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Wkrpdv Yloopdqq
Xqlyhuvlw| Ohls}lj

Folqlf iru Sv|fkrwkhuds| dqg Sv|fkrvrpdwlf Phglflqh
G~3743: Ohls}lj/ Nduo~Wdxfkqlw}~Vwu158/ Jhupdq|

hpdlo= yloopdqqClqirupdwln1xql0ohls}lj1gh

�Mt|h@U|� A�i �|�*�3@|�L? Lu ?i�h@* ?i|�Lh! @TThL@U�it �@�i Mii?
h@T�_*) �?Uhi@t�?} @*tL �? |�i @hi@ Lu 4i_�U�?i� A�ihiM) ML|� M�L4i_�U@*
4L_i**�?} @t �i** @t _@|@ @?@*)t�t @hi LM�iU|t Lu ?i�h@* ?i|�Lh! @TT*��
U@|�L?t� �? |�i L?i �@?_ t�_i ?i�h@* ?i|�Lh!t }��i |�i TLtt�M�*�|) uLh
�?_iht|@?_�?} Lu Mh@�? @?_ UL}?�|�|�L? ThLUittit� �? |�i L|�ih �@?_
|�i TL�ih Lu ?i�h@* ?i|�Lh!t uLh _@|@ @?@*)t�tc _@|@ ��t�@*�3@|�L? @?_
!?L�*i_}i _�tUL�ih) �t �ti_� W? |�i uL**L��?} �i ��** hi�iU| tL4i Lu |�i
@U|�@* _i�i*LT4i?|t @?_ ThLM*i4t ��i? ?i�h@* ?i|�Lh!t @hi @TT*�i_ �?
4i_�U@* @hi@�

�� ��� ���	
� ����	�� �� ���������

Wkh qxpehu ri qhxudo qhwzrun dssolfdwlrqv lq phglfdo duhd lv gudvwlfdoo| lq0
fuhdvlqj lq wkh odvw |hduv1 Wkhuhe|/ qhxudo qhwzrun dssurdfkhv fdq eh ylhzhg
iurp wzr gl�huhqw edvlf srlqwv= Rq wkh rqh kdqg vlgh/ eudlq prghov dqg frj0
qlwlyh ixqfwlrqv duh ghvfulehg e| qhwzrun prghov dqg dufklwhfwxuhv1 H{dpsohv
duh wkh frqfhsw ri vslnlqj qhxurqv/ wkh DUW dufklwhfwxuh/ wkh Krs�hog qhw0
zrun/ hwf1 +iru dq ryhuylhz zh uhihu wr ^49`,1 D zlgho| udqjhg fodvv ri qhxudo
prghov iru ghvfulswlrq ri fruwlfdo skhqrphqd lv wkh frqfhsw ri qhxudo pdsv
^5`/^55`/^56`/^77`1 Hvshfldoo|/ fruwlfdo eudlq ixqfwlrqv zhuh h{whqvlyho| frqvlg0
huhg lq wkh odvw |hduv dqg kdyh ohdg wr d ehwwhu xqghuvwdqglqj ri rujdql}dwlrq
surfhvvhv lq wkh vhqvrprwrulfdo duhd ^65` dv zhoo dv lq wkh ylvxdo fruwh{ ^64`/^8`
ru lq wkh dxglwlyh fruwh{ ^6;`1

Rq wkh rwkhu kdqg qhxudo qhwzrunv fdq eh wdnhq dv whfkqlfdo wrrov iru gdwd
dqdo|vlv/ nqrzohgjh glvfryhu| dqg gdwd frpsuhvvlrq/ gdwd ylvxdol}dwlrq/ wlph
vhulhv suhglfwlrq/ surfhvv frqwuro dqg rwkhu1 Wkhuhe|/ wkh gdwd rffxuulqj lq
phglfdo dssolfdwlrqv duh riwhq fkdudfwhul}hg e| dw ohdvw rqh ri wkh iroorzlqj
surshuwlhv zklfk riwhq fdxvh gl�fxowlhv=

� vpdoo gdwd vhwv

� qrq0olqhdu dqg kljk0glphqvlrqdo gdwd vhwv

� odujh qrlvh zlwkrxw dq| fohduo| uhsurgxfleoh fdxvh

� odujh gdwd lq lpdjh surfhvvlqj

� vfdolqj dqg fkrlfh ri phwulfv lq pxowlglphqvlrqdo gdwd
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� fdwhjrulf dqg qrq0phwulf gdwd

Ehfdxvh ri wkhvh uhdvrqv wudglwlrqdo dssurdfkhv olnh frqyhqwlrqdo vwdwlvwlfv
dqg gdwd dqdo|vlv riwhq idlo1 Duwl�fldo qhxudo qhwzrunv fdq khos wr ryhufrph
vrph ri wkh deryh phqwlrqhg gl�fxowlhv lq phglfdo dssolfdwlrqv1 Krzhyhu/
lqwhooljhqw gdwd dqdo|vlv riwhq uhtxluhv vr0fdoohg k|eulg dssurdfkhv frpelqlqj
vhyhudo gdwd dqdo|vlv whfkqltxhv zklfk pd| lqfoxgh dovr rwkhu lqqrydwlyh phwk0
rgv olnh Ix}}|0dssurdfkhv/ vwrfkdvwlf rswlpl}dwlrq/ jhqhwlf dqg hyroxwlrqdu|
dojrulwkpv1 Lq jhqhudo/ wkh sureohp ri dqdo|vlv ri qrq0phwulf gdwd iuhtxhqwo|
rffxuv lq vrfldo vflhqfh dqg phglfdo dssolfdwlrqv ^46/ 69`1

Vrph ri lqwhuhvwlqj dssolfdwlrqv zklfk kdyh dovr ohdg wr lqwhuhvwlqj qhz
ghyhorsphqwv lq wkh qhxudo qhwzrun ru dojrulwkp ghvljq duh wkh lq wkh duhd
ri lpdjh surfhvvlqj ^78`/ wlph vhulhv dqdo|vlv dqg suhglfwlrq ^54`/ wlph vhulhv
fodvvl�fdwlrq ^59`/ qhxur0ix}}| dssurdfkhv ^43` dqg rwkhu/ vrph ri wkhp fdq eh
irxqg lq wklv yroxph1 Lq wkh iroorzlqj zh zloo ghprqvwudwh krz qhxudo qhwzrunv
pd| eh vxffhvvixoo| dssolhg iru lpphgldwho| phglfdo dvvhvvphqw li xvhg dv d
gdwd ylvxdol}lqj wrro1 D vhfrqg h{hpsodu| dssolfdwlrq frqfhuqv wkh foxvwhulqj
ri fdwhjrulf gdwd xvlqj d k|eulg dssurdfk edvhg rq dq hyroxwlrqdu| dojrulwkp
lqfoxglqj d qhxudo g|qdplf1
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Wkh wkhudshxwlfdo surfhvv lq sv|fkrwkhuds| xvxdoo| lv rujdql}hg lq d vhtxhqfh
ri gdlo| vlqjoh wkhuds| vhvvlrqv1 Gxulqj wkh wkhuds| dqg/ hvshfldoo| gxulqj wkh
vlqjoh vhvvlrqv/ wkh hprwlrqdo ihholqj fdq ydu| lq ghshqghqfh rq wkh dfwxdo vlw0
xdwlrq +hprwlrqdo h{flwhphqwv/ dv wkh uhvxow ri wkh wkhudshxwlfdo glvfxvvlrq,
zklfk fdq eh revhuyhg e| lqglylgxdo dvvhv e| wkh wkhudslvw1 Ehvlgh wkh lqglylg0
xdo revhuydwlrqv wkhuh h{lvw d odujh srro ri lqvwuxphqwv wr mxgjh wkh hprwlrqdo
vlwxdwlrq ri erwk wkh sdwlhqw dqg wkh wkhudslvw zklfk frqvlvw lq d vshfwuxp ri
vhyhudo txhvwlrqqdluhv ^4</ 76`1 Rq wkh rwkhu kdqg/ lw lv jhqhudoo| nqrzq wkdw
hprwlrqv lq�xhqfh sk|vlrorjlfdo sdudphwhuv dv iru lqvwdqfh khduw udwh/ uhvsl0
udwlrq udwh/ pxvfoh whqvlrq dqg hohfwurghupdo frqgxfwlylw| +vnlq frqgxfwdqfh,
zklfk fdq hqg iru qhjdwlyh fdvhv lq sk|vlrorjlfdo frpsodlqwv/ fdoohg sv|fkr0
vrpdwlf v|pswrpv/ zklfk duh xqghu wuhdwphqw lq rxu folqlf1 Ylfh yhuvd/ wkh
wkhuds| surfhvv dovr lq�xhqfhv wkh sk|vlrorjlfdo sdudphwhuv1 Wkh sdudooho re0
vhuydwlrq ri vxfk sv|fkr0sk|vlrorjlfdo gdwd gxulqj wkhuds| vhvvlrqv wrjhwkhu
zlwk d sv|fkrorjlfdo dqdo|vlv vkrxog ohdg wr d ehwwhu xqghuvwdqglqj ri wkh
sv|fkr0sk|vlrorjlfdo surfhvvhv1 Iru wklv sxusrvh d vxlwdeoh wrro lv qhhghg iru
dq hdv| sdudooho dvvhvvphqw1

Lq wklv lqlwldo lqyhvwljdwlrq wkh wkhuds| ri rqh sdwlhqw zdv frqvlghuhg frq0
wdlqlqj wpd{ @ 6: vlqjoh vhvvlrqv ri dssur{lpdwho| 78 Plq11 Gxulqj wkh vhyhudo
vhvvlrqv iru erwk wkh sdwlhqw dqg/ dgglwlrqdoo|/ iru wkh wkhudslvw wkh iroorzlqj
sdudphwhuv zhuh vlpxowdqhrxvo| rewdlqhg= khduw udwh/pxvfoh whqvlrq +e| vxu0
idfh hohfwurp|rjudp,/ vnlq frqgxfwdqfh ohyho +VFO,/ vnlq frqgxfwlrq uhdfwlrq
+VFU,1 Wkh ydoxh duh ghwhuplqhg dv dyhudjhv ryhu wlph lqwhuydov ri 63v1 Khuh
zh duh lqwhuhvwhg lq wkh yduldwlrq ri wkh sdudphwhuv1 Khqfh/ zh lqyhvwljdwh
rqo| wkh gl�huhqfh ri wkh sdudphwhu iru d fhuwdlq wlph srlqw lq frpsdulvrq wr
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wkh suhylrxv rqh1 Lq wklv zd| zh rewdlq 6438 gdwd yhfwruv iru erwk wkh sd0
wlhqw dqg wkh wkhudslvw1 Khqfh/ zh kdyh qpd{ @ 9543 gdwd yhfwruv iru qhxudo
qhwzrun ohduqlqj1 Vxevhtxhqwo|/ wkh gdwd zhuh qrupdol}hg vxfk wkdw iru wkh
uhvxowhg yhfwruv y 5 Y �?7 zh kdyh iru doo frpsrqhqwv m=

Sqpd{
l@4 ym @ 4/ l1h1/

doo phdvxuhg sdudphwhuv duh dvvxphg wr eh ri wkh vdph lpsruwdqfh1
Wkh gdwd vhuyh dv lqsxw lqwr d Jurzlqj Vhoi0Rujdql}lqj Pds +JVRP, ^<`

zklfk lv dq h{whqvlrq ri wkh xvxdo Vhoi0Rujdql}lqj Pds +VRP, ^56`1 Lq jhqhudo/
qhxudo pdsv surmhfw gdwd iurp vrph +srvvleo| kljk0glphqvlrqdo, lqsxw vsdfh
Y � ?GY rqwr d srvlwlrq lq wkh +xvxdoo| k|shufxelfdo, qhxurq odwwlfh D lq
d wrsrjudsklf pdqqhu1 Iru wklv sxusrvh/ gxulqj gdwd gulyhq ohduqlqj/ wkh
dojrulwkp glvwulexwhv srlqwhuv Z @ izuj ri wkh qhxurqv u 5 D lq wkh lqsxw
vsdfh dffruglqj wr wkh lqsxw glvwulexwlrq S +Y, vxfk wkdw

S +Y, � S +Z,� +4,

zlwk � @ 5

6
krogv ^66`/^57`14 Wkh h{srqhqw � lv fdoohg wkh pdjql�fdwlrq idfwru1

Wkhuhe| wrsrjudsklf pdsslqj phdqv d wrsrorj| suhvhuylqj surmhfwlrq/ l1h1 d
frqwlqxrxv fkdqjh ri d sdudphwhu ri wkh lqsxw gdwd vkrxog ohdg wr d frqwlqxrxv
fkdqjh ri wkh srvlwlrq ri d orfdol}hg h{flwdwlrq lq wkh qhxudo pds15 Ehfdxvh
ri wkh odfn ri vsdfh zh uhihu wr ^56`/^65`/^73` iru ghwdlohg frqvlghudwlrqv1 Wkh
JVRP qrw rqo| dgdswv wkh qhxudo srlqwhuv/ dgglwlrqdoo| wkh odwwlfh vwuxfwxuh
lv dgdswhg uhpdlqlqj d k|shufxeh vwuxfwxuh ^<` dqg khqfh/ lpsuryhv wkh ghjuhh
ri wrsrorj| suhvhuydwlrq1 Lq jhqhudo/ d ehwwhu wrsrorj| suhvhuydwlrq ohdgv wr
d ehwwhu dffxudf| ri wkh pds1 Vhyhudo dssurdfkhv zhuh ghyhorshg wr mxgjh
wkh ghjuhh ri wrsrorj| suhvhuydwlrq iru d jlyhq pds ^:`1 D urexvw wrro lv wkh
wrsrjudsklf surgxfw S ^;` zklfk frpsulvh wkh lqirupdwlrq derxw ylrodwlrqv ri
wkh wrsrorj| suhvhuydwlrq lq d vlqjoh ydoxh1 S fdq wdnh srvlwlyh dqg qhjdwlyh
ydoxhv lqglfdwlqj wkdw wkh glphqvlrqdolw| ri wkh julg D lv wrr orz glphqvlrqdo
ru wrr kljk/ uhvshfwlyho|/ iru uhsuhvhqwdwlrq ri wkh jlyhq gdwd1 Li rqh rewdlqv S
dssur{lpdwho| }hur wkh vkdsh ri wkh odwwlfh pdwfkhv wkh gdwd glvwulexwlrq1 Iru
d ghwdlohg lqwurgxfwlrq dqg dqdo|vlv ri wkh surshuwlhv zh uhihu wr ^;` dqg ^73`1

Lq wklv zd| lw fdq eh xqghuvwrrg dv d qrqolqhdu sulqflsoh frpsrqhqw dqdo|vlv
^6<`1 D ixuwkhu h{whqvlrq ri wkh edvlf VRP/ dovr lqfoxghg lq rxu dssolfdwlrq/
frqfhuqv wkh pdjql�fdwlrq = wkh xvxdo VRP glvwulexwhv wkh srlqwhuv Z df0
fruglqj +4, �B�ji j| B,� lq ^9` lqwurgxfhg d orfdo ohduqlqj sdudphwhu �u

zlwk k�ul 2 S +Y,
p

zklfk �qdoo| ohdgv wr d uhodwlrq S +Y, � S +Z,
�3

zlwk
�3 @ � +p. 4, dqg/ khqfh/ doorzv d pdjql�fdwlrq frqwuro1 Hvshfldoo|/ rqh fdq
dfklhyh d uhvroxwlrq �3 @ 4 zklfk pd{lpl}hv wkh pxwxdo lqirupdwlrq +fruuh0
vsrqglqj wr d pd{lpl}dwlrq ri wkh hqwurs|, ^5:`1

Zh dssolhg wkh JVRP zlwk lqfoxghg pdjql�fdwlrq frqwuro wr wkh deryh
wkhuds| gdwd dqg uhvxow d :�8�:~odwwlfh iru VRP1 Wkh wrsrorj| suhvhuydwlrq
dvvhvvphqw e| d vshfldo nlqg ri wkh wrsrjudsklf surgxfw ^6:` |lhogv d ydoxh
�S @ 3=33: uhihuulqj wr d jrrg wrsrorj| suhvhuydwlrq1 Wkh pdjql�fdwlrq frqwuro
vfkhph kdyh ohdg wr d lpsuryhphqw ri wkh hqwurs|= zlwkrxw frqwuro wkh hqwurs|
zdv <7=;( ri wkh pd{lpdo srvvleoh hqwurs| ^75` ydoxh lq frpsdulvrq wr <9=7(
xvlqj wkh frqwuro vfkhph1

Ehfdxvh ri uhvxowlqj d 6g0odwwlfh dv wkh �qdo vkdsh iru wkh julg D zh fdq
lqwhusuhw wkh qhxurq julg srvlwlrqv dv froruv lq wkh wkuhh0glphqvlrqdo froruvsdfh

�A��t hit�*| �t �@*�_ uLh |�i L?i�_�4i?t�L?@* U@ti @?_ ��}�ih _�4i?�L?@* L?it ���U�
tiT@h@|i�

2W? |��t �@) |�i 5�� _i|ih4�?it |�i ?L?�*�?i@h Th�?U�T*i UL4TL?i?|t Lu |�i _@|@�
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dv wkh lqwhqvlw| ri wkh froruv uhg/ juhhq dqg eoxh lq wkh zhoo nqrzq UJE0prgho1
Lq wklv zd| zh duh deoh wr frgh hdfk gdwd yhfwru dv d froru sl{ho e| dssolfdwlrq
ri wkh pds �Y$D uhdol}hg e| wkh wudlqhg qhwzrun1 Diwhu wklv dq hdv| ylvxdo
lqwhusuhwdwlrq lv srvvleoh e| wkh wkhudslvwv lv srvvleoh dv ghslfwhg lq Ilj1 4=

Lq Ilj1 4 zh sorwwhg iru hdfk wlph srlqw lq doo vhvvlrqv wkh pdsshg ruljlqdo
gdwd dffruglqj wr wkh deryh rxwolqhg froru frglqj1 Iru h{dpsoh/ zh revhuyh d

Iljxuh 4= Froru ghvfulswlrq ri wkh yduldwlrq ri wkh sk|vlrorjlfdo sdudphwhuv
iru wkh sdwlhqw +deryh, dqg wkh wkhudslvw +ehorz, iru wkh frpsohwh wkhuds|
iru hdfk vlqjoh vhvvlrq1 Hdfk froruhg sl{ho frgh d fkdudfwhulvwlf sdwwhuq ri
fkdqjh1 Joredo froru wh{wxuh fkdqjhv fruuhvsrqg wr yduldwlrqv lq wkh wkhuds|
+vhh wh{w iru ghwdlov,1 Vlqjoh froruv fdq eh uhodwhg wr fkduwhulvwlf sdwwhuqv1
Wkh froru uhsuhvhqwdwlrq lv uhvxowhg iurp d JVRP jhqhudwhg : � 8 � : VRP0
odwwlfh lqfoxglqj d pdjql�fdwlrq frqwuro vfkhph iru pd{lpl}lqj wkh hqwurs|1
+Uhjuhwwdeo|/ rqo| d juh|vfdoh lpdjh fdq eh surylghg lq wkh sulqwhg sdshu1 D
froru lpdjh lv dydlodeoh rq uhtxhvw iurp wkh dxwkru1,

fohdu fkdqjh lq wkh glvwulexwlrq ri froruv diwhu wkh 53wk vhvvlrq= iru wkh wkhu0
dslvw slfwxuh wkh rffxuuhqfh |hoorz w|shg froruv lv lqfuhdvlqj/ lq wkh sdwlhqw
slfwxuh lq wkh vdph duhd wkh iuhtxhqf| ri eoxh froruhg sl{hov lv lqfuhdvhg1 Qrz/
wkh iroorzlqj lqwhusuhwdwlrq +lq wkh vhqvh ri sv|fkrwkhuds| uhvhdufk, fdq eh
grqh= wklv fkdqjh lq wkh froru glvwulexwlrq lv uhodwhg wr d fkdqjh lq wkh wuhdw0
phqw frqfhsw uhjduglqj wkh wkhudshxwlfdo lqwhudfwlrqv1 Dq vhfrqg dowhudwlrq lq
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wkh froru glvwulexwlrq ri wkh wkhudslvw slfwxuh fdq eh uhfrjql}hg iru wkh odvw 8
vhvvlrqv zklfk duh lqglfdwhg e| wkh ghwdfkphqw skdvh ri wkh sdwlhqw iurp wkh
wkhudslvw zklfk sod|v dq lpsruwdqw uroh lq wkh sv|fkrwkhuds| surfhvv1 Wklv
skdvh lv lqglfdwhg e| d gudvwlf fkdqjh ri wkh sdwlhqw0wkhudslvw0uhodwlrq1 Rq wkh
rwkhu kdqg/ lqyhvwljdwlqj wkh lqlwldo skdvhv ri wkhuds| vhvvlrqv zh revhuyh wkdw
wkh iuhtxhqf| ri eoxh0juhhq froruv iru wkh sdwlhqw ghfuhdvhv1 Zh kdyh irxqg
wkdw wkhvh froruv fruuhvsrqg wr d ghfuhdvlqj khduw udwh1 Wklv lv lq djuhhphqw
wr wkh dvvhvvphqw e| wkhudslvw zkhuh lv vwdwhg wkdw lq wkh �uvw vhvvlrqv wkhuh
zdv d elj hprwlrqdo suhvvxuh dqg h{shfwdwlrq iurp wkh sdwlhqw lq wkh ehjlqqlqj
skdvh zklfk lv orvw gxulqj wkh iroorzlqj rqhv1

Pruhryhu/ lw lv srvvleoh wr dvvljq fkdudfwhulvwlf sdwwhuqv ri sdudphwhu
fkdqjhv wr vshfl�f froruv e| ghhshu dqdo|vlv1 Iru lqvwdqfh/ dv phqwlrqhg deryh/
zh irxqg wkdw juhhq0eoxh froruv duh uhodwhg wr d ghfuhdvlqj khduw udwh zkhuhdv
uhg froru lqglfdwhv dq lqfuhdvh1 \hoorz0juhhq froruv v|perol}h lqfuhdvlqj pxvfoh
whqvlrqv1 Wkh ulvh ri hohfwurghupdo frqgxfwlylw| lv frghg e| pdjhqwd0olnh fro0
ruv1 Krzhyhu/ iru d ghwdlohg frqvlghudwlrqv ixuwkhu lqyhvwljdwlrqv duh qhfhvvdu|1

Lq frqfoxvlrq/ zh fdq vd| wkdw wkh ghprqvwudwhg ylvxdol}dwlrq whfkqltxh ri
sk|vlrorjlfdo sdudphwhuv gxulqj sv|fkrwkhuds| vhvvlrqv fdq khos wkhudslvw wr
xqghuvwdqg wkh sv|fkr0sk|vlrorjlfdo ihholqj ri wkh sdwlhqw1

���� "�����	��� �� ���#���	�� �
�
 ����� �$�������
	� 
�#
��	�����

Wkh lqyhvwljdwlrq dqg dqdo|vlv ri qrq0phwulf gdwd iuhtxhqwo| rffxuv lq phg0
lfdo dssolfdwlrq dqg vrfldo vflhqfhv1 Krzhyhu/ wkhvh sureohpv duh gl�fxow wr
fdswxuh1 Rqh srvvleo| zd| wr kdqgoh vxfk gdwd lv wkh dssolfdwlrq ri Jhqhwlf
ru Hyroxwlrqdu| Dojrulwkpv +HDv,1 HDv duh d elrorjlfdoo| prwlydwhg vwrfkdv0
wlf lwhudwlyh rswlpl}dwlrq phwkrg1 Lq HDv wkh pdqlsxodwlrq ri remhfwv/ zklfk
duh fdoohg lqglylgxdov v 5 �/ lv vhsdudwhg iurp wkhlu hydoxdwlrq e| d �wqhvv
+remhfwlyh, ixqfwlrq I 1 Wkh vhw � lv fdoohg srsxodwlrq1 Wkhuh h{lvw wzr edvlf
pdqlsxodwlrq rshudwruv= pxwdwlrq dv udqgrp fkdqjh ri sdudphwhuv dqg wkh
furvvryhu dv phujlqj ri wzr lqglylgxdov1 Xvxdoo| wkh � lqglylgxdov ri � jhqhu0
dwh � qhz rqhv zlwk � A �1 Diwhu wkhvh pdqlsxodwlrqv I mxgjhv krz surshu
wkh lqglylgxdov ixo�o wkh frqvlghuhg wdvn16 Li lq rqh wlph vwhs doo lqglylgxdov
kdyh jrqh xqghu pdqlsxodwlrq dqg hydoxdwlrq/ iurp wkhvh wkh vhohfwlrq rshudwru
h{wudfwv d qhz jhqhudwlrq ri wkh srsxodwlrq iru wkh qh{w lwhudwlrq vwhs1 Iru d
ghwdlohg ryhuylhz zh uhihu wr ^6` ru ^5<`1 Wkh edvlf dgydqwdjh lv wkdw lq HDv
wkh pdqlsxodwlrq ri wkh remhfw lv vwulfwo| vhsdudwhg iurp wkhlu hydoxdwlrq dqg/
khqfh/ d odujhu vhw ri pdqlsxodwlrq whfkqltxhv duh dydlodeoh1

Lq wkh iroorzlqj zh ghprqvwudwh wkh dssolfdwlrq ri HDv iru foxvwhulqj ri
fdwhjrulf gdwd lq sv|fkrorj| uhvhdufk1 Dw wkh vdph wlph zh vxjjhvw vrph
h{whqvlrqv ri wkh edvlf HD vfkhphv wr lpsuryh wkh shuirupdqfh zklfk duh dq
dgydqfhg vhohfwlrq vwudwhj| dqg d pxowlsoh srsxodwlrq dssurdfk zlwk pljudwlrq
lqvsluhg e| wkh ohduqlqj g|qdplf lq qhxudo pdsv1 Ixuwkhupruh/ zh hpskdvl}h
wkh dvshfw ri d surshu fkrlfh ri wkh �wqhvv ixqfwlrq1

Prghuq sv|fkrorj| xvhv doo wkh vwdqgdug phwkrgv ri pdwkhpdwlfdo vwdwlv0
wlfv wr h{wudfw uhohydqw ihdwxuhv/ vwuxfwxudo lqirupdwlrq dqg rwkhu gdwd rewdlqhg
iurp vhyhudo wkhudshxwlfdo dssurdfkhv1 Rqh ri wkh prvwo| xvhg phwkrg iru

�A�ihiM)c |�i �|?itt u�?U|�L? 4@) UL?|@�? i T*�U�| i Tih| !?L�*i_}i hi}@h_�?} |L |�i
LT|�4�3@|�L? |@t! ���U� 4@) Mi _��U�*| |L UL_i L|�ih��ti�
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dftxlvlwlrq ri vwuxfwxuhv ri lqwhushuvrqdo uhodwlrqvklsv lq wkh duhd ri sv|fkr~
g|qdplf sv|fkrwkhuds| uhvhdufk lv wkh phwkrg ri wkh *Fruh Frq�lfwxdo Uhod0
wlrqvkls Wkhph* +FFUW, ghyhorshg e| w�ONit"+/ ^5;`1 Wkh phwkrg lqyhvwl0
jdwhv vkruw vwrulhv derxw uhodwlrqvklsv/ vr~fdoohg uhodwlrqvkls~hslvrghv/ zklfk
duh riwhq uhsruwhg e| wkh sdwlhqwv lq wkhlu wkhudshxwlfdo vhvvlrqv1 Lq hdfk ri
wkhvh hslvrghv wkh frpsrqhqwv zlvk ri wkh vxemhfw/ uhvsrqvh ri wkh remhfw dqg
uhvsrqvh ri wkh vxemhfw zhuh hqfrghg zklfk duh xvhg wr shuirup wkh FFUW
xvlqj d v|vwhp Vz ri vz

pd{
@ 67 vr0fdoohg vwdqgdug fdwhjrulhv Vzm wr fodvvli|

wkh zlvkhv ^45`1 Hdfk vwdqgdug fdwhjru| ghvfulehv dq dvshfw lq yhuedo pdqqhu1
Krzhyhu/ wkh fdwhjrulhv duh riwhq fruuhodwhg lq phdqlqj ehfdxvh ri wkh| duh
ghvfulelqj qrw rqo| frqwudu| exw dovr wkh vdph ru vlplodu sv|fkrorjlfdo wrslfv1
Wkhuhiruh/ wkh| duh froohfwhg lq d vhw Fz ri fzpd{ @ ; foxvwhuv Fz

n ^7` zklfk duh
wkhq xvhg lq ixuwkhu frqvlghudwlrqv lqvwhdg ri wkh vwdqgdug fdwhjrulhv1 Dqdo0
rjrxvo|/ zh kdyh vur

pd{
@ 63 fdwhjrulhv Vurm 5 Vur iru hqfrglqj wkh uhvsrqvh

ri erwk wkh remhfw dqg vxemhfw ^45` zklfk duh froohfwhg lq furpd{ @ ; foxvwhuv
Fur
n 5 Fur dqg fur

pd{
@ ; foxvwhuv Fuv

n 5 Fuv/ uhvshfwlyho|1 Krzhyhu/ wkh foxvwhuv
dovr duh vwloo fruuhodwhg djdlq1 Ixuwkhupruh/ vhyhudo frqvlghudwlrqv kdyh vkrzq
wkdw wkh xvhg vfkhph ri dvvljqphqw vwloo ohdgv wr xqvdwlvidfwru| uholdelolw| udwhv
dqg lqwhusuhwdwlrq sureohpv lq lqyhvwljdwlrqv edvhg rq wklv vfkhph1 Iru ixuwkhu
dqg pruh ghwdlohg fulwlfdo uhpdunv zh uhihu wr ^4`1

Iru vroylqj wkh uh0foxvwhulqj sureohp ri vwdqgdug fdwhjrulhv dw �uvw zh gh0
whuplqhg wkh vlplodulwlhv ehwzhhq wkh vwdqgdug fdwhjrulhv Vzl / V

z
m rq wkh edvlv

ri wkhlu +v|pphwulf, frqglwlrqdo suredelolwlhv sz +l m m, +lq dqdorj| sur +l m m,/
suv +l m m, iru wkh uhvsrqvhv ri remhfw dqg vxemhfw,1 Qrz/ wr shuirup wkh foxv0
whulqj/ lw kdv wr eh grqh dv d foxvwhulqj ri sur{lplw| gdwd1 Wklv sureohp zh
fdq dsso| wkh dssurdfk ri yhfwru txdqwl}dwlrq ri sur{lplw| gdwd lqwurgxfhg e|
QNu6BAA < ���6BAA ^4;` dqg DijBVj, < �Oji6B+ji ^48`=

K @
4

5

P[
l@4

P[
n@4

Gl>n

P

#
fpd{[
y@4

xl>yxn>y
sy

� 4

$
+5,

zlwk sy @
SP

l@4 xl>y@P wkh qrupdol}hg shufhqwdjh ri wkh gdwd lq wkdw foxvwhu
dqgP wkh qxpehu ri gdwd1 Wkh ydoxhv Gl>n duh wkh glvvlplodulwlhv ehwzhhq wkh
gdwd srlqwv zklfk zh fdq gh�qh dv gl�huhqfh ri wkh frqglwlrqdo suredelolwlhv
iurp wkh xqlw1 K vhuyhv dv d frvw ixqfwlrq dqg kdv wr eh plqlpl}hg1 Dv srlqwhg
rxw lq ^4;`K lv lqghshqghqw rq qrq0v|pphwulf glvvlplodulwlhv dqg shupxwdwlrqv
ri wkh foxvwhu lqglfhv1 Pruhryhu/ wkh foxvwhu dvvljqphqwv xl>y duh glvwulexwhg
dffruglqj wr wkh Jleev glvwulexwlrq

S +K, @ h{s

�
�
K�I +K,

W

�
+6,

zkhuhe| W sod|v wkh uroh ri d whpshudwxuh/ dqg I +K, lv wkh iuhh hqhuj|1 \hw/
ehfdxvh ri wkh vwdwlvwlfdo ghshqghqfh ri wkh dvvljqphqwv wkh Jleev glvwulex0
wlrq S +K, fdq qrw eh h{dfwo| uhzulwwhq lq d idfwrul}hg irup/ krzhyhu d phdq
�hog dssur{lpdwlrq dqg fruuhfwlrqv wr wkh dvvljqphqw fruuhodwlrqv kdv ehhq
ghulyhg ^4;`1 \hw/ K uhtxluhv d sulrul nqrzq ydoxh fpd{/ zklfk lv/ lq idfw/ d
kdug uhvwulfwlrq dqg gl�fxow wr ryhufrph ^44`1 Iru wklv sxusrvh/ wkh vr0fdoohg
sduwlwlrq hqwurs| zdv lqwurgxfhg zklfk h{solflwo| wdnhv wkh qxpehu ri foxvwhuv
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lqwr dffrxqw ^53`=

HS +fpd{, @ �

4
P orj+fpd{,

SP

n@4

Sfpd{
l@4 xn>l orj +xn>l,

4� fpd{
P

= +7,

HS +fpd{, lv riwhq dssolhg lq phglfdo dssolfdwlrqv ^46`1 \hw/ wkhvh dssurdfkhv
uhtxluh phwulf vsdfhv dv gdwd lq frqwudvw wr wkh wrsrjudsklf yhfwru txdqwl}hu1
Wkhuhiruh/ li zh frpelqlqj wkh sduwlwlrq hqwurs| HS +fpd{, +7, dqg K +5, zh
rewdlq dv qhz �wqhvv ixqfwlrq=

I @

4
P oq+fpd{,

K

4� fpd{
P

+8,

zklfk h{solflwo| wdnhv wkh qxpehu ri foxvwhuv lqwr dffrxqw dqg lv dovr dssolfdeoh
wr qrq0phwulf gdwd1 Khqfh/ I lqfrusrudwhv erwk ghpdqghg ihdwxuhv1 Dv lw
vkrzq lq ^48` lw lv srvvleoh wr plqlpl}h K e| vlpxodwhg dqqhdolqj/ dqg/ khqfh
wklv dssurdfk frxog eh dssolhg wr rswlpl}h I =

\hw/ lw lv gl�fxow wr jhqhudwh d fduhixo dqqhdolqj vfkhph/ ehfdxvh wkh ri wkh
odujh qxpehu ri orfdo plqlpd1 D srvvlelolw| iru frqyhujhqfh lpsuryhphqw lv wkh
dssolfdwlrq ri hyroxwlrqdu| dojrulwkpv wr rswlpl}h K ru I 1 Iru wkh dssolfdwlrq
ri HDv iru foxvwhulqj dv suhvhqwhg ehorz lw lv xvhixo wr lqwhusuhw foxvwhulqj dv d
sduwlwlrqlqj sureohp xqghu frqvwudlqwv1 Wkhuhe|/ d sduwlwlrqlqj ri d qrqhpsw|
vhw V uhodwhg wr d qrqhpsw| vhw F lv dq xqltxh dqg vxumhfwlyh pdsslqj

� = V $ F = +9,

Wkhq d sduwlwlrq �� ri V zlwk uhvshfw wr wkh sduwlwlrqlqj � lv jlyhq e| �� @�
��4 +F, m F 5 frg +�,

�
zkhuhe| frg +�, lv wkh udqjh ri �1 Wkhvh frqvwudlqwv

duh froohfwhg lq d �wqhvv ixqfwlrq zklfk pd| eh lghqwl�hg dv wkh deryh I 1
Iru vroylqj wkh sduwlwlrqlqj wdvn hdfk lqglylgxdo lq d jhqhudwlrq ri dq HD

ghvfulehv d fhuwdlq sduwlwlrq1 Lq wkh suhvhqw sdshu zh dvvxph V wr eh glvfuhwh
frqwdlqlqj vpd{ hohphqwv1 Wkhq zh fdq wdnh hdfk lqglylgxdo dv d vwulqj ri
ohqjwk vpd{ wkh frpsrqhqwv ri zklfk frqwdlq wkh foxvwhu lqgh{ rqwr zklfk
wkh uhvshfwlyh frpsrqhqw kdv wr eh pdsshg1 Pxwdwlrq ri dq lqglylgxdo lv
gh�qhg dv d udqgrp fkdqjh ri wkh pdsslqj iru d udqgrpo| vhohfwhg lqglylgxdo
frpsrqhqw/ dqg wkh furvvryhu lv wkh xvxdo wzr0srlqw furvvlqj1

Vhyhudo dssurdfkhv zhuh ghyhorshg wr lpsuryh wkh deryh edvlf HD0vfkhph1
Hvshfldoo|/ pxowlsoh vxesrsxodwlrq dssurdfkhv duh zlgho| frqvlghuhg ^47/ 63`1
Wkhuhe| wkh edvlf srsxodwlrq � lv glylghg lqwr vxesrsxodwlrqv �l zklfk kdyh
pruh ru ohvv frppxqlfdwlrq gxulqj wkh hyroxwlrq zklfk pd| eh uhdol}hg dv
pljudwlrq1 Wr lpsuryh wkh shuirupdqfh ri wkh edvlf vxesrsxodwlrq dssurdfk
zh duudqjhg wkh vxesrsxodwlrqv �l lq d wrsrorjlfdo rughu xvxdoo| fkrvhq wr
eh d uhjxodu odwwlfh/ iru lqvwdqfh d ulqj ru d txdgudwlf odwwlfh 71 Ehwzhhq
wkhvh vxesrsxodwlrqv d pljudwlrq vfkhph zdv lqwurgxfhg zklfk lv dgdswhg iurp
wkh VRP0ohduqlqj= d ylvlw +pljudwlrq, iurp lqglylgxdov ehwzhhq qhljkerulqj
vxesrsxodwlrqv lv doorzhg iru d vkruw wlph uhjduglqj wr wkh wrsrorjlfdo rughu 
lq � dqg zlwk uhvshfw wr d wlph0ghshqghqw qhljkerukrrg ixqfwlrq

kl� +w> n, @ +4=3� �k, � h{s

#
�

ul�>n

5 +�k +w,,
5

$
. �k +:,

eW? }i?ih@*c L|�ih @hh@?}i4i?|t @hi @*tL @_4�tt�M*i� A�i? |�i *@||�Ui U@? Mi _i�?i_ M) @
UL??iU|�L? 4@|h� ���U� _itUh�Mit |�i ?i�}�MLh�LL_ hi*@|�L?t�
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zlwk d vpdoo srvlwlyh qxpehu �k ^74`1 Gxulqj wkh hydoxdwlrq ri d fhuwdlq vxesrs0
xodwlrq �l� wkh qhljkerukrrg ixqfwlrq k lv dssolhg wr ghwhuplqh wkh qxpehu ri
ylvlwlqj lqglylgxdov iurp hdfk rwkhu vxesrsxodwlrq1 Ehfdxvh ri kl� +w> n, 5 +3> 4`
zh fdq lqwhusuhw kl� +w> n, dv d suredelolw| iru pljudwlrq ri dq lqglylgxdo ri wkh
vxesrsxodwlrq �n lqwr wkh dfwxdo hydoxdwhg �l� 1 Wkh ydoxh ul�>n lv gh�qhg dv
wkh udqn ri qhljkerukrrg ul�>n @ udqn +�l� >�n> , zlwk uhvshfw wr wkh wrsr0
orjlfdo rughu  ehwzhhq wkh dfwxdoo| hydoxdwhg vxesrsxodwlrq �l� dqg dqrwkhu
�n1 Dv vkrzq lq ^74` wklv dssurdfk gudvwlfdoo| lpsuryhv wkh dgdswdwlrq udwh
iru HDv1

Iru vhohfwlrq ri wkh r�vsulqj jhqhudwlrq zh kdyh xvhg d pl{wxuh ri wkh
zhoo0nqrzq +�> �,~ dqg wkh +�. �,~vwudwhj| +lq wkh qrwdwlrq ri 7W��juj,/
^68`,1 Zkloh lq wkh +�> �,~vwudwhj| zkhuh � lqglylgxdov surgxfh � fkloguhq zlwk
� ? � rqo| wkh � ehvw ri wkh � fkloguhq irup wkh qhz srsxodwlrq/ lq wkh +�. �,~
vwudwhj| doo �.� lqglylgxdov duh doorzhg iru wkh vhohfwlrq surfhvv1 Zkhuhdv lq
wkh vhfrqg vwudwhj| wkh ehvw vroxwlrq lv suhvhuyhg exw wkh hyroxwlrq whqgv wr
vwdjqdwh lqwr d orfdo plqlpxp/ lq wkh �uvw rqh wkh frqyhujhqfh lv ghfhohudwhg
wr doorz uhdfklqj ghhshu plqlpd +qhdu wkh joredo plqlpxp, exw jrrg vroxwlrqv
pd| eh orvw gxulqj wkh hyroxwlrq1 Edodqflqj wkh dgydqwdjhv ri erwk vwudwhjlhv
^5<` lq wkh +� � �,~dssurdfk djdlq � lqglylgxdov surgxfh wkh � suholplqdu|
r�vsulqjv ^4:`1 Krzhyhu/ lq wkh vhohfwlrq vwhs wkh �w ehvw lqglylgxdov ri wkh rog
jhqhudwlrq dqg wkh � qhz rqhv duh doorzhg iru frpsdulvrq zlwk uhvshfw wr wkhlu
�wqhvv wr jhqhudwh wkh �qdo r�vsulqj jhqhudwlrq ri � lqglylgxdov1 Wkhuhe|
�w ghshqgv rq wlph w ri hyroxwlrq dsshdulqj dv wkh qxpehu ri jhqhudwlrqv
shuiruphg=

�w @ lqw ^+�� �� , � � +w,` . �� > +;,

zlwk lqw ^{` vwdqgv iru wkh lqwhjhu ydoxh ri {1 Wkh ixqfwlrq � +w, lv ri gh0
fuhdvlqj vljprlg w|sh zlwk 3 � � +w, � 4 khuh fkrvhq dv wkh Ihupl ixqfwlrq
�+w, @ 4

4.h{s
�

+w�wd,
w
e

� wr vzlwfk qhdu wkh wd0wk jhqhudwlrq iurp wkh +�. �,~

vwudwhj| wr wkh +�> �,~vwudwhj| lq d gh�qlwh udqjh ri jhqhudwlrq vwhsv +� 7we,1
Zh kdyh �3 @ � iru wkh lqlwldo ydoxh dqg olp

w$4
�w @ �� +�� � �, frglqj d

plqlpdo vxuylydo suredelolw| iru wkh sduhqw lqglylgxdov1 Lq wklv zd| zh jhw d
vprrwkhg vzlwfk iurp wkh +�. �,~ wr wkh +�> �,~vwudwhj|/ zkdw zh fdoo +� � �,~
vwudwhj|/ frpelqlqj wkh dgydqwdjhv ri erwk vwudwhjlhv dqg/ dgglwlrqdoo|/ dozd|v
suhvhuylqj wkh ehvw �� lqglylgxdov +voljkwo| gl�huhqw iurp wkh ruljlqdo +�> �,~
vwudwhj|,1

Dw �uvw zh frpsxwhg I dffruglqj wr +8, iru wkh ruljlqdo foxvwhuv Fz/ Fur

dqg Fuv ri wkh uhvshfwlyh vwdqgdug fdwhjrulhv dv gh�qhg lq ^7`1 Dgglwlrqdoo|/
zh frpsxwhg wkh zhljkwhg frqfrugdqfh frh�flhqw �� ^4` iru frpsdulvrq zlwk
rwkhu lqyhvwljdwlrqv lq wkh duhd ri sv|fkrwkhuds| uhvhdufk +vhh Wde1 4,1 Wkh
��~frh�flhqwv pd| eh lqwhusuhwhg dffruglqj wr Wde1 5 ^67`1 Dsso|lqj I iurp
+8, dv �wqhvv phdvxuh lq wkh HD zh uhvxow foxvwhu vroxwlrqv zlwk kljkhu qxpehu
ri foxvwhuv dv ghslfwhg lq Wde1 +4,= Krzhyhu/ wkh lqfuhdvhg ��0ydoxhv dv zhoo
dv wkh ehwwhu +ghfuhdvhg, I0ydoxhv uhihu wr d ehwwhu lqwud0foxvwhu djuhhphqw
zklfk fruuhvsrqg wr sv|fkrorjlfdo frqvlghudwlrqv= Iurp d sv|fkrorjlfdo srlqw
ri ylhz wkh qhz foxvwhuv vkrz d ehwwhu frkhuhqfh zklfk doorzv d pruh fohdu
lqwhusuhwdwlrq1 Pruhryhu/ wkh lqfuhdvhg foxvwhu qxpehu doorzv d pruh ghwdlohg
ghvfulswlrq ^4/ 58`1

Iurp whfkqlfdo srlqw ri ylhz zh xvhg lq rxu frpsxwdwlrqv �doo @ 733 lq0
glylgxdov zklfk zhuh hyhqo| glvwulexwhg rqwr 43 vxesrsxodwlrqv1 Wkh vxesrs0
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gdwdedvh
��

ruljlqdo
foxvwhuv

I

ruljlqdo
foxvwhuv

��
HD

foxvwhuv

I

HD
foxvwhuv

fpd{

HD
foxvwhuv

Sz 3=667 9=;; 3=768 9=57 43
S ur 3=656 9=5; 3=754 9=49 <
S uv 3=7:< 9=49 3=837 9=3< <

Wdeoh 4= Ydoxhv iru wkh zhljkwhg frqfrugdqfh frh�flhqw �� dqg wkh �wqhvv
ixqfwlrq I dffruglqj wr wkh ruljlqdo foxvwhuv dqg wkh HD jhqhudwhg vroxwlrqv1

��~frh�flhqw phdqlqj
�� ? 3=4 qr djuhhphqw

3=4 � �� ? 3=7 zhdn djuhhphqw
3=7 � �� ? 3=9 fohdu djuhhphqw
3=9 � �� ? 3=; vwurqj djuhhphqw

3=; � �� qhduo| frpsohwh djuhhphqw1

Wdeoh 5= Gl�huhqw ydoxhv iru wkh zhljkwhg frqfrugdqfh frh�flhqw �� dqg wkh
uhvshfwlyh phdqlqj iru lqwud foxvwhu djuhhphqwv ri wkh frqvlghuhg revhuydeohv

xodwlrqv zhuh duudqjhg rq d ulqj dv wrsrorjlfdo vwuxfwxuh/ zkhuhe| �� lq +;,
zdv jlyhq dv �� @ 41 Zh wudlqhg wkh hqvhpeoh gxulqj wpd{ @ 8333 wlph vwhsv1
Wkh fkdudfwhulvwlf wlph vfdoh iru ghfuhdvlqj wkh qhljkerukrrg ehwzhhq wkh vxe0
srsxodwlrq zdv gh�qhg dv olqhdu vkulqnlqj ri �k +w, lq +:, zlwk �k +3, @ 6 dqg
�k +wpd{, @ 3=51

Wkh fkrlfh ri wkh qhz �wqhvv ixqfwlrq I jlyhv wkh delolw| wr frpsduh foxvwhu
vroxwlrqv zlwk gl�huhqw foxvwhu qxpehu dv zhoo dv rswlpl}dwlrq ri wkh foxvwhu
qxpehu gxulqj wkh hyroxwlrqdu| surfhvv1 Pruhryhu/ wkh VRP0olnh pljudwlrq
vfkhph jhqhudwhg lq qhljkeruhg vxesrsxodwlrqv foxvwhu vroxwlrqv zklfk duh
mxgjhg e| sv|fkrwkhudslvw dv vlplodu1 Krzhyhu/ d pdwkhpdwlfdo surri ri wklv
idfw lv gl�fxow ehfdxvh ri wkh frpsolfdwh vwuxfwxuh ri wkh �wqhvv ixqfwlrq exw
vkrxog vxemhfw ri ixuwkhu frqvlghudwlrqv dv zhoo dv dq lpsuryhphqw ri wkh �wqhvv
ixqfwlrq1

%���	�����

^4` F1 Doedql/ W1 Yloopdqq/ E1 Yloopdqq/ D1 N�ruqhu/ P1 Jh|hu/ G1 Srnruq|/
J1 Eodvhu/ dqg K1 N�dfkhoh1 Nulwln xqg huvwh Uhirupxolhuxqj ghu ndwhjrul0
dohq Vwuxnwxuhq ghu Phwkrgh ghv ]hqwudohq Eh}lhkxqjv~Nrq�lnw~Wkhpdv
+]ENW,1 Sv|fkrwkhudslh/ Sv|fkrvrpdwln xqg Phgl}lqlvfkh Sv|fkrorjlh/
7<+44,=73;~754/ 4<<<1

^5` V10L1 Dpdul1 Wrsrjudsklf rujdql}dwlrq ri qhuyh �hogvqhxudo �hogv1 Exoohwlq
ri Pdwkhpdwlfdo Elrorj|/ 75=66<~697/ 4<;31
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^6` W1 E�dfn1 Hyroxwlrqdu| Dojrulwkpv lq Wkhru| dqg Sudfwlfh1 R{irug Xql0
yhuvlw| Suhvv/ Qhz \run 0 R{irug/ 4<<91

^7` M1 Eduehu/ S1 Fulwv0Fkulvwrsk/ dqg O1 Oxeruvn|1 D jxlgh wr wkh FFUW
Vwdqgdug Fdwhjrulhv dqg wkhlu fodvvl�fdwlrq1 Lq O1 Oxeruvn| dqg S1 Fulwv0
Fkurvwrsk/ hglwruv/ Xqghuvwdqglqj Wudqvihuhqfh/ sdjhv 6:~831 Edvlf Errnv
Qhz \run/ 4<<31

^8` K1 X1 Edxhu1 Ghyhorsphqw ri rulhqwhg rfxodu grplqdqfh edqgv dv d frq0
vhtxhqfh ri duhdo jhrphwu|1 Qhxudo Frpsxwdwlrq/ :+4,=69~83/ Mdq 4<<81

^9` K10X1 Edxhu/ U1 Ghu/ dqg P1 Khuupdqq1 Frqwuroolqj wkh pdjql�fdwlrq
idfwru ri vhoi~rujdql}lqj ihdwxuh pdsv1 Qhxudo Frpsxwdwlrq/ ;+7,=:8:~::4/
4<<91

^:` K10X1 Edxhu/ P1 Khuupdqq/ dqg W1 Yloopdqq1 Qhxudo pdsv dqg wrsr0
judsklf yhfwru txdqwl}dwlrq1 Qhxudo Qhwzrunv/ 45+7~8,=98<~9:9/ 4<<<1

^;` K10X1 Edxhu dqg N1 U1 Sdzho}ln1 Txdqwli|lqj wkh qhljkerukrrg suhvhuyd0
wlrq ri Vhoi0Rujdql}lqj Ihdwxuh Pdsv1 LHHH Wudqv1 rq Qhxudo Qhwzrunv/
6+7,=8:3~8:</ 4<<51

^<` K10X1 Edxhu dqg W1 Yloopdqq1 Jurzlqj d K|shufxelfdo Rxwsxw Vsdfh lq
d Vhoi~Rujdql}lqj Ihdwxuh Pds1 LHHH Wudqvdfwlrqv rq Qhxudo Qhwzrunv/
;+5,=54;~559/ 4<<:1

^43` U1 Eudxvh dqg I1 Iulhgulfk1 D qhxur0ix}}| dssurdfk dv phglfdo gldjqrvwlf
lqwhuidfh1 Lq Surf1 Ri Hxurshdq V|psrvlxp rq Duwl�fldo Qhxudo Qhwzrunv
+HVDQQ*5333,/ sdjh lq wklv yroxph/ Euxvvhov/ Ehojlxp/ 53331 G idfwr
sxeolfdwlrqv1

^44` M1 Exkpdqq dqg K1 N�xkqho1 Yhfwru txdqwl}dwlrq zlwk frpsoh{lw| frvwv1
LHHH Wudqvdfwlrqv rq Lqirupdwlrq Wkhru|/ 6<=4466~4478/ 4<<61

^45` S1 Fulwv0Fkulvwrsk dqg D1 Ghpruhvw1 Olvw ri vwdqgdug fdwhjrulhv +hglwlrq
5,1 Lq O1 Oxeruvn| dqg K1 N�dfkhoh/ hglwruv/ Ghu ]hqwudoh Eh}lhkxqjvnrq0
�lnw 0 hlq Duehlwvexfk1 SV] Yhuodj/ Xop/ Jhupdq|/ 4<;;1

^46` I1 Huplql dqg F1 Pdufkhvl1 Lqwhooljhqw gdwd uhwulhydo iurp pxowlglphq0
vlrqdo folqlfdo dufklyhv1 Lq H1 Lihdfkru/ D1 Vshugxwl/ dqg D1 Vwdulwd/ hglwruv/
Qhxudo Qhwzrunv dqg H{shuw V|vwhpv lq Phglflqh dqg Khdowkfduh/ sdjhv
5<8~6361 Zruog Vflhqwl�f/ Vlqjdsruh/ Qhz Mhuvh|/ Orqgrq/ Krqj Nrqj/
4<<;1

^47` G1 E1 Irjho1 Hyroxwlrqdu| Frpsxwdwlrq= Wrzdugv d Qhz Sklorvrsk| ri
Pdfklqh Lqwhooljhqfh1 LHHH Suhvv/ Slvfdwdzd|/ QM/ 4<<81

^48` W1 Juhdsho dqg N1 Rehupd|hu1 D vwrfkdvwlf vhoi0rujdql}lqj pds iru sur{0
lplw| gdwd1 Qhxudo Frpsxwdwlrq/ 44+4,=46<~488/ 4<<<1

^49` V1 Kd|nlq1 Qhxudo Qhwzrunv 0 D Frpsuhkhqvlyh Irxqgdwlrq1 LHHH Suhvv/
Qhz \run/ 4<<71
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^4:` N1 Khulqj/ U1 Kdxsw/ dqg W1 Yloopdqq1 Klhudufklfdo Vwudwhj| ri Prgho
Sduwlwlrqlqj iru YOVL~Ghvljq Xvlqj dq Lpsuryhg Pl{wxuh ri H{shuwv Ds0
surdfk1 Lq Surf1 Ri wkh Frqihuhqfh rq Sdudooho dqg Glvwulexwhg Vlpxodwlrq
+SDGV*<9,/ sdjhv 439~4461 LHHH Frpsxwhu Vrflhw| Suhvv/ Orv Dodplwrv/
4<<91

^4;` W1 Kripdqq dqg M1 Exkpdqq1 Sdluzlvh gdwd foxvwhulqj e| ghwhuplqlvwlf
dqqhdolqj1 LHHH Wudqvdfwlrqv rq Sdwwhuq Dqdo|vlv dqg Pdfklqh Lqwhool0
jhqfh/ 4<+4,=4~47/ 4<<:1

^4<` J10M1 Krjuhih1 Whvwndwdorj1 Krjuhih0Yhuodj/ J�rwwlqjhq/ 4<<92<:1

^53` O1 Ndxipdqq dqg S1 Urxvvhxz1 Ilqglqj Jurxsv lq Gdwd 0 D Lqwurgxfwlrq
wr Foxvwhu Dqdo|vlv1 Mrkq Zloh| Vrqv/ 4<<31

^54` M1 Nrkoprujhq/ N10U1 P�xoohu/ dqg N1 Sdzho}ln1 Lpsurylqj Vkruw0Whup
Suhglfwlrq zlwk Frpshwlqj H{shuwv1 Lq Surf1 LFDQQ*<8/ Sdulv 4<<8/ 4<<81

^55` W1 Nrkrqhq1 Vhoi0rujdql}lqj irupdwlrq ri wrsrorjlfdoo| fruuhfw ihdwxuh
pdsv1 Elro1 F|e1/ 76+4,=8<~9</ 4<;51

^56` W1 Nrkrqhq1 Vhoi0Rujdql}lqj Pdsv1 Vsulqjhu/ Ehuolq/ Khlghoehuj/ 4<<81
+Vhfrqg H{whqghg Hglwlrq 4<<:,1

^57` W1 Nrkrqhq1 Frpsdulvrq ri VRP srlqw ghqvlwlhv edvhg rq gl�huhqw fulwh0
uld1 Qhxudo Frpsxwdwlrq/ 44+;,=545~567/ 4<<<1

^58` D1 N�ruqhu1 Ndwhjrulvlhuxqj Yrq Eh}hlkxqjvvfkhpdwd Pl ghu Phwkrgh
%Gdv ]hqwudoh Eh}lhkxqjvnrq�lnwwkhpd%1 SkG wkhvlv/ Xqlyhuvlw| Ohls}lj/
Jhupdq|/ 53331

^59` Z1 Olhehuw1 Fkdrv xqg Khu}g|qdpln1 Yhuodj Kduul Ghxwvfk/ Iudqnixuw2P1/
Jhupdq|/ 4<<41

^5:` U1 Olqvnhu1 Krz wr jhqhudwh pdsv e| pd{lpl}lqj wkh pxwxdo lqirupdwlrq
ehwzhhq lqsxw dqg rxwsxw vljqdov1 Qhxudo Frpsxwdwlrq/ 4=735~744/ 4<;<1

^5;` O1 Oxeruvn|1 Wkh fruh frq�lfwxdo uhodwlrqvkls vfkhph1 Lq Q1 Iuhhgpdq
dqg V1 Judqg/ hglwruv/ Frppxqlfdwlyh Vwuxfwxuh dqg Sv|fklf Vwuxfwxuhv1
Sohqxp Suhvv Qhz \run/ 4<::1

^5<` ]1 Plfkdohzlf}1 Jhqhwlf Dojrulwkpv . Gdwd Vwuxfwxuhv @ Hyroxwlrq Sur0
judpv1 Vsulqjhu~Yhuodj Ehuolq Khlghoehuj Qhz \run/ wklug/ uhylvhg dqg
h{whqghg hglwlrq/ 4<<91

^63` K1 P�xkohqehlq/ P1 Jrujhv0Vfkohxwhu/ dqg R1 Nu�dphu1 Hyroxwlrq Dojr0
ulwkp lq Frpelqdwruldo Rswlpl}dwlrq1 Sdudooho Frpsxwlqj/ +:,=98~;;/
4<;;1

^64` N1 Rehupd|hu/ J1 J1 Eodvgho/ dqg N1 Vfkxowhq1 D qhxudo qhwzrun
prgho iru wkh irupdwlrq dqg iru wkh vsdwldo vwuxfwxuh ri uhwlqrwrslf pdsv/
rulhqwdwlrq0dqg rfxodu grplqdqfh froxpqv1 Lq W1 Nrkrqhq/ N1 P�dnlvdud/
R1 Vlpxod/ dqg M1 Ndqjdv/ hglwruv/ Duwl�fldo Qhxudo Qhwzrunv/ sdjhv 838~
844/ Dpvwhugdp/ Qhwkhuodqgv/ 4<<41 Hovhylhu1
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^65` K1 Ulwwhu/ W1 Pduwlqhw}/ dqg N1 Vfkxowhq1 Qhxudo Frpsxwdwlrq dqg Vhoi0
Rujdql}lqj Pdsv= Dq Lqwurgxfwlrq1 Dgglvrq0Zhvoh|/ Uhdglqj/ PD/ 4<<51

^66` K1 Ulwwhu dqg N1 Vfkxowhq1 Rq wkh vwdwlrqdu| vwdwh ri Nrkrqhq*v vhoi0
rujdql}lqj vhqvru| pdsslqj1 Elro1 F|e1/ 87=<<~439/ 4<;91

^67` O1 Vdfkv1 Dqjhzdqgwh Vwdwlvwln1 Vsulqjhu Yhuodj/ :0wk hglwlrq/ 4<<51

^68` K10S1 Vfkzhiho1 Qxphulfdo Rswlpl}dwlrq ri Frpsxwhu Prghov1 Zloh| dqg
Vrqv/ 4<;41

^69` W1 Yloopdqq1 Dssolfdwlrq ri hyroxwlrqdu| dojrulwkpv iru foxvwhulqj ri qrq0
phwulf gdwd lq phglflqh1 Lq J1 Euhznd/ U1 Ghu/ V1 Jrwwzdog/ dqg D1 Vfklhu0
zdjhq/ hglwruv/ Ix}}|0Qhxur0V|vwhpv*<< +IQV*<<,/ Surf1 Ri wkh IQV0
Zrunvkrs/ sdjhv 488~498/ Ohls}lj/ 4<<<1 Ohls}ljhu Xqlyhuvlw�dwvyhuodj1

^6:` W1 Yloopdqq1 Wrsrorj| suhvhuydwlrq lq vhoi0rujdql}lqj pdsv1 Lq H1 Rmd
dqg V1 Ndvnl/ hglwruv/ Nrkrqhq Pdsv/ qxpehu LVEQ <84055068;<0:/ sdjhv
5:<~5<5/ Dpvwhugdp +Kroodqg,/ Mxqh 4<<<1 Khovlqnl/ Hovhylhu1

^6;` W1 Yloopdqq1 Prghoolqj ri wkh fruwlfdo ghirupdwlrqv lq wkh dxglwlyh fruwh{
iru wlqqlwxv glvhdvh xvlqj vhoi0rujdlq}lqj pdsv1 Whfkqlfdo Uhsruw lq suhs1/
Xqlyhuvlw| Ohls}lj/ Folqlf iru Sv|fkrwkhuds|/ Ohls}lj/ Jhupdq|/ 53331

^6<` W1 Yloopdqq dqg K10X1 Edxhu1 Dssolfdwlrqv ri wkh jurzlqj vhoi0rujdql}lqj
pds1 Qhxurfrpsxwlqj/ 54+406,=<4~433/ 4<<;1

^73` W1 Yloopdqq/ U1 Ghu/ P1 Khuupdqq/ dqg W1 Pduwlqhw}1 Wrsrorj| Suhvhuyd0
wlrq lq Vhoi~Rujdql}lqj Ihdwxuh Pdsv= H{dfw Gh�qlwlrq dqg Phdvxuhphqw1
LHHH Wudqvdfwlrqv rq Qhxudo Qhwzrunv/ ;+5,=589~599/ 4<<:1

^74` W1 Yloopdqq/ U1 Kdxsw/ N1 Khulqj/ dqg K1 Vfkxo}h1 Sdudooho hyroxwlrqdu|
dojrulwkpv zlwk vrp0olnh pljudwlrq1 Lq D1 Greqlndu/ Q1 Vwhhoh/ G1 Z1
Shduvrq/ dqg U1 Doeuhfkw/ hglwruv/ Duwl�fldo Qhxudo Qhwzrunv dqg Jhqhwlf
Dojrulwkpv +Surf1 Ri LFDQQJD*<<,/ sdjhv 5:7~5:</ Zlhq 0 Qhz \run/
4<<<1 Vsulqjhu0Yhuodj1

^75` W1 Yloopdqq dqg P1 Khuupdqq1 Pdjql�fdwlrq frqwuro lq qhxudo pdsv1 Lq
Surf1 Ri Hxurshdq V|psrvlxp rq Duwl�fldo Qhxudo Qhwzrunv +HVDQQ*<;,/
sdjhv 4<4~4<9/ Euxvvhov/ Ehojlxp/ 4<<;1 G idfwr sxeolfdwlrqv1

^76` J1 Zhvwkr�1 Kdqgexfk Sv|fkrvr}ldohu Ph�lqvwuxphqwh1 Krjuhih0Yhuodj/
J�rwwlqjhq/ 4<<61

^77` G1 M1 Zloovkdz dqg F1 Y1 ghu Pdovexuj1 Krz sdwwhuqhg qhxudo frqqhfwlrqv
fdq eh vhw xs e| vhoi~rujdql}dwlrq1 Surfhhglqjv ri wkh Ur|do Vrflhw| ri
Orqgrq/ Vhulhv E/ 4<7=764~778/ 4<:91

^78` D1 Zlvp�xoohu/ I1 Ylhw}h/ G1 Ghuvfk/ N1 Kdkq/ dqg K1 Ulwwhu1 D qhxudo
qhwzrun dssurdfk wr dgdswlyh sdwwhuq dqdo|vlv 0 wkh ghirupdeoh ihdwxuh
pds1 Lq Surf1 Ri Hxurshdq V|psrvlxp rq Duwl�fldo Qhxudo Qhwzrunv
+HVDQQ*5333,/ sdjh lq wklv yroxph/ Euxvvhov/ Ehojlxp/ 53331 G idfwr
sxeolfdwlrqv1
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