPOTJTUFE PG �� USJBMT BOE MBTUFE �ؒNJO� 4VCKFDUT QFSGPSNFE FJHIU CMPDLT PG UIJT
UBTL JO UIF CFIBWJPSBM MBC
 ZJFMEJOH ��� USJBMT QFS TVCKFDU�

������ %৓০৓ ৓২৓৛৞৓৔৛৞৛০৫

5IFQVQJM EBUB BOENPEFM QSFEJDUJPO DPEF BSFQVCMJDMZ BWBJMBCMF IFSF� #//+.΂ζζ"$/#0�΀�*(ζ�*'$5*'$ζ
+0+$'ά� '$ !ά./�/ .�
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5IJT SFTFBSDI XBT TVQQPSUFE CZ UIF &VSPQFBO 6OJPO 4FWFOUI 'SBNFXPSL 1SPHSBNNF 
����؜������1'	
VOEFS HSBOU BHSFFNFOU OP� ������ 	)VNBO #SBJO 1SPKFDU
 	UP 5�)�%�

 UIF (FSNBO 3FTFBSDI 'PVOEB�
UJPO 	%'(
� %0 ��������
 %0 ��������
 BOE 4'# ����"� 	UP 5�)�%�
 BOE UIF (FSNBO "DBEFNJD &Y�
DIBOHF 4FSWJDF 	%""%
 	UP "�&�6�
� 5IJT XPSL XBT DBSSJFE PVU PO UIF %VUDI OBUJPOBM F�JOGSBTUSVDUVSF
XJUI UIF TVQQPSU PG UIF 463'$PPQFSBUJWF 	XXX�TVSGTBSB�OM
� 8F UIBOL5PNBT,OBQFO GPS DPOUSJCVUJOH
BOBMZTJT NBUFSJBMT�
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Figure S1: RT scales with decision uncertainty. Mean reacঞon ঞmes (RT) as a funcঞon of task diLculty and accuracy. Task diLculty and
accuracy interacted. Error bars represent the standard error of the mean (N = 15). ***p < 0.001.

Figure S2: Pupil responses during passive viewing of feedback signals. In a control experiment (N = 15, 5 women, aged 28.5±4 years,
range 23-34), we invesঞgated the ঞme course of potenঞal di@erences in pupil responses evoked by red as compared with green light,
regardless of whether these colors correspond to reward feedback during the perceptual choice task. Three subjects were authors, two
of which parঞcipated in the main experiment. Sঞmuli were idenঞcal to the main 2AFC task; dot moঞon consisted of only random moঞon
(0% coherence). A trial consisted of a baseline period preceding the onset of a color change (1-3 s, uniformly distributed), the red or green
rectangle at Cxaঞon (50-50% of trials, randomized, 0.42 s), and ITI (3-6 s, uniformly distributed). Parঞcipants passively viewed the sঞmuli
while maintaining Cxaঞon. Pupil responses were averaged for each condiঞon of interest per subject (N = 15, 200 trials per subject). The
light-mediated pupil constricঞons evoked by visual feedback cues during themain task (grey) and in the passive viewing control experiment
(red, green). The grey bar indicates a di@erence between red- and green-evoked responses, p < 0.05 (cluster-based permutaঞon test, see
main text). Grey shaded area, ‘sustained’ ঞme window during which pupil dilaঞon was averaged, deCned by the period during which the
pupil impulse response funcঞon returned to baseline and the shortest delay between events (3-6 s). The results show that (i) green and red
light both evoked pupil constricঞons, and (ii) green light produced slightly larger pupil constricঞon than red light, in an early ঞme window
(0.25-2.25 s). The di@erence in Correct vs. Error trials in pupil constricঞon a[er feedback during the main experiment conঞnues a[er this
early ঞme window (see Figure 3c). Furthermore, any di@erences obtained within Error and Correct condiঞons a[er feedback during the
main experiment cannot be explained by di@erences between the color-evoked responses, as the sঞmulus color was the same between
these comparisons.

���



Figure S3: Replicaঞon of Figure 3 with all trials. The same pa�ern of pupil responses was obtained when all trials were included in the
analysis, including those in which the interval between events (Delay and ITI periods of a trial; see Fig. 1) was less than 7.5 s (delays
ranged from 3.5-11.5 s, with 5 levels in steps of 2 s, uniformly distributed) (a-f). For the pupil responses in the -0.5 s window preceding
feedback (e), a signiCcant interacঞon between diLculty and accuracy was obtained in this later ঞme window (F(1,14) = 4.95, p = 0.043;
post hoc comparisons: Hard Error vs. Hard Correct, p = 0.072; Easy Error vs. Easy Correct, p = 0.004; Hard Error vs. Easy Error, p = 0.074;
Hard Correct vs. Easy Correct, p = 0.061). During the post-feedback interval, a signiCcant interacঞon between diLculty and accuracy
was obtained (f), F(1,14) = 7.89, p = 0.014; post hoc comparisons: Hard Error vs. Hard Correct, p = 0.001; Easy Error vs. Easy Correct, p
= 0.572; Hard Error vs. Easy Error, p = 0.066; Hard Correct vs. Easy Correct, p = 0.118).

���



Figure S4: Reanalysis of the data from our previously published study [125] (available at #//+.΂ζζ�*$΀*-"ζ10΀6084ζ(9΀
!$".#�- ΀4300043). This study used a similar visual perceptual choice task, however with a number of important di@erences speciCed
in the following: The study used a two-interval forced choice moঞon coherence discriminaঞon task; mulঞple levels of task diLculty were
intermixed, here sorted into two categories (median split) yielding Hard and Easy condiঞons for comparison with the present data; delay
intervals between decision and feedback, and the inter-trial-intervals were shorter than in the current study; feedback (Correct or Error)
was presented by two di@erent tones; feedback was not linked to any reward (parঞcipants’ Cnancial remuneraঞon was not conঞngent on
performance). (a) Evoked pupil responses for Correct (green) and Error (red) trials locked to trial-wise (auditory) feedback. The black bar
indicates Correct vs. Error e@ect, p < 0.05 (cluster-based permutaঞon test). Because feedback was not presented visually, there was no
post-feedback pupil constricঞon, but dilaঞon for all trial types. Error feedback elicited stronger dilaঞons than correct feedback, as in the
current data (compare with Figure 3c). (b) Pupil responses as a funcঞon of task diLculty and accuracy locked to feedback. The scaling
with evidence strength was similar to pre-feedback decision uncertainty, but not to post-feedback predicঞon error, with smaller dilaঞons
for Correct Easy than Correct Hard responses (compare to Figure 2c). (c) The interacঞon term for task diLculty with two levels (Easy Error
- Easy Correct) - (Hard Error - Hard Correct) for feedback-locked responses. The purple bar indicates the feedback-locked response tested
against 0, p < 0.05 (cluster-based permutaঞon test). For all feedback-locked responses, the mean pupil diameter across the pre-feedback
interval from -0.5 s to 0 s was subtracted from the response ঞme courses at the single-trial level. Each condiঞon of interest was averaged
across subjects (N = 27).
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Figure S5: Individual psychometric funcঞons and model predicঞons. Based on the individual esঞmates of internal noise in the data
(i.e. sigma) (a), subject-speciCc model predicঞons were generated for the Belief State and Sঞmulus State models (b). Predicঞons for the
interacঞon term deCned as (Easy Error - Easy Correct) - (Hard Error - Hard Correct) based on subject-speciCc moঞon coherence levels are
shown.
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%FDJTJPOT BSF OPU JTPMBUFE FWFOUT
 CVU BSF FNCFEEFE JO B TFRVFODF PG DIPJDFT� $IPJDFT
 PS UIFJS PVUDPNFT
	F�H� SFXBSET

 FYFSU B MBSHF JOஸ஼VFODF PO TVCTFRVFOU DIPJDFT <��
 ��>� 5IJT IPMET FWFO GPS MPX�MFWFM QFSDFQ�
UVBM DIPJDFT �<��؜��> *O NPTU QFSDFQUVBM DIPJDF UBTLT VTFE JO UIF MBCPSBUPSZ
 UIF EFDJTJPO TIPVME POMZ CF
CBTFE PO DVSSFOU TFOTPSZ JOQVU
 UIF NPNFOUBSZ ؤFWJEFODFأ GPS UIF EFDJTJPO� 5IVT
 NPTU XPSL PO UIFJS
DPNQVUBUJPOBM BOE OFVSPQIZTJPMPHJDBM NFDIBOJTNT IBT MBSHFMZ GPDVTFE PO UIF USBOTGPSNBUJPO PG TFOTPSZ
FWJEFODF JOUP DIPJDF <��>� :FU
 QFSDFQUVBM EFDJTJPOT BSF TUSPOHMZ JOஸ஼VFODFE CZ B OVNCFS PG IJTUPSJDBM GBD�
UPST� XIFUIFS PS OPU QSFWJPVT DIPJDFT MFE UP QPTJUJWF PVUDPNFT <��
 ���>
 UIF DPOஷ஫EFODF JO UIFN <���>
 BOE
UIFJS DPOUFOU 	J�F� XIJDI TUJNVMVT DBUFHPSJFT XFSF TFMFDUFE� <���
 ���
 ���>� 5IF MBUUFS UZQF PG TFRVFOUJBM
FஶGFDU
 XIJDI XF DBMM DIPJDFأ IJTUPSZ CJBTؤ
 SFGFST UP UIF TFMFDUJWF UFOEFODZ UP SFQFBU 	PS BMUFSOBUF
 QSFWJPVT
DIPJDFT� *U JT EJTUJODU BOE EJTTPDJBCMF GSPN FஶGFDUT PG SFXBSE
 QFSGPSNBODF GFFECBDL PS TVCKFDUJWF FSSPS
BXBSFOFTT JO QSFWJPVT USJBMT�

$IPJDF IJTUPSZ CJBTFT BSF QSFWBMFOU JO IVNBO <���
 ���>
 NPOLFZ <���> BOE SPEFOU <���
 ���> QFSDFQUVBM
EFDJTJPO�NBLJOH� 3FNBSLBCMZ
 UIJT IPMET FWFO GPS FOWJSPONFOUT MBDLJOH BOZ DPSSFMBUJPOT CFUXFFO TUJNVMJ
QSFTFOUFE PO TVDDFTTJWF USJBMT ؜ UIF TUBOEBSE JO QTZDIPQIZTJDBM MBCPSBUPSZ FYQFSJNFOUT� $IPJDF IJTUPSZ
CJBTFT WBSZ TVCTUBOUJBMMZ BDSPTT JOEJWJEVBMT <���
 ���>� /FVSBM TJHOBMT SFஸ஼FDUJOH QSFWJPVT DIPJDFT IBWF CFFO
GPVOE BDSPTT UIF TFOTPSJNPUPS QBUIXBZT PG UIF DFSFCSBM DPSUFY
 GSPN TFOTPSZ UP BTTPDJBUJWF BOE NPUPS
SFHJPOT <��
 ���
 ���
 �<���؜���

#ZXIJDINFDIBOJTN BSF DIPJDF IJTUPSZ TJHOBMT JODPSQPSBUFE JOUP UIF GPSNBUJPO PG B EFDJTJPO $VSSFOU
NPEFMT PG QFSDFQUVBM EFDJTJPO�NBLJOH QPTJU UIF UFNQPSBM BDDVNVMBUJPO PG TFOTPSZ FWJEFODF
 SFTVMUJOH JO
BO JOUFSOBM EFDJTJPO WBSJBCMF UIBU HSPXT XJUI UJNF <�
 ��
 ��
 ��>� 8IFO UIJT EFDJTJPO WBSJBCMF SFBDIFT
POF PG UXP EFDJTJPO CPVOET
 B DIPJDF JT NBEF BOE UIF DPSSFTQPOEJOH NPUPS SFTQPOTF JT JOJUJBUFE� *O UIJT
GSBNFXPSL
 B CJBT DBO BSJTF JO UXP XBZT� 	J
 CZ TIJG஽JOH UIF TUBSUJOH QPJOU PG BDDVNVMBUJPO UPXBSET POF
PG UIF CPVOET
 PS 	JJ
 CZ TFMFDUJWFMZ DIBOHJOH UIF SBUF BU XIJDI FWJEFODF GPS POF WFSTVT UIF PUIFS DIPJDF
BMUFSOBUJWF JT BDDVNVMBUFE� 'JHVSF � JMMVTUSBUFT UIFTF UXP CJBTJOH NFDIBOJTNT GPS B TJNQMF BOE XJEFMZ
VTFE GPSN PG BDDVNVMBUJPO�UP�CPVOENPEFM� UIF ESJG஽ EJஶGVTJPO NPEFM 	%%.
� 4JNJMBS QSJODJQMFT BQQMZ
UP NPSF DPNQMFY BDDVNVMBUJPO�UP�CPVOE NPEFMT XF XJMM FYQMPSF CFMPX� 5IF TUBSUJOH QPJOU TIJG஽ DBO
CF UIPVHIU PG BT BEEJOH BO PஶGTFU UP UIF QFSDFQUVBM JOUFSQSFUBUJPO PG UIF DVSSFOU TFOTPSZ FWJEFODF� #Z
DPOUSBTU
 UIF FWJEFODF BDDVNVMBUJPO CJBT DPSSFTQPOET UP CJBTJOH UIBU QFSDFQUVBM JOUFSQSFUBUJPO UPXBSET
POF PG UIF UXP TUJNVMVT DBUFHPSJFT�

*U JT DVSSFOUMZ VOLOPXO XIJDI PG UIPTF UXP QSJODJQBM NFDIBOJTNT BDDPVOUT GPS UIF DIPJDF IJTUPSZ CJ�
BTFT PCTFSWFE JO PWFSU CFIBWJPS� 1SFWJPVT UIFPSFUJDBM BDDPVOUT IBWF QPTUVMBUFE B TIJG஽ JO UIF TUBSUJOH QPJOU
PG UIF EFDJTJPO WBSJBCMFT UPXBSET UIF CPVOE PG UIF QSFWJPVT DIPJDF �<���؜���> 5IJT JT CBTFE PO UIF BT�
TVNQUJPO UIBU UIF SFQSFTFOUBUJPO PG UIF EFDJTJPO WBSJBCMF EFDBZT TMPXMZ
 MFBWJOH B USBDF PG UIF PCTFSWFSءT
DIPJDF JO UIF OFYU USJBM �<���؜���> )PXFWFS
 DIPJDF IJTUPSZ CJBTFT NJHIU BMTP PSJHJOBUF GSPN B TMPXFS 	J�F�

UFOT PG TFDPOET
 BDSPTT�USJBM BDDVNVMBUJPO PG JOUFSOBM EFDJTJPO WBSJBCMFT ؜ BOBMPHPVT UP UIF BDDVNVMBUJPO
PG FYUFSOBM PVUDPNFT JO WBMVF�CBTFE EFDJTJPOT <��
 ��>� 1SFWJPVT FYQFSJNFOUBM XPSL PO QFSDFQUVBM DIPJDF
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IJTUPSZ CJBTFT FJUIFS EJE OPU BOBMZ[F UIFXJUIJO�USJBM EFDJTJPO EZOBNJDT <��
 ���
 ���
 ���
 ���
 ���>
 PS POMZ
UFTUFE GPS TUBSUJOH QPJOU CJBTFT
 OPU BDDVNVMBUJPO CJBTFT <���
 ���
 ���
 ���
 ���
 �<���؜���

)FSF
 XF VOUBOHMF IPX IJTUPSZ�EFQFOEFOU DIBOHFT JO FWJEFODF BDDVNVMBUJPO BOE TUBSUJOH QPJOU DPO�
USJCVUF UP IJTUPSZ CJBTFT JO PWFSU DIPJDF CFIBWJPS� "DSPTT B SBOHF PG QFSDFQUVBM DIPJDF UBTLT
 XF GPVOE UIBU
JOEJWJEVBM EJஶGFSFODFT JO DIPJDF SFQFUJUJPO BSF FYQMBJOFE CZ IJTUPSZ�EFQFOEFOU CJBTFT JO BDDVNVMBUJPO
 OPU
TUBSUJOH QPJOU� 5IVT
 UIF JOUFSBDUJPO CFUXFFO DIPJDF IJTUPSZ BOE EFDJTJPO GPSNBUJPO TFFNT UP CF NPSF
DPNQMFY UIBO QSFWJPVTMZ UIPVHIU� DIPJDFT NBZ CJBT MBUFS FWJEFODF BDDVNVMBUJPO QSPDFTTFT UPXBSET 	PS
BXBZ GSPN
 UIF QSFWJPVT DIPTFO QFSDFQUVBM JOUFSQSFUBUJPO PG UIF TFOTPSZ JOQVU�

��� 3ৗ৥১৞০৥

8F ஷ஫U EJஶGFSFOU CPVOEFE�BDDVNVMBUJPO NPEFMT UP IVNBO CFIBWJPSBM EBUB 	DIPJDFT BOE SFTQPOTF UJNFT
	35
� 5IF %%. ஷ஫UT NPEFM QBSBNFUFST GSPN KPJOU DIPJDFT 35 EJTUSJCVUJPOT
 BOE QSPWJEFT HPPE ஷ஫UT UP
CFIBWJPSBM EBUB GSPN B MBSHF BSSBZ PG UXP�DIPJDF UBTL <��>� 8F FTUJNBUFE UIF GPMMPXJOH QBSBNFUFST� OPO�
EFDJTJPO UJNF 	UIF UJNF OFFEFE GPS TFOTPSZ FODPEJOH BOE SFTQPOTF FYFDVUJPO

 TUBSUJOH QPJOU PG UIF EFDJ�
TJPO WBSJBCMF
 TFQBSBUJPO PG UIF EFDJTJPO CPVOET
 NFBO ESJG஽ SBUF
 BOE B TUJNVMVT�JOEFQFOEFOU DPOTUBOU
BEEFE UP UIF NFBO ESJG஽� 8F SFGFS UP UIF MBUUFS QBSBNFUFS 	UFSNFE ESJG஽أ DSJUFSJPOؤ CZ <��>
 BT ESJG஽أ CJBTؤ�

Figure 1: Two biasing mechanisms within the DDM. The DDM postulates that noisy sensory evidence is accumulated over ঞme, unঞl the
resulঞng decision variable y reaches one of two bounds (dashed black lines at y=0 and y=a) for the two choice opঞons. Repeaঞng this
process over many trials yields RT distribuঞons for both choices (plo�ed above and below the bounds). Gray line: example trajectory of
decision variable from single trial. Black lines: mean dri[ and resulঞng RT distribuঞons under unbiased condiঞons. (a) Choice history-
dependent shi[ in starঞng point. Green lines: mean dri[ and RT distribuঞons under biased starঞng point. Grey shaded area indicates
those RTs for which starঞng point leads to choice bias. (b) Choice history-dependent shi[ in dri[ bias. Blue lines: mean dri[ and RT
distribuঞons under biased dri[. Grey shaded area indicates those RTs for which dri[ bias leads to choice bias. (c) Both mechanisms
di@erenঞally a@ect the shape of RT distribuঞons. Condiঞonal bias funcঞons [249], showing the fracঞon of biased choices as a funcঞon
of RT, demonstrate the di@erenঞal e@ect of starঞng point and dri[ bias shi[.

8JUIJO UIF %%.
 DIPJDF CFIBWJPS DBO CF TFMFDUJWFMZ CJBTFE UPXBSE SFQFUJUJPO PS BMUFSOBUJPO CZ UXP
NFDIBOJTNT� TIJG஽JOH UIF TUBSUJOH QPJOU PS CJBTJOH UIF ESJG஽ UPXBSET 	PS BXBZ GSPN
 UIF CPVOE GPS UIF
QSFWJPVT DIPJDF 	'JHVSF �
� 5IFTF CJBTJOHNFDIBOJTNT BSF IBSE UP EJஶGFSFOUJBUF CBTFE PO UIF QSPQPSUJPO PG
DIPJDFT BMPOF
 CVU UIFZ BSF SFBEJMZ EJTUJOHVJTIBCMF CZ UIF SFMBUJPOTIJQ CFUXFFO DIPJDF CJBT BOE35 	'JHVSF
�D
� 4QFDJஷ஫DBMMZ
 UIF DPOEJUJPOBM CJBT GVODUJPO <���> TIPXT UIF GSBDUJPO PG DIPJDFT UIBU BSF SFQFUJUJPOT BT
B GVODUJPO PG UIFJS 35 	CJOOFE JO RVBOUJMFT
� " TIJG஽ JO TUBSUJOH QPJOU JT NPTU JOஸ஼VFOUJBM FBSMZ PO JO UIF
EFDJTJPO QSPDFTT� JU BஶGFDUT UIF MFBEJOH FEHF PG UIF 35 EJTUSJCVUJPO BOE TIJG஽T JUT NPEF� *U QSFEJDUT UIBU UIF
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NBKPSJUZ PG IJTUPSZ�EFQFOEFOU DIPJDF CJBTFT PDDVS PO USJBMT XJUI GBTU 35T 	'JHVSF �D
 HSFFO
� " ESJG஽ CJBT
JT JOTUFBE BDDVNVMBUFE BMPOH XJUI UIF FWJEFODF BOE UIFSFGPSF HSPXT BT B GVODUJPO PG FMBQTFE UJNF� 5IVT

ESJG஽ CJBT TUSPOHMZ BஶGFDUT UIF USBJMJOH FEHF PG UIF 35 EJTUSJCVUJPO XJUI POMZ B NJOPS FஶGFDU PO UIF NPEF

BMUFSJOH DIPJDF GSBDUJPOT BDSPTT UIF XIPMF SBOHF PG 35T 	'JHVSF �D
 CMVF
� )JTUPSZ�EFQFOEFOU DIBOHFT JO
CPVOE TFQBSBUJPO PS NFBO ESJG஽ SBUF NBZ BMTP PDDVS
 CVU UIFZ DBO POMZ DIBOHF PWFSBMM 35 BOE BDDVSBDZ�
UIPTF DIBOHFT BSF CZ UIFNTFMWFT OPU TVஶஷ஫DJFOU UP CJBT UIF BDDVNVMBUJPO QSPDFTT UPXBSE POF PS UIF PUIFS
CPVOE
 BOE UIVT UPXBSET DIPJDF SFQFUJUJPO PS BMUFSOBUJPO 	TFF 'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
�

8F ஷ஫U EJஶGFSFOU WBSJBOUT PG UIF %%. 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
 UP EBUB GSPN TJY EJஶGFSFOU FY�
QFSJNFOUT� 5IFTF DPWFSFE B SBOHF PG UBTL QSPUPDPMT BOE TFOTPSZ NPEBMJUJFT DPNNPOMZ VTFE JO TUVEJFT PG
QFSDFQUVBM EFDJTJPO�NBLJOH 	'JHVSF �B BOE.FUIPET TFDUJPO %BUBTFUT� CFIBWJPSBM UBTLT BOE QBSUJDJQBOUT
�
UXP BMUFSOBUJWF GPSDFE�DIPJDF
 UXP JOUFSWBM GPSDFE�DIPJDF
 BOE ZFT�OP 	TJNQMF GPSDFE DIPJDF
 UBTLT� 35
BOE TP�DBMMFE ஷ஫YFE EVSBUJPO UBTLT� WJTVBM NPUJPO EJSFDUJPO BOE DPIFSFODF EJTDSJNJOBUJPO
 WJTVBM DPOUSBTU
BOE BVEJUPSZ EFUFDUJPO� BOE FYQFSJNFOUT XJUI BOE XJUIPVU TJOHMF�USJBM QFSGPSNBODF GFFECBDL� "T GPVOE
JO QSFWJPVT XPSL <���
 ���
 ���>
 PCTFSWFST FYIJCJUFE B XJEF SBOHF PG JEJPTZODSBUJD DIPJDF IJTUPSZ CJBTFT
BDSPTT BMM FYQFSJNFOUT 	'JHVSF �C
D
� 5P FOTVSF UIBU UIF %%. JT BO BQQSPQSJBUF 	TJNQMJஷ஫FE
 NPEFMJOH
GSBNFXPSL GPS UIFTF EBUB
 XF ஷ஫STU ஷ஫U B CBTJD WFSTJPO PG UIF %%. UIBU DPOUBJOFE UIF BCPWF�EFTDSJCFE QB�
SBNFUFST
 XJUIPVU BMMPXJOH CJBT QBSBNFUFST UP WBSZ XJUI DIPJDF IJTUPSZ� 8F UIFO ஷ஫U UIF %%. XIJMF BMTP
BMMPXJOH TUBSUJOH QPJOU
 ESJG஽ CJBT
 PS CPUI UP WBSZ BT B GVODUJPO PG UIF PCTFSWFSءT DIPJDF PO UIF QSFWJPVT
USJBM�

5IF %%. ஷ஫UT NBUDIFE TFWFSBM BTQFDUT PG UIF CFIBWJPSBM EBUB XFMM 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
�
'JSTU
 35 EJTUSJCVUJPOT NBUDIFE UIF NPEFM QSFEJDUJPOT SFBTPOBCMZ XFMM 	TIPXO TFQBSBUFMZ GPS FBDI DPN�
CJOBUJPO PG TUJNVMJ BOE DIPJDFT JO 'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
 EBSLFS DPMPST JOEJDBUF QSFEJDUFE 35T
PCUBJOFE UISPVHI NPEFM TJNVMBUJPOT
� 4FDPOE
 GPS UIF ஷ஫UT PCUBJOFE XJUI B IJFSBSDIJDBM #BZFTJBO ஷ஫UUJOH
QSPDFEVSF 	TFF 'JHVSF � ؜ 'JHVSF 4VQQMFNFOU � BOE.BUFSJBMT BOE.FUIPET

 VTFE GPS 'JHVSFT ���
 UIF R̂ GPS
HSPVQ�MFWFM QBSBNFUFST SBOHFE CFUXFFO ������ BOE ������ BDSPTT EBUBTFUT
 JOEJDBUJOH HPPE DPOWFSHFODF
PG UIF TBNQMJOH QSPDFEVSF� 5IJSE
 JOEJWJEVBM ESJG஽ SBUF FTUJNBUFT DPSSFMBUFE XJUI JOEJWJEVBM QFSDFQUVBM
TFOTJUJWJUZ 	Eء
 'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �B
 BOE NPOPUPOJDBMMZ JODSFBTFE XJUI TUSPOHFS TFOTPSZ FW�
JEFODF 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �B
� *O ஷ஫YFE EVSBUJPO UBTLT
 UIF EFDJTJPO�NBLFS EPFT OPU OFFE UP
TFU B CPVOE GPS UFSNJOBUJOH UIF EFDJTJPO <��>
 TP UIF CPVOEFE EJஶGVTJPO QSPDFTT EFTDSJCFE CZ UIF %%.
NJHIU TFFN JOBQQSPQSJBUF� :FU
 UIF TVDDFTT PG UIF %%. JO ஷ஫UUJOH UIFTF EBUB XBT DPOTJTUFOU XJUI QSFWJ�
PVT XPSL <���
 ���
 ���> BOENJHIU IBWF SFஸ஼FDUFE UIF GBDU UIBU PCTFSWFST TFU JNQMJDJU EFDJTJPO CPVOET BMTP
XIFO UIFZ EP OPU DPOUSPM UIF TUJNVMVT EVSBUJPO <���> CVU TFF <���>�
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.PEFMT XJUI IJTUPSZ�EFQFOEFOU CJBTFT CFUUFS FYQMBJOFE UIF EBUB UIBO UIF CBTFMJOF NPEFM XJUIPVU TVDI
IJTUPSZ EFQFOEFODF 	'JHVSF �B

 DPSSPCPSBUJOH UIF PCTFSWBUJPO UIBU PCTFSWFSTء CFIBWJPS TIPXFE DPOTJEFS�
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Figure 2: Behavioral tasks and individual di@erences. (a) Schemaঞcs of perceptual decision-making tasks used in each dataset. See
Methods secঞon Datasets: behavioral tasks and parࢼcipants. (b) Distribuঞons of individual choice history biases for each dataset. Grey
bars show individual observers, with colored markers indicaঞng the group mean. (c) Each individual’s tendency to repeat their choices
a[er correct vs. error trials. The posiঞon of each observer in this space reYects their choice- and outcome-dependent behavioral strategy.

BCMF EFQFOEFODF PO QSFWJPVT DIPJDFT 	'JHVSF �଍
� 5IFNPEFM XJUI CPUI IJTUPSZ�EFQFOEFOU TUBSUJOH QPJOU
BOE ESJG஽ CJBT QSPWJEFE UIF CFTU ஷ஫U UP ஷ஫WF PVU PG EBUBTFUT 	'JHVSF �B

 CBTFE PO UIF"LBJLF *OGPSNBUJPO$SJ�
UFSJPO 	"*$� <���> ؜ OPUF UIBU XF PCUBJOFE UIF TBNF SFTVMUT XIFO JOTUFBE VTJOH UIF IJFSBSDIJDBM %FWJBODF
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*OGPSNBUJPO $SJUFSJPO
�
5IF BCPWF NPEFM DPNQBSJTPO QPJOUFE UP UIF JNQPSUBODF PG JODMVEJOH B IJTUPSZ�EFQFOEFODZ JOUP UIF

NPEFM� 8F GVSUIFS FYBNJOFE UIF BCJMJUZ PG FBDI NPEFM UP FYQMBJO TQFDJஷ஫D EJBHOPTUJD GFBUVSFT JO UIF EBUB
<���> UIBU EJTUJOHVJTIFE TUBSUJOHQPJOU GSPNESJG஽ CJBT� "IJTUPSZ�EFQFOEFOU TIJG஽ JO UIF TUBSUJOHQPJOU MFBET
UP CJBTFE DIPJDFT QSJNBSJMZXIFO SFTQPOTFT BSF GBTU 	FBSMZ35RVBOUJMFT

 XIFSFBT B IJTUPSZ�EFQFOEFOU TIJG஽
JO ESJG஽ MFBET UP CJBTFE DIPJDFT BDSPTT BMM USJBMT
 JODMVEJOH UIPTF XJUI TMPX SFTQPOTFT 	'JHVSF �
� 8F TJNV�
MBUFE DIPJDFT BOE 35T GSPN UIF UISFF EJஶGFSFOU NPEFM WBSJBOUT BOE DPNQVUFE TP�DBMMFE DPOEJUJPOBMؠ CJBT
GVODUJPOTء <���>� UIF GSBDUJPO PG DIPJDFT JO MJOF XJUI FBDI PCTFSWFSءT DIPJDF SFQFUJUJPO UFOEFODZ 	J�F�
 SFQ�
FUJUJPO QSPCBCJMJUZ
 XJUIJO FBDI RVBOUJMF PG UIFJS 35 EJTUSJCVUJPO� 'PS PCTFSWFST XIPTF DIPJDF SFQFUJUJPO
QSPCBCJMJUZ XBT � ���
 UIJT XBT UIF GSBDUJPO PG SFQFUJUJPOT� GPS UIF PUIFS PCTFSWFST
 UIJT XBT UIF GSBDUJPO
PG BMUFSOBUJPOT� $POTJTUFOU XJUI B TIJG஽ JO ESJG஽ CJBT
 PCTFSWFST FYIJCJUFE IJTUPSZ�EFQFOEFOU DIPJDF CJBTFT
BDSPTT UIF FOUJSF SBOHF PG 35T 	'JHVSF �C
� *O QBSUJDVMBS
 UIF CJBTFE DIPJDFT PO TMPX 35T DPVME POMZ CF
DBQUVSFE CZ NPEFMT UIBU JODMVEFE B IJTUPSZ�EFQFOEFOU TIJG஽ JO ESJG஽ CJBT 	'JHVSF �D
 CMVF BOE EBSL HSFFO
CBST
�

8F VTFE UIF QBSBNFUFS FTUJNBUFT PCUBJOFE GSPN UIF GVMM NPEFM 	XJUI CPUI IJTUPSZ�EFQFOEFOU TUBSUJOH
QPJOU BOEESJG஽ CJBT
 UP JOWFTUJHBUF IPXIJTUPSZ�EFQFOEFOU WBSJBUJPOT JO TUBSUJOHQPJOU BOEESJG஽ CJBT SFMBUFE
UP FBDI JOEJWJEVBMءT UFOEFODZ UP SFQFBU UIFJS QSFWJPVT DIPJDFT� 8F DBMM FBDI CJBT QBSBNFUFSءT EFQFOEFODF
PO UIF QSFWJPVT DIPJDF JUT IJTUPSZؠ TIJG஽ء� 'PS JOTUBODF
 JO UIF MFG஽ WT� SJHIU NPUJPO EJTDSJNJOBUJPO UBTL

UIF IJTUPSZ TIJG஽ JO TUBSUJOH QPJOU XBT DPNQVUFE BT UIF EJஶGFSFODF CFUXFFO UIF TUBSUJOH QPJOU FTUJNBUF GPS
QSFWJPVT ءMFG஽ؠ BOEQSFWJPVT ءSJHIUؠ DIPJDFT
 JSSFTQFDUJWF PG UIF DBUFHPSZ PG UIF DVSSFOU TUJNVMVT� 5IFIJTUPSZ
TIJG஽ JO ESJG஽ CJBT
 CVU OPU UIF IJTUPSZ TIJG஽ JO TUBSUJOH QPJOU
 XBT SPCVTUMZ DPSSFMBUFE UP UIF JOEJWJEVBM
QSPCBCJMJUZ PG DIPJDF SFQFUJUJPO 	'JHVSF �B
 TJHOJஷ஫DBOU DPSSFMBUJPOT JOEJDBUFE XJUI TPMJE SFHSFTTJPO MJOFT
�
*O ஷ஫WF PVU PG TJY EBUBTFUT
 UIF DPSSFMBUJPO XJUI UIF IJTUPSZ TIJG஽ JO ESJG஽ CJBT XBT TJHOJஷ஫DBOUMZ TUSPOHFS UIBO
UIF DPSSFMBUJPO XJUI UIF IJTUPSZ TIJG஽ JO TUBSUJOH QPJOU 	'JHVSF �C
 Δρ WBMVFT
�

8F RVBOUJஷ஫FE UIF UPUBM FWJEFODF CZ DPNQVUJOH B #BZFT GBDUPS GPS FBDI DPSSFMBUJPO <���>
 BOE NVMUJ�
QMZJOH UIFTF BDSPTT EBUBTFUT <���>� 5IJT GVSUIFS DPOஷ஫SNFE UIBU JOEJWJEVBM DIPJDF IJTUPSZ CJBTFT XFSF OPU
DBQUVSFE CZ IJTUPSZ TIJG஽T JO TUBSUJOH QPJOU
 CVU DPOTJTUFOUMZ DBQUVSFE CZ IJTUPSZ TIJG஽T JO ESJG஽ 	'JHVSF �C
�
4QFDJஷ஫DBMMZ
 UIF #BZFT GBDUPS GPS UIF IJTUPSZ TIJG஽ JO TUBSUJOH QPJOU BQQSPBDIFE [FSP
 JOEJDBUJOH TUSPOH FW�
JEFODF GPS UIF OVMM IZQPUIFTJT PG OP DPSSFMBUJPO� 5IF #BZFT GBDUPS GPS UIF IJTUPSZ TIJG஽ JO ESJG஽ JOEJDBUFE
TUSPOH FWJEFODF GPS B DPSSFMBUJPO <���>�

$PSSFMBUJPOT CFUXFFO FTUJNBUFE IJTUPSZ TIJG஽T JO TUBSUJOH QPJOU BOE ESJG஽ CJBT XFSF HFOFSBMMZ OFHBUJWF
	NFBO 4QFBSNBOءT ρ� �������
 SBOHF ������� UP �������

 CVU SFBDIFE TUBUJTUJDBM TJHOJஷ஫DBODF 	Q � ����
 JO
POMZ POF EBUBTFU� 5IF DPNCJOFE #BZFT 'BDUPS #'�� XBT ������
 JOEJDBUJOH TUSPOH FWJEFODF GPS )�� 8F
UIVT SFNBJO BHOPTUJD BCPVU UIF SFMBUJPOTIJQ CFUXFFO UIF IJTUPSZ TIJG஽T PG CPUI QBSBNFUFST�

5IF TBNFRVBMJUBUJWFQBUUFSOPG SFTVMUTXBT PCUBJOFEXJUI BO BMUFSOBUJWF ஷ஫UUJOHQSPDFEVSF 	OPO�IJFSBSDIJDBM
(� PQUJNJ[BUJPO
 'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �B

 BT XFMM BT B NPEFM UIBU BMMPXFE GPS BEEJUJPOBM BDSPTT�
USJBM WBSJBCJMJUZ JO OPO�EFDJTJPO UJNF 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �C
� -FUUJOH OPO�EFDJTJPO UJNF WBSZ
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Figure 3: Model comparison and simulaঞons. (a) For each dataset, we compared the AIC between models where dri[ bias, starঞng point
bias or both were allowed to vary as a funcঞon of previous choice. The AIC for a model without history dependence was used as a baseline
for each dataset. Lower AIC values indicate a model that is be�er able to explain the data, taking into account the model complexity; a
Δ AIC of 10 is generally taken as a threshold for considering one model a suLciently be�er Ct. (b) Condiঞonal bias funcঞons (Figure
1c; White and Poldrack, 2014). For the history-dependent starঞng point, dri[ bias and hybrid models, as well as the observed data, we
divided all trials into Cve quanঞles of the RT distribuঞon. Within each quanঞle, the fracঞon of choices in the direcঞon of an individual’s
history bias (repeঞঞon or alternaঞon) indicates the degree of choice history bias. Error bars indicate mean ± s.e.m. across datasets. (c)
Choice bias on slow response trials can be captured only by models that include history-dependent dri[ bias. Black error bars indicate
mean ± s.e.m. across datasets, bars indicate the predicted fracঞon of choices in the Crst and last RT quanঞles.
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Figure 4: Individual choice history biases are explained by history-dependent changes in dri[ bias, not starঞng point. (a) Relaঞonship
between individual choice repeঞঞon probabiliঞes, P(repeat), and history shi[ in starঞng point (le[ column, green) and dri[ (right column,
blue). Parameter esঞmates were obtained from a model in which both bias terms were allowed to vary with previous choice. Horizontal
and verঞcal lines, unbiased references. Thick black crosses, group mean ± s.e.m. in both direcঞons. Black lines: best Ct of an orthogonal
regression (only plo�ed for correlaঞons signiCcant at p < 0.05). (b) Summary of the correlaঞons (Spearman’s r) between individual choice
repeঞঞon probability and the history shi[s in starঞng point (green; le[) and dri[ bias (blue; right). Error bars indicate the 95% conCdence
interval of the correlaঞon coeLcient. Δρ quanঞCes the degree to which the two DDM parameters are di@erenঞally able to predict
individual choice repeঞঞon, p-values from Steiger’s test. The black diamond indicates the mean correlaঞon coeLcient across datasets.
The Bayes factor (BF10) quanঞCes the relaঞve evidence for the alternaঞve over the null hypothesis, with values < 1 indicaঞng evidence
for the null hypothesis of no correlaঞon, and > 1 indicaঞng evidence for a correlaঞon.
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 DIPJDFT BOE 35 EJTUSJCVUJPOT <��>�
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Figure 6: Choice history a@ects dri[ bias over mulঞple trials. (a) History kernels, indicaঞng di@erent parameters’ tendency to go in the
direcঞon of each individual’s history bias (i.e. sign-Yipping the parameter esঞmates for observers with P(repeat) < 0.5). For each dataset,
regression weights from the best-Cমng model (lowest AIC, Figure 6 – Figure Supplement 1) are shown in thicker lines; thin lines show the
weights from the largest model we Ct. Black errorbars show the mean +- s.e.m. across models, with white markers indicaঞng ঞmepoints
at which the weights are signiCcantly di@erent from zero across datasets (p < 0.05, FDR corrected. Black lines show an exponenঞal Ct
V(t) = Ae−t/τ to the average data. (b) Correlaঞons between individual P(repeat) and regression weights, as in Figure 5b-c. Regression
weights for the history shi[ in starঞng point and dri[ bias were averaged from lag 2 unঞl each dataset’s best-Cমng lag. P(repeat) was
corrected for expected repeঞঞon at longer lags given individual repeঞঞon, and averaged from lag 2 to each dataset’s best-Cমng lag.
Δρ quanঞCes the degree to which the two DDM parameters are di@erenঞally able to predict individual choice repeঞঞon, p-values from
Steiger’s test. The black diamond indicates the mean correlaঞon coeLcient across datasets. The Bayes factor (BF10) quanঞCes the relaঞve
evidence for the alternaঞve over the null hypothesis, with values < 1 indicaঞng evidence for the null hypothesis of no correlaঞon, and >
1 indicaঞng evidence for a correlaঞon.
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 NJEEMF� <���
 ���>
� *OEFFE
 BEEJOH DPMMBQTJOH CPVOET TVCTUBOUJBMMZ JNQSPWFE PVS NPEFM ஷ஫UT
	'JHVSF �C�
� 5IJT JOEJDBUFT UIF QSFTFODF PG B TUSPOH VSHFODZ TJHOBM JO UIJT UBTL
 XIJDI IBE B SFMBUJWFMZ
TIPSU TUJNVMVT QSFTFOUBUJPO 	��� NT
 BOE B UJHIU SFTQPOTF EFBEMJOF 	���� T BG஽FS TUJNVMVT PஶGTFU
� $SJUJDBMMZ

B IJTUPSZ�EFQFOEFOU ESJG஽ CJBT CFTU ஷ஫U UIF EBUB 	'JHVSF �C�
 BOE DBQUVSFE JOEJWJEVBM DIPJDF SFQFUJUJPO
CFIBWJPS 	'JHVSF �D�
 BMTP JO UIF%%.XJUI DPMMBQTJOH CPVOET� *O PUIFSXPSET
 XIJMF UIFSF JT FWJEFODF GPS
DPMMBQTJOH CPVOET JO UIJT EBUBTFU
 PVS DPODMVTJPO BCPVU UIF JNQBDU PG IJTUPSZ CJBT PO EFDJTJPO GPSNBUJPO
EPFT OPU EFQFOE PO JUT JODMVTJPO JO UIF NPEFM�

*O UIF CSBJO
 B OFVSBM SFQSFTFOUBUJPO PG UIF NPNFOUBSZ TFOTPSZ FWJEFODF GFFET JOUP B TFU PG BDDVNV�
MBUPST� 5IFTF DPOTJTU PG DJSDVJUT PG FYDJUBUPSZ BOE JOIJCJUPSZ QPQVMBUJPOT PG DPSUJDBM OFVSPOT
 XIJDI HJWF
SJTF UP QFSTJTUFOU BDUJWJUZ BOE DPNQFUJUJWF XJOOFS�UBLF�BMM EZOBNJDT <��
 ���>� 6OEFS DFSUBJO QBSBNFUFS
SFHJNFT
 UIFTF DJSDVJU EZOBNJDT DBO CF SFEVDFE UP MPXFS�EJNFOTJPOBM NPEFMT <��
 ���>� *O TVDI NPEFMT

UIF FஶGFDUJWF BDDVNVMBUJPO UJNF DPOTUBOU 1/λ 	XJUI λ CFJOH FஶGFDUJWF MFBL
 SFTVMUT GSPN UIF CBMBODF PG MFBL
XJUIJO FBDI BDDVNVMBUPS 	EVF UP TFMG�FYDJUBUJPO BOE QBTTJWF EFDBZ
 BOE NVUVBM JOIJCJUJPO CFUXFFO UXP
BDDVNVMBUPST FODPEJOH EJஶGFSFOU DIPJDFT <��>� &WJEFODF BDDVNVMBUJPO DBO UIFO CF CJBTFE UISPVHI BO JO�
UFSOBM SFQSFTFOUBUJPO PG UIF TFOTPSZ JOQVU PS UISPVHI UIF XBZ UIJT TFOTPSZ SFQSFTFOUBUJPO JT BDDVNVMBUFE
	'JHVSF �B
 SJHIU
� 8F IFSF VTFE B SFEVDFE DPNQFUJOH BDDVNVMBUPSNPEFM
 XIFSF UIF EFDJTJPO WBSJBCMFXBT
DPNQVUFE BT UIF EJஶGFSFODF PG UXP MFBLZ BDDVNVMBUPST <��
 ���
 ���> UP DPNQBSF UIFTF UXP BDDVNVMBUJPO
CJBTFT BOE B CJBTFE BDDVNVMBUPS TUBSUJOH QPJOU�

8F ஷ஫U B GBNJMZ PG CPVOEFE
 MFBLZ BDDVNVMBUPSNPEFMT
 JOXIJDI UIF TUBSUJOH QPJOU PG UIF BDDVNVMBUPST

UIFJS JOQVU
 PS UIFJS FஶGFDUJWF MFBL λ DPVME CF CJBTFE BT B GVODUJPO PG QSFWJPVT DIPJDF 	'JHVSF �B
 SJHIU
�
/PUF UIBU B CJBT PG UIF BDDVNVMBUPS TUBSUJOH QPJOU XPVME BMTP USBOTMBUF JOUP BO BDDVNVMBUJPO CJBT
 EVF UP
UIF NPEFM EZOBNJDT 	TFF.FUIPET TFDUJPO&YUFOEFE CPVOEFE BDDVNVMBUJPO NPEFMT� (FOFSBM BTTVNQUJPOT
BOE QSPDFEVSॻ
� &WFO TP
 DPNQBSJOH UIJT SFHJNFXJUIPUIFS UXPCJBTJOHNFDIBOJTNXBT JOGPSNBUJWF� "MTP
OPUF UIBU XF IFSF VTF UIF UFSN MFBLZؠ BDDVNVMBUPS NPEFMء UP EFOPUF UIBU UIF NPEFM EZOBNJDT DPOTJTUFE
PG B GSFF FஶGFDUJWF MFBL QBSBNFUFS M
 XJUIPVU JNQMZJOH UIBU λ � � 	DPSSFTQPOEJOH UP BDUJWBUJPO EFDBZ
� 0VS

���



ஷ஫UT BMMPXFE λ UP UBLF FJUIFS OFHBUJWF ءGPSHFUGVMؠ	 SFHJNF
 PS QPTJUJWF ءVOTUBCMFؠ	 SFHJNF
 WBMVFT 	'JHVSF � ؜
'JHVSF 4VQQMFNFOU �E� TFF BMTP <��>
� $SJUJDBMMZ
 JO PSEFS UP UFTU GPS DIPJDF IJTUPSZ�EFQFOEFOU BDDVNVMB�
UJPO CJBT
 XF BMMPXFE λ PG FBDI BDDVNVMBUPS UP WBSZ BT B GVODUJPO PG UIF QSFWJPVT DIPJDF
 CFGPSF DPNQVUJOH
UIF EJஶGFSFODF CFUXFFO UIF UXP BDDVNVMBUPS BDUJWBUJPOT� $IPJDF�IJTUPSZ EFQFOEFOU CJBTFT JO BDDVNVMBUPS
TUBSUJOH QPJOU PS BDDVNVMBUPS JOQVU XFSF EJSFDUMZ BQQMJFE UP UIF BDDVNVMBUPS EJஶGFSFODF 	BLJO UP TUBSUJOH
QPJOU BOE ESJG஽ CJBT XJUIJO UIF %%.
� %VF UP UIF TJNQMJDJUZ PG JUT EZOBNJDT
 UIF %%. DBOOPU EJTUJO�
HVJTI CFUXFFO JOQVU BOE MFBL CJBT� *OEFFE
 XIFO TJNVMBUJOH CFIBWJPS PG MFBLZ BDDVNVMBUPS NPEFMT XJUI
FJUIFS PG UIFTF UXP BDDVNVMBUJPO CJBTFT BOE ஷ஫UUJOH JU XJUI UIF %%.
 CPUI JOQVU BOE λbias MPBEFE POUP
%%. ESJG஽ CJBT 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
� $SJUJDBMMZ
 UIF MFBLZ BDDVNVMBUPS XJUI CJBTFE BDDV�
NVMBUPS JOQVU CFTU FYQMBJOFE UIF EBUB
 BNPOH BMM UIF NPEFMT DPOTJEFSFE 	'JHVSF �C�
� 'VSUIFSNPSF
 UIF
JOEJWJEVBMMZ FTUJNBUFE JOQVU CJBT QSFEJDUFE JOEJWJEVBM DIPJDF SFQFUJUJPO 	'JHVSF �D�
� 5IJT TVHHFTUT UIBU
DIPJDF IJTUPSZ NJHIU TQFDJஷ஫DBMMZ CJBT UIF JOUFSOBM SFQSFTFOUBUJPO PG UIF TFOTPSZ FWJEFODF GFFEJOH JOUP UIF
FWJEFODF BDDVNVMBUJPO QSPDFTT�
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5BLFO UPHFUIFS
 ஷ஫UT BOE TJNVMBUJPOT PG NPSF DPNQMFY NPEFMT QSPWJEF BEEJUJPOBM JOTJHIU JOUP UIF NFDIB�
OJTN VOEFSMZJOH DIPJDF IJTUPSZ CJBT� 5IFZ BMTP DPSSPCPSBUFE UIF DPODMVTJPO UIBU DIPJDF IJTUPSZ CJBTFT BSF
NFEJBUFE CZ B CJBTFE BDDVNVMBUJPO PG FWJEFODF
 SBUIFS UIBO B CJBTFE TUBSUJOH QPJOU� "T B ஷ஫OBM TUFQ
 XF FTUJ�
NBUFE UIF UJNF DPVSTF PG UIF FஶGFDUJWF CJBT
 DPNQVUFE BT UIF GSBDUJPO PG DVNVMBUJWF CJBT TJHOBM BOE CPVOE
IFJHIU <���>� 8F TJNVMBUFE UIJT TJHOBM CBTFE PO UIF HSPVQ BWFSBHF QBSBNFUFST GPS UIF CFTU�ஷ஫UUJOH %%.
BOE MFBLZ BDDVNVMBUPS NPEFMT 	'JHVSF �E
� *O UIF %%. BOE MFBLZ BDDVNVMBUPS 	CPUI XJUI DPMMBQTJOH
CPVOE

 UIF FஶGFDUJWF CJBT BDDFMFSBUFE 	'JHVSF �E
�

5IF SFBEFS NBZ OPUJDF UIBU UIFTF 	TVQSB�MJOFBS
 FஶGFDUJWF CJBT EZOBNJDT BSF TJNJMBS UP UIPTF QSFEJDUFE
CZ UIF %%. XJUI B SBNQJOH ESJG஽ CJBT 	'JHVSF �B
 MFG஽
� 5IVT
 UIF PCTFSWBUJPO UIBU UIF MBUUFS NPEFM MPTU
CZ B XJEF NBSHJO BHBJOTU UIF UXP NPEFMT XJUI NPSF DPNQMFY EZOBNJDT 	'JHVSF �C
 TFF BMTP .BUFSJBMT
BOE .FUIPET
 JT MJLFMZ EVF UP GFBUVSFT PG UIF EBUB PUIFS UIBO UIF 	SFMBUJWFMZ TNBMM
 TFMFDUJWF IJTUPSZ CJBT�
4QFDJஷ஫DBMMZ
 UIF 35 EJTUSJCVUJPOT XFSF TUSPOHMZ TIBQFE CZ UIF VSHFODZ TJHOBM JODPSQPSBUFE CZ UIF CPVOE
DPMMBQTF� *O UIF PWFSBMM CFTU�ஷ஫UUJOH NPEFM 	MFBLZ BDDVNVMBUPS XJUI DPMMBQTJOH CPVOET BOE JOQVU CJBT

'JHVSF �C�

 UIJT FஶGFDUJWF CJBT EFQFOETPO UIF DPNCJOFE FஶGFDU PG UXPOPO�MJOFBS TJHOBMT� 	J
 UIF DVNVMBUJWF
CJBT SFTVMUJOH GSPN UIF BDDVNVMBUJPO PG CJBTFE JOQVU BOE 	JJ
 UIF IZQFSCPMJDBMMZ DPMMBQTJOH CPVOE� *O UIF
DVSSFOU ஷ஫UT
 UIF FஶGFDUJWF CJBT XBT EPNJOBUFE CZ UIF TUSPOH CPVOE DPMMBQTF
 CVU JO EJஶGFSFOU DJSDVNTUBODFT
	XJUI XFBLFS VSHFODZ TJHOBM BOE GPS λ � �

 B CJBTFE JOQVU MFBLZ BDDVNVMBUPS DBO QSPEVDF B EFDFMFSBUJOH
FஶGFDUJWF CJBT� $PNCJOBUJPO PG B CJBTFE JOQVUXJUI TPNF TUBSUJOH QPJOU BOE PS MFBL CJBT DBO GVSUIFS DIBOHF
UIF EZOBNJDT� 5IF LFZ PCTFSWBUJPO JT UIBU
 SFHBSEMFTT PG UIF NPEFMJOH GSBNFXPSL VTFE
 XF JEFOUJஷ஫FE BO
FஶGFDUJWF CJBT TJHOBM UIBU HSFX TUFBEJMZ UISPVHIPVU EFDJTJPO GPSNBUJPO
 JO MJOF XJUI UIF NBJO DPODMVTJPO
ESBXO GSPN UIF CBTJD ஷ஫UT PG UIF TUBOEBSE %%.�
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Figure 7: Extended dynamic models of biased evidence accumulaঞon. (a)Model schemaঞcs. See main text for details. In the third panel
from the le[, the sঞmulus-dependent mean dri[ is shown in black, overlaid by the biased mean dri[ in color (as in Figure 1a,b). (b) AIC
values for each history-dependent model, as compared to a standard (le[) or dynamic (right) DDM without history. The winning model
(lowest AIC value) within each model class is shown with a black outline. In 3-4, the dashed line indicates the AIC value of the standard
DDMwithout history that is the baseline in 1-2. (c) Correlaঞon (Spearman’s ρ) of parameter esঞmates with individual repeঞঞon behavior,
as in Fig. 4b. Error bars, 95% conCdence interval. *** p < 0.0001, ** p < 0.01, n.s. p > 0.05. (d)Within-trial ঞme courses of e@ecঞve bias
(cumulaঞve bias as a fracঞon of the decision bound) for the winning DDM and leaky accumulator models. E@ecঞve bias ঞme courses are
indisঞnguishable between both dynamical regimes λ < 0 and λ > 0) and are averaged here.

0VS SFTVMUT BSF JO MJOF XJUI UIF JEFB UIF JNQBDU PG DIPJDF IJTUPSZ CJBT PO EFDJTJPO GPSNBUJPO HSPXT BT
B GVODUJPO PG FMBQTFE UJNF� #FDBVTF QSJPS JOGPSNBUJPO 	IFSF� BCPVU UIFQSFWJPVT DIPJDF
 EPFT OPU DIBOHF
PWFS UJNF
 UIJT PCTFSWBUJPONJHIU CF TVSQSJTJOH� :FU
 QSFWJPVTXPSLIBT JEFOUJஷ஫FE BQSJODJQMFE SBUJPOBMF GPS
TVDI B UJNF�EFQFOEFOU DPNCJOBUJPO PG QSJPS BOE FWJEFODF� 8IFO FWJEFODF SFMJBCJMJUZ DIBOHFT GSPN USJBM
UP USJBM
 QSJPS JOGPSNBUJPO 	CJBT
 TIPVME CF XFJHIUFE NPSF TUSPOHMZ XIFO TFOTPSZ FWJEFODF JT VOSFMJBCMF
<���
 ���>� 5IJT DBO CF BDIJFWFE CZ JODSFBTJOH UIF XFJHIU PG UIF QSJPS UISPVHIPVU UIF USJBM
 VTJOH FMBQTFE
UJNF BT B QSPYZ GPS FWJEFODF SFMJBCJMJUZ� 5IJT QSFEJDUJPO XBT DPOஷ஫SNFE FYQFSJNFOUBMMZ GPS FYQMJDJU NBOJQ�
VMBUJPOT PG QSJPS QSPCBCJMJUZ PG UIF DIPJDF PQUJPOT <���>� *OEFFE
 XJUIJO UIF GSBNFXPSL PG UIF %%.

UIJT XBZ PG DPNCJOJOH QSJPS JOGPSNBUJPO XJUI DVSSFOU FWJEFODF NBYJNJ[FT SFXBSE SBUF <���
 ���>� 0OMZ
XIFO FWJEFODF SFMJBCJMJUZ JT DPOTUBOU BDSPTT USJBMT TIPVME QSJPS JOGPSNBUJPO CF JODPSQPSBUFE BT B TUBUJD CJBT
	J�F�
 TUBSUJOH QPJOU
� &WJEFODF SFMJBCJMJUZ MJLFMZ WBSJFE GSPN USJBM UP USJBM BDSPTT BMM PVS FYQFSJNFOUT <���>
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EVF UP WBSJBUJPOT JO UIF FYUFSOBM JOQVU 	J�F�
 NFBO ESJG஽ SBUF JO UIF %%.

 PSJHJOBUJOH GSPN TUPDIBTUJDBMMZ
HFOFSBUFE TUJNVMJ
 PS JOUFSOBM GBDUPST 	J�F�
 ESJG஽ SBUF WBSJBCJMJUZ JO UIF %%.

 TVDI BT UIF JOIFSFOU WBSJ�
BCJMJUZ PG TFOTPSZ DPSUJDBM SFTQPOTFT <��
 ���>� *O QBSUJDVMBS
 UIF EBUBTFU GSPN 'JHVSF � FOUBJMFE TUSPOH
USJBM�UP�USJBM WBSJBUJPOT JO UIF FYUFSOBM JOQVU 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
� 5IVT
 UIF EZOBNJDT PG UIF
FஶGFDUJWF CJBT TJHOBM VODPWFSFE JO 'JHVSF �E TVHHFTU UIBU QBSUJDJQBOUT DPNCJOFE QSJPS JOGPSNBUJPO XJUI
DVSSFOU FWJEFODF JO B SBUJPOBM GBTIJPO�

��� %৛৥৕১৥৥৛ৡৠ

VBOUJUBUJWFߕ USFBUNFOUT PG QFSDFQUVBM EFDJTJPO�NBLJOH DPNNPOMZ BUUSJCVUF USJBM�UP�USJBM WBSJBCJMJUZ PG
PWFSU DIPJDF UP OPJTF JO UIF EFDJTJPO DPNQVUBUJPO <�
 �
 ���>� 5IPTF BDDPVOUT UZQJDBMMZ BTTVNF UIBU TZT�
UFNBUJD EFDJTJPO CJBTFT SFNBJO DPOTUBOU PWFS UJNF� *OTUFBE
 UIF DIPJDF IJTUPSZ CJBTFT TUVEJFE IFSF WBSZ DPO�
UJOVPVTMZ PWFS UIF DPVSTF PG UIF FYQFSJNFOU
 BT B GVODUJPO PG UIF QSFWJPVT DIPJDFT 	BOE DIPJDF PVUDPNF
JOGPSNBUJPO
� 0VS DVSSFOU SFTVMUT JOEJDBUF UIBU DIPJDF IJTUPSZ FYQMBJOT USJBM�UP�USJBM WBSJBCJMJUZ TQFDJஷ஫DBMMZ
JO FWJEFODF BDDVNVMBUJPO
 JO B OVNCFS PG XJEFMZ VTFE QFSDFQUVBM DIPJDF UBTLT� *HOPSJOH TVDI USJBM�UP�USJBM
WBSJBUJPOT XJMM MFBE UP BO PWFSFTUJNBUJPO PG UIF OPJTF JO UIF FWJEFODF BDDVNVMBUJPO QSPDFTT BOE SFTVMUJOH
CFIBWJPS�

)JTUPSZ CJBTFT JO QFSDFQUVBM DIPJDF IBWF MPOH CFFO LOPXO JO QFSDFQUVBM QTZDIPQIZTJDT <��> BOE OFVSP�
TDJFODF <���>� )PXFWFS
 UIF VOEFSMZJOH EZOBNJDBM NFDIBOJTN IBT SFNBJOFE FMVTJWF� 8F IFSF TIPX UIBU
JOEJWJEVBM EJஶGFSFODFT JO PWFSU DIPJDF SFQFUJUJPO CFIBWJPS BSF FYQMBJOFE CZ JOEJWJEVBM EJஶGFSFODFT JO UIF
EFHSFF UP XIJDI DIPJDFT CJBT UIF FWJEFODF BDDVNVMBUJPO
 OPU UIF TUBSUJOH QPJOU
 PG TVCTFRVFOU EFDJTJPOT�
5IJT BDDVNVMBUJPO CJBT JT BTTPDJBUFE XJUI DIPJDFT NBEF TFWFSBM USJBMT JOUP UIF QBTU
 BOE JU HSPXT TUFBEJMZ
BT UIF DVSSFOU EFDJTJPO VOGPMET� 5IJT JOTJHIU DBMMT GPS B SFWJTJPO PG DVSSFOU NPEFMT PG DIPJDF IJTUPSZ CJBTFT
<���
 ���>�

*U JT JOTUSVDUJWF UP SFMBUF PVS SFTVMUT XJUI QSFWJPVT TUVEJFT NBOJQVMBUJOH UIF QSPCBCJMJUZ PG UIF PDDVS�
SFODF B QBSUJDVMBS DBUFHPSZ 	J�F�
 JOEFQFOEFOUMZ PG UIF TFRVFODF PG DBUFHPSJFT
 PS UIF BTZNNFUSZ CFUXFFO
SFXBSET GPS CPUI DIPJDFT� .PTU PG UIFTF TUVEJFT FYQMBJOFE UIF SFTVMUJOH CFIBWJPSBM CJBTFT JO UFSNT PG TUBSU�
JOH QPJOU TIJG஽T <���
 ���
 ���
 ���
 ���>
 CVU POMZ GPS EFDJTJPOT XJUIPVU UJNF QSFTTVSF <���>� :FU
 POF
TUVEZ XJUI WBSJBUJPOT PG FWJEFODF TUSFOHUI GPVOE BO FஶGFDU PG BTZNNFUSJD UBSHFU QSPCBCJMJUZ PO BDDVNV�
MBUJPO CJBT <���> TJNJMBS UP UIF POF XF IFSF JEFOUJஷ஫FE GPS DIPJDF IJTUPSZ� *O BMM UIJT QSFWJPVT XPSL
 CJBTFT
XFSF VOEFS FYQFSJNFOUBM DPOUSPM� 1SPCBCJMJUZ PS SFXBSE NBOJQVMBUJPOT XFSF TJHOBMFE WJB FYQMJDJU UBTL JO�
TUSVDUJPOT PS TJOHMF�USJBM DVFT 	JO IVNBOT
 PS CMPDL TUSVDUVSF 	JO BOJNBMT
� #Z DPOUSBTU
 UIF DIPJDF IJTUPSZ
CJBTFT XF TUVEJFE IFSF FNFSHF TQPOUBOFPVTMZ BOE JO BO JEJPTZODSBUJD GBTIJPO 	'JHVSF �F

 OFDFTTJUBUJOH PVS
GPDVT PO JOEJWJEVBM EJஶGFSFODFT�

0VS NPEFMJOH BEESFTTFE UIF RVFTUJPO PG IPX QSJPS JOGPSNBUJPO JT DPNCJOFE XJUI OFX FWJEFODF EVS�
JOH EFDJTJPO GPSNBUJPO 	TFF JO QBSUJDVMBS UIF TFDUJPO%ZOBNJDT PG F׽FDUJWF CJॺ TJHOBM BQQSPYJNBUॻ SBUJPOBM
DPNCJOBUJPO PG QSJPS JOGPSNBUJPO XJUI DVSSFOU FWJEFODF
� #VU XIZ EJE QBSUJDJQBOUT VTF DIPJDF IJTUPSZ BT B
QSJPS GPS UIFJS EFDJTJPOT *O BMM PVS FYQFSJNFOUT
 UIF TFOTPSZ FWJEFODF XBT VODPSSFMBUFE BDSPTT USJBMT ؜ BT
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JT UIF DBTF JO UIFNBKPSJUZ PG QFSDFQUVBM DIPJDF UBTLT VTFE JO UIF MJUFSBUVSF� 5IVT
 BOZ IJTUPSZ CJBT DBO POMZ
SFEVDF QFSGPSNBODF CFMPX UIF MFWFM UIBU DPVME CF BDIJFWFE
 HJWFO UIF PCTFSWFSءT TFOTJUJWJUZ� *U NBZ TFFN
JSSBUJPOBM UIBU QFPQMF VTF IJTUPSZ CJBTFT JO TVDI TFUUJOHT� )PXFWFS
 SFBM�XPSME TFOTPSZ FWJEFODF JT UZQJDBMMZ
TUBCMF 	J�F�
 BVUP�DPSSFMBUFE
 BDSPTT WBSJPVT UJNFTDBMFT <���>� 5IVT
 QFPQMF NJHIU 	FSSPOFPVTMZ
 BQQMZ BO
JOUFSOBM NPEFM PG UIJT FOWJSPONFOUBM TUBCJMJUZ UP SBOEPNJ[FE MBCPSBUPSZ FYQFSJNFOUT <���>
 XIJDI XJMM
QVTI UIFN UPXBSET DIPJDF SFQFUJUJPO PS BMUFSOBUJPO <���>� *OEFFE
 QFPQMF ஸ஼FYJCMZ BEKVTU UIFJS DIPJDF IJT�
UPSZ CJBTFT UP FOWJSPONFOUT XJUI EJஶGFSFOU MFWFMT PG TUBCJMJUZ <���
 ���
 ���>
 SFWFBMJOH UIF JNQPSUBODF PG
TVDI JOUFSOBM NPEFMT PO QFSDFQUVBM EFDJTJPO�NBLJOH� *O TVN
 XJUI PVS DPODMVTJPOT GSPN UIF UJNF DPVSTF
PG UIF FஶGFDUJWF CJBT TJHOBM
 UIFTF DPOTJEFSBUJPOT TVHHFTU UIBU QBSUJDJQBOUT NBZ IBWF BQQMJFE B SBUJPOBM TUSBU�
FHZ
 CVU CBTFE PO FSSPOFPVT BTTVNQUJPOT BCPVU UIF TUSVDUVSF PG UIF FOWJSPONFOU�

8IJMF XF GPVOE UIBU DIPJDF IJTUPSZ�EFQFOEFOU WBSJBUJPOT PG BDDVNVMBUJPO CJBT XFSF HFOFSBMMZ NPSF
QSFEJDUJWF PG JOEJWJEVBM DIPJDF SFQFUJUJPO CFIBWJPS
 UIF%%.TUBSUJOH QPJOUXBT DPOTJTUFOUMZ TIJG஽FE BXBZ
GSPN UIF QSFWJPVT SFTQPOTF GPS B NBKPSJUZ PG QBSUJDJQBOUT 	J�F�
 OFHBUJWF WBMVFT BMPOH Y�BYJT PG 'JHVSFT �B
�
5IJT TIJG஽ XBT TUBUJTUJDBMMZ TJHOJஷ஫DBOU JO � PVU PS � EBUBTFUT 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �B

 BOE NJHIU
FYQMBJO UIF BEWBOUBHF PG UIF EVBM QBSBNFUFS NPEFM PWFS UIF QVSF ESJG஽�CJBT NPEFM JO PVS NPEFM DPNQBS�
JTPOT 	'JHVSF �B
� 5IF TUBSUJOH QPJOU TIJG஽ NBZ CF EVF UP BU MFBTU UXP TDFOBSJPT
 XIJDI BSF OPU NVUVBMMZ
FYDMVTJWF� 'JSTU
 JU NJHIU SFஸ஼FDU B TUFSFPUZQJDBM SFTQPOTF BMUFSOBUJPO UFOEFODZ PSJHJOBUJOH GSPN EZOBN�
JDT JO NPUPS DPSUFY ؜ GPS FYBNQMF
 B QPTU�NPWFNFOU ؤSFCPVOEأ PG CFUB�CBOE PTDJMMBUJPOT <���>� *OEFFE

QSFWJPVT XPSL GPVOE UIBU CFUB SFCPVOE JT SFMBUFE SFTQPOTF BMUFSOBUJPO JO B QFSDFQUVBM DIPJDF UBTL
 XIJDI
QSFDMVEFE 	JO DPOUSBTU UP PVS UBTLT
 NPUPS QMBOOJOH EVSJOH FWJEFODF BDDVNVMBUJPO <���>� 5IJT TUFSFPUZQ�
JDBM SFTQPOTF BMUFSOBUJPO UFOEFODZ 	WJB TUBSUJOH QPJOU
 NBZ IBWF DPOTQJSFE XJUI UIF NPSF ஸ஼FYJCMF IJTUPSZ
CJBT PG FWJEFODF BDDVNVMBUJPO 	WJB ESJG஽
 UP TIBQF PWFSBMM DIPJDF CFIBWJPS� #FDBVTF TUBSUJOH QPJOU TIJG஽TXJMM
QSFEPNJOBOUMZ DPOUSJCVUF UP GBTU EFDJTJPOT
 UIJT TDFOBSJP JT DPOTJTUFOU XJUI UIF BWFSBHF DIPJDF BMUFSOBUJPO
UFOEFODZ XF PCTFSWFE GPS 35T � ���NT 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �D
� #FDBVTF UIF SFTQPOTF BMUFS�
OBUJPO UFOEFODZ JO NPUPS DPSUFY JT MJLFMZ UP CF JOEVDFE POMZ CZ UIF JNNFEJBUFMZ QSFDFEJOH SFTQPOTF
 UIJT
TDFOBSJP JT BMTP DPOTJTUFOU XJUI UIF TIPSUFS UJNFTDBMFT XF FTUJNBUFE GPS UIF TUBSUJOH QPJOU FஶGFDUT 	���� USJ�
BMT
 UIBO UIF ESJG஽ SBUF FஶGFDUT 	���� USJBMT� 'JHVSF �B
 CMBDL FYQPOFOUJBM ஷ஫U MJOFT
� 4FDPOE
 UIF TUBSUJOH QPJOU
TIJG஽ NBZ BMTP SFஸ஼FDU EFDJTJPO EZOBNJDT NPSF DPNQMFY UIBO EFTDSJCFE CZ UIF TUBOEBSE %%.� OPO�MJOFBS
ESJG஽ CJBTFT 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
 UIJSE DPMVNO
 PS CJBTFT JO UIF MFBL PG EFDJTJPO BDDVNVMB�
UPST 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
 UIJSE DPMVNO
� #PUI HJWF SJTF UP PQQPTJUF FஶGFDUT PO ESJG஽ CJBT BOE
TUBSUJOH QPJOU CJBT XIFO ஷ஫U XJUI UIF TUBOEBSE %%.
 UIVT ZJFMEJOH OFHBUJWF DPSSFMBUJPOT CFUXFFO %%.
TUBSUJOH QPJOU BOE ESJG஽ CJBT FTUJNBUFT� 4VDI OFHBUJWF DPSSFMBUJPOT XFSF QSFTFOU JO PVS EBUB
 CVU XFBL
BOE OPU TUBUJTUJDBMMZ TJHOJஷ஫DBOU 	4QFBSNBOءT SIP ������� UP �������
 DPNCJOFE #'�� ������
� *U JT QPTTJCMF
UIBU CPUI PG UIF TDFOBSJPT EJTDVTTFE IFSF DPOTQJSFE UP ZJFME UIF TUBSUJOH QPJOU FஶGFDUT PCTFSWFE JO NPEFM
DPNQBSJTPOT BOE JOEJWJEVBM QBSBNFUFS FTUJNBUFT� 'VUVSF XPSL JT OFFEFE UP JMMVNJOBUF UIJT JTTVF
 GPS FY�
BNQMF UISPVHINBOJQVMBUJOH EFDJTJPO TQFFE BOE�PS UIF EFMBZT CFUXFFO TVCTFRVFOUNPUPS SFTQPOTFT
 BOE
NPEFMJOH DIPJDF�SFMBUFE OFVSBM EZOBNJDT JO UIF NPUPS DPSUFY�

���



8F QSPQPTF UIBU DIPJDF IJTUPSZ CJBTFT FWJEFODF BDDVNVMBUJPO
 CVU UIFSF BSF BMUFSOBUJWF TDFOBSJPT� 'JSTU

JU JT QPTTJCMF UIBU QBSUJDJQBOUTء DIPJDFT XFSF EVF UP DPNQVUBUJPOT BMUPHFUIFS EJஶGFSFOU GSPN UIPTF JODPS�
QPSBUFE JO UIF CPVOEFE BDDVNVMBUJPO NPEFMT BTTFTTFE IFSF� "MM PVS NPEFMT JNQMZ TJNQMF OFVSBM BDDV�
NVMBUPST XJUI QFSTJTUFOU BDUJWJUZ� "U MFBTU PO B TVCTFU PG USJBMT
 QBSUJDJQBOUT NBZ NBLF GBTU HVFTTFT <���>

PS FOHBHF JO BVUPNBUJD EFDJTJPO QSPDFTTJOH <���
 ���> PS QPTU�BDDVNVMBUJPO CJBTFT <���>� "MTP
 UIF EF�
DJTJPO DPNQVUBUJPO NBZ FOUBJM OPJTF�ESJWFO BUUSBDUPS EZOBNJDT <���
 ���> QPTTJCMZ XJUI TVEEFO ءKVNQTؠ
CFUXFFO OFVSBM BDUJWJUZ TUBUFT <���>
 JOTUFBE PG MJOFBS BDDVNVMBUJPO UP B UISFTIPME MFWFM� &WFO JG UIF BDDV�
NVMBUJPO EZOBNJDT QPTUVMBUFE JO PVS NPEFMT DBOOPU CF SFEVDFE UP UIF EZOBNJDT PG TJOHMF OFVSPOT
 UIF
IJTUPSZ�EFQFOEFOU BDDVNVMBUJPO CJBT XF JOGFSSFE IFSF XPVME DPOTUJUVUF B WBMJE EFTDSJQUJPO PG UIF DPMMFD�
UJWF DPNQVUBUJPOBM QSPQFSUJFT PG UIF OFVSBM TZTUFN QSPEVDJOH DIPJDF CFIBWJPS� 4FDPOE
 XJUIJO CPVOEFE
BDDVNVMBUJPONPEFMT
 BOZ EJSFDUFE DIBOHF JO UIF EFDJTJPO WBSJBCMF DBO CFNJNJDLFE CZ TPNF TFMFDUJWF 	J�F�
BTZNNFUSJD
 DIBOHF JO POF PG UIF EFDJTJPO CPVOET� 'PS FYBNQMF
 JO TJNVMBUJPOT XF ஷ஫OE UIBU DPNCJOJOH
UIF %%.XJUI B MJOFBSMZ DPMMBQTJOH CPVOE GPS UIF GBWPSFE DIPJDF BOE B MJOFBSMZ FYQBOEJOH CPVOE GPS UIF
PUIFS DIPJDF IBT UIF TBNF FஶGFDU PO DIPJDF GSBDUJPOT BOE 35 EJTUSJCVUJPOT BT B ESJG஽ CJBT 	EBUB OPU TIPXO
�
8F BSF OPU BXBSF PG BOZ FNQJSJDBM FWJEFODF GPS TVDI BTZNNFUSJD DIBOHFT JO EFDJTJPO CPVOET� %FDJTJPO�
SFMBUFE DPSUJDBM SBNQJOH BDUJWJUZ TFFNT UP BMXBZT SFBDI B ஷ஫YFE MFWFM KVTU CFGPSFNPUPS SFTQPOTF
 JSSFTQFDUJWF
PG QSJPS QSPCBCJMJUJFT <���> PS TQFFE�BDDVSBDZ USBEF�PஶGT <��
 ���>� *OTUFBE
 UIF CVJME�VQ PG UIJT BDUJWJUZ JT
CJBTFE CZ QSJPS JOGPSNBUJPO <���>�

" QMBVTJCMF NFDIBOJTN VOEFSMZJOH UIF DIPJDF IJTUPSZ�EFQFOEFOU TIJG஽ JO BDDVNVMBUJPO CJBT JT B CJBT PG
UIF OFVSBM SFQSFTFOUBUJPOT PG UIF TFOTPSZ FWJEFODF UPXBSET 	PS BXBZ GSPN
 B QSFWJPVTMZ TFMFDUFE DBUFHPSZ
<���
 ���
 ���>� 5IJT JT QSFDJTFMZ UIF JOQVUؠ CJBTء TDFOBSJP FOUBJMFE JO PVS CFTU ஷ஫UUJOHNPEFM 	'JHVSF �
� 5IF
QSJNBUF CSBJO JT FRVJQQFE XJUI QPXFSGVM NBDIJOFSZ UP CJBT TFOTPSZ SFQSFTFOUBUJPOT JO B UPQ�EPXO GBTI�
JPO <���
 ���>� *O UIF MBCPSBUPSZ
 UIFTF UPQ�EPXONFDIBOJTNT IBWF CFFO QSPCFE CZ FYQMJDJUMZ JOTUSVDUJOH
TVCKFDUT UP TIJG஽ UIFJS BUUFOUJPO UP B QBSUJDVMBS TFOTPSZ GFBUVSF PS MPDBUJPO� 4VDI JOTUSVDUJPOT JOEVDF CJBTFE
BDUJWJUZ TUBUFT JO SFHJPOT PG QSFGSPOUBM BOE QBSJFUBM BTTPDJBUJPO DPSUFY
 XIJDI BSF QSPQBHBUFE EPXO UIF DPS�
UJDBM IJFSBSDIZ UP TFOTPSZ DPSUFY WJB TFMFDUJWF GFFECBDL QSPKFDUJPOT
 XIFSF UIFZ CPPTU UIF DPSSFTQPOEJOH
GFBUVSF SFQSFTFOUBUJPOT BOE TVQQSFTT PUIFS GFBUVSF SFQSFTFOUBUJPOT <���>� 5IF TBNF QSFGSPOUBM BOE QBSJ�
FUBM SFHJPOT BDDVNVMBUF TFOTPSZ FWJEFODF UPXBSET DIPJDFT BOE TFFN UP DBSSZ DIPJDF IJTUPSZ TJHOBMT� *U JT
UFNQUJOH UP TQFDVMBUF UIBU DIPJDF IJTUPSZ TJHOBMT JO UIFTF SFHJPOT DBVTF UIF TBNF UPQ�EPXO NPEVMBUJPO
PG TFOTPSZ DPSUFY BT EVSJOH FYQMJDJU NBOJQVMBUJPOT PG BUUFOUJPO� *O PUIFS XPSET
 BHFOUTء DIPJDFT NJHIU CF
POF GBDUPS EJSFDUJOH UIFJS UPQ�EPXO BUUFOUJPO VOEFS OBUVSBM DPOEJUJPOT
 JO B XBZ BOBMPHPVT UP FYQMJDJU
BUUFOUJPO DVFT JO MBCPSBUPSZ UBTLT� "O BMUFSOBUJWF
 CVU SFMBUFE QPTTJCJMJUZ JT UIBU UIF EJSFDUJPO PG TFMFDUJWF
BUUFOUJPO ஸ஼VDUVBUFT TQPOUBOFPVTMZ EVSJOH UIF DPVSTF PG B QFSDFQUVBM DIPJDF FYQFSJNFOU
 QSFGFSFOUJBMMZ
TBNQMJOH GFBUVSFT TVQQPSUJOH POF DIPJDF GPS B TUSFBL PG USJBMT
 BOE UIFO TXJUDIJOH UP TBNQMJOH TVQQPSU GPS
UIF PUIFS DBUFHPSZ� 5IF DPSSFTQPOEJOH UPQ�EPXO NPEVMBUJPOT XPVME CJBT FWJEFODF BDDVNVMBUJPO BOE
DIPJDF JO B TFSJBMMZ DPSSFMBUFE GBTIJPO� 5IFTF JEFBT BSF OPU NVUVBMMZ FYDMVTJWF BOE DBO CF UFTUFE CZ NFBOT
PG NVMUJ�BSFB OFVSPQIZTJPMPHJDBM SFDPSEJOHT DPNCJOFE XJUI MPDBM QFSUVSCBUJPOT�

���



" HSPXJOH CPEZ PG FWJEFODF QPJOUT UP UIF JOUFSQMBZ PG NVMUJQMF UJNFTDBMFT GPS OFVSBM DPNQVUBUJPO JO
UIF QSJNBUF DPSUFY� 0OF MJOF PG CFIBWJPSBM XPSL IBT SFWFBMFE FஶGFDUJWF 	XJUIJO�USJBM
 FWJEFODF BDDVNVMB�
UJPO PWFS UJNFTDBMFT SBOHJOH GSPN B GFX IVOESFE NJMMJTFDPOET <���
 ���> UP TFWFSBM TFDPOET <��
 ���
 ���>�
"OPUIFS MJOF
 JODMVEJOH UIF DVSSFOU TUVEZ
 SFWFBMFE UIF TMPX BDDVNVMBUJPO PG JOUFSOBM EFDJTJPO WBSJBCMFT
PS FYUFSOBM PVUDPNF JOGPSNBUJPO BDSPTT USJBMT 	UFOT PG TFDPOET
 UP CVJME VQ UJNF�WBSZJOH CJBTFT
 PS QSJPST
<��
 ���
 ���
 ���>� 3FMBUFEMZ
 OFVSPQIZTJPMPHJDBM XPSL PO POHPJOH BDUJWJUZ IBT JOGFSSFE NVMUJQMF
 IJFS�
BSDIJDBMMZ PSHBOJ[FE
 UJNFTDBMFT JO EJஶGFSFOU DPSUJDBM SFHJPOT <���
 �<���؜��� 5IF IJTUPSZ�EFQFOEFOU FW�
JEFODF BDDVNVMBUJPO CJBTFT XF IBWF VODPWFSFE IFSF NJHIU JOEFY UIF JOUFSQMBZ CFUXFFO UIFTF EJஶGFSFOU
FஶGFDUJWF UJNFTDBMFT XJUI MPOH�UJNFTDBMF BDDVNVMBUPST BU IJHIFS TUBHFT CJBTJOH TIPSU�UJNFTDBMF BDDVNVMB�
UPST BU JOUFSNFEJBUF TUBHFT PG UIF DPSUJDBM IJFSBSDIZ�

��� .৓০ৗ৤৛৓৞৥ ৓ৠ৖ .ৗ০৚ৡ৖৥

����� %৓০৓৥ৗ০৥� ৔ৗ৚৓২৛ৡ৤৓৞ ০৓৥ঢ়৥ ৓ৠ৖ ৢ৓৤০৛৕৛ৢ৓ৠ০৥

8F BOBMZ[FE TJY EJஶGFSFOU EBUBTFUT
 GPVS PG XIJDI XFSF QSFWJPVTMZ QVCMJTIFE� 5IFTF TQBOOFE EJஶGFSFOU
NPEBMJUJFT 	WJTVBM PS BVEJUPSZ

 EFDJTJPO�SFMFWBOU TFOTPSZ GFBUVSFT 	NPUJPO EJSFDUJPO
 DPOUSBTU
 UPOF QSFT�
FODF
 NPUJPO DPIFSFODF

 BOE UBTLT 	EFUFDUJPO PS EJTDSJNJOBUJPO
� *O FBDI EBUBTFU
 UIF OVNCFS PG QBSUJD�
JQBOUT XBT EFUFSNJOFE UP BMMPX GPS SPCVTU FTUJNBUJPO PG UIF PSJHJOBM FஶGFDUT PG JOUFSFTU� /P QBSUJDJQBOUT
XFSF FYDMVEFE GSPN UIF BOBMZTFT�

5IPTF UBTLT XIFSF UIF EFDJTJPO�SFMFWBOU TFOTPSZ FWJEFODF XBT QSFTFOUFE VOUJM UIF PCTFSWFS HFOFSBUFE
B SFTQPOTF XFSF DBMMFE SFTQPOTF UJNF 	35
 UBTLT� UIPTF UBTLT XIFSF UIF TFOTPSZ FWJEFODF JT QSFTFOUFE GPS
B ஷ஫YFE EVSBUJPO
 BOE JUT PஶGTFU DVFT UIF PCTFSWFSءT SFTQPOTF
 XFSF DBMMFE ஷ஫YFE EVSBUJPO 	'%
 UBTLT JO MJOF
XJUI UIF UFSNJOPMPHZ GSPN<���>� 5IFTF UXPQSPUPDPMT IBWF BMTP CFFO UFSNFE GSFFؠ SFTQPOTF QSPUPDPMء BOE
JOUFSSPHBUJPOؠ QSPUPDPMء <��>� *O BMM EBUBTFUT
 TUJNVMVT TUSFOHUI 	J�F�
 EFDJTJPO EJஶஷ஫DVMUZ
 XBT LFQU DPOTUBOU

PS WBSJFE TZTUFNBUJDBMMZ BDSPTT MFWFMT
 XJUIJO BMM NBJO FYQFSJNFOUBM TFTTJPOT UIBU XFSF VTFE GPS ஷ஫UUJOH UIF
%%.�

�"'$ ২৛৥১৓৞ য়ৡ০৛ৡৠ ৖৛৥৕৤৛য়৛ৠ৓০৛ৡৠ ০৓৥ঢ় 	35
 5IFTF EBUB XFSF QSFWJPVTMZ QVCMJTIFE <��>

BOE BSF BWBJMBCMF BU #//+.΂ζζ�*$΀*-"ζ10΀5061ζ�-4��΀/�542� 5IF TUVEZXBT BQQSPWFE CZ UIF FUIJDT
DPNNJUUFF PG UIF -FJEFO 6OJWFSTJUZ $PHOJUJWF 1TZDIPMPHZ EFQBSUNFOU
 BOE BMM TVCKFDUT QSPWJEFE XSJUUFO
JOGPSNFE DPOTFOU QSJPS UP UBLJOH QBSU� 5XFOUZ�TJY PCTFSWFST 	�� XPNFO BOE � NFO
 BHFE �����
 QFS�
GPSNFE B NPUJPO EJSFDUJPO 	MFG஽ WT� SJHIU
 EJTDSJNJOBUJPO UBTL� 4UBUJPOBSZ XIJUF EPUT XFSF QSFTFOUFE PO B
CMBDL TDSFFO GPS BO JOUFSWBM PG ������� T� "G஽FS UIJT ஷ஫YBUJPO JOUFSWBM
 UIF EFDJTJPO�SFMFWBOU TFOTPSZ FWJEFODF
XBT QSFTFOUFE� TPNF QFSDFOUBHF PG EPUT 	UIF NPUJPOؠ DPIFSFODFء MFWFM
 NPWFE UP UIF MFG஽ PS UIF SJHIU� 5IF
DPIFSFODF XBT JOEJWJEVBMMZ UJUSBUFE UP ZJFME BO BDDVSBDZ MFWFM PG ��গ DPSSFDU
 FTUJNBUFE GSPN B QTZDIPNFU�
SJD GVODUJPO ஷ஫U
 CFGPSF UIF TUBSU PG UIF NBJO FYQFSJNFOU
 BOE LFQU DPOTUBOU BG஽FSXBSET� 5IF NPWJOH EPUT
XFSF QSFTFOUFE VOUJM PCTFSWFST JOEJDBUFE UIFJS DIPJDF XJUI B CVUUPO QSFTT� "G஽FS UIF SFTQPOTF
 UIF ஷ஫YBUJPO

���
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DSPTT DIBOHFE DPMPS GPS ���NT UP JOEJDBUF TJOHMF�USJBM GFFECBDL� &BDI PCTFSWFS QFSGPSNFE ��� USJBMT PG UIF
UBTL 	POF TFTTJPO
� 8F SFGFS UP UIJT UBTL BT 7JTVBMؠ NPUJPO �"'$ 	35
�ء

�"'$ ২৛৥১৓৞ য়ৡ০৛ৡৠ ৖৛৥৕৤৛য়৛ৠ৓০৛ৡৠ ০৓৥ঢ় 	'%
 5IJSUZ�UXP QBSUJDJQBOUT 	BHFE ����� ZFBST
 ��
XPNFO BOE �� NFO
 QBSUJDJQBUFE JO UIF TUVEZ BG஽FS HJWJOH UIFJS JOGPSNFE DPOTFOU� 5IF FYQFSJNFOU XBT
BQQSPWFE CZ UIF FUIJDBM SFWJFX CPBSE PG UIF 6OJWFSTJUZ .FEJDBM $FOUFS )BNCVSH�&QQFOEPSG 	17����
�
0CTFSWFST QFSGPSNFE B ஷ஫YFE EVSBUJPO WFSTJPO PG UIF SBOEPN EPU NPUJPO EJTDSJNJOBUJPO 	VQ WT� EPXO

UBTL JO UIF .&( TDBOOFS� 8IJUF EPUT XFSF EJTQMBZFE PO B HSFZ CBDLHSPVOE TDSFFO
 XJUI B EFOTJUZ PG �
EPUT�EFHSFF�
 SFTVMUJOH JO ��� EPUT PO UIF TDSFFO BU FBDI GSBNF� 5IF TUJNVMJ XFSF DPOஷ஫OFE UP B DJSDMF PG
���p SBEJVT
 XIJDI XBT QMBDFE JO UIF MPXFS IBMG PG UIF WJTVBM ஷ஫FME BU ���p GSPN UIF ஷ஫YBUJPO� "G஽FS B ஷ஫YBUJPO
JOUFSWBM PG 
���T؜���� SBOEPN EPU NPUJPO TUJNVMJ 	�
 �
 �
 �� PS ��গ NPUJPO DPIFSFODF
 XFSF EJTQMBZFE
GPS ��� NT� 4JHOBM EPUT NPWFE XJUI B TQFFET PG ���� EFHSFF�T
 BOE OPJTF EPUT XFSF SBOEPNMZ EJTQMBDFE
XJUIJO UIF DJSDMF PO FBDI GSBNF� 8F VTFE UIF TJOHMF�USJBM EPU DPPSEJOBUFT UP DPOTUSVDU UJNF DPVSTFT PG
ஸ஼VDUVBUJOH FYUFSOBM FWJEFODF 	TFF .FUIPET TFDUJPO .PUJPO FOFSঀ MUFSJOH׾ BOE QTZDIPQIZTJDBM LFSOFMT�
'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �B�D
� 0CTFSWFST SFDFJWFE BVEJUPSZ GFFECBDL �������T BG஽FS UIFJS SFTQPOTF
 BOE
UIF *4* TUBSUFE �����T BG஽FS GFFECBDL� 0CTFSWFE QFSGPSNFE ���� USJBMT PWFS � TFTTJPOT
 JO XIJDI UIF TUJNVMVT
USBOTJUJPO QSPCBCJMJUZ WBSJFE 	���
 ��� PS ���
 CFUXFFO CMPDLT PG �� USJBMT� 5PNBYJNJ[F USJBM DPVOUT GPS UIF
OPO�IJFSBSDIJDBM MFBLZ BDDVNVMBUPS ஷ஫UT
 XF IFSF DPMMBQTFE BDSPTT CMPDLT� 8F SFGFS UP UIJT UBTL BT 7JTVBMؠ
NPUJPO �"'$ 	'%
�ء

�"'$২৛৥১৓৞য়ৡ০৛ৡৠ৖৛৥৕৤৛য়৛ৠ৓০৛ৡৠ �*'$০৓৥ঢ় 	'%
� ৖৓০৓ ৥ৗ০ � 5IFTF EBUB XFSF QSFWJPVTMZ
QVCMJTIFE JO <���>
 BOE BSF BWBJMBCMF BU #//+΂ζζ�3΀�*$΀*-"ζ10΀6084ζ(9΀!$".#�- ΀4300043� 5IF
FUIJDT DPNNJUUFF BU UIF 6OJWFSTJUZ PG "NTUFSEBN BQQSPWFE UIF TUVEZ
 BOE BMM PCTFSWFST HBWF UIFJS JO�
GPSNFE DPOTFOU CFGPSF QBSUJDJQBUJPO� 5XFOUZ�TFWFO PCTFSWFST 	�� XPNFO BOE �� NFO
 BHFE �����
 QFS�
GPSNFE B UXP�JOUFSWBM NPUJPO DPIFSFODF EJTDSJNJOBUJPO UBTL� 5IFZ WJFXFE UXP DPOTFDVUJWF JOUFSWBMT PG
SBOEPN EPU NPUJPO
 DPOUBJOJOH DPIFSFOU NPUJPO TJHOBMT JO B DPOTUBOU EJSFDUJPO UPXBSET POF PG UIF GPVS
EJBHPOBMT 	DPVOUFSCBMBODFE BDSPTT QBSUJDJQBOUT
 BOE KVEHFE XIFUIFS UIF TFDPOE UFTU JOUFSWBM 	WBSJBCMF DP�
IFSFODF
 DPOUBJOFE TUSPOHFS PSXFBLFSNPUJPO UIBO UIF ஷ஫STU SFGFSFODF 	DPOTUBOU DPIFSFODF
 JOUFSWBM� "G஽FS
B ஷ஫YBUJPO JOUFSWBM PG �����T
 UIFZ WJFXFE UXP DPOTFDVUJWF JOUFSWBMT PG ��� NT FBDI
 TFQBSBUFE CZ B EFMBZ PG
�������NT� 5IF EFDJTJPO�SFMFWBOU TFOTPSZ FWJEFODF 	J�F�
 UIF EJஶGFSFODF JO NPUJPO DPIFSFODF CFUXFFO JO�
UFSWBMT

 XBT DIPTFO QTFVEP�SBOEPNMZ GPS FBDI USJBM GSPN UIF TFU 	�����
 ����
 ���
 �
 ��
 ��
 ��গ
� 0CTFSWFST
SFDFJWFE BVEJUPSZ GFFECBDL PO UIFJS DIPJDF BG஽FS B EFMBZ PG �������T� "G஽FS DPOUJOVJOH UP WJFX OPJTF EPUT GPS
����� T
 TUBUJPOBSZ EPUT JOEJDBUFE BO JOUFS�USJBM JOUFSWBM� 0CTFSWFST TFMG�JOJUJBUFE UIF TUBSU PG UIF OFYU USJBM
	SBOHF PG NFEJBO JOUFS�USJBM JOUFSWBMT BDSPTT PCTFSWFST� ����؜���� T
� &BDI PCTFSWFS QFSGPSNFE ���� USJBMT
PG UIF UBTL
 EJWJEFE PWFS ஷ஫WF TFTTJPOT� 8F SFGFS UP UIJT UBTL BT 7JTVBMؠ NPUJPO �*'$ 	'%
 �ء��

�"'$ ২৛৥১৓৞ য়ৡ০৛ৡৠ ৖৛৥৕৤৛য়৛ৠ৓০৛ৡৠ �*'$ ০৓৥ঢ় 	'%
� ৖৓০৓ ৥ৗ০ � 4JYUZ�UXP QBSUJDJQBOUT
	BHFE ����� ZFBST
 �� XPNFO BOE �� NFO
 QBSUJDJQBUFE JO UIF TUVEZ BG஽FS TDSFFOJOH GPS QTZDIJBUSJD
 OFVSP�

���
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MPHJDBM PS NFEJDBM DPOEJUJPOT� "MM TVCKFDUT IBE OPSNBM PS DPSSFDUFE UP OPSNBM WJTJPO
 XFSF OPO�TNPLFST

BOE HBWF UIFJS JOGPSNFE DPOTFOU CFGPSF UIF TUBSU PG UIF TUVEZ� 5IF FYQFSJNFOUXBT BQQSPWFE CZ UIF FUIJDBM
SFWJFX CPBSE PG UIF 6OJWFSTJUZ .FEJDBM $FOUFS )BNCVSH�&QQFOEPSG 	17����
� 0CTFSWFST QFSGPSNFE �
TFTTJPOT
 PG XIJDI UIF ஷ஫STU BOE UIF MBTU UPPL QMBDF JO UIF .&( TDBOOFS 	��� USJBMT EJWJEFE PWFS �� CMPDLT
QFS TFTTJPO
 BOE UIF UISFF TFTTJPOT JO CFUXFFO UPPL QMBDF JO B CFIBWJPSBM MBC 	���� USJBMT EJWJEFE PWFS ��
CMPDLT QFS TFTTJPO
� 5IF UBTL XBT BT EFTDSJCFE BCPWF GPS 7JTVBMؠ NPUJPO �*'$ 	'%
 
ء�� XJUI UIF GPMMPXJOH
FYDFQUJPOT� 5IF TUSFOHUI PG UIF EFDJTJPO�SFMFWBOU TFOTPSZ FWJEFODFXBT JOEJWJEVBMMZ UJUSBUFE UP BO BDDVSBDZ
MFWFM PG ��গ DPSSFDU
 FTUJNBUFE GSPN B QTZDIPNFUSJD GVODUJPO ஷ஫U
 CFGPSF UIF TUBSU PG UIF NBJO FYQFSJNFOU
BOE LFQU DPOTUBOU GPS FBDI JOEJWJEVBM UISPVHIPVU UIF NBJO FYQFSJNFOU� &BDI TUJNVMVT XBT QSFTFOUFE GPS
��� NT� *O UIF .&( TFTTJPOT
 BVEJUPSZ GFFECBDL XBT QSFTFOUFE ����� T BG஽FS SFTQPOTF
 BOE BO JOUFS�USJBM
JOUFSWBM XJUI TUBUJPOBSZ EPUT TUBSUFE ��� T BG஽FS GFFECBDL� 1BSUJDJQBOUT JOJUJBUFE UIF OFYU USJBM XJUI B CVUUPO
QSFTT 	BDSPTT�TVCKFDU SBOHF PG NFEJBO JOUFS�USJBM JOUFSWBM EVSBUJPO� ���� UP ���� T
 HSPVQ BWFSBHF� ���� T
� *O
UIF USBJOJOH TFTTJPOT
 BVEJUPSZ GFFECBDL XBT QSFTFOUFE JNNFEJBUFMZ BG஽FS UIF SFTQPOTF� 5IJT XBT GPMMPXFE
CZ BO JOUFS�USJBM JOUFSWBM PG � T
 BG஽FS XIJDI UIF OFYU USJBM TUBSUFE� *O UIJT FYQFSJNFOU
 UISFF TVC�HSPVQT PG
PCTFSWFST SFDFJWFE EJஶGFSFOU QIBSNBDPMPHJDBM USFBUNFOUT QSJPS UP FBDI TFTTJPO
 SFDFJWJOH QMBDFCP
 BUPNPY�
FUJOF 	B OPSBESFOBMJOF SFVQUBLF JOIJCJUPS

 PS EPOFQF[JM 	BO BDFUZMDIPMJOFTUFSBTF JOIJCJUPS
� 5IFTF HSPVQT
EJE OPU EJஶGFS JO UIFJS DIPJDF IJTUPSZ CJBT BOE XFSF QPPMFE GPS UIF QVSQPTF PG UIF QSFTFOU TUVEZ 	'JHVSF �
؜ 'JHVSF 4VQQMFNFOU �
� 8F SFGFS UP UIJT UBTL BT 7JTVBMؠ NPUJPO �*'$ 	'%
 �ء��

7৛৥১৓৞ ৕ৡৠ০৤৓৥০ ৫ৗ৥�ৠৡ ৖ৗ০ৗ৕০৛ৡৠ ০৓৥ঢ় 	35
 5IFTF EBUB XFSF QSFWJPVTMZ QVCMJTIFE <��>

BOE BSF BWBJMBCMF BU #//+.΂ζζ�*$΀*-"ζ10΀6084ζ(9΀!$".#�- ΀4806559� 5IF FUIJDT DPNNJUUFF PG
UIF 1TZDIPMPHZ %FQBSUNFOU PG UIF 6OJWFSTJUZ PG "NTUFSEBN BQQSPWFE UIF TUVEZ� "MM QBSUJDJQBOUT UPPL
QBSU BG஽FS HJWJOH UIFJS XSJUUFO JOGPSNFE DPOTFOU� 5XFOUZ�OJOF PCTFSWFST 	�� XPNFO BOE �� NFO
 BHFE

��؜�� QFSGPSNFE B ZFT�OP DPOUSBTU EFUFDUJPO UBTL� %VSJOH B ஷ஫YBUJPO JOUFSWBM PG ��� TFDPOET
 PCTFSWFST
WJFXFE EZOBNJD OPJTF 	B CJOBSZ OPJTF QBUUFSO UIBU XBT SFGSFTIFE FBDI GSBNF
 BU ���)[
� " CFFQ JOEJDBUFE
UIF TUBSU PG UIF EFDJTJPO�SFMFWBOU TFOTPSZ FWJEFODF� 0O IBMG UIF USJBMT
 B WFSUJDBM HSBUJOH XBT TVQFSJNQPTFE
POUP UIF EZOBNJD OPJTF� PO UIF PUIFS IBMG PG USJBMT
 POMZ UIF EZOBNJD OPJTF XBT TIPXO� 5IF TFOTPSZ FW�
JEFODF 	TJHOBM�OPJTF PS OPJTF�POMZ
 XBT QSFTFOUFE VOUJM UIF PCTFSWFST SFQPSUFE UIFJS DIPJDF 	ZFT
 HSBUJOH
XBT QSFTFOU� PS OP
 HSBUJOH XBT BCTFOU

 PS BG஽FS B NBYJNVN PG ���T� 5IF TJHOBM DPOUSBTU XBT JOEJWJEVBMMZ
UJUSBUFE UP ZJFME BO BDDVSBDZ MFWFM PG ��গ DPSSFDU VTJOH B NFUIPE PG DPOTUBOU TUJNVMJ CFGPSF UIF NBJO FY�
QFSJNFOU
 BOE LFQU DPOTUBOU UISPVHIPVU UIF NBJO FYQFSJNFOU� 0CTFSWFST QFSGPSNFE CFUXFFO ���؜���
USJBMT PWFS ���� TFTTJPOT� 4JY PCTFSWFST JO UIF PSJHJOBM QBQFS <��> QFSGPSNFE B MPOHFS WFSTJPO PG UIF UBTL
JO XIJDI UIFZ BMTP SFQPSUFE UIFJS DPOஷ஫EFODF MFWFMT BOE SFDFJWFE GFFECBDL� UIFTF XFSF MFG஽ PVU PG UIF DVS�
SFOU BOBMZTJT
 MFBWJOH UXFOUZ�UISFF TVCKFDUT UP CF JODMVEFE� 8F SFGFS UP UIJT UBTL BT 7JTVBMؠ DPOUSBTU ZFT�OP
	35
�ء
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 5IFTF EBUB XFSF QSFWJPVTMZ QVCMJTIFE <��>
 BOE
BSF BWBJMBCMF BU #//+.΂ζζ�*$΀*-"ζ10΀6084ζ(9΀!$".#�- ΀4806562� "MM TVCKFDUT HBWF XSJUUFO JO�

���
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GPSNFE DPOTFOU� 5IF FUIJDT DPNNJUUFF PG UIF 1TZDIPMPHZ %FQBSUNFOU PG UIF 6OJWFSTJUZ PG "NTUFSEBN
BQQSPWFE UIF FYQFSJNFOU� 5XFOUZ�GPVS PCTFSWFST 	�� XPNFO BOE �NFO
 BHFE 
��؜�� QFSGPSNFE BO BVEJ�
UPSZ UPOF EFUFDUJPO UBTL� "G஽FS BO JOUFS�USJBM JOUFSWBM PG ��� TFDPOET
 EFDJTJPO�SFMFWBOU TFOTPSZ FWJEFODFXBT
QSFTFOUFE� PO IBMG UIF USJBMT
 B TJOF XBWF 	� ,)[
 TVQFSJNQPTFE POUP EZOBNJD OPJTF 	TP�DBMMFE 503$4�
<��>
 XBT QSFTFOUFE� PO UIF PUIFS IBMG PG USJBMT POMZ UIF EZOBNJD OPJTF XBT QSFTFOUFE� 5IF TFOTPSZ FWJ�
EFODF XBT QSFTFOUFE VOUJM UIF QBSUJDJQBOU SFQPSUFE UIFJS DIPJDF CVUUPO QSFTT PS BG஽FS B NBYJNVN PG ���T�
/P GFFECBDL XBT QSPWJEFE� &BDI JOEJWJEVBMءT TJHOBM WPMVNF XBT UJUSBUFE UP BO BDDVSBDZ MFWFM PG ��গ DPS�
SFDU VTJOH BO BEBQUJWF TUBJSDBTF QSPDFEVSF CFGPSF UIF TUBSU PG UIF NBJO FYQFSJNFOU
 BOE LFQU DPOTUBOU
UISPVHIPVU UIFNBJO FYQFSJNFOU� 1BSUJDJQBOUT QFSGPSNFE CFUXFFO ���� BOE ���� USJBMT FBDI
 EJWJEFE PWFS
UXP TFTTJPOT� 8F SFGFS UP UIJT UBTL BT VEJUPSZ"ؠ ZFT�OP 	35
�ء

����� .ৡ৖ৗ৞ ৘৤ৗৗ ৓ৠ৓৞৫৥৛৥ ৡ৘ ৥ৗৠ৥৛০৛২৛০৫ ৓ৠ৖ ৕৚ৡ৛৕ৗ ৚৛৥০ৡ৤৫ ৔৛৓৥

8F RVBOUJஷ஫FE QFSDFQUVBM TFOTJUJWJUZ JO UFSNT PG TJHOBM EFUFDUJPO�UIFPSFUJD Eء <��>�

d′ = Φ−1(H)− Φ−1(FA) 	�


XIFSFΦ XBT UIF OPSNBM DVNVMBUJWF EJTUSJCVUJPO GVODUJPO
HXBT UIF GSBDUJPO PG IJUT BOE FA UIF GSBD�
UJPO PG GBMTF BMBSNT� *O UIF �"'$ BOE �*'$ EBUBTFUT
 POF PG UIF UXP TUJNVMVT DBUFHPSJFT XBT BSCJUSBSJMZ
USFBUFE BT TJHOBM BCTFOU� #PUI ) BOE '" XFSF CPVOEFE CFUXFFO ����� BOE ����� UP BMMPX GPS DPNQVUB�
UJPO PG Eء JO DBTF PG OFBS�QFSGFDU QFSGPSNBODF <���>� 8F FTUJNBUFE Eء TFQBSBUFMZ GPS FBDI JOEJWJEVBM BOE

GPS UIF UXP EBUBTFUT XJUI WBSZJOH EJஶஷ஫DVMUZ MFWFMT
 GPS FBDI MFWFM PG TFOTPSZ FWJEFODF�

8F RVBOUJஷ஫FE JOEJWJEVBM DIPJDF IJTUPSZ CJBT JO UFSNT PG UIF QSPCBCJMJUZ PG SFQFBUJOH B DIPJDF
 UFSNFE
1	SFQFBU

 SFHBSEMFTT PG UIF DBUFHPSZ PG UIF 	QSFWJPVT PS DVSSFOU
 TUJNVMVT� 5IJT ZJFMEFE B NFBTVSF PG
CJBT UIBU SBOHFE CFUXFFO � 	NBYJNVN BMUFSOBUJPO CJBT
 BOE � 	NBYJNVN SFQFUJUJPO CJBT

 XIFSFCZ ���
JOEJDBUFE OP CJBT�

����� $ৡৠ৖৛০৛ৡৠ৓৞ ৔৛৓৥ ৘১ৠ৕০৛ৡৠ৥

'PS FBDI WBSJBOU PG UIFNPEFM BOE FBDIEBUBTFU
 XF TJNVMBUFEEBUB VTJOH UIF CFTU�ஷ஫UUJOH QBSBNFUFST� 4QFDJG�
JDBMMZ
 XF TJNVMBUFE ��� SFTQPOTFT 	DIPJDFT BOE 35T
 GPS FBDI USJBM QFSGPSNFE CZ UIF PCTFSWFST� 5IFTF QSF�
EJDUFE QBUUFSOT GPS UIF CBTFMJOFؠ NPEFMء 	XJUIPVU IJTUPSZ�EFQFOEFOU CJBT QBSBNFUFST
 XFSF ஷ஫STU VTFE UP
DPNQBSF UIF PCTFSWFE BOE QSFEJDUFE QBUUFSOT PG DIPJDFT BOE 35T 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
�

8F BMTPVTFE UIF TJNVMBUFEEBUB
 BTXFMM BT UIF QBSUJDJQBOUTء DIPJDFT BOE35T
 UP WJTVBMJ[F TQFDJஷ஫D GFBUVSFT
JO PVS EBUB UIBU EJTUJOHVJTI UIF EJஶGFSFOU CJBTFE NPEFMT <���>� 4QFDJஷ஫DBMMZ
 XF DPNQVUFE DPOEJUJPOBM CJBT
GVODUJPOT <���> UIBU WJTVBMJ[F DIPJDF IJTUPSZ CJBT BT B GVODUJPO PG 35T� &BDI DIPJDF XBT SFDPEFE JOUP B
SFQFUJUJPO 	�
 PS BMUFSOBUJPO 	�
 PG UIF QSFWJPVT DIPJDF� 8F UIFO FYQSFTTFE FBDI DIPJDF BT CFJOH FJUIFS JO
MJOFXJUI PS BHBJOTU UIF PCTFSWFSءT JOEJWJEVBM CJBT 	DMBTTJஷ஫FE JOUP ءSFQFBUFSTؠ BOE ءBMUFSOBUPSTؠ EFQFOEJOH PO
DIPJDF SFQFUJUJPO QSPCBCJMJUZ
� /PUF UIBU HJWFO UIF USBOTGPSNBUJPO PG UIF EBUB 	TJHO�ஸ஼JQQJOH UIF CJBT EBUB

���



GPS BMUFSOBUPST JO PSEFS UP NFSHF UIF UXP HSPVQT

 UIF GBDU UIF BWFSBHF 1	CJBT
 � ��� JT USJWJBM
 BOE XPVME
PDDVS GPS BOZ HFOFSBUJWF NPEFM PG IJTUPSZ CJBT� $POEJUJPOBM CJBT GVODUJPOT JOTUFBE GPDVT PO UIF FஶGFDU
PG DIPJDF IJTUPSZ CJBT BT B GVODUJPO PG UJNF XJUIJO FBDI USJBM
 UIF TIBQF PG XIJDI EJTUJOHVJTIFT CFUXFFO
EJஶGFSFOU CJBT TPVSDFT 	'JHVSF �D
�

5P HFOFSBUF UIFTF DPOEJUJPOBM CJBT GVODUJPOT
 XF EJWJEFE FBDI 	TJNVMBUFE PS SFBM
 PCTFSWFSءT 35 EJTUSJ�
CVUJPO JOUP ஷ஫WF RVBOUJMFT 	���
 ���
 ���
 ��� BOE ���
 BOE DPNQVUFE UIF GSBDUJPO PG CJBTFE DIPJDFT XJUIJO
FBDI RVBOUJMF� 5IF TIBQF PG UIF DPOEJUJPOBM CJBT GVODUJPOT GPS NPEFMT XJUI [ BOE WCJBT DPOஷ஫SN UIBU [
QSFEPNJOBOUMZ QSPEVDFT CJBTFE DIPJDFT XJUI TIPSU 35T
 XIFSFBT WCJBT MFBET UP CJBTFE DIPJDFT BDSPTT UIF
FOUJSF SBOHF PG 35T 	'JHVSF �C
�

����� %৤৛৘০ ৖৛৘৘১৥৛ৡৠ য়ৡ৖ৗ৞ 	%%.
 ৘৛০৥

(ৗৠৗ৤৓৞ 5IJT TFDUJPO EFTDSJCFT UIF HFOFSBM %%.
 XJUI B GPDVT PO UIF CJBTJOH NFDIBOJTNT EF�
TDSJCFE JO 3FTVMUT BOE JMMVTUSBUFE JO 'JHVSF � <��>� *HOPSJOH OPO�EFDJTJPO UJNF
 ESJG஽ SBUF WBSJBCJMJUZ
 BOE
TUBSUJOH QPJOU WBSJBCJMJUZ 	TFF CFMPX

 UIF %%. EFTDSJCFT UIF BDDVNVMBUJPO PG OPJTZ TFOTPSZ FWJEFODF BT
GPMMPXT�

dy = s · v · dt+ cdW 	�


XIFSF y JT UIF EFDJTJPO WBSJBCMF 	HSBZ FYBNQMF USBDFT JO 'JHVSF �

 s JT UIF TUJNVMVT DBUFHPSZ 	DPEFE BT
[−1, 1]

 v JT UIF ESJG஽ SBUF
 BOE cdW JT (BVTTJBO EJTUSJCVUFE XIJUF OPJTF XJUI NFBO 0 BOE WBSJBODF c2dt
<��>� *O BO VOCJBTFE DBTF
 UIF TUBSUJOH QPJOU PG UIF EFDJTJPO WBSJBCMZ y(0) = z
 JT TJUVBUFENJEXBZ CFUXFFO
UIF UXP EFDJTJPO CPVOET 0 BOE a�

y(0) = z =
a
2

	�


XIFSF a JT UIF TFQBSBUJPO CFUXFFO UIF UXPEFDJTJPO CPVOET� "CJBT JO UIF TUBSUJOH QPJOU JT JNQMFNFOUFE
CZ BO BEEJUJWF PஶGTFU zbias GSPN UIF NJEQPJOU CFUXFFO UIF UXP CPVOET 	'JHVSF �B
�

y(0) = z =
a
2
+ zbias 	�


" ESJG஽ CJBT DBO CF JNQMFNFOUFE CZ BEEJOH B TUJNVMVT�JOEFQFOEFOU DPOTUBOU vbias
 BMTP SFGFSSFE UP BT
ESJG஽ CJBT <��>
 UP UIF 	TUJNVMVT�EFQFOEFOU
NFBOESJG஽ 	'JHVSF �C
� 5IJT BEET B CJBT UP UIF ESJG஽ UIBU MJOFBSMZ
HSPXT XJUI UJNF�

dy = (s · v+ vbias)dt+ cdW 	�


8F BMMPXFECPUI CJBT QBSBNFUFST UP WBSZ BT B GVODUJPO PG PCTFSWFSTء QSFWJPVT DIPJDF
 UP UFTU UIFJS SFMBUJWF
DPOUSJCVUJPOT UP UIF JOEJWJEVBM EJஶGFSFODFT JO PWFSU DIPJDF IJTUPSZ CJBTFT� 5IFTF UXP CJBTJOH NFDIBOJTNT
SFTVMU JO UIF TBNF 	BTZNNFUSJD
 GSBDUJPO PG DIPJDFT
 CVU UIFZ EJஶGFS JO UFSNT PG UIF SFTVMUJOH TIBQFT PG 35

���



EJTUSJCVUJPOT 	'JHVSF �
� *O QSFWJPVTXPSL
 zbias BOE vbias IBWF BMTP CFFO SFGFSSFE UP BT ءQSJPSؠ BOE ءEZOBNJDؠ
CJBT <���> PS ءKVEHNFOUBMؠ BOE ءQFSDFQUVBMؠ CJBT <���>�

&৥০৛য়৓০৛ৠ৙ )%%. ৔৛৓৥ ৢ৓৤৓য়ৗ০ৗ৤৥ 8F VTFE IJFSBSDIJDBM ESJG஽ EJஶGVTJPO NPEFMJOH BT JNQMF�
NFOUFE JO UIF )%%. UPPMCPY <��> UP ஷ஫U UIF NPEFM BOE FTUJNBUF JUT QBSBNFUFST� "T SFDPNNFOEFE CZ
UIF)%%. UPPMCPY
 XF TQFDJஷ஫FE �গ PG SFTQPOTFT UP CF DPOUBNJOBOUT
 NFBOJOH UIFZ BSJTF GSPN B QSPDFTT
PUIFS UIBO UIF BDDVNVMBUJPO PG FWJEFODF ؜ GPS FYBNQMF
 B MBQTF JO BUUFOUJPO <���>� 8F ஷ஫U UIF%%.UP35
EJTUSJCVUJPOT GPS UIF UXP DIPJDF DBUFHPSJFT
 DPOEJUJPOFE PO UIF TUJNVMVT DBUFHPSZ GPS FBDI USJBM 	s JO FR�
�
 ؜ B QSPDFEVSF SFGFSSFE UP BT TUJNVMVTؠ DPEJOHء� 5IJT ஷ஫UUJOH NFUIPE EFWJBUFT GSPN B XJEFMZ VTFE FYQSFT�
TJPO PG UIF NPEFM
 XIFSF 35 EJTUSJCVUJPOT GPS DPSSFDU BOE JODPSSFDU DIPJDFT BSF ஷ஫U 	BMTP DBMMFE BDDVSBDZؠ
DPEJOHء
� 0OMZ UIF GPSNFS DBO ஷ஫U EFDJTJPO CJBTFT UPXBSET POF DIPJDF PWFS UIF PUIFS�

'JSTU
 XF FTUJNBUFE B NPEFM XJUIPVU IJTUPSZ�EFQFOEFOU CJBT QBSBNFUFST� 0WFSBMM ESJG஽ SBUF
 CPVOEBSZ
TFQBSBUJPO
 OPO�EFDJTJPO UJNF
 TUBSUJOH QPJOU
 BOE ESJG஽ CJBT XFSF FTUJNBUFE GPS FBDI JOEJWJEVBM 	'JHVSF
� ؜ 'JHVSF 4VQQMFNFOU �
� "DSPTT�USJBM WBSJBCJMJUZ JO ESJG஽ SBUF BOE TUBSUJOH QPJOU XFSF FTUJNBUFE BU UIF
HSPVQ�MFWFM POMZ <���>� 'PS UIF EBUBTFUT JODMVEJOH WBSJBUJPOT PG TFOTPSZ FWJEFODF TUSFOHUI 	7JTVBM NPUJPO
�"'$ 	'%
 BOE 7JTVBM NPUJPO �*'$ 	'%
 ��

 XF TFQBSBUFMZ FTUJNBUFE ESJG஽ SBUF GPS FBDI MFWFM PG FWJEFODF
TUSFOHUI� 5IJT NPEFM XBT VTFE UP DPOஷ஫SN UIBU UIF %%. XBT BCMF UP ஷ஫U BMM EBUBTFUT XFMM
 BOE UP TFSWF BT
B CBTFMJOF GPS NPEFM DPNQBSJTPO�

4FDPOE
 XF FTUJNBUFE UISFF EJஶGFSFOU NPEFMT PG IJTUPSZ CJBT
 BMMPXJOH 	J
 TUBSUJOH QPJOU
 	JJ
 ESJG஽ PS 	JJJ

CPUI UP WBSZ BT B GVODUJPO PG UIF PCTFSWFSءT JNNFEJBUFMZ QSFDFEJOH DIPJDF 	UIVT DBQUVSJOH POMZ TP�DBMMFE
ஷ஫STU�PSEFS TFRVFOUJBM FஶGFDUT� <���
 ���>
� 5IF FஶGFDU PG UIF QSFDFEJOH DIPJDF PO FBDI CJBT QBSBNFUFS XBT
UIFO UFSNFE JUT IJTUPSZؠ TIJG஽ء� 'PS FYBNQMF
 GPS UIF WJTVBM NPUJPO EJSFDUJPO EJTDSJNJOBUJPO UBTL XF TFQB�
SBUFMZ FTUJNBUFE UIF TUBSUJOH QPJOU QBSBNFUFS GPS USJBMT GPMMPXJOH ءMFG஽ؠ BOE ءSJHIUؠ DIPJDFT� 5IF EJஶGFSFODF
CFUXFFO UIFTF UXP QBSBNFUFST UIFO SFஸ஼FDUFE JOEJWJEVBM PCTFSWFSTء IJTUPSZ TIJG஽ JO TUBSUJOH QPJOU
 DPN�
QVUFE TVDI UIBU B QPTJUJWF WBMVF SFஸ஼FDUFE B UFOEFODZ UPXBSET SFQFUJUJPO BOE B OFHBUJWF WBMVF B UFOEFODZ
UPXBSET BMUFSOBUJPO� 5IF IJTUPSZ TIJG஽ JO ESJG஽ CJBT XBT DPNQVUFE JO UIF TBNF XBZ�

)%%. ৤ৗ৙৤ৗ৥৥৛ৡৠ য়ৡ৖ৗ৞৥ 8F FTUJNBUFE UIF FஶGFDU PG VQ UP � QSFWJPVT TUJNVMJ BOE DIPJDFT PO
IJTUPSZ CJBT VTJOH B)%%.SFHSFTTJPONPEFM� 8F ஷ஫STU DSFBUFE B EFTJHONBUSJYXXJUI EJNFOTJPOT trials×
(2∗ lags)
 XIJDI JODMVEFE QBJST PG SFHSFTTPST DPEJOH GPS QSFWJPVT TUJNVMJ BOE DIPJDFT 	DPEFE BT 
�ۂ�

 VOUJM
	BOE JODMVEJOH
 FBDI NPEFMءT MBH� 5XP EJTUJODU SFQMJDBT PG X XFSF UIFO VTFE BT EFTJHO NBUSJDFT UP QSFEJDU
ESJG஽ CJBT 	Xv
 BOE TUBSUJOH QPJOU 	Xz
� %SJG஽ CJBT XBT EFஷ஫OFE BT v ∼ 1 + s + Xv
 XIFSF 1 DBQUVSFE BO
PWFSBMM CJBT GPS POF DIPJDF PWFS UIF PUIFS BOE s JOEJDBUFE UIF TJHOFE TUJNVMVT TUSFOHUI� 4UBSUJOH QPJOU XBT
EFஷ஫OFE BT z ∼ 1+ Xz
 XJUI B MPHJTUJD MJOL GVODUJPO 1

1+e−X �
"G஽FS ஷ஫UUJOH
 QBSBNFUFS FTUJNBUFT XFSF SFDPNCJOFE UP SFஸ஼FDU UIF FஶGFDU PG QSFWJPVT DPSSFDU 	DIPJDF �

TUJNVMJ
 PS FSSPS 	DIPJDF ؜ TUJNVMJ
 USJBMT� 8F TJHO�ஸ஼JQQFE UIF XFJHIU WBMVFT GPS BMUFSOBUPST 	J�F� UIPTF
QBSUJDJQBOUTXJUI B SFQFUJUJPO UFOEFODZ BU MBH POF����
� UIJTNBLFT BMM UIFQBOFMT JO'JHVSF �C JOUFSQSFUBCMF
BT B DIBOHF JO FBDI QBSBNFUFS JO UIF EJSFDUJPO PG JOEJWJEVBM IJTUPSZ CJBT�

���



)%%. ৘৛০০৛ৠ৙ ৢ৤ৡ৕ৗ৖১৤ৗ৥ 5IF )%%. <��> VTFT .BSLPW�DIBJO .POUF $BSMP TBNQMJOH GPS
HFOFSBUJOH QPTUFSJPS EJTUSJCVUJPOT PWFS NPEFM QBSBNFUFST� 5XP GFBUVSFT PG UIJT NFUIPE EFWJBUF GSPN
NPSF TUBOEBSE NPEFM PQUJNJ[BUJPO� 'JSTU
 UIF #BZFTJBO .$.$ HFOFSBUFT GVMM QPTUFSJPS EJTUSJCVUJPOT
PWFS QBSBNFUFS FTUJNBUFT
 RVBOUJGZJOH OPU POMZ UIF NPTU MJLFMZ QBSBNFUFS WBMVF CVU BMTP UIF VODFSUBJOUZ
BTTPDJBUFE XJUI UIBU FTUJNBUF� 4FDPOE
 UIF IJFSBSDIJDBM OBUVSF PG UIF NPEFM BTTVNFT UIBU BMM PCTFSWFST
JO B EBUBTFU BSF ESBXO GSPN B HSPVQ
 XJUI TQFDJஷ஫D HSPVQ�MFWFM QSJPS EJTUSJCVUJPOT UIBU BSF JOGPSNFE CZ
UIF MJUFSBUVSF 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �
� <��>
� *O QSBDUJDF
 UIJT SFTVMUT JO NPSF TUBCMF QBSBNFUFS
FTUJNBUFT GPS JOEJWJEVBM TVCKFDUT
 XIP BSF DPOTUSBJOFE CZ UIF HSPVQ�MFWFM JOGFSFODF� /PUF UIBU XF BMTP
SFQFBUFE PVSNPEFM ஷ஫UT XJUINPSF USBEJUJPOBM (� PQUJNJ[BUJPO <���> BOE PCUBJOFE RVBMJUBUJWFMZ JEFOUJDBM
SFTVMUT 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �B
�

'PS FBDI WBSJBOU PG UIF NPEFM
 XF SBO �� TFQBSBUF .BSLPW DIBJOT XJUI ���� TBNQMFT FBDI� 0G UIPTF

IBMG XFSF EJTDBSEFE BT CVSO�JO BOE FWFSZ TFDPOE TBNQMF XBT EJTDBSEFE GPS UIJOOJOH
 SFEVDJOH BVUPDPSSF�
MBUJPO JO UIF DIBJOT� 5IJT MFG஽ ���� TBNQMFT QFS DIBJO
 XIJDI XFSF DPODBUFOBUFE BDSPTT DIBJOT� *OEJWJEVBM
QBSBNFUFS FTUJNBUFT XFSF UIFO FTUJNBUFE GSPN UIF QPTUFSJPS EJTUSJCVUJPOT BDSPTT UIF SFTVMUJOH ����� TBN�
QMFT� "MM HSPVQ�MFWFM DIBJOT XFSF WJTVBMMZ JOTQFDUFE UP FOTVSF DPOWFSHFODF� "EEJUJPOBMMZ
 XF DPNQVUFE
UIF (FMNBO�3VCJO R̂ TUBUJTUJD 	XIJDI DPNQBSFT XJUIJO�DIBJO BOE CFUXFFO�DIBJO WBSJBODF
 BOE DIFDLFE
UIBU BMM HSPVQ�MFWFM QBSBNFUFST IBE BO R̂ CFUXFFO �����؜����

'PSNBM DPNQBSJTPOCFUXFFO UIF EJஶGFSFOUNPEFM WBSJBOUTXBT QFSGPSNFEVTJOH UIF"LBJLF *OGPSNBUJPO
$SJUFSJPO <���>� AIC = −2L + 2k
 XIFSF L JT UIF UPUBM MPH MJLFMJIPPE PG UIF NPEFM BOE k EFOPUFT UIF
OVNCFS PG GSFF QBSBNFUFST� 5IF "*$ XBT DPNQVUFE GPS FBDI PCTFSWFS
 BOE TVNNFE BDSPTT UIFN� -PXFS
"*$ WBMVFT JOEJDBUF B CFUUFS ஷ஫U
 XIJMF UBLJOH JOUP BDDPVOU UIF DPNQMFYJUZ PG FBDI NPEFM� " EJஶGFSFODF JO
"*$ WBMVFT PGNPSF UIBO �� JT DPOTJEFSFE FWJEFODF GPS UIF XJOOJOHNPEFM UP DBQUVSF UIF EBUB TJHOJஷ஫DBOUMZ
CFUUFS� 5IF DPODMVTJPOT ESBXO GSPN "*$ IPME BMTP XIFO VTJOH UIF %FWJBODF *OGPSNBUJPO $SJUFSJPO GPS
UIF IJFSBSDIJDBM NPEFMT�

����� .ৡ০৛ৡৠ ৗৠৗ৤৙৫ ৘৛৞০ৗ৤৛ৠ৙ ৓ৠ৖ ৢ৥৫৕৚ৡৢ৚৫৥৛৕৓৞ ঢ়ৗ৤ৠৗ৞৥

'PS UIF 7JTVBM NPUJPO �"'$ 	'%
 EBUBTFU
 XF VTFE NPUJPO FOFSHZ ஷ஫MUFSJOH 	VTJOH UIF ஷ஫MUFST EFTDSJCFE JO
<���>
 UP SFDPOTUSVDU UIF UJNF�DPVSTF PG ஸ஼VDUVBUJOH TFOTPSZ FWJEFODF PWFS UIF DPVSTF PG FBDI JOEJWJEVBM
USJBM
 BWFSBHJOH PWFS UIF TQBUJBM EJNFOTJPOT PG UIF EJTQMBZ 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �B
C
� 5IFTF
TJOHMF�USJBM USBDFT UIFO TFSWFE BT UIF UJNF�SFTPMWFE JOQVU UP B TFU PG FYUFOEFE%%.BOE MFBLZ BDDVNVMBUPS
NPEFMT 	'JHVSF �
� 4QFDJஷ஫DBMMZ
 ஷ஫MUFSJOH UIF TUJNVMJ BU �� )[ 	UIF SFGSFTI SBUF PG UIF -$% QSPKFDUPS
 SF�
TVMUFE JO �� EJTDSFUF TBNQMFT GPS UIF ���NT WJFXJOH QFSJPE PG FBDI USJBM� 5IF ஷ஫STU �� TBNQMFT PG UIFNPUJPO
FOFSHZ ஷ஫MUFS PVUQVU 	ஷ஫STU ���NT PG UIF WJFXJOH JOUFSWBM
 DPSSFTQPOEFE UP UIF SJTFؠ UJNFء PG UIF ஷ஫MUFS <���>

ZJFMEJOH PVUQVUT UIBU XFSF B QPPS SFQSFTFOUBUJPO PG UIF BDUVBM NPUJPO FOFSHZ MFWFMT 	TFF BMTP 'JHVSF � ؜
'JHVSF 4VQQMFNFOU �B
� *O PSEFS UP QSFWFOU UIPTF VOJOUFSQSFUBCMF ஷ஫MUFS PVUQVUT GSPN DPOUSJCVUJOH
 XF
EJTDBSEFE UIF ஷ஫STU �� TBNQMFT 	��� NT
 CFGPSF NPEFM ஷ஫UUJOH 	TFF CFMPX
� 6TJOH DPOTUBOU JOUFSQPMBUJPO
 XF
FYQBOEFE UIF SFNBJOJOH �� TBNQMFT POUP ��� TBNQMFT
 XIJDI
 HJWFO UIBU UIF TJNVMBUJPO &VMFS TUFQ XBT �

���



NT 	EU � �����

 DPSSFTQPOEFE UP B ��� NT MPOH JOQVU UJNF TFSJFT� *O UIF NPEFM EFTDSJQUJPOT CFMPX XF
EFOPUF UIF JOQVU UJNF TFSJFT XJUIM = {Mt : t ∈ T} BOE T = {1, 2, ..., 150}�

8F BMTP VTFE UIFTF NPUJPO FOFSHZ USBDFT UP DPOTUSVDU TP�DBMMFE QTZDIPQIZTJDBM LFSOFMT� 8JUIJO FBDI
TUJNVMVT JEFOUJUZ 	NPUJPO EJSFDUJPO BOE DPIFSFODF
 FYDMVEJOH UIF FBTJFTU ��গ DPIFSFODF USJBMT

 XF TVC�
USBDUFE UIF BWFSBHF NPUJPO FOFSHZ USBDFT DPSSFTQPOEJOH UP ءVQؠ WT� ءEPXOؠ DIPJDFT� 5IF SFTVMUJOH USBDF
SFQSFTFOUT UIF FYDFTTNPUJPO FOFSHZ UIBU ESJWFT DIPJDFT
 PWFS BOE BCPWF UIF HFOFSBUJWF TUJNVMVT DPIFSFODF
	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �D
�

����� &৪০ৗৠ৖ৗ৖ ৔ৡ১ৠ৖ৗ৖ ৓৕৕১য়১৞৓০৛ৡৠ য়ৡ৖ৗ৞৥

(ৗৠৗ৤৓৞ ৓৥৥১য়ৢ০৛ৡৠ৥ ৓ৠ৖ ৢ৤ৡ৕ৗ৖১৤ৗ৥

*O UIF �"'$ 	'%
 WJTVBM NPUJPO FYQFSJNFOU QBSUJDJQBOUT WJFXFE UIF TUJNVMVT GPS ���� T 	IFSFBG஽FS DBMMFE
WJFXJOHؠ QFSJPEء
 BOE DPVME SFTQPOE POMZ BG஽FS UIF TUJNVMVT PஶGTFU� 5IJT SFRVJSFE TQFDJGZJOH UIF JOQVU
UP UIF FWJEFODF BDDVNVMBUJPO QSPDFTT� *O UIF NPEFMT EFTDSJCFE CFMPX XF VTFE TFQBSBUF TJNVMBUJPO QSPUP�
DPMT
 CBTFE PO EJஶGFSFOU BTTVNQUJPOT BCPVU UIJT JOQVU� *O UIF ءEZOBNJDؠ QSPUPDPM
 XIFSF UIF JOQVUXBT UIF
UJNF�WBSZJOH TFOTPSZ FWJEFODF GSPN FBDI USJBM
 UIF BDDVNVMBUJPO QSPDFTT XBT BTTVNFE UP TUBSU BU TUJNVMVT
POTFU
 BOE SFTQPOTFT DPVME IBQQFO EVSJOH UIF NPUJPO WJFXJOH JOUFSWBM� 5IF BWFSBHF BDUJWJUZ PG UIF BDDV�
NVMBUPS	T
 BU TUJNVMVT PஶGTFU TFSWFE BT JOQVU GPS BDDVNVMBUJPO EVSJOH UIF QPTU�PஶGTFU QFSJPE� 'PS ஷ஫UUJOH
NPEFMT VTJOH UIJT QSPUPDPM
 FNQJSJDBM 35T XFSF DBMDVMBUFE SFMBUJWF UP UIF TUJNVMVT POTFU� .PUJPO FOFSHZ
FTUJNBUFT XFSF VTFE BT UJNF�SFTPMWFE JOQVU UP UIF NPEFM�

#Z DPOUSBTU
 JO UIF ءEFGBVMUؠ QSPUPDPM
 UIF NPUJPO FOFSHZ ஸ஼VDUVBUJPOT XFSF BWFSBHFE BDSPTT UIF WJFXJOH
JOUFSWBM FYDMVEJOH UIF ஷ஫MUFS SJTF UJNF 	J�F�
 GSPN ��� UP ��� T BG஽FS TUJNVMVT PஶGTFU

 BOE UIF BWFSBHF NP�
UJPO FOFSHZ XBT UIFO VTFE BT B TJOHMF�USJBM ESJG஽ SBUF GPS UIF BDDVNVMBUJPO QSPDFTT� *O PUIFS XPSET
 UIF
BDDVNVMBUJPO�UP�CPVOE EZOBNJDT POMZ UPPL QMBDF EVSJOH UIF QPTU�PஶGTFU QFSJPE� "DDPSEJOHMZ
 XIFO ஷ஫U�
UJOH NPEFMT XJUI UIJT QSPUPDPM
 UIF FNQJSJDBM 35T XFSF DBMDVMBUFE SFMBUJWF UP TUJNVMVT PஶGTFU� 6TJOH UIJT
QSPUPDPMXBT OFDFTTBSZ GPS SFQMJDBUJOH PVS CBTJD SFTVMU GSPN UIF TUBOEBSE%%.ஷ஫UT� 'PS UIF ءEZOBNJDؠ QSP�
UPDPM
 BOZ TUBSUJOH QPJOU CJBT XPVME UVSO JOUP B ESJG஽ CJBT CFDBVTF JU XPVME GFFE JOUP BDDVNVMBUJPO QSPDFTT
BG஽FS TUJNVMVT PஶGTFU
 QSFDMVEJOH UIF DPNQBSJTPO CFUXFFO UIF UXP GPSNT PG CJBT� 5IVT
 XF VTFE POMZ UIF
EFGBVMU QSPUPDPM GPS UIF TUBOEBSE%%. ஷ஫UT
 XIJDI BJNFE BU EJஶGFSFOUJBUJOH CFUXFFO TUBSUJOH QPJOU BOE BD�
DVNVMBUJPO CJBTFT� 'PS DPNQBSJTPO
 XF BMTP VTFE UIF TBNF TJNVMBUJPO QSPUPDPM XIFO ஷ஫UUJOH BO FYUFOEFE
%%. XJUI B CPUI B DPOTUBOU BOE B SBNQJOH DPNQPOFOU JO UIF ESJG஽ CJBT 	TFF CFMPX
� 8F UIFO TXJUDIFE
UP UIF NPSF SFBMJTUJD EZOBNJD QSPUPDPM GPS UIF TVCTFRVFOU NPEFMT XJUI NPSF DPNQMFY EZOBNJDT�

5IF "*$ TDPSFT PG NPEFMT VTJOH UIF EFGBVMU QSPUPDPM XFSF HFOFSBMMZ MPXFS 	CFUUFS
 DPNQBSFE UP UIF SF�
TQFDUJWF NPEFMT UIBU VTFE UIF EZOBNJD QSPUPDPM� 5IJT EJஶGFSFODF JT MJLFMZ EVF UP UIF GBDU UIBU UIF EZOBNJD
QSPUPDPM JT NPSF DPOTUSBJOFE CZ VTJOH BT JOQVU UP UIF NPEFMT UIF FYBDU NPUJPO FOFSHZ USBDFT SBUIFS UIBO
KVTU UIFJSNFBO GPS FBDI USJBM� "*$ JT CMJOE UP TVDI MBUFOU ஸ஼FYJCJMJUZ EJஶGFSFODFT UIBU EP OPUNBQ POUP EJஶGFS�
FODFT JO OVNCFS PG QBSBNFUFST� 5IVT
 "*$ NBZ IBWF ؤVOEFS�QFOBMJ[FEأ NPEFMT JO UIF EFGBVMU QSPUPDPM
SFMBUJWF UP UIPTF JO UIF EZOBNJD QSPUPDPM�

���



*O BMM NPEFMT BOE JO CPUI TJNVMBUJPO QSPUPDPMT
 NPEFM QSFEJDUJPOT XFSF EFSJWFE WJB .POUF $BSMP TJN�
VMBUJPO� 5IF WBSJBODF PG UIF QSPDFTTJOH OPJTF XBT TFU UP c2 = 1� 0OF TJNVMBUJPO UJNF�TUFQ DPSSFTQPOEFE
UP � NT 	&VMFS TUFQ
 EU � �����
� 'JOBMMZ
 JO UIF TUBOEBSE QSPUPDPM UIF BDDVNVMBUJPO QSPDFTT DPVME MBTU GPS
BNBYJNVNPG ��� UJNF�TUFQT 	PS ����NT
 BOE JO UIF EZOBNJD QSPUPDPM GPS BNBYJNVNPG ��� UJNF�TUFQT
	PS ����NT
� "G஽FS UIFTF UJNF QPJOUT
 UIF QSPDFTT UJNFE�PVU BOE B SFTQPOTF XBT BTTJHOFE UP UIF BMUFSOBUJWF
BDDPSEJOH UP UIF TUBUF PG UIF EJஶGVTJPO WBSJBCMF 	F�H�
 JO UIF TUBOEBSE %%. SJHIU JG Z � B�� BOE MFG஽ JG Z �
B��
�

%%. ২৓৤৛৓ৠ০৥ ৩৛০৚ ৖ৗ৘৓১৞০ ৥৛য়১৞৓০৛ৡৠ ৢ৤ৡ০ৡ৕ৡ৞

'PS BMM CBTJD %%. WBSJBOUT EFTDSJCFE JO UIJT TFDUJPO
 XF VTFE UIF EFGBVMU TJNVMBUJPO QSPUPDPM� UIF UJNF�
BWFSBHFENPUJPO FOFSHZ GPS FBDI USJBM QSPWJEFE UIF ESJG஽�SBUF 	v
 ESJWJOH UIF TVCTFRVFOU EJஶGVTJPO QSPDFTT�
%%. NPEFMT IBE � HFOFSJD QBSBNFUFST� UISFTIPME 	a

 OPJTF TDBMJOH 	g

 OPO�EFDJTJPO UJNF 	Ter

 ESJG஽�
SBUF WBSJBCJMJUZ 	sv
 BOE TUBSUJOH�QPJOU WBSJBCJMJUZ 	sz
�

/৓ਸ২ৗ %%.� 8F EFOPUF XJUI Z UIF TUBUF PG UIF EJஶGVTJPO WBSJBCMF� "U UJNF ��

y(0) = z =
a
2
+ U(−sz, sz) 	�


XIFSFU XBT B VOJGPSN SBOEPN WBSJBCMF 	SFDUBOHVMBS EJTUSJCVUJPO
 JO UIF (−sz, sz) SBOHF� 5IF FWPMV�
UJPO PG yXBT EFTDSJCFE CZ�

dy = g · v̈ · dt+ cdW 	�


"CPWF
 g XBT UIF TDBMJOH QBSBNFUFS UIBU DPOUSPMT UIF TJHOBM�UP�OPJTF�SBUJPO 	HJWFO UIBU c JT ஷ஫YFE BU �
�
5IF WBSJBCMF v̈ XBT UIF FஶGFDUJWF ESJG஽�SBUF
 J�F� B (BVTTJBO WBSJBCMF XJUI N(m, sz2) XIFSF sz XBT UIF ESJG஽�
SBUF WBSJBCJMJUZ BOEmXBT UIF BWFSBHF PG UIF NPUJPO FOFSHZ PO FBDI USJBM� " SFTQPOTF XBT HFOFSBUFE XIFO
UIF EFDJTJPO WBSJBCMF Z FYDFFEFE B 	SJHIU DIPJDF
 PS TVSQBTTFE � 	MFG஽ DIPJDF
� 5IF NPNFOU UIBU FJUIFS PG
UIFTF CPVOEBSJFT XBT DSPTTFE QMVT B OPO�EFDJTJPO UJNF Ter
 EFUFSNJOFE UIF QFS�USJBM 35�

4০৓৤০৛ৠ৙ ৢৡ৛ৠ০ %%.� 5IJT NPEFM XBT UIF TBNF BT UIF OB¯WF NPEFM CVU XJUI BO FYUSB QBSBNFUFS
zbias TVDI UIBU BU UJNF ��

y(0) = z =
a
2
+ U(−sz, sz) + zbias · prev 	�


5IF WBSJBCMF prev IFSF FODPEFE UIF QSFWJPVT DIPJDF 	�� SJHIU
 ��� MFG஽
� *G bias XBT QPTJUJWF UIF NPEFM
JNQMFNFOUFE SFQFUJUJPO BOE JG OFHBUJWF JU JNQMFNFOUFE BMUFSOBUJPO�

%৤৛৘০ ৔৛৓৥ %%.� 4BNF BT UIF OB¯WF NPEFM CVU XJUI BO FYUSB CJBTJOH QBSBNFUFS vbias TVDI UIBU�

���



dy = (g · v̈+ vbias · prev)dt+ cdW 	�


)৫৔৤৛৖ %%.� 5IJT WFSTJPO DPNCJOFE UIF TUBSUJOH QPJOU %%. BOE ESJG஽ CJBT %%. VTJOH UXP
CJBTJOH QBSBNFUFST�

4৛য়ৢ৞ৗ 3৓য়ৢ৛ৠ৙ %%.� 5IJT NPEFM XBT UIF TBNF BT UIF OB¯WF NPEFM CVU XJUI BO FYUSB QBSBNFUFS
sramp TVDI UIBU�

dy = (g · v̈+ sramp · t · prev
tmax

)dt+ cdW 	��


XIFSF t EFOPUFE UJNF FMBQTFE JO UFSNT PG.POUF�$BSMP UJNF�TUFQT BOE tmax � ��� UJNF�TUFQT
 XIJDIXBT
UIF NBYJNVN EVSBUJPO UIBU B HJWFO USJBM DPVME SVO GPS�

)৫৔৤৛৖ 3৓য়ৢ৛ৠ৙ %%.� 4BNF BT UIF OB¯WF NPEFM CVU XJUI � FYUSB QBSBNFUFST sramp BOE sconstant
TVDI UIBU�

dy = (g · v̈+ (sconstant +
sramp · t
tmax

)prev)dt+ cdW 	��


5IJT NPEFM UIVT JNQMFNFOUFE B ESJG஽ CJBT UIBU JT OPO[FSP BU UIF TUBSU PG UIF USJBM 	sconstant

 BOE BMTP
MJOFBSMZ JODSFBTFT VOUJM UIF FOE PG UIF USJBM 	XJUI TMPQF sramp
�

&৪০ৗৠ৖ৗ৖ য়ৡ৖ৗ৞৥ ৩৛০৚ ৖৫ৠ৓য়৛৕ ৥৛য়১৞৓০৛ৡৠ ৢ৤ৡ০ৡ৕ৡ৞

'PS BMM TVCTFRVFOUMZ EFTDSJCFE NPEFMT
 XF VTFE UIF EZOBNJD TJNVMBUJPO QSPUPDPM 	TFF TFDUJPO (FOFSBM
"TTVNQUJPOT BOE 1SPDFEVSॻ

 XJUI UIF NPUJPO FOFSHZ UJNF DPVSTFT TFSWJOH BT JOQVU UP UIF BDDVNVMBUJPO
QSPDFTT� 5P JMMVTUSBUF UIF EFUBJMT PG UIF EZOBNJD QSPUPDPM
 XF OFYU EFTDSJCF IPX UIF EFDJTJPO WBSJBCMF XBT
VQEBUFE JO UIF DBTF PG UIF OB¯WF%%.�5IF EFDJTJPO WBSJBCMF EVSJOH UIF WJFXJOH QFSJPE FWPMWFE BDDPSEJOH
UP UIF GPMMPXJOH EJஶGFSFOUJBM FRVBUJPO�

dy = g ·Mt · dt+ cdW 	��


XIFSF Mt XBT UIF WBMVF PG UIF JOQVU TJHOBM BU UJNF t� 'PMMPXJOH TUJNVMVT PஶGTFU 	BU t = T

 BG஽FS ���
UJNF�TUFQT
 UIF EJஶGVTJPO WBSJBCMF DBSSJFE PO CFJOH VQEBUFE BT GPMMPXT�

dy(t) =
y(T)
T

+ cdW 	��


*O PUIFS XPSET
 BG஽FS UIF TUJNVMVT EJTBQQFBSFE
 BDDVNVMBUJPO XBT ESJWFO CZ UIF BWFSBHF FWJEFODF BD�
DVNVMBUFE VQ UP UIF QPJOU PG TUJNVMVT PஶGTFU� 5IJT QPTU�TUJNVMVT BDDVNVMBUJPO DPVME DPOUJOVF GPS B
NBYJNVN PG ��� FYUSB UJNF�TUFQT
 BU XIJDI QPJOU UIF QSPDFTT UJNFE PVU�

���



4৛য়ৢ৞ৗ ৓ৠ৖ )৫৔৤৛৖ 3৓য়ৢ৛ৠ৙ %%.� 5IJT NPEFM XBT UIF TBNF BT UIF BCPWF 4JNQMF BOE )ZCSJE
3BNQJOH%%.T
 POMZ OPX ஷ஫U CZ VTJOH UIF EZOBNJD TJNVMBUJPO QSPUPDPM 	J�F� UIF SBNQJOH ESJG஽�DSJUFSJPO
CJBT JT BQQMJFE GPS UIF WJFXJOH QFSJPE POMZ BOE
 GPMMPXJOH TUJNVMVT PஶGTFU
 UIF EFDJTJPO WBSJBCMF JT VQEBUFE
BDDPSEJOH UP FRVBUJPO ��
�

%৫ৠ৓য়৛৕ %%. ৩৛০৚ $ৡ৞৞৓ৢ৥৛ৠ৙ #ৡ১ৠ৖৥� *O UIF DPMMBQTJOHأ CPVOETؤ %%. NPEFMT
 B SF�
TQPOTF XBT HFOFSBUFE XIFO UIF EJஶGVTJPO WBSJBCMF (y) FYDFFET bup 	SJHIU DIPJDF
 PS TVSQBTTFT bdown 	MFG஽
DIPJDF
� 5IF UXP UISFTIPMET
 bup BOE bdown
 WBSZ BDSPTT UJNF BT GPMMPXT�

bup(t) = |a− a
t

t+ c
|aa/2 	��B


bdown(t) = |a t
t+ c

|a/20 	��C


*O UIF BCPWF
 UIF OPUBUJPO |x|maxmin JOEJDBUFT UIBU xXBT DMBNQFE TVDI UIBU x ∈ [min,max]� 5IF NPNFOU
UIBU FJUIFS PG UIFTF CPVOEBSJFT XBT SFBDIFE
 QMVT B OPO�EFDJTJPO UJNF Ter
 EFUFSNJOFE UIF QFS�USJBM 35�
5IF EZOBNJD %%. NPEFM IBE � CBTJD QBSBNFUFST� UISFTIPME JOJUJBM WBMVF 	a

 UISFTIPME DPMMBQTF SBUF 	c


OPJTF TDBMJOH 	g

 OPO�EFDJTJPO UJNF 	Ter

 BOE TUBSUJOH�QPJOU WBSJBCJMJUZ 	sz
�

4০৓৤০৛ৠ৙ৢৡ৛ৠ০৖৫ৠ৓য়৛৕%%.� )FSF
 UIF TUBUF PG UIF EJஶGVTJPO WBSJBCMFXBT JOJUJBMJ[FE BDDPSEJOH
UP FRVBUJPO �� 5IVT
 UIF TUBSUJOH QPJOU NPEFM IBE � GSFF QBSBNFUFST 	UIF � CBTJD POFT QMVT UIF TUBSUJOH
QPJOU CJBT
 zbias
�

%৤৛৘০�৔৛৓৥ ৖৫ৠ৓য়৛৕%%.� 5IF EJஶGVTJPO WBSJBCMF BU UJNF 0XBT JOJUJBMJ[FE BDDPSEJOH UP FRVBUJPO
�� "MTP
 UIF EJஶGVTJPO WBSJBCMF JO UIF WJFXJOH QFSJPE XBT OPU VQEBUFE BDDPSEJOH UP FRVBUJPO � CVU BDDPSE�
JOH UP�

dy = (g ·Mt + vbias · prev)dt+ cdW 	��


5IF ESJG஽�CJBT NPEFM IBE UIF � CBTJD QBSBNFUFST QMVT UIF ESJG஽�CJBT QBSBNFUFS 	vbias
� 'JOBMMZ
 UIF IZCSJE
EZOBNJD %%. IBE � CJBTJOH QBSBNFUFST 	zbias BOE vbias
 BOE PWFSBMM � GSFF QBSBNFUFST� 5IF EJஶGVTJPO
WBSJBCMF XBT JOJUJBMJ[FE BDDPSEJOH UP FRVBUJPO � BOE FWPMWFE JO UIF WJFXJOH QFSJPE BDDPSEJOH UP FRVBUJPO
�� BOE JO UIF QPTU�TUJNVMVT QFSJPE BDDPSEJOH UP FRVBUJPO ���

-ৗ৓ঢ়৫"৕৕১য়১৞৓০ৡ৤.ৡ৖ৗ৞৥ �ৗৠৗ৤৓৞)؜ 5IF MFBLZ BDDVNVMBUPS NPEFM XBT CBTFE PONPEFMT
EFTDSJCFE CFGPSF <���
 ���>
 DPOTUJUVUJOH BO FYUFOTJPO PG UIF %%.�

dy = (s · v+ λ · y)dt+ cdW 	��


���



XIFSF UIF SBUF PG DIBOHF PG y OPX BMTP EFQFOET PO JUT DVSSFOU WBMVF
 XJUI B NBHOJUVEF DPOUSPMMFE CZ
UIF BEEJUJPOBM QBSBNFUFS λ
 UIF FஶGFDUJWF MFBLXIJDI SFஸ஼FDUT UIF UJNF DPOTUBOU PG UIF BDDVNVMBUJPO QSPDFTT�

8FEFஷ஫OFE UISFF EZOBNJD WBSJBOUT 	D�G� EZOBNJD%%.BCPWF
 PG UIF MFBLZ BDDVNVMBUPSNPEFM JO PSEFS
UP BDDPVOU GPS IJTUPSZ CJBTFT� 5IFTF EJஶGFSFOU CJBTJOHNFDIBOJTNTXFSF GVSUIFS DSPTTFE XJUI UXP EJஶGFSFOU
CPVOE SFHJNFT� TUBUJD PS DPMMBQTJOH CPVOET
 BT EFTDSJCFE GPS UIF %%. BCPWF�

-ৗ৓ঢ়৫ "৕৕১য়১৞৓০ৡ৤ ৩৛০৚ 4০৓৤০৛ৠ৙ 1ৡ৛ৠ০ #৛৓৥� )FSF
 UIF EJஶGVTJPO WBSJBCMF XBT JOJUJBUFE
BDDPSEJOH UP FRVBUJPO �� %VSJOH UIF WJFXJOH QFSJPE
 JU XBT VQEBUFE BDDPSEJOH UP�

dy(t) = (λ · y(t) + g+Mt)dt+ cdW 	��B


"G஽FS TUJNVMVT PஶGTFU
 BDDVNVMBUJPO DPOUJOVFE BDDPSEJOH UP�

dy(t) = λ · y(t) + fracy(T)T+ cdW 	��C


-ৗ৓ঢ়৫ "৕৕১য়১৞৓০ৡ৤ ৩৛০৚ *ৠৢ১০ #৛৓৥� )FSF
 UIF EJஶGVTJPO WBSJBCMF XBT JOJUJBUFE BDDPSEJOH UP
FRVBUJPO �� 5IF FWPMVUJPO PG UIF EFDJTJPO WBSJBCMF EVSJOH UIF WJFXJOH QFSJPE XBT EFTDSJCFE CZ�

dy(t) = (λ · y(t) + g ·Mt + vbias · prev)dt+ cdW 	��


"G஽FS TUJNVMVT PஶGTFU BDDVNVMBUJPO DPOUJOVFE BDDPSEJOH UP FRVBUJPO ����� 3FTQPOTFT XFSF EFUFSNJOFE
CZ B TUBUJD UISFTIPME DSPTTJOH NFDIBOJTN
 BT JO UIF TUBOEBSE %%. NPEFMT EFTDSJCFE BCPWF�

5IF UIJSE MFBLZ BDDVNVMBUPSNPEFM XF EFஷ஫OFE
 UIF λ�CJBTNPEFM
 BDDPVOUFE GPS IJTUPSZ CJBTFT CZ JOUSP�
EVDJOH BO BTZNNFUSZ JO UIF EZOBNJDT PG FWJEFODF BDDVNVMBUJPO� *O UIJT NPEFM
 XF GPMMPXFE B EJஶGFSFOU
JNQMFNFOUBUJPO JO PSEFS UP FOBCMF CJBTJOH UIF FஶGFDUJWF MFBL 	λ
 QBSBNFUFS� XF SFGPSNVMBUFE UIFNPEFM UP
EFTDSJCF UXP TFQBSBUF BDDVNVMBUPST UIBU JOUFHSBUF UIF TFOTPSZ FWJEFODF� 8F EFஷ஫OF UIF EJஶGVTJPO WBSJBCMF
y BT y = yAyB
 XJUI yA BOE yB CFJOH UXP JOEFQFOEFOU BDDVNVMBUPST DPEJOH UIF SJHIU BOE MFG஽ DIPJDF� 5IF
UXP BDDVNVMBUPST XFSF JOJUJBMJ[FE BT GPMMPXT�

yA(0) = U(−sz, sz) 	��B

yB(0) = 0 	��C


4UBSUJOH QPJOU WBSJBCJMJUZ XBT UIVT BQQMJFE POMZ UP POF BDDVNVMBUPS
 XIJDI XBT FRVJWBMFOU UP BQQMZJOH
UIJT WBSJBCJMJUZ PO UIFJS EJஶGFSFODF 	EJஶGVTJPO WBSJBCMF y
�

%VSJOH UIF WJFXJOH QFSJPE UIF UXP BDDVNVMBUPST XFSF VQEBUFE BDDPSEJOH UP�

���



dyA(t) = (λA · yA(t) + g · fA(Mt))dt+
cdW√

2
	��B


dyB(t) = (λB · yB(t) + g · fB(Mt))dt+
cdW√

2
	��C


5IF WBSJBODF PG UIF QSPDFTTJOH OPJTF BQQMJFE UP FBDI BDDVNVMBUPS XBT EJWJEFE CZ � TVDI BT UIF QSPDFTTJOH
WBSJBODF PG UIF BDDVNVMBUPSTء EJஶGFSFODF 	WBSJBCMF y
 JT c2
 BT JO UIF %%.� 5IF GVODUJPOT fA BOE fB XFSF
UISFTIPME MJOFBS GVODUJPOT XJUI fA TFUUJOH OFHBUJWF WBMVFT UP � BOE fB TFUUJOH QPTJUJWF WBMVFT UP �� 4QFDJஷ஫�
DBMMZ�

fA(x) =

⎧
⎨

⎩
x JG x > 0

0 JG x ≤ 0
	��D


fB(x) =

⎧
⎨

⎩
0 JG x > 0

−x JG x ≤ 0
	��E


5IVT
 UIF YA BDDVNVMBUPS ؤMJTUFOFEؤ POMZ UP UIF OFHBUJWF WBMVFT PG UIF JOQVU TUSFBN XIJMF UIF yB POMZ UP
UIF QPTJUJWF WBMVFT� 5IF FஶGFDUJWF MFBL QBSBNFUFST GPS FBDI BDDVNVMBUPS XFSF EFஷ஫OFE BT GPMMPXT�

λA = λ+ fA(prev) · λbias 	��F

λB = λ+ fB(prev) · λbias 	��G


-ৗ৓ঢ়৫ "৕৕১য়১৞৓০ৡ৤ ৩৛০৚ 4০৓০৛৕ #ৡ১ৠ৖৥� " SFTQPOTF XBT JOJUJBUFE XIFO UIF EJஶGFSFODF CF�
UXFFO UIF UXP BDDVNVMBUPST 	y
 FYDFFEFE B QPTJUJWF UISFTIPME +a 	SJHIU DIPJDF
 PS TVSQBTTFE B OFHBUJWF
UISFTIPME −a 	MFG஽ DIPJDF
� 5IFTF MFBLZ BDDVNVMBUPS NPEFMT IBE � CJBTJOH QBSBNFUFS FBDI BT XFMM BT UIF
GPMMPXJOH � CBTJD QBSBNFUFST� UISFTIPME WBMVF 	a

 FஶGFDUJWF MFBL 	λ

 OPJTF TDBMJOH 	

 OPO�EFDJTJPO UJNF
	Ter

 BOE TUBSUJOH�QPJOU WBSJBCJMJUZ 	sz
�

-ৗ৓ঢ়৫ "৕৕১য়১৞৓০ৡ৤৩৛০৚ $ৡ৞৞৓ৢ৥৛ৠ৙ #ৡ১ৠ৖৥� 8F JNQMFNFOUFE WFSTJPOT PG UIF MFBLZ BDDV�
NVMBUPS NPEFMT EFTDSJCFE BCPWF VTJOH DPMMBQTJOH CPVOET� 'PS UIF JOQVU BOE TUBSUJOH QPJOU CJBT NPEFMT

UIF UJNF�WBSZJOH CPVOET BSF EFTDSJCFE JO FRVBUJPOT ���� BOE ����� 'PS UIF λ�CJBTNPEFM
 DPMMBQTJOH CPVOET
IBE UIF TBNF GVODUJPOBM GPSN CVU UIFJS BTZNQUPUF XBT TFU UP � 	NJSSPSJOH UIF GBDU UIBU JO UIJT NPEFM UIF
OFVUSBM QPJOU PG UIF y = yAyB EFDJTJPO WBSJBCMFXBT BU �
 SBUIFS UIBO BU a/2 BT JO BMM PUIFSNPEFMT JOWPMWJOH
B TJOHMF BDDVNVMBUPS
�

���



bup(t) = |a− a
t

t+ c
|a0 	��B


bdown(t) = |a t
t+ c

− a|0−a 	��C


.ৡ৖ৗ৞ ৘৛০০৛ৠ৙ ৢ৤ৡ৕ৗ৖১৤ৗ৥ 8F ஷ஫U UIF FYUFOEFE NPEFMT VTJOH B VBOUJMFߕ .BYJNBM -JLFMJIPPE

&1.ߕ	 BQQSPBDI� 6OEFS UIJT BQQSPBDI
 FNQJSJDBM 35 WBMVFT BSF DMBTTJஷ஫FE JOUP CJOT EFஷ஫OFE CZ UIF ���

���
 ���
 ��� BOE ��� RVBOUJMFT PG UIF35EJTUSJCVUJPO 	� CJOT PWFSBMM
� 35RVBOUJMFTXFSF EFSJWFE TFQBSBUFMZ
GPS UIF WBSJPVT DPIFSFODF MFWFMT� 8F FYDMVEFE UIF ��গ DPIFSFODF USJBMT BOE QPPMFE UPHFUIFS UIF �গ BOE
�গ DPIFSFODF USJBMT BT 35 RVBOUJMFT JO UIFTF USJBMT XFSF OPU EJTUJOHVJTIBCMF� 5IJT SFTVMUFE JO RVBOUJMFT GPS
FBDI PG � EJஶஷ஫DVMUZ MFWFMT 	�গ BOE �গ
 �গ BOE ��গ

 GPS FBDI PG UIF UXP SFTQPOTFT 	DPSSFDU� FSSPS

 BOE
GPS � IJTUPSZ DPOEJUJPOT 	NPUJPO EJSFDUJPO JO DVSSFOU USJBM DPOTJTUFOU PS JODPOTJTUFOU XJUI UIF QSFWJPVT
SFTQPOTF

 MFBEJOH UP � CJOT Y � DPIFSFODF Y � SFTQPOTF Y � IJTUPSZ � �� CJOT QFS QBSUJDJQBOU� %FOPUJOH UIF
OVNCFS PG FNQJSJDBM PCTFSWBUJPOT JO B QBSUJDVMBS CJO k CZ nk BOE UIF QSPCBCJMJUZ QSFEJDUFE CZ UIF NPEFM
UP EFSJWF B SFTQPOTF JO B QBSUJDVMBS CJO k CZ Pk
 UIF MJLFMJIPPE L PG UIF EBUB HJWFO UIF NPEFM JT EFஷ஫OFE BT�

L =
∏

k

Pnk
k 	��


8F BQQMJFE B DPNNPOMZ VTFE NVMUJ�TUBHF BQQSPBDI UP ஷ஫U PVS TJNVMBUJPO�CBTFE NPEFMT <���>� 'JSTU

FBDI ஷ஫UUJOH TFTTJPO TUBSUFE CZ HFOFSBUJOH �� SBOEPN QBSBNFUFS TFUT
 ESBXO GSPN B VOJGPSN EJTUSJCVUJPO
CPVOEFE CZ UIF SBOHF PG FBDI QBSBNFUFS� 5P JNQSPWF UIF QSFDJTJPO PG MJLFMJIPPE FTUJNBUFT
 XF HFOFSBUFE
�� TZOUIFUJD USJBMT GPS FBDI FYQFSJNFOUBM USJBM
 SFQMJDBUJOH UIF USJBMT GPS B HJWFO QBSUJDJQBOU� 8F UIFO DPN�
QVUFE UIF MJLFMJIPPE PG UIF NPEFM QBSBNFUFST HJWFO UIF EBUB� 5IF QBSBNFUFS TFU XJUI UIF CFTU ஷ஫U PVU PG
UIF JOJUJBM ��XBT VTFE BT UIF TUBSUJOH QPJOU GPS B TUBOEBSE PQUJNJ[BUJPO SPVUJOF ؤGNJOTFBSDICOE�Nأ	 GVOD�
UJPO JO.BUMBC
 XIJDI JNQMFNFOUT B DPOTUSBJOFE WFSTJPO PG UIF/FMEFS�.FBE TJNQMFY BMHPSJUIN
� *O UPUBM

XF SBO �� PG TVDI ஷ஫UUJOH TFTTJPOT
 FBDI XJUI B EJஶGFSFOU SBOEPN TFFE� 4FDPOE
 XF DIPTF UIF CFTU�ஷ஫UUJOH
QBSBNFUFS TFU GSPN FBDI PG UIF �� TFTTJPOT BOE SFDPNQVUFE UIF MJLFMJIPPE XIJMF SFQMJDBUJOH �� TZOUIFUJD
USJBMT GPS FBDI FYQFSJNFOUBM USJBM� 5IJSE
 UIF � CFTU�ஷ஫UUJOH PG UIFTF �� TFUT XFSF VTFE BT TUBSUJOH QPJOUT
GNJOTFBSDICOE
 XIJDI GVSUIFS SFஷ஫OFE UIF MPDBM NJOJNB PG UIF ஷ஫U� 'PVSUI
 XF SFDBMDVMBUFE UIF MJLFMJIPPE
PG UIF TJOHMF CFTU QBSBNFUFS TFU JO TJNVMBUJPOT XJUI �� TZOUIFUJD USJBMT GPS FBDI FYQFSJNFOUBM USJBM 	TFF FR�
�
� 'PS FBDI NPEFM
 f
 "*$ WBMVFT XFSF DBMDVMBUFE BU UIF HSPVQ MFWFM�

AICf = −2
n∑

s

ln(Ls) + 2mf 	��


XIFSF N JT UIF UPUBM OVNCFS PG QBSUJDJQBOUT BOE s JT UIF QBSUJDJQBOUT JOEFY� Ls EFOPUFT UIF NBYJNVN
MJLFMJIPPE FTUJNBUF GPS FBDI QBSUJDJQBOU s� 'JOBMMZ
mf JT UIF OVNCFS PG GSFF QBSBNFUFST GPS B HJWFO NPEFM
f�

���



.ৡ৖ৗ৞ ৥৛য়১৞৓০৛ৡৠ৥ 8F TJNVMBUFE DPOEJUJPOBM CJBT GVODUJPOT GPS WBSJPVT CJBTJOH NFDIBOJTNT
XJUIJO UIF GSBNFXPSLT PG UIF %%. BOE UIF MFBLZ BDDVNVMBUPS NPEFMT� 1FS CJBTJOH NFDIBOJTN
 XF TJN�
VMBUFE ���, USBDFT JO UJNF TUFQT PG �� NT VTJOH FRVBUJPOT � 	%%.
 BOE �� 	MFBLZ BDDVNVMBUPS
�

'PS UIF %%. TJNVMBUJPOT 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �

 UIF NBJO QBSBNFUFST XFSF� CPVOEBSZ
TFQBSBUJPO � �� ESJG஽ SBUF � �� OPO�EFDJTJPO UJNF � ���� TUBSUJOH QPJOU � ��� 	FYQSFTTFE BT B GSBDUJPO PG UIF
CPVOEBSZ TFQBSBUJPO
� ESJG஽ CJBT � �� ESJG஽ SBUF WBSJBCJMJUZ � ���� 8F TJNVMBUFE UISFF MFWFMT PG TUBSUJOH
QPJOU CJBT 	����
 ���� BOE ����

 UISFF MFWFMT PG DPOTUBOU ESJG஽ CJBT 	���
 ��� BOE ���

 UISFF MFWFMT PG B UJNF�
EFQFOEFOU MJOFBS JODSFBTF JO ESJG஽ CJBT 	����T
 ����T BOE ����T

 UISFF MFWFMT PG DPOTUBOU ESJG஽ CJBT 	���
 ��� BOE
���
 JO DPNCJOBUJPO XJUI IZQFSCPMJDBMMZ DPMMBQTJOH CPVOET 	HJWFO CZ FRVBUJPO �� BOE VTJOH c � �

 BOE
UISFF MFWFMT PG POF UJNF�EFQFOEFOU DPMMBQTJOH BOE POF FYQBOEJOH CPVOE� ����T
 ����T BOE ����T�

'PS UIF MFBLZ BDDVNVMBUPS TJNVMBUJPOT 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �

 UIFNBJO QBSBNFUFST GPS FBDI
BDDVNVMBUPS XFSF� JOQVU � �� CPVOEBSZ � ����� λ � ����ۂ TUBSUJOH QPJOU � �� JOQVU CJBT � �� 5IF OFHBUJWF
λءT EFUFSNJOFE UIBU UIF BDDVNVMBUPST XFSF TFMG�FYDJUBUPSZ JO OBUVSF 	BT PQQPTFE UP MFBLZ
� 8F DIPPTF UIJT
UP NBUDI UIF QSJNBDZ FஶGFDUT PCTFSWFE JO UIF EBUB 	'JHVSF � ؜ 'JHVSF 4VQQMFNFOU �E
� 8F TJNVMBUFE UISFF
MFWFMT PG TUBSUJOH QPJOU CJBT 	����
 ���� BOE ����

 UISFF MFWFMT PG JOQVU CJBT 	���
 ��� BOE ���

 BOE UISFF
MFWFMT PG λ�CJBT CFUXFFO UIF UXP BDDVNVMBUPST� 	�� WT ��
 �� WT ��
 BOE �� WT �
�

8F UIFO ஷ஫U %%.NPEFMT TFQBSBUFMZ UP FBDI PG UIF TJNVMBUFE EBUBTFUT BOE ஷ஫U UIF QBSBNFUFST CPVOEBSZ
TFQBSBUJPO
 ESJG஽ SBUF
 OPO�EFDJTJPO UJNF
 TUBSUJOH QPJOU
 ESJG஽ CJBT BOE ESJG஽ SBUF WBSJBCJMJUZ�

����� &৘৘ৗ৕০৛২ৗ ৔৛৓৥ ৥৛৙ৠ৓৞

8F DBMDVMBUFE UIF FஶGFDUJWF CJBT TJHOBM 	BT JO <���>
 GPS UIF XJOOJOH %%. BOE MFBLZ BDDVNVMBUPS NPEFMT
XJUI DPMMBQTJOH CPVOET 	'JHVSF �E
� 8F GPDVTFE PO UIPTF UXP NPEFMT CFDBVTF UIFZ QSPWJEFE UIF CFTU
ஷ஫UT UP UIF EBUB PWFSBMM 	'JHVSF �C
� 8F BTTVNFE UIBU UIF DVSSFOU DIPJDF JT CJBTFE JO UIF EJSFDUJPO PG UIF
QSFWJPVT DIPJDF 	SFQFUJUJPO CJBT
� 8F BSCJUSBSJMZ TFU UIF QSFWJPVT DIPJDF UP ؤSJHIUأ 	QSFW � �

 XIJDINFBOT
UIBU UIF CJBTJOH NFDIBOJTNT QVTIFT UIF EFDJTJPO WBSJBCMF DMPTFS UP UIF VQQFS CPVOEBSZ� *O CPUI NPEFMT

UIF FஶGFDUJWF CJBT TJHOBM BU UJNF U XBT PCUBJOFE CZ EJWJEJOH UIF WBMVF PG UIF DVNVMBUJWF CJBT TJHOBM CZ UIF
WBMVF PG UIF VQQFS CPVOE PO UIBU NPNFOU�

'PS CPUINPEFMT
 XF UPPL UIF BWFSBHF PG UIF BCTPMVUF JOQVU CJBT QBSBNFUFS
 TP BT UP FNVMBUF B SFQFUJUJPO
CJBT� 'PS UIF %%.
 XF BWFSBHFE QBSBNFUFST BDSPTT BMM QBSUJDJQBOUT� 'PS UIF JOQVU CJBT MFBLZ BDDVNVMBUPS
NPEFM
 QBSUJDJQBOUT XFSF EJWJEFE JO UXP HSPVQT CBTFE PO UIF TJHO PG UIF ஷ஫UUFE QBSBNFUFS λ� )FSF
 XF
DBMDVMBUFE UIF FஶGFDUJWF CJBT TJHOBM JO UXP JOTUBODFT� B
 CZ BWFSBHJOH QBSBNFUFST BDSPTT QBSUJDJQBOUT XJUI
λ�� BOE C
 CZ BWFSBHJOH QBSBNFUFST BDSPTT QBSUJDJQBOUT XJUI λ��� #FDBVTF UIF UJNF DPVSTFT XFSF WFSZ
TJNJMBS JO UIFTF UXP DBTFT
 JO 'JH� �E XF QMPUUFE UIF BWFSBHF PG UIF UXP FஶGFDUJWF CJBT TJHOBMT�

'PS UIF JOQVU CJBT %%.XF DPNQVUFE UIF DVNVMBUJWF CJBT TJHOBM CZ UBLJOH UIF EJஶGFSFODF CFUXFFO UIF
EFUFSNJOJTUJD 	J�F�
 JHOPSJOH UIF OPJTF UFSN BOE UIF TUBSUJOH QPJOU WBSJBCJMJUZ
 UJNF DPVSTF PG UIF EFDJTJPO
WBSJBCMF JO UIF JOQVU CJBT NPEFM 	FRVBUJPO ��
 BOE UIF EFUFSNJOJTUJD UJNF DPVSTF PG UIF EFDJTJPO WBSJBCMF
JO UIF VOCJBTFE NPEFM 	FRVBUJPO �
� 5IF UJNF DPVSTF PG UIF VQQFS CPVOE XBT DPNQVUFE BDDPSEJOH UP

���



FRVBUJPO ����� $PSSFTQPOEJOHMZ
 GPS UIF JOQVU CJBT MFBLZ BDDVNVMBUPS NPEFM XF FTUJNBUFE UIF DVNVMBUJWF
CJBT TJHOBM CZ TVCUSBDUJOH UIF EFUFSNJOJTUJD EFDJTJPO WBSJBCMF PCUBJOFE GSPN FRVBUJPO ���� GSPN UIF EFUFS�
NJOJTUJD EFDJTJPO WBSJBCMF PCUBJOFE GSPN FRVBUJPO ��� 5IF UJNF DPVSTF PG UIF VQQFS CPVOEXBT PCUBJOFE
VTJOH FRVBUJPO �����

����� 4০৓০৛৥০৛৕৓৞ ০ৗ৥০৥

8F RVBOUJஷ஫FE BDSPTT�TVCKFDU DPSSFMBUJPOT CFUXFFO 1	SFQFBU
 BOE UIF JOEJWJEVBM IJTUPSZ DPNQPOFOUT JO
%%. CJBT QBSBNFUFS FTUJNBUFT VTJOH 4QFBSNBOءT SBOL DPSSFMBUJPO DPFஶஷ஫DJFOU� 5IF RVBMJUBUJWF QBUUFSO
PG SFTVMUT EPFT OPU EFQFOE PO UIF DIPJDF PG B TQFDJஷ஫D DPSSFMBUJPO NFUSJD� &WFO UIPVHI JOEJWJEVBM TVC�
KFDU QBSBNFUFS FTUJNBUFT BSF OPU JOEFQFOEFOU EVF UP UIF IJFSBSDIJDBM OBUVSF PG UIF )%%. ஷ஫U
 CFUXFFO�
TVCKFDU WBSJBODF JO QBSBNFUFS QPJOU FTUJNBUFT DBO SFMJBCMZ CF DPSSFMBUFE UP BO FYUFSOBM WBSJBCMF ؜ JO PVS
DBTF
 1	SFQFBU
 ؜ XJUIPVU JOஸ஼BUJPO PG UIF GBMTF QPTJUJWF SBUF <���>� 5IF EJஶGFSFODF CFUXFFO UXP DPSSFMB�
UJPO DPFஶஷ஫DJFOUT UIBU TIBSFE B DPNNPO WBSJBCMF
 BOE JUT BTTPDJBUFE Q�WBMVF
 XBT DPNQVUFE VTJOH 4UFJHFSءT
UFTU <���>�

8F VTFE #BZFT GBDUPST UP RVBOUJGZ UIF TUSFOHUI PG FWJEFODF BDSPTT PVS EJஶGFSFOU EBUBTFUT� 8F ஷ஫STU DPN�
QVUFE UIF #BZFT GBDUPS GPS FBDI DPSSFMBUJPO 	CFUXFFO 1	SFQFBU
 BOE UIF IJTUPSZ TIJG஽ JO TUBSUJOH QPJOU
 BOE
CFUXFFO 1	SFQFBU
 BOE UIF IJTUPSZ TIJG஽ JO ESJG஽ CJBT
 <���>� 8F UIFO NVMUJQMJFE UIFTF #BZFT GBDUPST BDSPTT
EBUBTFUT UP RVBOUJGZ UIF UPUBM FWJEFODF JO GBWPS PS BHBJOTU UIF OVMM IZQPUIFTJT PG OP DPSSFMBUJPO <���>� #'��

RVBOUJஷ஫FT UIF FWJEFODF JO GBWPS PG UIF BMUFSOBUJWF WFSTVT UIF OVMM IZQPUIFTJT
 XIFSF #'�� � � JOEJDBUFT JO�
DPODMVTJWF FWJEFODF UP ESBX DPODMVTJPOT GSPN UIF EBUB� #'�� � ���� PS � �� JT UBLFO UP JOEJDBUF TVCTUBOUJBM
FWJEFODF GPS )� PS )� <���>�

����� %৓০৓ ৓ৠ৖ ৕ৡ৖ৗ ৓২৓৛৞৓৔৛৞৛০৫

"MM CFIBWJPSBM EBUB
 NPEFM ஷ஫UT BOE BOBMZTJT DPEF BSF BWBJMBCMF VOEFS B $$ட#: ��� MJDFOTF BU #//+.΂ζζ�*$΀
*-"ζ10΀6084ζ(9΀!$".#�- ΀7268558�

��� "৕ঢ়ৠৡ৩৞ৗ৖৙ৗয়ৗৠ০৥

8F UIBOL (JMMFT EF )PMMBOEFS BOE 1FUFS .VSQIZ GPS EJTDVTTJPO� "OLF #SBVO LJOEMZ TIBSFE CFIBWJPSBM
EBUB PG UIF 7JTVBM NPUJPO �"'$ 	'%
 TUVEZ� $ISJTUJBOF 3FJ�NBOO
 ,BSJO %FB[MF
 4BNBSB (SFFO BOE
-JOB ;BLBSBVTLBJUF IFMQFE XJUI QBSUJDJQBOU SFDSVJUNFOU BOE EBUB BDRVJTJUJPO GPS UIF 7JTVBM NPUJPO �*'$
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Figure S1: [Figure 3 – Cgure supplement 1] The hierarchical DDM. (a)Graphical representaঞon of the hierarchical model structure. The full
model (with both history-dependent dri[ bias and starঞng point) is depicted. Round nodes represent random variables, and the shaded
node x represented the observed data (choices and RTs for all observers within each task). Subject-speciCc parameter esঞmates were
distributed according to the group-level posterior values, thereby ‘shrinking’ individual values towards the group average. Colors indicate
the distribuঞons used for each node. For the datasets with mulঞple sঞmulus diLculty levels, we addiঞonally esঞmated a separate dri[
rate (v) for each (Figure 3 – Figure Supplement 2a, inset). Between-trial variability in non-decision ঞme was only included in the model
shown in Figure 4 – Figure Supplement 1b. (b) Prior distribuঞons used for each node, with colors indicaঞng their distribuঞon. See [77]
for the full set of prior speciCcaঞons.
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Figure S2: [Figure 3 – Cgure supplement 2] Dri[ di@usion model Cts. (a) Correlaঞon between dri[ rate (v) and d’. In the two datasets
with mulঞple sঞmulus diLculty levels (Visual moঞon 2AFC (FD) and Visual moঞon 2IFC (FD) #1), dri[ rates were esঞmated separately
for each level of sঞmulus diLculty. In these two datasets, the correlaঞon coeLcient displayed is a parঞal correlaঞon between v and d’,
while accounঞng for sঞmulus diLculty (inset, colors indicate discrete sঞmulus diLculty levels). As expected, the mean dri[ rate increased
monotonically as a funcঞon of evidence strength. (b) Measured and predicted RT distribuঞons, across all trials and observers within
each dataset. Observed (light) and predicted (dark) RT distribuঞons are separately shown for each combinaঞon of sঞmulus and choice
(green/purple), with the low-probability distribuঞons indicaঞng error trials.
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Figure S3: [Figure 4 – Cgure supplement 1] Control model Cts. (a) Summary Cgure based on non-hierarchical G2 Cts [298]. Rather than the
full RT distribuঞon, we Ct each observers’ RT quanঞles (0.1, 0.3, 0.5, 0.7, 0.9) and correlated history shi[s in the DDM bias parameters to
individual P(repeat), as in Figure 4. (b) Summary Cgure based on the full hierarchical model, where across-trial variability in non-decision
ঞme (st) was added as a free parameter. Like the across-trial variability in dri[ rate (sv) and starঞng point (sz), the st parameter was only
esঞmated at the group level [112]. (c) Fits of the two datasets with mulঞple evidence strengths, allowing non-decision ঞme to vary with
these discrete levels (see Methods). (i) Posterior distribuঞons of group-level non-decision ঞme for each level of evidence strength. (ii)
Comparison between models accounঞng for choice history bias through a starঞng point, dri[ bias or both, while allowing for non-decision
ঞme to vary with levels of sঞmulus strength. (iii) Correlaঞons between individual history shi[s in starঞng point or dri[ bias and repeঞঞon
probability, from a model where non-decision ঞme was separately esঞmated per level of sঞmulus strength.
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Figure S4: [Figure 4 – Cgure supplement 2] Same biasingmechanism under two pharmacological intervenঞons. (a) Parঞcipants in theMEG
studywere assigned to one of three pharmacological groups. At the start of each experimental session, they orally took 40mg atomoxeঞne
(Stra�era®), 5 mg donepezil (Aricept®), or placebo. Since the ঞme of peak plasma concentraঞon is 3 hours for donepezil [301] and 1-2
hours for atomoxeঞne [302], we used a placebo-controlled, double-blind, double-dummy design, entailing an idenঞcal number of pills at
the same ঞmes before every session for all parঞcipants. Parঞcipants in the donepezil group took 5 mg of donepezil 3 hours, and placebo
1.5 hours before starঞng the experimental session. Parঞcipants in the atomoxeঞne group took placebo 3 hours, and 40mg of atomoxeঞne
1.5 hours before the experimental session. Those in the placebo group took idenঞcal-looking sugar capsules both 3 and 1.5 hours before
starঞng the session. This ensured that either drug reached its peak plasma concentraঞon at the start of the experimental training. The
drug doses were based previous studies with healthy parঞcipants [303, 304]. Blood pressure and heart rate were measured and registered
before subjects took their Crst and second pill. In the three hours before any MEG or training session, parঞcipants waited in a quiet room.
In total, 19 people in the placebo, 22 in the atomoxeঞne, and 20 in the donepezil group completed the full study. (b, c) Choice history
biases separately for each pharmacological group. Since we did not observe di@erences in choice history bias between these groups, we
pooled all observers for the main analyses.
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Figure S5: [Figure 4 – Cgure supplement 3] Repeaters vs. alternators. (a) Correlaঞons between individual history shi[s in starঞng point or
dri[ bias and repeঞঞon probability, Ct separately for groups of ‘repeaters’ (P(repeat) > 0.5) and ‘alternators’ (P(repeat) < 0.5). (b) Summary
of correlaঞons (as in Figure 4c) separately for repeaters and alternators. Error bars indicate the 95% conCdence interval of the correlaঞon
coeLcient. Δρ quanঞCes the degree to which the two DDM parameters are di@erenঞally able to predict individual choice repeঞঞon,
p-values from Steiger’s test. The black diamond indicates the mean correlaঞon coeLcient across datasets. In the Visual contrast yes/no
RT dataset there were no alternators, so this dataset was excluded from the overview.
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Figure S6: [Figure 4 – Cgure supplement 4] Post-error slowing. (a)We computed post-error slowing as the di@erence in average RT a[er
error and correct trials. In four of the six datasets, observers showed signiCcant post-error slowing (permutaঞon test against zero; *** p
< 0.001, ** p < 0.01, n.s. p > 0.05). We then Ct an HDDM model where the overall dri[ rate, as well as the boundary separaঞon, were
allowed to vary depending on the outcome (correct vs. error) of the previous trial. (b) Changes in boundary separaঞon a[er error vs.
correct trials. (c) Changes in dri[ rate a[er error vs. correct trials. For the two datasets with mulঞple levels of sঞmulus strength, the e@ect
of previous error vs. correct on dri[ rate is shown separately for each discrete level of sঞmulus strength (weak to strong evidence from
le[ to right; see also Methods and Figure 3 – Figure Supplement 2a). (d-e) as (b-c), but from a HDDM model where we simultaneously
allowed choice history to a@ect starঞng point and dri[ bias, as well as previous accuracy to a@ect boundary separaঞon and dri[ rate.
Distribuঞons were smoothed using kernel density Cts. Shaded regions represent the 95% BCI, and white lines indicate the posterior mean.
Errors were succeeded by a decrease in mean dri[ rate in most datasets and by an increased boundary separaঞon in some datasets: both
e@ects conspired to slow down decisions a[er an error. (f) Correlaঞons between P(repeat) and history shi[s in starঞng point and dri[
bias, from the model where previous accuracy was also allowed to a@ect boundary separaঞon and dri[ rate.
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Figure S7: [Figure 4 – Cgure supplement 5] Group-level posterior distribuঞons of history bias parameters. History shi[ in (a) starঞng
point and dri[ bias, as well as the e@ect of previous choice outcome on (b) starঞng point and dri[ bias, separately for each dataset. The
posteriors were taken from the model where history-dependent z and vbias were Ct simultaneously. Distribuঞons were smoothed using
kernel density Cts. Shaded regions represent the 95% BCI, and white lines indicate the posterior mean. P-values indicate the overlap with
zero (a), or between the two condiঞons (b). (c) Repeঞঞon probability for Cve quanঞles of the RT distribuঞon, separately for each dataset
(colors) and averaged across datasets (black). For those RTs < 600ms, group-level behavior tended towards choice alternaঞon.
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Figure S8: [Figure 6 – Cgure supplement 1] Contribuঞon of previous choices to current dri[ and starঞng point bias as funcঞon of lag.
Model comparison (Δ AIC from a baseline model without history) between models where previous correct and incorrect choices a@ected
only starঞng point (light green squares), only dri[ bias (blue diamonds), or both (blue-green circles), up to 6 past trials. The best-Cমng
model is indicated by a black outline.
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Figure S9: [Figure 7 – Cgure supplement 1] Moঞon energy Cltering, psychophysical kernels and the e@ecঞve ঞme-constant of evidence
integraঞon. (a) Within each generaঞve coherence level, the average moঞon energy traces were rescaled to express moঞon energy in
% coherence. The iniঞal 200ms of the trial fall within the rise-ঞme of the spaঞotemporal moঞon energy Clter. (b) The average moঞon
energy is a linear funcঞon of coherence, with substanঞal trial-by-trial Yuctuaঞons that arise from the stochasঞcally generated noise dots.
Note that while we previously used moঞon energy Cltering on the dot coordinates in the Visual moঞon 2IFC (FD) #1 dataset (Urai et al.,
2017), the large sঞmulus display in that study resulted in most noise Yuctuaঞons being averaged out over space. This resulted in only
small trial-by-trial di@erences in the e@ecঞve decision-relevant input). (c) Psychophysical kernels, indicaঞng the e@ect of Yuctuaঞons in
moঞon energy (using the three weakest coherence levels) on observers’ choice over ঞme. Shaded errorbars indicate group s.e.m., black
dots show signiCcant (p < 0.05, FDR-corrected) group-level deviaঞons from zero. (d) Individual e@ecঞve leak parameters, esঞmated from
an leaky accumulator model either without (le[) or with (right) collapsing. A posiঞve λ indicates that the accumulators accelerate towards
the decision bound, depending on the value of the decision variable. When including a collapsing bound in the model, which captures an
overall urgency in the decision process, overall e@ecঞve leak biases are no longer signiCcantly di@erent from zero. *** p < 0.001, ** p <
0.01, n.s. p > 0.05, permutaঞon test against zero.
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Figure S10: [Figure 7 – Cgure supplement 2] Dri[ di@usion model simulaঞons. (a)Model schemaঞcs. (b) Condiঞonal bias funcঞons, for
syntheঞc individuals with increasing bias magnitude (indicated by color intensity). (c) Parameter esঞmates of a hybrid HDDM (with both
starঞng point and dri[ bias) Ct on simulated data. (d) Model comparison from a baseline model without history. The best-Cমng model
(lowest BIC) is indicated by a black outline. (e) Correlaঞons between P(bias) of each syntheঞc individual, and their respecঞve parameter
esঞmates for both starঞng point and dri[ bias.
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Figure S11: [Figure 7 – Cgure supplement 3] Leaky accumulator model simulaঞons. To match the empirical data (Figure 7 – Figure Sup-
plement 1d), we choose the overall leak parameter λ to be > 0, producing a primacy e@ect through self-excitatory accumulators, whereby
evidence early on in the trials has a stronger leverage on choice. We veriCed that the same conclusions hold for λ ≤ 0 (data not shown).
All simulaঞons included collapsing bounds. (a)Model schemaঞcs. Le[ to right: (i) The e@ect of a biased starঞng point on choice declines
rapidly with elapsed ঞme, as the decision variable is increasingly governed by the input. (ii) The e@ect of biased input to the accumulaঞon
stage within the leaky accumulator model is uniquely captured by dri[ bias within the DDM. Also, the e@ect input bias on choice increases
with elapsed ঞme, as the decision variable is increasingly governed by the λbias. (iii) The e@ect of biased leak of the accumulators (hence-
forth termed ‘λbias’) on choice increases with elapsed ঞme, as the decision variable is increasingly governed by the λbias. (b) Condiঞonal
bias funcঞons, for syntheঞc individuals with increasing bias magnitude (indicated by color intensity). (c) Parameter esঞmates of a hybrid
HDDM (with both starঞng point and dri[ bias) Ct on simulated data. (d) Model comparison from a baseline model without history. The
best-Cমng model is indicated with a black outline. (e) Correlaঞons between P(bias) of each syntheঞc individual, and their respecঞve
parameter esঞmates for both starঞng point and dri[ bias.
It noteworthy that λbias in the leaky accumulator model predicts the strongest choice bias for long RTs, while both DDM starঞng point
and dri[ bias predict the strongest choice bias for short RTs. This implies that if a major source of choice bias in any dataset is due to a
leak bias, the DDM is not going to be able to easily account for this. Our simulaঞons show that the best-Cমng DDM such data shows: (i)
a dri[ bias, in order to explain the choice bias for relaঞvely long RTs, and (ii) a starঞng point of opposite sign, in order to push down the
expected choice bias for relaঞvely short RTs. Indeed, these opposing e@ects of starঞng point and dri[ bias can be observed in the bars in
(h), and are present in some of the datasets used here (Figure 4 – Figure Supplement 5a). The present simulaঞon results suggest that even
stronger choice repeঞঞon (or alternaঞon) e@ects as measured here would give rise to opposite e@ects on starঞng point and dri[ bias in
DDM Cts.
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.BOZ EFDJTJPOT BSF NBEF JO UIF GBDF PG VODFSUBJOUZ BOE JOWPMWF BDDVNVMBUJOH BNCJHVPVT FWJEFODF PWFS
UJNF� 5IJT IPMET GPS FMFNFOUBSZ EFDJTJPOT CBTFE PO QFSDFQUVBM FWJEFODF 	ஷ஫OEJOH ZPVS XBZ IPNF UISPVHI
B SBJOZ XJOETIJFME
 SBOHJOH UP NPSF DPNQMFY EFDJTJPOT CBTFE PO BCTUSBDU FWJEFODF 	EFDJEJOH XIJDI TUPDL
UP CVZ
 PSXIJDI DBSFFS UP QVSTVF
� 1SPUSBDUFE EFDJTJPO�NBLJOH JT JNQMFNFOUFE CZ B EJTUSJCVUFE CSBJO OFU�
XPSL� JO UIF DPOUFYU PG B QFSDFQUVBM EFDJTJPO
 TFOTPSZ DPSUFY FODPEFT JOQVU TJHOBMT FWJEFODFأ	 TBNQMFTؤ


BTTPDJBUJPO DPSUFY BDDVNVMBUFT UIFTF PWFS UJNF JOUP B EFDJTJPO WBSJBCMF
 BOE NPUPS SFHJPOT USBOTMBUF UIF
EFDJTJPO JOUP B CFIBWJPSBM BDU� 4USJLJOHMZ
 XIFO BTLFE UP NBLF SFQFBUFE EFDJTJPOT
 XF PG஽FO DIPPTF EJஶGFS�
FOUMZ FBDI UJNF
 FWFO XIFO XF BSF HJWFO UIF TBNF JOGPSNBUJPO UP JOGPSN PVS DIPJDF� 5IJT JNQMJFT UIBU
UIF QBUI B EFDJTJPO�NBLJOH QSPDFTT UBLFT JO PVS CSBJO JT OPU ஷ஫YFE
 CVU
 UP BO FYUFOE
 WBSJBCMF� #FIBWJPSBM
WBSJBCJMJUZ JT DPNNPOMZ BUUSJCVUFE UP JOUSJOTJD OPJTF JO UIF OFSWPVT TZTUFN�

)PXFWFS
 CFIBWJPSBM WBSJBCJMJUZ JT QFSIBQT OPU DPNQMFUFMZ VOQSFEJDUBCMF� B TVCTUBOUJBM QBSU PG UIF WBSJ�
BCJMJUZ JO CFIBWJPS NJHIU JO GBDU CF FYQMBJOFE BOE QSFEJDUFE CZ USBDLJOH UIF NPNFOUBSZ BSPVTBMأ TUBUFؤ
PG UIF CSBJO
 BOE CZ USBDLJOH UIF IJTUPSZأ PG DIPJDFTؤ B QBSUJDVMBS EFDJTJPO JT FNCFEEFE JO� *OEFFE
 UIF
CSBJOءT BSPVTBM TUBUF JT CSJFஸ஼Z FMFWBUFE EVSJOH EFDJTJPO�NBLJOH� 5IF BSPVTBM TUBUF JT SFHVMBUFE CZ CSBJOTUFN
OVMFJ
 XIJDI IBWF XJEFTQSFBE QSPKFDUJPOT UIBU SFMFBTFNPEVMBUPSZ OFVSPUSBOTNJUUPST 	OFVSPNPEVMBUPST
�
/FVSPNPEVMBUPST BMUFS UIF PQFSBUJOH NPEF PG UIFJS UBSHFU DJSDVJUT
 GPS FYBNQMF
 CZ SFHVMBUJOH UIFJS PWFS�
BMM FYDJUBCJMJUZ� "T TVDI
 UIFZ EFUFSNJOF UIF BSPVTBM TUBUF PG UIF CSBJO BOE UVOF JOGPSNBUJPO QSPDFTTJOH�
"MTP
 DIPJDFT BSF SBSFMZ NBEF JO JTPMBUJPO
 CVU PG஽FO EFQFOE PO B QFSTPOءT QSFWJPVT FYQFSJFODFT 	XIFO
ஷ஫OEJOH ZPVS XBZ IPNF UISPVHI UIBU SBJOZ XJOETIJFME
 ZPV QSPCBCMZ EPOءU XBOU UP NBLF UXP SJHIU�UVSO
EFDJTJPOT JO B SPX� VOMFTT ZPVءSF TVSF ZPV XFOU UIF XSPOH XBZ
� 5IJT JNQMJFT UIBU QSFWJPVT DIPJDFT DBO
CJBT UIF CSBJOءT EFDJTJPO�NBLJOH NBDIJOFSZ� 5BLFO UPHFUIFS
 UIF CSBJOءT BSPVTBM TUBUF BOE UIF IJTUPSZ PG
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 TPNFIPX
 TIBQF DPSUJDBM EFDJTJPO�DPNQVUBUJPOT BOE PWFSU DIPJDFT
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DIPJDF CFIBWJPS� 5IF TFDPOE DIBQUFS FTUBCMJTIFT UIBU UIF BSPVTBM�MJOLFE TVQQSFTTJPO PG TVCPQUJNBM CJ�
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UIF IJTUPSZ PG DIPJDFT BDDPVOU GPS B TVCTUBOUJBM GSBDUJPO PG UIF BQQBSFOU WBSJBCJMJUZ JO PWFSU CFIBWJPS�

"�� (ৗ৤য়৓ৠ

8FOO XJS &OUTDIFJEVOHFO USFஶGFO
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7BSJBCJMJU¤U� &JO XFJUFSFS 5FJM LBOO FJOFSTFJUT EVSDI 4DIXBOLVOHFO JN BMMHFNFJOFO &SSFHUIFJUT[VTUBOE
EFT (FIJSOT FSLM¤SU XFSEFO
 BOEFSFSTFJUT EVSDI EJF #FS¼DLTJDIUJHVOH WFSHBOHFOFS &OUTDIFJEVOHFO BVG
XFMDIF FJOF HFHFOX¤SUJHF &OUTDIFJEVOH GPMHU�

*N 7FSMBVG EFT &OUTDIFJEVOHTQSP[FTTFT XFSEFO OFVSPNPEVMBUPSJTDIF 4ZTUFNF EFT )JSOTUBNNT BL�
UJWJFSU� %JFTF 4ZTUFNF WFSG¼HFO¼CFSXFJUSFJDIFOEF BOBUPNJTDIF7FSCJOEVOHFO JO EFO/FPLPSUFY
 XFMDIF
/FVSPNPEVMBUPSFO JO EJF ;JFMSFHJPO GSFJHFCFO� /FVSPNPEVMBUPSFO WFS¤OEFSO EFO 0QFSBUJPOTNPEVT
OFVSPOBMFS 4DIBMULSFJTF
 [VN #FJTQJFM EVSDI EJF 3FHVMBUJPO EFS OFVSPOBMFO &SSFHCBSLFJU� %VSDI JISF
XFJUSFJDIFOEFO 7FSCJOEVOHFO CFFJOஸ஼VTTFO TJF EFO HMPCBMFO &SSFHUIFJUT[VTUBOE EFT (FIJSOT VOE GPMHMJDI
EJF OFVSPOBMF *OGPSNBUJPOTWFSBSCFJUVOH� &OUTDIFJEVOHFO XFSEFO [VEFN TFMUFO JO WPMMTU¤OEJHFS *TPMB�
UJPO HFUSPஶGFO
 TPOEFSO TJOE WJFMNFIS FJOHFCFUUFU JO FJOF "CGPMHF WJFMFS &OUTDIFJEVOHTQSP[FTTF
 XFMDIF
FCFOGBMMT &JOஸ஼VTT BVG EFO OFVSPOBMFO &OUTDIFJEVOHTQSP[FTT OFINFO� ;VTBNNFOHFOPNNFO QS¤HFO EFS
NPNFOUBOF &SSFHUIFJUT[VTUBOE EFT (FIJSOT TPXJF EJF HFOBVF "CGPMHF BO WPSIFSHFIFOEFO &OUTDIFJEVO�
HFO EJF *OGPSNBUJPOTWFSBSCFJUVOHTQSP[FTTF XFMDIF EFS &OUTDIFJEVOHTஷ஫OEVOH [VHSVOEF MJFHFO� 7BSJBCJM�
JU¤U JN &SSFHUIFJUT[VTUBOE PEFS JO EFS &OUTDIFJEVOHTHFTDIJDIUF FSLM¤SFO EBNJU FJOFO CFEFVUFOEFO 5FJM
CFPCBDIUFUFS 7FSIBMUFOTWBSJBCJMJU¤U � TFMCTU BOHFTJDIUT JEFOUJTDIFS *OGPSNBUJPO� %BT ;JFM EFS WPSMJFHFO�
EFO %JTTFSUBUJPO JTU FT EBS[VMFHFO
 ¼CFS XFMDIF OFVSPOBMFO 1SP[FTTF EJFTF 1SP[FTTF JNQMFNFOUJFSU TJOE�

%JFTF 'SBHFXJSEIJFS EVSDI FJOF,PNCJOBUJPO BVT1TZDIPQIZTJL
NBUIFNBUJTDIFS.PEFMMJFSVOH
 TPXJF
GVOLUJPOFMMFS.BHOFUSFTPOBO[UPNPHSBQIJF VOE.BHOFUPFO[FQIBMPHSBQIJF BESFTTJFSU� *N FSTUFO,BQJUFM
XJSE EFS 1VQJMMFOEVSDINFTTFS 	CFJ LPOTUBOUFS )FMMJHLFJU
 BMT FJO .BSLFS G¼S EJF "LUJWJU¤U OFVSPNPEVMB�
UPSJTDIFS /VLMFJ EFT )JSOTUBNNT
 VOE EBNJU G¼S HMPCBMF &SSFHVOH
 FUBCMJFSU� 8FJUFSIJO XJSE JN FSTUFO
,BQJUFM HF[FJHU
 EBTT JO 1IBTFO FSI¶IUFS &SSFHVOH TVCPQUJNBMF #JBTFT JO EFS QFS[FQUVFMMFO &OUTDIFJEVOHT�
ஷ஫OEVOH SFEV[JFSU C[X� VOUFSES¼DLU TJOE� *N [XFJUFO,BQJUFM XJSE EJF 'SBHF OBDI EFS"MMHFNFJOH¼MUJHLFJU
EFS HFOBOOUFO3FEVLUJPO TVCPQUJNBMFS #JBTFT CFIBOEFMU� &T XJSE EBSHFMFHU
 EBTT EJFTFT 1SJO[JQ FJOFSTFJUT
CFJ FJOFS 7JFM[BIM VOUFSTDIJFEMJDIFS &OUTDIFJEVOHTBVGHBCFO WBSJJFSFOEFS ,PNQMFYJU¤U
 TPXJF JO VOUFS�
TDIJFEMJDIFO 4QF[JFT 	.FOTDIFO VOE.¤VTFO
 BVG஽SJUU� *N ESJUUFO ,BQJUFM XJSE EBSHFMFHU
 EBTT EJF HFOBO�
OUF 6OUFSES¼DLVOH TVCPQUJNBMFS #JBTFT EVSDI FSSFHVOHTCFEJOHUF &JOஸ஼¼TTF BVG "MQIB�#BOE "LUJWJU¤U

FOUMBOH EFT EPSTBMFO 4USPNT EFS WJTVFMMFO)JFSBSDIJF
 NFEJJFSU XJSE� *N WJFSUFO ,BQJUFM XJSE HF[FJHU
 EBTT
QIBTJTDIF &SSFHVOH JO3FMBUJPO [V 4DIM¼TTFMLPNQPOFOUFO EFS *OGPSNBUJPOTWFSBSCFJUVOH
 XJF [�#� 4JDIFS�
IFJU�6OTJDIFSIFJU VOE �CFSSBTDIVOH
 SFLSVUJFSU XJSE� *N G¼OG஽FO VOE MFU[UFO ,BQJUFM XJSE BVGHF[FJHU

EBTT *OGPSNBUJPOTBLLVNVMBUJPO OJDIU OVS WPO HFHFOX¤SUJHFS *OGPSNBUJPO
 FUXBJHFO #JBTFT TPXJF BMMHF�
NFJOFS &SSFHVOH BCI¤OHU
 TPOEFSO [VEFN WPO EFS 3FJIFOGPMHF BO WPSIFSHFIFOEFO &OUTDIFJEVOHFO CFF�
JOஸ஼VTTU XJSE�
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;VTBNNFOGBTTFOEXJSE JOEJFTFS%JTTFSUBUJPO BVGHF[FJHU
 XJFOFVSPOBMF&SSFHVOH TPXJF WPSIFSHFIFOEF
&OUTDIFJEVOHFOTFRVFO[FO *OGPSNBUJPOTWFSBSCFJUVOHX¤ISFOEVOUFSTDIJFEMJDIFS&OUTDIFJEVOHTBVGHBCFO
CFFJOஸ஼VTTFO� *O 4JUVBUJPOFO
 JO XFMDIFO &OUTDIFJEVOHFO CBTJFSFOE BVG VO[VWFSM¤TTJHFS PEFS BNCJWBMFO�
UFS FYUFSOFS *OGPSNBUJPO HFUSPஶGFO XFSEFO
 IBCFO 'BLUPSFO XJF OFVSPOBMF�QTZDIJTDIF &SSFHVOH
 TPXJF
EJF 4FRVFO[ WPSIFSHFIFOEFS &OUTDIFJEVOHFO
 FJOFO ¤IOMJDI HSP�FO &JOஸ஼VTT BVG L¼OG஽JHF &OUTDIFJEVO�
HFO XJF EJF UBUT¤DIMJDIF VOE PCKFLUJWF *OGPSNBUJPO
 XFMDIF WPN &OUTDIFJEFS BVT EFS 6NXFMU FYUSBIJFSU
XJSE� %BCFJ [FJHU TJDI
 EBTT OVS FJO 5FJM EFS CFPCBDIUFUFO 7BSJBCJMJU¤U JN &OUTDIFJEVOHTWFSIBMUFO JOUSJO�
TJTDIFN OFVSPOBMFN 3BVTDIFO [VHFTDISJFCFO XFSEFO LBOO�

���



B
"DLOPXMFEHFNFOUT

*IBWF TPNBOZ BNB[JOH QFPQMF BSPVOENF
 BOE *XBOU UP UIBOL FWFSZPOF GPSXIP UIFZ BSF BOE GPSNBLJOH
NZ MJGFNFBOJOHGVM� *O UIF DPOUFYU PG UIJT UIFTJT
 UIFSF BSF TPNF UIBU *XPVME MJLF UPNFOUJPO JONPSF EFUBJM

BOE * XJMM BUUFNQU UP EP TP JO DISPOPMPHJDBM PSEFS�

* XBOU UP UIBOL NZ NPN BOE EBE GPS QSPWJEJOH B TFDVSF CBTF GSPN XIJDI * DPVME FYQMPSF UIF XPSME
BOE XIFSF * DPOUJOVF UP DPNF CBDL UP
 GPS OPU QSFTTVSJOH NF UP HSPX VQ UPP GBTU
 GPS TIPXJOH NF UIF
IJHIFTU NPVOUBJOT BOE EFFQFTU PDFBOT
 BOE GPS BMXBZT CFMJFWJOH UIBU * LOFX CFTU XIBU XBT SJHIU GPS NF
	CVU BMTP GPS BTLJOH UIF PDDBTJPOBM DSJUJDBM RVFTUJPO
� * XBOU UP UIBOL NZ CJH TJTUFS GPS QBWJOH UIF SPBE JO
TP NBOZ XBZT BOE GPS CFJOH NZ CFTU GSJFOE FWFS TJODF * PQFOFE NZ FZFT ؜ * XJMM BMXBZT MPPL VQ UP ZPV� *
XBOU UP UIBOL UIF SFTU PG NZ BNB[JOH GBNJMZ
 JODMVEJOH UIF .BIBNVOJءT
 GPS UIFJS TVQQPSU
 JOUFSFTU
 BOE
WFSZ WBMJE RVFTUJPOT SFHBSEJOH UIF QSBDUJDBM JNQMJDBUJPOT PG XIBU Nء* EPJOH�

* XBOU UP UIBOL 5PCJBT GPS CFJOH NZ NFOUPS GPS BMNPTU B EFDBEF� Nء* QSPVE UP TBZ UIBU NZ TDJFOUJஷ஫D
UIJOLJOH JT MBSHFMZ TIBQFE CZ ZPV� BG஽FS BMM
 ZPV EJE OPU POMZ TVQFSWJTF UIJT 1I% UIFTJT
 CVU BMTP HVJEFE
NF UISPVHI CPUI NZ #4D BOE .4D HSBEVBUJPOT� * TUJMM PG஽FO UIJOL XIBUأ XPVME 5PCJ EPؤ
 BOE UIFO UIF
TPMVUJPO JT OFWFS GBS BXBZ� 5IF DPNCJOBUJPO PG ZPVS CSFBEUI PG LOPXMFEHF
 DMFBS UIJOLJOH BOE HFOVJOF
FYDJUFNFOU BCPVU VOFYQFDUFE PVUDPNFT XBT B HSFBU SFTPVSDF UP NF
 BOE BCPWF BMM JODSFEJCMZ JOTQJSJOH� *
GPOEMZ SFNFNCFS UIF CJLF SJEFT UISPVHI #SPPLMZO
 FBSMZNPSOJOHT BU UIF(PMEFO 1VEFM JO)BNCVSH
 BOE
UIF XBMLT BMPOH UIF "NTUFM SJWFS JO "NTUFSEBN�

* XBOU UP UIBOL 5PNBT GPS QBTTJOH PO TP NVDI PG IJT TLJMM� BOE UPPM�TFUT� -FBSOJOH FZF�USBDLJOH
 G.3*

BOE QSPHSBNNJOH 	JO 1ZUIPO�
 GSPN ZPV HSFBUMZ FOBCMFE NF BT B ZPVOH SFTFBSDIFS� "CPWF BMM
 ZPVS
FOEMFTT FOUIVTJBTN BCPVU OFX FYQFSJNFOUT XBT WFSZ DPOUBHJPVT� TDJFODF JT KVTU TP NVDI GVO� * XPOءU
GPSHFU VT XPSLJOH UPHFUIFS GSPN ZPVS IPVTF JO EF /JFVXF 0PTUFOCVSHFSTUSBBU
 USZJOH UP TRVFF[F QVQJM
EBUB UISPVHI ZPVS EFDPOWPMVUJPO TDSJQUT
 XIJMF FBUJOH IPNF�DPPLFE5IBJ TPVQ PS UIF CFTU GSJFE FHH * IBWF
FWFS IBE�

���



* XBOU UP UIBOL NZ IJHI�TDIPPM CVEEJFT BOE SPPNNBUFT %BBO BOE 3FNZ GPS CFJOH UIF WFSZ ஷ஫STU QBS�
UJDJQBOUT JO NZ ஷ஫STU FYQFSJNFOU� 8JUI ZPVS IFMQ
 BOE XFءSF UBMLJOH BCPVU ��� IPVST PG TUBSJOH BU TDSFFO
UIBU XBT NPTUMZ KVTU HSFZ
 * XBT BCMF UP ஷ஫OF�UVOF UIF FYQFSJNFOUBM EFTJHO UIBU * IBWF VTFE UISPVHIPVU NZ
1I% USBDL� )FSFءT UP NBOZ NPSF DPஶGFFT BOE CFFST JO MJGF� )FSF * BMTP XBOU UP UBLF UIF PQQPSUVOJUZ UP
UIBOL BMM UIF TVCKFDUT UIBU IBWF QBSUJDJQBUFE JO NZ FYQFSJNFOUT PWFS UIF ZFBST�

* XBOU UP UIBOL FWFSZPOF JO UIF QSPHSBNNF HSPVQ #SBJO BOE $PHOJUJPO BU UIF 6OJWFSTJUZ PG "NT�
UFSEBN GPS CFJOH TVDI B XBSN BOE GVO DSPXE� * WJWJEMZ SFNFNCFS UIF 
MVODIأ MVODI
 MVODIؤ DSJFT
 BOE
FWFSZPOF DSBNNJOH BSPVOE UIF TNBMM UBCMF� 4QFDJஷ஫DBMMZ
 * XBOU UP UIBOL /JFMT BOE 4JNPO GPS BDDFQUJOH
NF JO UIFJS DPPM�LJETء SPPNXIFO XF XFSF TUJMM JO EF %JBNBOUCFVST� 5IF MPVE 	BOE QSFUUZ BQQBMMJOH
 NV�
TJD BU UIF FOE PG UIF BG஽FSOPPO XBT BMXBZT B XFMDPNF SFNJOEFS UP OPU HFU UPP XPSLFE VQ� %BOJFM TIPVME
BMTP CF NFOUJPOFE IFSF ؜ UIPTF QJOH�QPOH TFTTJPOT JO UIF TVNNFS PG ���� XFSF RVJUF TPNFUIJOH�

* XBOU UP UIBOL FBDI BOE FWFSZ NFNCFS PG UIF %POOFSMBC GPS BMM UIF HPPE UJNFT JO BOE PVUTJEF )BN�
CVSH� "OOF
 GPS CFJOH CPUI UIF NPSBM BOE QSBDUJDBM DPNQBTT PG UIF MBC ؜ XJUIPVU ZPV
 * XPVME OFWFS
IBWF IFBSE PG PQFO TDJFODF
 CJP3YJW
 5XJUUFS
 4MBDL
 ;PUFSP
 * XPVME IBWF NJTTFE NBOZ EFBEMJOFT
 BOE
EFஷ஫OJUFMZ XPVME OPU IBWF IBE TVDI B NBTTJWF MBTU DIBQUFS PG NZ UIFTJT� 5IPNBT
 GPS UIF FQJD Pஶஷ஫DF CPZT
QJDUVSF
 GPS SFGSFTIJOH DPOWFSTBUJPOT BCPVU MJGF BG஽FS TDJFODF BOE DPNQVUFST
 BOE GPS FRVBMMZ SFGSFTIJOH
ESJOLT PO ZPVS CBOLKF JO EF WPPSUVJO� 0MZNQJB
 GPS NBLJOH UIF MPOH EBZT PG.3* TDBOOJOH WFSZ CFBSBCMF

GPS CFJOH UIF TPDJBM HMVF JO UIF MBC
 BOE GPS SFOUJOH 4SVTIUJ BOENF ZPVS CFBVUJGVM IPVTF� /JLMBT
 GPS CFJOH
TP XFMM�DPOTJEFSFE BOE BMXBZT TVQQPSUJWF ؜ Nء* MPPLJOH GPSXBSE UP UIF OFYU PDDBTJPO UBMLJOH BCPVU UIF
VQT BOE EPXO PG MJGF BOE ESJOLJOH CFFS PO B KFUUZ� 5PN BOE 3VEZ
 GPS EJTQMBZJOH TVDI B DIBSNJOH DPN�
CJOBUJPO PG SJHPSPVT TDJFODF BOE DIJMEJTI CFIBWJPS� 5PN PODF NPSF GPS USBOTMBUJOH UIF TVNNBSZ PG UIJT
UIFTJT JOUP (FSNBO
 BOE BMTP GPS PCUBJOJOH B QSPPG PG SFTJEFODF UIBU * OFFEFE MBTU NJOVUF UP HFU NBSSJFE ؜
JO TIPSU
 XJUIPVU ZPV * XPVME CF TJOHMF BOE XJUIPVU B EFHSFF� 1FUFS
 GPS CFJOH %S� .VSQIZ ؜ NZ CJHHFTU
SFHSFU JO MJGF TP GBS JT OPU IBWJOH QVCMJTIFE XJUI ZPV
 CVU OP POF XJMM FWFS UBLF BXBZ UIF GBDU UIBU NZ EFTL
XBT EJSFDUMZ GBDJOH BOE UPVDIJOH ZPVST� ,POTUBOUJOPT
 GPS ZPVS HPPE TFOTF PG IVNPS BOE SBE NPEFMJOH
TLJMMT� ,PCF
 GPS CFJOH TVDI B DPNQFUJUJWF BOE FMFHBOU QJOH�QPOH QMBZFS� #IBSBUI
 GPS ZPVS *OEJBO IPTQJ�
UBMJUZ BOE JNQSFTTJWF DIJMEIPPE TUPSJFT UIBU PG஽FO JOWPMWFE FYUSFNF TQPSUT 	LBCBEEJ
 	14� Nء* TP IBQQZ
GPS ZPV BOE 1SJZB�
� "OLF
 GPS JOUSPEVDJOH VT UP )BGFOLMBOH BOE IFBE$3"4)� ,FOP
 GPS BMXBZT CFJOH
IBQQZ EFTQJUF UIF WBSJPVT IBOHPWFST BOE SVHCZ JOKVSJFT
 BOE GPSNBLJOH UIF JDF�TLBUJOH USJQ UP "QQFMCFLF
IBQQFO� $ISJTUPஶGFS
 GPS HJWJOHNF B HMJNQTF JOUP UIF XPSME PG EVOHFPOT BOE ESBHPOT 	PODF XBT FOPVHI


BOE GPS LOPXJOH BMM UIF )BNCVSH JOT BOE PVUT
 "MFOB
 GPS UIF BNB[JOH DPDLUBJMT
 BMUIPVHI JUءT HPJOH UP
CF B XIJMF CFGPSF * USZ B .BJ 5BJ BHBJO� $BSPMJOB GPS CSJOJOH UIBU 4PVUIFSO WJCF UP SBJOZ )BNCVSH�

* XBOU UP UIBOL "OESFBT &OHFM BOE UIF SFTU PG UIF EFQBSUNFOU PG /FVSPQIZTJPMPHZ BU UIF 6OJWFSTJUZ
.FEJDBM $FOUFS )BNCVSH�&QQFOEPSG GPS BMM UIF TVQQPSU
 BOE 1IJMJQQ 4UFS[FS BOE $ISJTUJBO #¼DIFM GPS
FWBMVBUJOH NZ XPSL�

* XBOU UP UIBOL .BUUIFX .D(JOMFZ GPS UIF DPPM DSPTT�TQFDJFT USBOTBUMBOUJD DPMMBCPSBUJPO UIBU TUBSUFE
ZFBST BHP� 5IJT DVMNJOBUFE JO POF PG UIF DIBQUFST QSFTFOUFE IFSF
 BOE JO B QPTUEPD QPTJUJPO JO IJT MBC
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BU #BZMPS $PMMFHF PG .FEJDJOF JO )PVTUPO� Nء* TVSF XFءSF HPJOH UP EP NBOZ NPSF HSFBU UIJOHT UPHFUIFS

CFDBVTF XF BMSFBEZ BSF�

'JOBMMZ
 * XBOU UP UIBOL 4SVTIUJ GPS CFJOH UIF MPWF PG NZ MJGF
 GPS NPWJOH DPOUJOFOUT XJUI NF
 GPS CFJOH
TP JOWPMWFE BOE JOUFSFTUFE
 GPS LFFQJOH NF TBOF
 GPS TIBSJOH NF XJUI NZ �OEأ HJSMGSJFOEؤ DBMMFE 5PCJBT

BOE GPS TP NBOZ NPSF UIJOHT� "CPWF BMM
 * MFBSOFE GSPN ZPV UP GVMMZ DPNNJU� * HBJOFE TP NVDI NPSF
GSPN UIJT UIBO * UIPVHIU QPTTJCMF
 UIJT UIFTJT CFJOH POMZ B NPEFTU GSBDUJPO PG UIBU�
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Jan Willem de Gee
Lebenslauf  entfällt  aus datenschutzrechtlichen  Gründen.



D
&JEFTTUBUUMJDIF &SLM¤SVOH

*DI WFSTJDIFSF BVTES¼DLMJDI
 EBTT JDI EJF "SCFJU TFMCTU¤OEJH VOE PIOF GSFNEF)JMGF WFSGBTTU
 BOEFSF BMT EJF
WPONJS BOHFHFCFOFOߕVFMMFO VOE)JMGTNJUUFM OJDIU CFOVU[U VOE EJF BVT EFO CFOVU[UFO8FSLFOX¶SUMJDI
PEFS JOIBMUMJDI FOUOPNNFOFO 4UFMMFO FJO[FMO OBDI "VTHBCF 	"Vஸ஼BHF VOE +BIS EFT &STDIFJOFOT

 #BOE
VOE 4FJUF EFT CFOVU[UFO 8FSLFT LFOOUMJDI HFNBDIU IBCF�

'FSOFS WFSTJDIFSF JDI
 EBTT JDIEJF%JTTFSUBUJPOCJTIFSOJDIU FJOFN'BDIWFSUSFUFS BO FJOFS BOEFSFO)PDITDIVMF
[VS �CFSQS¼GVOH WPSHFMFHU PEFS NJDI BOEFSXFJUJH VN ;VMBTTVOH [VS 1SPNPUJPO CFXPSCFO IBCF�

*DI FSLM¤SF NJDI FJOWFSTUBOEFO
 EBTT NFJOF %JTTFSUBUJPO WPN%FLBOBU EFS.FEJ[JOJTDIFO 'BLVMU¤U NJU
FJOFS H¤OHJHFO 4PG஽XBSF [VS &SLFOOVOH WPO 1MBHJBUFO ¼CFSQS¼G஽ XFSEFO LBOO�

6OUFSTDISJG஽�
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3FGFSFODFT

<�> 1BVM 8 (MJNDIFS� *OEFUFSNJOBDZ JO CSBJO BOE CFIBWJPS� "OOVBM SFWJFX PG QTZDIPMPঀ
 
��؜�����
�����

<�> +PTIVB * (PME BOE .JDIBFM / 4IBEMFO� 5IF OFVSBM CBTJT PG EFDJTJPO NBLJOH� "OOVBM SFWJFX PG
OFVSPTDJFODF
 
���؜������ �����

<�> .� /� 4IBEMFO
 ,� )� #SJUUFO
 8� 5� /FXTPNF
 BOE +� "� .PWTIPO� " DPNQVUBUJPOBM BOBMZTJT
PG UIF SFMBUJPOTIJQ CFUXFFO OFVSPOBM BOE CFIBWJPSBM SFTQPOTFT UP WJTVBM NPUJPO� 5IF +PVSOBM PG
/FVSPTDJFODF� 5IF 0؀DJBM +PVSOBM PG UIF 4PDJFUZ GPS /FVSPTDJFODF
 ��	�

����؜����� 'FCSVBSZ �����
*44/ ����������

<�> -FP 1 4VHSVF
 (SFH 4 $PSSBEP
 BOE 8JMMJBN 5 /FXTPNF� $IPPTJOH UIF HSFBUFS PG UXP HPPET�
OFVSBM DVSSFODJFT GPS WBMVBUJPO BOE EFDJTJPO NBLJOH� /BUVSF 3FWJFXT /FVSPTDJFODF
 �	�

���؜����
.BZ �����

<�> 78ZBSU BOE&,PFDIMJO� $IPJDF WBSJBCJMJUZ BOE TVCPQUJNBMJUZ JOVODFSUBJO FOWJSPONFOUT�$VSSFOU
0QJOJPO JO #FIBWJPSBM 4DJFODॻ
 �����

<�> ("TUPO�+POFT BOE +%$PIFO� "O JOUFHSBUJWF UIFPSZ PG MPDVT DPFSVMFVT�OPSFQJOFQISJOF GVODUJPO�
BEBQUJWF HBJO BOE PQUJNBM QFSGPSNBODF� ��	�

���؜���� �����

<�> 3PCFSU $� 'SPFNLF� 1MBTUJDJUZ PG $PSUJDBM &YDJUBUPSZ�*OIJCJUPSZ #BMBODF� "OOVBM 3FWJFX PG
/FVSPTDJFODF
 ��	�

���؜���� ����� EPJ� 10�1146�BOOVSFW�OFVSP�071714�034002� 63- #//+.΂
ζζ�*$΀*-"ζ10΀1146ζ�))0- 1Ζ) 0-*Ζ071714Ζ034002�

<�> ,FOOFUI % )BSSJT BOE "MFYBOEFS 5IJFMF� $PSUJDBM TUBUF BOE BUUFOUJPO� /BUVSF 3FWJFXT /FVSP�
TDJFODF
 ��	�

���؜���� 4FQUFNCFS �����

<�> 4FVOH�)FF-FF BOE:BOH%BO� /FVSPNPEVMBUJPO PG CSBJO TUBUFT�/FVSPO
 ��	�
0
���؜����DUPCFS
�����

<��> 5IPNBT 1GFஶGFS
 "SUIVS�&SWJO "WSBNJFB
 (VJEP /PMUF
 "OESFBT ,� &OHFM
 ,MBVT -JOLFOLBFS�
)BOTFO
 BOE 5PCJBT )� %POOFS� $BUFDIPMBNJOFT BMUFS UIF JOUSJOTJD WBSJBCJMJUZ PG DPSUJDBM QPQV�
MBUJPO BDUJWJUZ BOE QFSDFQUJPO� 1-04 #JPMPঀ
 ��	�
�F�������
 'FCSVBSZ ����� *44/ ����������
EPJ� 10�1371�KPVSOBM�QCJP�2003453� 63- #//+.΂ζζ%*0-)�'.΀+'*.΀*-"ζ+'*.�$*'*"4ζ
�-/$�' ·$�Ѵ10΀1371ζ%*0-)�'΀+�$*΀2003453�

<��> .BUUIFX + .D(JOMFZ
 .BSUJO 7JODL
 +BDPC 3FJNFS
 3FOBUB #BUJTUB�#SJUP
 &EXBSE ;BHIB

$BUISZO 3 $BEXFMM
 "OESFBT 4 5PMJBT
 +FTTJDB " $BSEJO
 BOE %BWJE " .D$PSNJDL� 8BLJOH 4UBUF�
3BQJE 7BSJBUJPOT .PEVMBUF /FVSBM BOE #FIBWJPSBM 3FTQPOTFT� /FVSPO
 ��	�

����؜����� 4FQUFN�
CFS �����

���

https://doi.org/10.1146/annurev-neuro-071714-034002
https://doi.org/10.1146/annurev-neuro-071714-034002
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2003453
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