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Devwudfw

Wkh dfwlydwlrq hqhujlhv H� iru erwk orz whpshudwxuh +OW, +? 453 N, dqg
kljk whpshudwxuh +KW, +A 533 N, r{|jhq rughulqj surfhvvhv lq Wo2Ed2FxRSnB

vlqjoh fu|vwdov kdyh ehhq hvwlpdwhg iurp wkh wlph ghshqghqfh ri WS iroorzlqj wkh
uhohdvh ri kljk suhvvxuh +319 JSd, dw orz whpshudwxuhv1 Wkh fu|vwdov vwxglhg
kdyh WS ydoxhv ri 5< N +vwurqjo| ryhugrshg,/ 73 N +prghudwho| ryhugrshg,/ dqg
:3 N +voljkwo| ryhugrshg,1 Iru erwk KW dqg OW surfhvvhv H� lv fohduo| odujhvw
iru wkh 5< N vdpsoh> iru wkh KW surfhvv H� dsshduv wr eh voljkwo| vpdoohu iru
wkh 73 N vdpsoh wkdq iru wkh :3 N vdpsoh/ exw dssur{lpdwho| htxdo iru wkh OW
surfhvv1 Srvvleoh phfkdqlvpv duh glvfxvvhg1

4 Lqwurgxfwlrq
Lw lv zhoo nqrzq wkdw AS h{klelwv d vhqvlwlyh ghshqghqfh rq r{|jhq frqwhqw lq wkh kljk0
AS r{lghv1 Lq xqghugrshg \Ed2Fx�RSn% +\0456,/ dxjphqwlqj wkh r{|jhq frqwhqw
lq wkh Fx0R fkdlqv iurp % � 316 wr 31< fdxvhv AS wr lqfuhdvh iurp 3 N wr ryhu <3
N ^4`/ zkhuhdv lq ryhugrshg Wo2Ed2FxRSnB +Wo05534, AS ghfuhdvhv iurp � <3 N wr
3 N xsrq wkh dgglwlrq ri B � f��D xqlwv ri r{|jhq wr dq lqwhuvwlwldo vlwh zlwklq wkh
Wo2R2 grxeoh od|hu ^5`1 Lq dgglwlrq/ wkh wudqvlwlrq whpshudwxuh lq wkh kljk0AS r{lghv
fdq ghshqg vwurqjo| rq wkh frq�jxudwlrq ri r{|jhq ghihfwv zlwklq wkh odwwlfh/ hyhq
dw �{hg r{|jhq frqfhqwudwlrq1 Txhqfklqj xqghur{|jhqdwhg \0456 iurp 833�F wr ::
N iuhh}hv lq glvrughu dqg vxssuhvvhv AS e| pruh wkdq 53 N> vxevhtxhqw dqqhdolqj dw
urrp whpshudwxuh fdxvhv AS wr fuhhs edfn xs wrzdug lwv lqlwldo ydoxh dv wkh r{|jhq
ghihfwv uhod{ wrzdugv d kljkhu ghjuhh ri rughu dw wklv orzhu whpshudwxuh ^6`1 Wklv
lqfuhdvh lq AS uhvxowv iurp dq lqfuhdvh lq wkh frqfhqwudwlrq ri kroh fduulhuv lq wkh
FxR2 sodqh ^7`1
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Wkh ghjuhh ri rughu lq wkh r{|jhq vxeodwwlfh lv dovr hqkdqfhg e| wkh dssolfdwlrq
ri kljk suhvvxuhv1 Lq d vhulhv ri k|gurvwdwlf suhvvxuh h{shulphqwv wr 31; JSd rq
sro|fu|vwdoolqh Wo2Ed2FxRSnB +Wo05534, zlwk ydu|lqj r{|jhq frqwhqw/ Vlhexujhu dqg
Vfkloolqj ^8` pdgh wkh vxusulvlqj revhuydwlrq wkdw wkh suhvvxuh ghulydwlyh +_AS*_� ,UW
iru suhvvxuh fkdqjhv dw urrp whpshudwxuh +UW, pd| gl�hu vxevwdqwldoo| iurp wkh udwh
+_AS*_� ,OW iru suhvvxuh fkdqjhv dw orz whpshudwxuhv +OW, ehorz � 88 N1 Ixuwkhu0
pruh/ wkh| irxqg wkdw erwk wkh OW dqg UW suhvvxuh ghulydwlyhv ghshqg vhqvlwlyho|
rq wkh frqfhqwudwlrq ri lqwhuvwlwldo r{|jhq B> wklv idfw/ frpelqhg zlwk wkh vljql�fdqw
prelolw| ri r{|jhq lq pdq| kljk0AS r{lghv/ ohg wkhp wr sursrvh wkdw suhvvxuh0lqgxfhg
rughulqj zlwklq wkh lqwhuvwlwldo r{|jhq vxeodwwlfh lv uhvsrqvleoh iru wkh vwurqj ghshq0
ghqfh ri _AS*_� rq whpshudwxuh1 Suhvxpdeo|/ wkh lqwhuvwlwldo r{|jhq fdq pryh
durxqg dqg rughu lq uhvsrqvh wr suhvvxuh fkdqjhv dw UW/ wkhuhe| dowhulqj wkh qxpehu
ri krohv lq wkh frqgxfwlrq od|hu/ zkhuhdv dw OW wkhvh r{|jhq dqlrqv duh iur}hq lq
sodfh1 Vlqfh wkh lqlwldo zrun rq Wo05534/ uhodwhg suhvvxuh0lqgxfhg h�hfwv kdyh ehhq
revhuyhg lq d qxpehu ri dgglwlrqdo kljk0AS pdwhuldov ^9/ :/ ;/ </ 43/ 44/ 45/ 46`1

Wkh gudpdwlf lq xhqfh wkdw suhvvxuh0lqgxfhg r{|jhq rughulqj fdq kdyh rq wkh
suhvvxuh ghshqghqfh ASE� � lv zhoo looxvwudwhg e| wkh gldprqg dqylo fhoo zrun ri Orrqh|
hw do1 ^47` rq Wo05534 vkrzq lq Ilj1 41 Wkh dssolfdwlrq ri suhvvxuhv dv kljk dv 818
JSd dw UW vxssuhvvhv AS iurp lwv lqlwldo dpelhqw suhvvxuh ydoxh ri 73 N grzq wr
qhduo| 43 N1 Iroorzlqj wkh uhohdvh ri suhvvxuh dw 9 N/ AS grhv qrw uhwxuq wr lwv
lqlwldo dpelhqw suhvvxuh ydoxh exw lqvwhdg lqfuhdvhv rqo| voljkwo|1 Li wkh vdpsoh
lv qrz dqqhdohg iru 4 krxu dw vxffhvvlyho| kljkhu whpshudwxuhv xs wr 633 N/ AS lv
vhhq wr uhod{ edfn wr lwv lqlwldo ydoxh lq d wzr0vwhs idvklrq/ lqglfdwlqj wkh suhvhqfh
ri erwk OW dqg KW uhod{dwlrq surfhvvhv zlwk dfwlydwlrq hqhujlhv ri � 3158 hY dqg
� 31:5/ uhvshfwlyho|1 Rqo| KW surfhvvhv kdyh ehhq revhuyhg lq doo rwkhu kljk0AS
pdwhuldov vwxglhg wr gdwh1 Lw kdv ehhq sursrvhg ^48` wkdw wkh OW uhod{dwlrq lq Wo0
5534 uhvxowv iurp wkh frruglqdwhg uhduudqjhphqw ri lqwhuvwlwldo r{|jhq ghihfwv lq wkh
Wo2R2 grxeoh od|hu ehwzhhq ghjhqhudwh vlwhv zlwklq wkh xqlw fhoo/ zkhuhdv wkh KW
surfhvv ruljlqdwhv iurp wkh pljudwlrq ri wkh lqwhuvwlwldo r{|jhq iurp rqh xqlw fhoo wr
dqrwkhu1 Wklv slfwxuh kdv uhfhlyhg vrph vxssruw iurp d uhfhqw frpsdulvrq ri wkh
phdvxuhg dfwlydwlrq yroxph iru Wo05534 zlwk d kdug0vskhuh prgho fdofxodwlrq ^49`1

Lw zrxog fohduo| eh ri lqwhuhvw wr ehwwhu fkdudfwhul}h erwk OW dqg KW uhod{dwlrq
surfhvvhv lq vxshufrqgxfwlqj Wo05534 e| v|vwhpdwlfdoo| ghwhuplqlqj wkhlu uhodwlyh
pdjqlwxghv dqg dvvrfldwhg dfwlydwlrq hqhujlhv .� ryhu wkh hqwluh udqjh ri r{|jhq
frqwhqw1 Lq wkh suhvhqw sdshu zh suhvhqw wkh uhvxowv ri uhfhqw h{shulphqwv zklfk
sureh suhvvxuh0lqgxfhg r{|jhq rughulqj h�hfwv lq vlqjoh fu|vwdoolqh Wo05534 vdpsohv
zlwk AS ydoxhv lq wkh udqjh 48 N wr :3 N1 Wkhvh gdwd duh frpsduhg zlwk wkh uhvxowv
ri suhylrxv vwxglhv rq erwk vlqjoh0fu|vwdoolqh ^48/ 49` dqg sro|fu|vwdoolqh ^8` Wo05534
vdpsohv/ lq sduwlfxodu d 73 N fu|vwdo1 Doo vdpsohv h{klelw wkh wzr0vwhs uhod{dwlrq
ehkdylru fkdudfwhulvwlf iru Wo055341 .� iru erwk OW dqg KW surfhvvhv lv irxqg wr
eh odujhvw iru wkh prvw khdylo| r{|jhq0grshg Wo05534 vdpsohv/ lq frqwudvw wr wkh
v|vwhpdwlfv iru wkh \0456 v|vwhp ^9`> iru wkh KW surfhvv/ .� dsshduv wr eh voljkwo|
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vpdoohu iru wkh 73 N wkdq iru wkh :3 N fu|vwdo1

5 H{shulphqwdo
Wkh Wo05534 vlqjoh fu|vwdov xvhg lq wkh suhvhqw dqg suhylrxv vwxglhv zhuh v|qwkhvl}hg
dw wkh Xqlyhuvlw| ri Frorudgr> wkh ghwdlov ri wkh v|qwkhvlv surfhgxuh duh jlyhq hovh0
zkhuh ^48`1 Wkh dpelhqw suhvvxuh AS ydoxhv ri wkh fu|vwdov vwxglhg khuh zhuh � :3
N/ 5< N/ dqg 48 N zlwk fu|vwdo glphqvlrqv Dff� �ff� 2f >p�/ DHf� ��f� 2f >p�

dqg/ .ff � Dff � Sf >p�c uhvshfwlyho|1 Wkh kljk suhvvxuh vwxglhv zhuh fduulhg rxw
dw Zdvklqjwrq Xqlyhuvlw| xvlqj d kholxp jdv kljk0suhvvxuh v|vwhp zklfk doorzv wkh
suhvvxuh wr eh fkdqjhg dw dq| whpshudwxuh deryh wkh phowlqj fxuyh A6 ri kholxp +iru
h{dpsoh/ A6 * 461; N dw 314 JSd dqg A6 * 8517 N dw 31; JSd,1 Vxshufrqgxfwlqj
wudqvlwlrq whpshudwxuhv zhuh ghwhuplqhg iurp wkh uhdo sduw ri wkh df vxvfhswlelolw| dw
4146 Rh upv pdjqhwlf �hog dw 83: K}1 Wr doorz wkh prvw phdqlqjixo frpsdulvrq/ wkh
:3 N dqg 5< N fu|vwdov zhuh phdvxuhg wrjhwkhu lq wkh vdph suhvvxuh fhoo1 Dv vhhq
lq Ilj1 5/ wkh zlgho| gl�hulqj ydoxhv ri AS irui wkhvh wzr fu|vwdov dw dpelhqw suhv0
vxuh suhyhqwhg dq| pxwxdo lqwhuihuhqfh lq wkh df vxvfhswlelolw| phdvxuhphqw1 Erwk
vdpsohv h{klelwhg ixoo vklhoglqj zlwk 430<3 wudqvlwlrq zlgwkv ri ohvv wkdq 418 N1 E|
vxshusrvlqj wkh wudqvlwlrq fxuyhv/ vkliwv lq AS xqghu suhvvxuh frxog eh ghwhuplqhg
zlwk d w|slfdo xqfhuwdlqw| ri � 63 pN ^4:`1 Wkh h{shulphqwdo whfkqltxh lv ghvfulehg
lq ghwdlo hovhzkhuh ^4;`1

6 Uhvxowv ri H{shulphqw

614 Wkh Suhvvxuh Ghshqghqfh ri Af

Lq Ilj1 6 duh vkrzq wkh suhvhqw uhvxowv iru wkh suhvvxuh ghshqghqfh ri AS rq wkh
wzr vlpxowdqhrxvo| phdvxuhg Wo05534 fu|vwdov ghvfulehg deryh1 Iroorzlqj wkh lqlwldo
ghwhuplqdwlrq ri ASE� edu� ' :3153 N dqg 5;183 N iru hdfk vdpsoh +srlqw 4,/ wkh
vdpsohv zhuh zduphg wr UW +� �ff N, zkhuh d suhvvxuh ri 314: JSd zdv dssolhg
ryhu d 8 plqxwh shulrg1 Diwhu d rqh krxu UW dqqhdolqj shulrg dw wklv suhvvxuh/ wkh
vdpsohv zhuh frrohg lq 5 krxuv wr orz whpshudwxuh wr phdvxuh AS +srlqw 5,1 Wkh
vdpsohv zhuh wkhq zduphg edfn xs wr UW/ dqg wkh diruhphqwlrqhg phdvxuhphqw
f|foh +suhvvxuh lqfuhdvh dw UW/ rqh krxu dqqhdo dw UW/ frrogrzq wr phdvxuh AS, zdv
uhshdwhg iru suhvvxuhv ri 317: JSd dqg 31:5 JSd/ |lhoglqj srlqwv 6 dqg 71 Qrwh wkdw
wkh suhvvxuh ghfuhdvhv vrphzkdw xsrq frrolqj gxh wr wkh frqwudfwlrq ri wkh kholxp
suhvvxuh phglxp1 Iurp wkhvh gdwd/ xvlqj wkh dyhudjh ydoxhv ri wkh suhvvxuh/ zh
hvwlpdwh +_AS*_� ,UW * �E��S 	 f��� N2JSd iru wkh 5< N vdpsoh dqg +_AS*_� ,UW
* �E��b 	 f�S� N2JSd iru wkh :3 N vdpsoh> erwk ydoxhv duh frqvlghudeo| ohvv lq
pdjqlwxgh wkdq wkdw �;1< N2JSd revhuyhg iru d vlqjoh fu|vwdoolqh Wo05534 vdpsoh
zlwk ASE� edu� * ef N ^48`1 Wklv wuhqg/ wkdw +_AS*_� ,UW wdnhv rq lwv pd{lpxp
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pdjqlwxgh iru Wo05534 vdpsohv zlwk AS ydoxhv qhdu 73 N/ lv lq txdolwdwlyh djuhhphqw
zlwk suhylrxv vwxglhv rq sro|fu|vwdoolqh Wo05534 ^8`1

Qh{w/ wkh suhvvxuh zdv ixoo| uhohdvhg ryhu d shulrg ri : plqxwhv dv wkh whpshud0
wxuh vorzo| ghfuhdvhg iurp 77 N wr 67 N1 Wkh wudqvlwlrq whpshudwxuh iru wkh 5< N
vdpsoh zdv wkhq lpphgldwho| uhphdvxuhg +srlqw 8, dqg irxqg wr uhpdlq frqvwdqw
zlwklq wkh h{shulphqwdo xqfhuwdlqw| ri 63 pN/ l1h1 +_AS*_� ,OW * 3 N2JSd1 Wklv
uhvxow looxvwudwhv wkh gudpdwlf ghshqghqfh ri _AS*_� rq wkh whpshudwxuh dw zklfk
wkh suhvvxuh lv fkdqjhg/ d srlqw hpskdvl}hg deryh iru wkh 73 N fu|vwdo +Ilj1 4,1 D
ghwdlohg frpsdulvrq ri suhvhqw dqg suhylrxv uhvxowv zloo eh jlyhq odwhu1 Wkh wudqvlwlrq
whpshudwxuh ri wkh :3 N vdpsoh zdv qrw uhphdvxuhg lpphgldwho| diwhu wkh uhohdvh
ri suhvvxuh dw orz whpshudwxuhv dv wklv zrxog kdyh lqwhuihuhg zlwk rxu vhdufk iru
uhod{dwlrq h�hfwv ehorz :3 N lq wkh 5< N vdpsoh/ dv glvfxvvhg lq ghwdlo lq wkh qh{w
sdudjudsk1

615 Uhod{dwlrq lq Af yhuvxv Whpshudwxuh +vhulhv 4,

Iroorzlqj wkh uhohdvh ri suhvvxuh dw OW dqg wkh uhphdvxuhphqw ri AS iru wkh 5<
N vdpsoh/ wkh vdpsohv zhuh dqqhdohg iru rqh krxu shulrgv dw vxffhvvlyho| kljkhu
whpshudwxuhv/ d uhphdvxuhphqw ri AS iroorzlqj hdfk dqqhdo1 Lq Ilj1 7 wkh uhod{dwlrq
lq AS lv pdsshg rxw dv d ixqfwlrq ri lqfuhdvlqj dqqhdolqj whpshudwxuh1 Lq frqwudvw
wr wkh 73 N vdpsoh/ zkhuh uhod{dwlrq lq AS lv revhuyhg dw whpshudwxuhv dv orz dv
48 N/ qr uhod{dwlrq lv revhuyhg iru wkh 5< N vdpsoh xqwlo wkh dqqhdolqj whpshudwxuh
lv udlvhg deryh 9718 N> d vlplodu uhvxow zdv rewdlqhg iru d 56 N vdpsoh ^48`1 Qrwh
wkdw zh glg qrw ghwhuplqh AS iru wkh :3 N vdpsoh xqwlo wkh dqqhdolqj whpshudwxuh
uhdfkhg 9718 N lq rughu wr dyrlg �dqqhdolqj rxw� srvvleoh OW uhod{dwlrq h�hfwv lq wkh
fr0phdvxuhg 5< N vdpsoh ehorz wklv whpshudwxuh1 Diwhu d rqh krxu dqqhdo dw urrp
whpshudwxuh +� 2b. N,/ wkh AS ydoxhv ri erwk vdpsohv uhod{hg edfn wr zlwklq 63 pN
ri wkhlu lqlwldo dpelhqw suhvvxuh ydoxhv> ixuwkhu dqqhdolqj dw UW iru dq dgglwlrqdo 9
krxuv fdxvhg rqo| plqlpdo ixuwkhu lqfuhdvhv lq AS +48 pN iru wkh 5< N vdpsoh dqg 83
pN iru wkh :3 N vdpsoh,1 Iurp Ilj1 7 lw lv fohdu wkdw erwk vdpsohv h{klelw glvwlqfw
OW dqg KW rughulqj surfhvvhv vhsdudwhg e| d fohduo| gh�qhg �sodwhdx� uhjlrq1

D ylvxdo lqvshfwlrq ri Iljv1 4/ 7+d,/ dqg 7+e,/ uhyhdov wkdw wkh whpshudwxuh udqjhv
+dqg wkxv wkh dfwlydwlrq hqhujlhv, iru erwk wkh OW dqg KW uhod{dwlrq surfhvvhv duh
kljkhu iru wkh 5< N vdpsoh wkdq iru wkh rwkhu wzr1 Iru h{dpsoh/ wkh OW uhod{dwlrq
lq wkh 73 N dqg :3 N vdpsohv zrxog eh qhduo| h{kdxvwhg e| d rqh0krxu dqqhdo dw
433 N/ zkloh wkh OW uhod{dwlrq lq wkh 5< N vdpsoh zrxog vwloo kdyh d frqvlghudeoh
zd| wr surfhhg1 Vlploduo|/ d rqh krxu dqqhdo dw 5:8 N zrxog vx!fh wr h{kdxvw wkh
KW surfhvv lq wkh 73 N dqg :3 N vdpsohv/ zkloh Adqqhdo � �ff N zrxog eh qhfhvvdu|
wr ixoo| uhod{ wkh KW surfhvv lq wkh 5< N vdpsoh1 Zh wkxv dqwlflsdwh wkdw wkh
dfwlydwlrq hqhuj| iru wkh 5< N vdpsoh zloo eh sduwlfxoduo| odujh1 D ixuwkhu glvfxvvlrq
ri wkh ghshqghqfh ri wkh dfwlydwlrq hqhujlhv rq r{|jhq frqfhqwudwlrq zloo iroorz wkh
suhvhqwdwlrq ri wkh 5qg phdvxuhphqw vhulhv1
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Lq Iljv1 4/ 7+d,/ dqg 7+e, lw lv vhhq wkdw wkh uhodwlyh lpsruwdqfh ri OW dqg KW
uhod{dwlrq ydulhv vhqvlwlyho| zlwk wkh lqlwldo ydoxh ri AS +ru/ htxlydohqwo|/ zlwk wkh
frqfhqwudwlrq ri lqwhuvwlwldo r{|jhq, lq Wo055341 Lq wkh 73 N vdpsoh +Ilj14,/ wkh OW
rughulqj surfhvv lv grplqdqw/ dffrxqwlqj iru ryhu wzr0wklugv ri wkh wrwdo revhuyhg
uhod{dwlrq1 Rq wkh rwkhu kdqg/ wkh KW rughulqj surfhvv grplqdwhv iru wkh 5< N
vdpsoh dqg wkh 56 N vdpsoh +Uhi1 ^48`,1 Lq wkh :3 N vdpsoh/ lw dsshduv wkdw wkh
KW surfhvv lv vrphzkdw pruh lpsruwdqw wkdq wkh OW surfhvv/ dowkrxjk lw vkrxog eh
srlqwhg rxw wkdw wkhuh frxog eh d frqvlghudeoh dprxqw ri �klgghq� OW uhod{dwlrq wkdw
rffxuuhg dw whpshudwxuhv ehorz :3 N/ ehiruh AS frxog eh phdvxuhg1 Zh zloo srvwsrqh
d ixuwkhu glvfxvvlrq ri wkhvh lvvxhv xqwlo diwhu wkh uhvxowv ri d vhfrqg phdvxuhphqw
vhulhv rq wkhvh wzr vdpsohv kdyh ehhq suhvhqwhg lq wkh qh{w vxevhfwlrq1

Lq Ilj1 8 zh vkrz wkh sduwldo uhod{dwlrq gdwd iru d 48 N fu|vwdo ri Wo05534 zklfk
dovr h{klelwv wkh wzr0vwhs uhfryhu| lq wkh OW dqg KW uhod{dwlrq xsrq suhvvxuh uhohdvh
iurp 319 JSd dw 88 N ^4<`1 Xqiruwxqdwho|/ wkh gdwd vhw lv qrw vx!flhqw wr fohduo|
gh�qh wkh rqvhw whpshudwxuhv iru hlwkhu wkh OW ru KW uhod{dwlrq surfhvvhv/ dowkrxjk
wkh gdwd uhvhpeoh wkrvh iru wkh 5< N vdpsoh1

616 Uhod{dwlrq lq Af yhuvxv Wlph +vhulhv 5,

Zkhuhdv lq wkh �uvw phdvxuhphqw vhulhv d jrrg txdolwdwlyh ryhuylhz ri wkh uhod{dwlrq
ehkdylru lq AS zdv rewdlqhg ryhu d zlgh whpshudwxuh udqjh/ lq wkh vhfrqg phdvxuh0
phqw vhulhv zh zrxog olnh wr vwxg| wkh OW dqg KW uhod{dwlrq ehkdylru pruh txdq0
wlwdwlyho| dqg ghwhuplqh wkh dfwlydwlrq hqhujlhv e| dqqhdolqj dw d �{hg whpshudwxuh
dqg phdvxulqj krz AS fkdqjhv zlwk wlph1

Lq wkh vhfrqg vhulhv d suhvvxuh ri f�.2JSd zdv dssolhg dw 5<; N dqgpdlqwdlqhg iru
��
2
krxuv ehiruh frrolqj erwk :3 N dqg 5< N vdpsohv wr OW +� Df N, ryhu d wzr krxu

shulrg1 Wkh suhvvxuh zdv wkhq uhohdvhg ^53` lq � : plqxwhv zkloh wkh whpshudwxuh
zdv khog dw D��D	 f�D N/ diwhu zklfk AS zdv phdvxuhg iru erwk vdpsohv1 Qh{w/ wkh
vdpsohv zhuh dqqhdohg iru lqfuhdvlqj shulrgv ri wlph dw ;5 N/ zlwk d uhphdvxuhphqw
ri erwk wudqvlwlrqv diwhu hdfk dqqhdo xs wr d wrwdo wlph ri 44; krxuv/ |lhoglqj wkh
gdwd lq Iljv1 9+d, dqg 9+f,/ uhvshfwlyho|1 Wkh vdpsohv zhuh wkhq dqqhdohg dw wkhlu
uhvshfwlyh sodwhdx whpshudwxuhv +47< N iru wkh 5< N vdpsoh dqg 454 N iru wkh :3
N vdpsoh/ dv vhhq lq Ilj1 7, iru rqh krxu wr ixoo| h{kdxvw wkh OW surfhvvhv zlwkrxw
fdxvlqj dssuhfldeoh KW uhod{dwlrq1 Wkh wudqvlwlrq whpshudwxuhv zhuh vxevhtxhqwo|
uhphdvxuhg dqg irxqg wr eh 5:1;78 N dqg 9;184 N/ uhvshfwlyho|1

Qh{w/ erwk :3 N dqg 5< N vdpsohv zhuh dqqhdohg dw 563 N iru d wrwdo wlph ri 56:
krxuv zlwk qxphurxv lqwhuphgldwh AS phdvxuhphqwv/ |lhoglqj wkh ASE|� ghshqghqfhv
vkrzq lq Iljv1 :+d, dqg :+f,/ uhvshfwlyho|1 Wkh vdpsohv zhuh wkhq dqqhdohg dw urrp
whpshudwxuh +� 5<; N, iru 6; krxuv wr h{kdxvw dq| uhpdlqlqj uhod{dwlrq/ diwhu zklfk
wkh wudqvlwlrqv zhuh djdlq uhphdvxuhg dqg irxqg wr eh 5;188 N dqg :3156 N zklfk olh
rqo| 83 pN dqg 63 pN/ uhvshfwlyho|/ kljkhu wkdq wkh lqlwldo ydoxhv dw wkh ehjlqqlqj
ri wkh �uvw phdvxuhphqw vhulhv1 Lq Iljv1 9 dqg : lw fdq eh vhhq wkdw wkh dssurdfk ri
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AS wr lwv vdwxudwlrq ydoxh lv pruh judgxdo iru wkh 5< N vdpsoh wkdq iru wkh rwkhu wzr/
vxssruwlqj rxu hduolhu revhuydwlrq wkdw wklv vdpsoh kdv d odujhu dfwlydwlrq hqhuj| iru
erwk OW dqg KW surfhvvhv1 Wr whvw zkhwkhu wkh htxloleulxp ydoxhv ri AS dw dpelhqw
suhvvxuh duh wkh vdph dw UW dqg 563 N/ erwk vdpsohv zhuh dqqhdohg rqfh djdlq dw
563 N iru 7; krxuv> wkh wudqvlwlrq whpshudwxuhv ri wkh 5< N dqg :3 N vdpsohv zhuh
revhuyhg wr lqfuhdvh voljkwo| e| 63 pN dqg 83 pN/ uhvshfwlyho| ^54`1

Fruuhvsrqglqj OW dqg KW uhod{dwlrq gdwd iru wkh 73 N vdpsoh duh vkrzq lq Iljv1
9+e, dqg :+e,/ uhvshfwlyho| ^48/ 49`1 Wkh vrolg fxuyhv lq Iljv1 9 dqg : duh �wv wr wkh
vwuhwfkhg h{srqhqwldo h{suhvvlrq

ASE|� ' ASE4�� dASE4�� ASEf�o i T
�
�

�
|n |f
�

�k�
c +4,

zkhuh ASEf� dqg ASE4� duh wkh lqlwldo dqg �qdo +ixoo| uhod{hg, ydoxhv ri wkh wudqvlwlrq
whpshudwxuh/ uhvshfwlyho|/ � lv wkh uhod{dwlrq wlph/ |f lv dq dgglwlrqdo wlph lqfoxghg
wr dffrxqw iru dq| uhod{dwlrq wkdw rffxuuhg ehiruh | ' f/ dqg k lv wkh vwuhwfkhg
h{srqhqw zklfk kdv ehhq vhw wr 3158 iru hdfk ri wkh sorwwhg fxuyh �wv/ dv glvfxvvhg
ehorz1 Wkh �w sdudphwhuv duh wdexodwhg lq Wdeoh 4/ dorqj zlwk dfwlydwlrq hqhujlhv
.� fdofxodwhg iurp wkh uhod{dwlrq wlph � xvlqj dq Duukhqlxv odz

� ' � f i T
�
.�

&�A

�
c +5,

zlwk dq dwwhpsw shulrg � f * �f3�2 vhfrqgv ^55`1 Qrwh wkdw Wdeoh 4 dovr lqfoxghv
uhdqdo|}hg fxuyh �wwlqj gdwd iru wkh 73 N vdpsoh iru dqqhdolqj whpshudwxuhv ri 558
N dqg :8 N1

Zh qrz ghvfuleh wkh fxuyh �wwlqj surfhgxuh lq pruh ghwdlo1 Iru hdfk ri wkh
�wv wr wkh KW uhod{dwlrq gdwd +A@??e@, @ 563 N ru 558 N, wkh �wwlqj surfhvv zdv
uhodwlyho| vwudljkwiruzdug1 A-A

S Ef� zdv �{hg wr wkh sodwhdx ydoxh dqg |f zdv vhw wr
}hur xqghu wkh uhdvrqdeoh dvvxpswlrq wkdw qr vljql�fdqw KW uhod{dwlrq rffxuuhg sulru
wr wkh �uvw 563 N +ru 558 N, dqqhdo> A-A

S E4� zdv �{hg wr wkh ydoxh ri wkh wudqvlwlrq
whpshudwxuh iroorzlqj wkh �qdo 6;0krxu urrp whpshudwxuh dqqhdo1 Qrwdeo|/ doo irxu
KW gdwd vhwv lq Wdeoh 4 duh uhdvrqdeo| zhoo �w zlwk d vlqjoh  rdwlqj sdudphwhu +wkh
wlph frqvwdqw �, dqg d frpprq vwuhwfk h{srqhqw k ' f�2D> vpdoohu ydoxhv ri k +vxfk
dv k ' f�2f, uhvxowhg lq srruhu �wv wr wkh 73 N gdwd/ zkloh odujhu ydoxhv +k ' f��f,
|lhoghg srruhu �wv wr wkh 5< N dqg :3 N gdwd1 Wkh xqfhuwdlqwlhv lq Wdeoh 4 lq wkh wlph
frqvwdqwv zhuh ghwhuplqhg e| uxqqlqj wkh fxuyh �wv zlwk pd{lpxp2plqlpxp ydoxhv
ri wkh �{hg sdudphwhuv dqg dgglqj wkh dvvrfldwhg xqfhuwdlqw| iurp wkh qrqolqhdu
ohdvw0vtxduhv fxuyh �wwlqj urxwlqh> wkh xqfhuwdlqwlhv lq wkh dfwlydwlrq hqhuj| lqfoxgh
erwk wkh xqfhuwdlqwlhv lq wkh wlph frqvwdqwv dqg wkh dqqhdolqj whpshudwxuhv1

Wkh KW dfwlydwlrq hqhuj| .2bg
� * 31;3 hY rewdlqhg iru wkh 5< N vdpsoh lv fohduo|

odujhu wkdq iru wkh rwkhu wzr vdpsohv/ lq djuhhphqw zlwk wkh txdolwdwlyh frqfoxvlrqv
uhdfkhg deryh iurp Iljv1 4 dqg 71 Lqwhuhvwlqjo|/ wkh KW dfwlydwlrq hqhuj| iru wkh
73 N vdpsoh dsshduv wr eh voljkwo| vpdoohu wkdq wkdw iru wkh :3 N vdpsoh/ lqglfdwlqj
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wkdw .� pd| qrw fkdqjh prqrwrqlfdoo| zlwk wkh r{|jhq grslqj ohyho1 Lw lv zruwk
qrwlqj wkdw wklv wuhqg lv dovr rewdlqhg xvlqj vhyhudo rwkhu uhdvrqdeoh fxuyh �wwlqj
vfkhphv +vhh Uhi1 ^56` iru ghwdlov,1

D vlplodu surfhgxuh zdv xvhg iru dqdo|}lqj wkh OW uhod{dwlrq gdwd +A@??e@, @ ;5 N
ru :8 N,1 Iru doo vdpsohv/ AuA

S E4� zdv �{hg wr wkh ydoxh ri wkh wudqvlwlrq whpshudwxuh
iroorzlqj dqqhdolqj dw wkh �sodwhdx� whpshudwxuh1 Iru wkh 5< N vdpsoh/ AuA

S Ef� zdv
�{hg wr wkh ydoxh ri wkh wudqvlwlrq whpshudwxuh gluhfwo| iroorzlqj wkh OW suhvvxuh
uhohdvh dw � 73 N vlqfh/ dv vhhq lq Ilj1 7+e,/ wkh OW uhod{dwlrq grhv qrw ehjlq
xqwlo kljkhu whpshudwxuhv1 Iru wkh 73 N dqg :3 N vdpsohv/ krzhyhu/ AuA

S Ef� frxog
qrw eh gluhfwo| phdvxuhg lq wklv pdqqhu ehfdxvh vl}hdeoh OW uhod{dwlrq surfhvvhv
kdyh ehjxq dw whpshudwxuhv ehorz AS lq wkhvh vdpsohv +vhh Iljv1 4 dqg 7+d,,1 Zh
fdq/ krzhyhu/ rewdlq d uhdvrqdeoh hvwlpdwh ri AuA

S Ef� lq wkh iroorzlqj zd|1 Li wkh
suhvvxuh lv fkdqjhg dw d whpshudwxuh vx!flhqwo| orz wr iuhh}h rxw OW uhod{dwlrq
surfhvvhv/ wkh �qrq0r{|jhq0rughulqj +qrq0RR, ghulydwlyh lv jlyhq e| wkh h{suhvvlrq
E_AS*_� �

?J?3�� ' dAuA
S E� �� AuA

S Ef�o*{� iru d suhvvxuh fkdqjh {� 1 Iurp wklv lw
iroorzv wkdw

AuA
S Ef� ' AuA

S E� ��{�

#
_AS
_�

$?J?3��

� +6,

Dv h{suhvvhg lq Ht1 +7, ehorz/ wkh fkdqjh lq AS xqghu suhvvxuh fdq eh eurnhq grzq
lq wzr frpsrqhqwv/ rqh zklfk h{foxghv dqg wkh rwkhu zklfk lv ghwhuplqhg vroho| e|
r{|jhq0rughulqj h�hfwv1 R{|jhq0rughulqj h�hfwv rq AS fdq eh vxssuhvvhg hlwkhu e|
fkdqjlqj wkh suhvvxuh dw d vx!flhqwo| orz whpshudwxuh/ dv iru wkh vwurqjo| ryhugrshg
5< N vdpsoh deryh zkhuh zh �qg E_AS*_� �

?J?3�� * 3 N2JSd/ ru e| ghwhuplqlqj
_AS*_� dw dq| whpshudwxuh rq dq rswlpdoo| grshg vdpsoh/ zkhuh r{|jhq rughulqj
h�hfwv/ ru dq| h�hfw lqyroylqj fkdujh wudqvihu/ vkrxog kdyh qhjoljleoh lq xhqfh rq
wkh suhvvxuh ghulydwlyh ^48`1 Iru rswlpdoo| grshg Wo05534/ zkhuh AS * <5 N/ lw zdv
uhsruwhg suhylrxvo| wkdw _AS*_� ' E_AS*_� �

?J?3�� * n��D	f�eN2JSd ^8`1 Zh qrz
hvwlpdwh E_AS*_� �?J?3�� iru vdpsohv zlwk lqwhuphgldwh frqfhqwudwlrqv ri lqwhuvwlwldo
r{|jhq e| vlpso| olqhduo| lqwhusrodwlqj ehwzhhq wkhvh wzr ydoxhv/ dv vkrzq lq Ilj1
;1 Duphg zlwk wkhvh ydoxhv ri E_AS*_� �?J?3��c zh fdq qrz xvh Ht1 +6, wr hvwlpdwh
AuA
S Ef�c wkh ydoxh wkh wudqvlwlrq whpshudwxuh zrxog kdyh wdnhq rq xsrq uhohdvh ri

suhvvxuh dw OW kdg r{|jhq rughulqj h�hfwv ehhq frpsohwho| iur}hq rxw1 Wklv dg krf
phwkrg zrunv uhdvrqdeo| zhoo vlqfh iru Wo05534 wkh h�hfwv ri r{|jhq0rughulqj rq AS
grplqdwh ryhu wkh qrq0RR h�hfwv1 Iru ixuwkhu ghwdlov ri wkh lqwhusrodwlrq surfhgxuh/
vhh Uhi1 ^57`1

Lq dgglwlrq/ lq wkh �wv ri wkh uhod{dwlrq gdwd iru wkh 73 N dqg :3 N vdpsohv/ zh
lqfoxgh d  rdwlqj sdudphwhu |f wr dffrxqw iru wkh dgglwlrqdo wlph wkdw hodsvhg gxulqj
wkh �klgghq� OW uhod{dwlrq1 Xqghu wkhvh frqvwudlqwv/ uhdvrqdeoh �wv wr doo irxu OW
gdwd vhwv zhuh rewdlqhg zlwk wkh vdph vwuhwfk h{srqhqw k ' f�2D xvhg iru �wwlqj wkh
KW gdwd1

Dv zdv wkh fdvh iru wkh KW dfwlydwlrq hqhuj|/ wkh OW dfwlydwlrq hqhuj| .2bg
� *

f�2H hY iru wkh 5< N vdpsoh lv fohduo| juhdwhu wkdq wkdw iru wkh rwkhu wzr vdpsohv/

:



dv frqfoxghg hduolhu iurp Iljv1 4 dqg 71 Lq frqwudvw wr wkh KW fdvh/ krzhyhu/ zh
qrwh wkdw wkh OW dfwlydwlrq hqhujlhv duh frqvlvwhqw zlwk d prqrwrqlf ghshqghqfh rq
grslqj ohyho/ dowkrxjk wkh gl�huhqfh ehwzhhq wkh 73 N dqg :3 N ydoxhv lv ri pdujlqdo
vljql�fdqfh/ glvdsshdulqj/ lq idfw/ dowrjhwkhu iru uhdvrqdeoh dowhuqdwlyh fxuyh �wwlqj
surfhgxuhv ^58`1

7 Glvfxvvlrq
Lq wkh suhvhqw h{shulphqwv rq Wo05534/ wkh dssolfdwlrq ri suhvvxuh dw UW pd| fdxvh
fkdqjhv lq wkh vxshufrqgxfwlqj wudqvlwlrq whpshudwxuh AS lq dw ohdvw �yh glvwlqfw zd|v=
+4, wkh  dwqhvv ri wkh FxR2 sodqh+v, +exfnolqj dqjoh, lqfuhdvhv ru ghfuhdvhv ^59`/
+5, kroh fkdujh fduulhuv duh wudqvihuuhg lqwr wkh FxR2 sodqh+v, hyhq zlwkrxw r{|jhq
rughulqj h�hfwv/ +6, hyhq dw frqvwdqw fduulhu frqfhqwudwlrq wkh ghqvlw| ri fkdujh
fduulhuv lqfuhdvhv zlwk suhvvxuh ehfdxvh ri wkh ghfuhdvh lq wkh odwwlfh sdudphwhuv/
+7, OW r{|jhq rughulqj h�hfwv hqkdqfh wkh wudqvihu ri kroh fkdujh fduulhuv lqwr wkh
FxR2 sodqh+v,/ +8, KW r{|jhq rughulqj h�hfwv hqkdqfh wkh wudqvihu ri kroh fkdujh
fduulhuv lqwr wkh FxR2 sodqh+v,1 Uhohdvlqj wkh suhvvxuh dw orz whpshudwxuhv dqg
phdvxulqj krz AS fkdqjhv dv d ixqfwlrq ri wkh dqqhdolqj whpshudwxuh doorzv xv wr
�vhh� zklfk fkdqjhv lq AS ruljlqdwh iurp OW ru KW r{|jhq0rughulqj surfhvvhv dqg
zklfk duh gxh wr rwkhu qrq0RR h�hfwv +l1h1 swv1 +4, wr +6, deryh,1 Wkh fkdqjh lq AS
zlwk suhvvxuh dssolhg dw UW fdq wkxv eh zulwwhq dv wkh vxp ri wkuhh frpsrqhqwv=

#
_AS
_�

$
-A

'

#
_AS
_�

$��

uA

n

#
_AS
_�

$��

MA

n

#
_AS
_�

$?J?3��

� +7,

Wkh gdwd lq Iljv1 6+e, dqg 7+e,/ iru h{dpsoh/ fdq eh gluhfwo| xvhg wr ghwhuplqh hdfk
ri wkh deryh suhvvxuh ghulydwlyhv iru wkh 5< N vdpsoh1 Zkhq suhvvxuh lv dssolhg dw UW
+Ilj1 6+e,,/ wkh wrwdo fkdqjh lq AS jlyhv wkh �uvw ghulydwlyh E_AS*_� �-A � Vlqfh wkh OW
uhod{dwlrq grhv qrw ehjlq xqwlo 9< N iru wkh 5< N vdpsoh/ uhohdvlqj wkh suhvvxuh qhdu
73 N iuhh}hv lq frpsohwho| erwk wkh OW dqg KW r{|jhq rughulqj h�hfwv/ vr wkdw wkh
qrq0r{|jhq0rughulqj ghulydwlyh E_AS*_� �?J?3�� lv rewdlqhg gluhfwo| iurp wkh fkdqjh
lq AS dv suhvvxuh lv uhohdvhg1 Wkh OW r{|jhq0rughulqj ghulydwlyh lv ghwhuplqhg e|
wkh pdjqlwxgh ri wkh lqfuhdvh lq AS lq Ilj1 7+e, ehwzhhq 83 N dqg wkh sodwhdx qhdu
473 N dqg wkh KW ghulydwlyh iurp wkh lqfuhdvh lq AS ehwzhhq wkh sodwhdx dqg UW1

Doo gdwd uhodwhg wr wkh suhvvxuh ghulydwlyhv duh vxppdul}hg lq Wdeoh 5 iru wkh irxu
r{|jhq frqfhqwudwlrqv frqvlghuhg khuh/ soxv uhdqdo|}hg uhvxowv iru ixuwkhu Wo05534
vdpsohv sxeolvkhg suhylrxvo|1 Iru phdvxuhphqwv lq zklfk wkh suhvvxuh zdv uhohdvhg
dw d whpshudwxuh qrw orz hqrxjk wr iuhh}h rxw wkh OW r{|jhq rughulqj surfhvvhv
+h{shulphqwv rq wkh 73 N/ 7; N/ :3 N dqg ;6 N vdpsohv,/ AuA

S Ef� kdv ehhq hvwlpdwhg
iurp Ht1 +6,/ xvlqj lqwhusrodwhg ydoxhv ri E_AS*_� �?J?3�� dv ghvfulehg suhylrxvo|
dqg dv looxvwudwhg lq Uhi1 ^57`1 Ilj1 ; sorwv wkh ydulrxv suhvvxuh ghulydwlyhv lq Ht1
+7, yhuvxv wkh dpelhqw0suhvvxuh ydoxh ri AS iru Wo05534 iurp wkh suhvhqw dqg hduolhu

;



vwxglhv> qrwh wkdw lq wkh zrun ri Vlhexujhu dqg Vfkloolqj ^8` rqo| E_AS*_� �UW fdq eh
h{wudfwhg1 Dv hylghqw iurp wkh �jxuh/ iru vdpsohv zlwk AS ehwzhhq 48 N dqg ;6 N
wkh lq xhqfh ri KW surfhvvhv rq _AS*_� lv urxjko| frqvwdqw +wr zlwklq d idfwru ri 5,/
zkloh wkdw ri wkh OW surfhvv ydulhv e| pruh wkdq dq rughu ri pdjqlwxgh/ shdnlqj iru
vdpsohv zlwk AS � ef N1 Dssduhqwo|/ lqwhuphgldwh frqfhqwudwlrqv ri h{fhvv r{|jhq
surylgh pruh idyrudeoh frqglwlrqv iru wkh rffxuuhqfh ri OW rughulqj h�hfwv dqg2ru
wkhlu lq xhqfh rq AS1

Wkhvh uhvxowv duh shukdsv ehvw glvfxvvhg lq wkh frqwh{w ri wkh ghshqghqfh ri AS rq
grslqj ohyho ?1 Rswlpdoo| grshg Wo2Ed2FxRSnB vdpsohv kdyh qr h{fhvv r{|jhq +B *
3, dqg h{klelw wudqvlwlrq whpshudwxuhv dv kljk dv bD N ^5:`> lqfuhdvlqj B hqkdqfhv ?
dqg fdxvhv AS wr ghfuhdvh lq dq dssur{lpdwho| sduderolf pdqqhu ^5;`1 Wkh vwhdglo|
uhgxfhg lq xhqfh ri wkh OW rughulqj surfhvv dv AS lqfuhdvhv iurp 73 N wr <3 N lv
wkxv qrw vxusulvlqj vlqfh AS vkrxog ehfrphv ohvv vhqvlwlyh wr fkdqjhv lq grslqj ohyho
? dv wkh rswlpdoo| grshg vwdwh lv dssurdfkhg1 Wkh idfw wkdw wkh lq xhqfh ri wkh
KW surfhvv grhv qrw xqghujr d vlplodu ghfuhdvh +dw ohdvw qrw xqwlo AS h{fhhgv ;6 N,
lv hylghqfh wkdw wkh vwuhqjwk ri wkh KW rughulqj surfhvv lv dfwxdoo| hqkdqfhg +ru/
dowhuqdwho|/ wkdw d jlyhq dprxqw ri rughulqj fdxvhv lqfuhdvlqj dprxqwv ri grslqj,
dv wkh rswlpdo grslqj frqfhqwudwlrq lv dssurdfkhg> dw suhvhqw zh kdyh qr sk|vlfdo
h{sodqdwlrq iru krz wklv pljkw rffxu1 Rq wkh rwkhu kdqg/ wkh lq xhqfh ri erwk KW
dqg OW surfhvvhv rq AS ghfuhdvhv dv AS dssurdfkhv ydoxhv ehorz 73 N/ lqglfdwlqj wkdw
erwk KW dqg OW r{|jhq rughulqj h�hfwv fdxvh surjuhvvlyho| ohvv fkdqjh lq grslqj
ohyho ? dv AS ghfuhdvhv iurp 73 N wr 3 N1 Wklv uhgxfwlrq lq grslqj ohyho pxvw eh
sduwlfxoduo| gudvwlf/ jlyhq wkdw dq lqfuhdvh lq ? vkrxog ohdg wr d juhdwhu gurs lq AS dv
wkh grslqj ohyho surfhhgv ixuwkhu dqg ixuwkhu lqwr wkh ryhugrshg uhjlrq ri wkh AS yv
? sduderod1 Wkh idfw wkdw iru vdpsohv zlwk AS � 2b N wkh h�hfwv ri suhvvxuh0lqgxfhg
r{|jhq rughulqj rq AS duh vr vpdoo lpsolhv hlwkhu wkdw wkh ghjuhh ri r{|jhq rughulqj
lwvhoi lv glplqlvkhg/ shukdsv ehfdxvh ? lv qhdu d fulwlfdo ydoxh ?S dw zklfk orqj udqjh
r{|jhq rughulqj rffxuv +vxshuvwuxfwxuh lq wkh r{|jhq ghihfw vxeodwwlfh,/ ru r{|jhq
rughulqj kdv plqlpdo h�hfw rq wkh grslqj ohyho dqg wkxv rq AS1 Wkh iruphu vfhqdulr
zrxog vhhp pruh olnho|1

Lw zrxog eh ghvludeoh wr xvh h{shulphqwdo surehv rq d plfurvfrslf vfdoh +QPU,
wr dffxudwho| fkdudfwhul}h wkh qdwxuh ri wkh uhod{dwlrq skhqrphqd lq Wo05534 dqg
rwkhu vxshufrqgxfwlqj r{lghv1 D frpsdulvrq ri wkhvh uhvxowv wr prohfxodu g|qdplfv
fdofxodwlrqv zrxog dovr eh ri frqvlghudeoh lqwhuhvw1

Dfnqrzohgjphqwv= Wklv uhvhdufk dw Zdvklqjwrq Xqlyhuvlw| lv vxssruwhg xqghu
judqw Qr1 GPU <;036;53 e| wkh Qdwlrqdo Vflhqfh Irxqgdwlrq1 Wkh lqyroyhphqw ri
rqh ri wkh dxwkruv +FZO, lq wklv surmhfw zdv pdgh srvvleoh e| d Phuulpdfn Froohjh
Idfxow| Ghyhorsphqw Judqw1
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Sk|v1 Uhy1 E 89 +4<<:, 4749;1

^;` \0456= V1 Vdghzdvvhu/ M1 V1 Vfkloolqj/ D1 S1 Sdxolndv/ dqg E1 Yhdo/ Sk|v1 Uhy1
E 94 +5333, :741

^<` Qg0456= Y1 S1 G|dnrqry/ L1P1 Ilwd/ Q1 D1 Grurvkhqnr/ P1 Edudq/ dqg K1
V}|pf}dn/ MHWS Ohww1 96 +4<<9, ;581

^43` Jg0456= P1 Edudq/ Y1 G|dnrqry/ L1 Ilwd/ O1 Jodgf}xn/ D1 Zlvqlhzvnl/ K1 V}|p0
f}dn/ Sk|vlfd F 59: +4<<9, 6461

^44` Vxshur{|jhqdwhg Od2FxRenB= M1 H1 Vfkluehu/ Z1 U1 Ed|ohvv/ I1 F1 Fkrx/ G1 F1
Mrkqvwrq/ S1 F1 Fdq�hog/ dqg ]1 Ilvn/ Sk|v1 Ehy1 E 7; +4<<6, 98391

^45` Kj04534= V1 Vdghzdvvhu/ M1 V1 Vfkloolqj/ M1 O1 Zdjqhu/ R1 Fkpdlvvhp/ M1 G1
Mrujhqvhq/ G1 J1 Klqnv/ dqg E1 Gdeurzvnl/ Sk|v1 Uhy1 E 93 +4<<<, <;5:1

^46` WoVu2FdFx2R.3+ +Wo04545,= F1 Orrqh|/ M1 V1 Vfkloolqj/ dqg \1 Vklpdndzd/
Sk|vlfd F 5<: +4<<;, 56<1

^47` F1 Orrqh|/ M1 V1 Vfkloolqj/ V1 Gr|oh/ dqg D1 P1 Khupdqq/ Sk|vlfd F 5;< +4<<:,
5361

^48` D1 0N1 Nohkh/ F1 Orrqh|/ M1 V1 Vfkloolqj/ K1 Wdndkdvkl/ Q1 P÷ul/ \1 Vklpdndzd/
\1 Nxer/ W1 Pdqdnr/ V1 Gr|oh/ dqg D1 P1 Khupdqq/ Sk|vlfd F 58: +4<<9, 4381

^49` V1 Vdghzdvvhu/ M1 V1 Vfkloolqj/ dqg D1 P1 Khupdqq/ Sk|v1 Uhy1 E +wr dsshdu Rfw1
4/ 5333,1
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^4:` Wkh vkliwv lq wkh uhdo dqg lpdjlqdu| sduwv ri wkh vxvfhswlelolw| forvho| sdudoohohg
hdfk rwkhu> wkh uhdo sduw zdv xvhg lq wkh dqdo|vlv ehfdxvh lw |lhoghg voljkwo|
ehwwhu uhvroxwlrq1

^4;` M1 V1 Vfkloolqj/ M1 Glhghulfkv/ V1 Norw}/ dqg U1 Vlhexujhu/ lq= Pdjqhwlf Vxvfhswl0
elolw| ri Vxshufrqgxfwruv dqg Rwkhu Vslq V|vwhpv/ U1 D1 Khlq/ W1 O1 Iudqfdylood/
G1 K1 Olhehqehuj +Hgv1, Sohqxp/ Qhz \run/ 4<<4/ s1 43:1

^4<` I1 Pdvfduhqkdv/ Pdvwhuv Wkhvlv/ Zdvklqjwrq Xqlyhuvlw| +5333,1

^53` Xqiruwxqdwho|/ wkh ghyhorsphqw ri d vljql�fdqw ohdn pdgh lw qhfhvvdu| wr ixoo|
uhohdvh wkh suhvvxuh dw OW zlwkrxw �uvw phdvxulqj AS/ dv d vxevwdqwldo iudfwlrq
+shukdsv pruh wkdq kdoi, ri wkh wrwdo suhvvxuh zrxog kdyh ehhq orvw gxulqj wkh
7 krxuv qrupdoo| uhtxluhg wr phdvxuh erwk wudqvlwlrqv1 Wkh ohdn zdv qhjdwhg
gxulqj prvw ri wkh frrogrzq e| frqwlqxrxvo| vxsso|lqj wkh suhvvxuh fhoo zlwk
kljk suhvvxuh kholxp jdv iurp wkh kljk suhvvxuh uhvhuyrlu1 Dw 443 N/ wkh kljk
suhvvxuh uhvhuyrlu ehfdph ghsohwhg/ zlwk wkh uhvxow wkdw dssur{lpdwho| 43( ri
wkh suhvvxuh lq wkh fhoo ohdnhg dzd| gxulqj wkh 68 plqxwhv uhtxluhg wr frro wkh
fhoo iurp 443 N grzq wr 85 N1 E| lpphgldwho| uhohdvlqj wkh suhvvxuh dw 85 N/
zh zhuh deoh wr nhhs wkh wrwdo suhvvxuh orvv wr dq dffhswdeoh ohyho1

^54` Lqwhuhvwlqjo|/ wkh htxloleulxp AS ydoxhv iru erwk vdpsohv lqfuhdvh +dowkrxjk
voljkwo|, zkhq vxemhfwhg wr d kljkhu ghjuhh ri �rughu� +orzhu whpshudwxuh, lq
dqqhdolqj h{shulphqwv exw ghfuhdvh zkhq vxemhfwhg wr juhdwhu �rughu� e| phdqv
ri dssolhg suhvvxuh1 Zh kdyh qr h{sodqdwlrq iru wklv vhhplqjo| lqfrqvlvwhqw eh0
kdylru/ dowkrxjk d vlplodu dqrpdo| kdv ehhq revhuyhg lq Wo04545 +Uhi1 ^46`,1 Qr
phdvxudeoh ghshqghqfh ri ASE4� rq dqqhdolqj whpshudwxuh kdv ehhq revhuyhg
iru wkh 73 N vdpsoh1

^55` Zh duh xqdzduh ri dq| phdvxuhphqwv ri � f iru uhod{dwlrq lq Wo055341 W|slfdo
dwwhpsw shulrgv lq \0456 udqjh iurp 433�� wr 433�� vhfrqgv= P1 Zhoohu/ Pdwhu1
Vfl1 Iruxp 44<0454 +4<<4, 99:> M1 U1 Frvw dqg M1 W1 Vwdqoh|/ Vfulswd Phwdooxujlfd
hw Pdwhuldold/ 5; +4<<6, ::61

^56` Zh h{soruhg dowhuqdwh KW fxuyh �wwlqj vfkhphv wr dffrxqw iru wkh srvvlelolw|
wkdw k pljkw ydu| zlwk r{|jhq frqwhqw ru wkdw ASE4� pljkw ghshqg vljql�fdqwo|
rq dqqhdolqj whpshudwxuh> doo uhdvrqdeoh vfkhphv uhvxowhg lq wkh qrq0prqrwrqlf
wuhqg ghvfulehg lq wkh wh{w1 Vrph h{dpsohv= ^l` Li k lv doorzhg wr  rdw/ zlwk ASEf�
dqg ASE4� �{hg dv ghvfulehg lq wkh wh{w/ zh rewdlq= iru k ' f�2�/ .2bg

� ' f�Hf.
hY> iru dqqhdolqj dw 563 N dqg k ' f�2e/ .efg

� ' f�.2� hY> iru dqqhdolqj dw
558 N dqg k ' f�2S/ .efg

� ' f�.22 hY> iru k ' f�2f/ ..fg
� ' f�.Df hY1 ^ll`

Li/ lqvwhdg/ ASE4� lv hvwlpdwhg xvlqj wkh uhvxowv ri wkh 7;0krxu �uhwxuq dqqhdo�
dw 563 N/  rdwlqj k |lhogv= iru k ' f�2�/ .2bg

� ' f�H2f hY> iru k ' f��Hb/
..fg
� ' f�.DD hY +wkh uhvxowv iru wkh 73 N vdpsoh duh lghqwlfdo wr wkrvh lq fdvh
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^l`,1 Wkh xqfhuwdlqwlhv lq wkh dfwlydwlrq hqhujlhv lq hlwkhu fdvh duh vlplodu wr
wkrvh lq Wdeoh 51 ^lll` Iordwlqj ASE4� zlwk dq| uhdvrqdeoh ydoxh ri k |lhogv
.2bg
� : ..fg

� : .efg
� > iru h{dpsoh/ iru k ' f�2D zh rewdlq .2bg

� ' f�... hY/
..fg
� ' f�.�e hY/ dqg .2bg

� ' f�.2f hY1

^57` Iru h{dpsoh/ iru wkh 73 N vdpsoh +:8 N dqqhdo,/

E_AS*_� �
?J?3�� * E418 N2JSd��d+73 N 0 5< N,2+<3 N 0 5< N�o ' f��	f�e N2JSd/

zkhuh zh kdyh dvvxphg wkh lqwhusrodwhg suhvvxuh ghulydwlyh kdv wkh vdph devr0
oxwh xqfhuwdlqw| E	 317 N2JSd� dv wkdw uhsruwhg iru wkh <3 N vdpsoh1 Zh wkhq
rewdlq

ASEf� ' 651::N� Ef��	 f�e N2JSd�� +31:6JSd� ' �2�DD	 f�2b N1

Krzhyhu/ ASEf� fdqqrw eh odujhu wkdq wkh wudqvlwlrq whpshudwxuh phdvxuhg
+651:: N/ Uhi1 ^48`, iroorzlqj wkh uhohdvh ri suhvvxuh dw OW1 Wkxv/ zh rewdlq

ASEf� * �2�e2E�D� N�

Ilqdoo|/ zh qrwh wkdw iru wkh :3 N vdpsoh/ zh kdyh wr hvwlpdwh ASE� � +iurp
wkh vhulhv 4 gdwd,/ zklfk zdv qrw phdvxuhg lq wkh vhfrqg gdwd vhulhv/ ehiruh
hvwlpdwlqj ASEf� iurp wkh lqwhusrodwhg suhvvxuh ghulydwlyh1

^58` Khuh zh txdolwdwlyho| ghvfuleh wkh uhvxowv ri vhyhudo dowhuqdwh OW fxuyh �wwlqj
surfhgxuhv1 ^l` Dv qrwhg iru wkh KW surfhvv lq Uhi1 ^56`/  rdwlqj k grhv qrw
dowhu wkh wuhqg ri OW dfwlydwlrq hqhujlhv1 ^ll` Li ASEf� lv lqfoxghg dv d  rdwlqj
sdudphwhu/ wkh fdofxodwhg 73 N dqg :3 N OW dfwlydwlrq hqhujlhv frph rxw htxdo
wr hdfk rwkhu1 ^lll` Li zh dovr  rdw AS E4�/ wkhq wkh OW dfwlydwlrq hqhuj| iru wkh
:3 N vdpsoh lv irxqg wr voljkwo| h{fhhg wkdw ri wkh 73 N vdpsoh1 +Lq erwk ^ll` dqg
^lll`/ wkh 5< N vdpsoh frqwlqxhv wr kdyh wkh juhdwhvw dfwlydwlrq hqhuj|1, Lq wklv
frqqhfwlrq/ lw lv dovr zruwk qrwlqj wkdw  rdwlqj ASEf� |lhogv E_AS*_� �?J?3�� lq
wkh udqjh .7 wr .< N2JSd iru wkh 73 N fu|vwdo/ zklfk zrxog eh d yhu| udslg
udwh iru dq ryhugrshg vdpsoh1

^59` M1 G1 Mrujhqvhq/ G1 J1 Klqnv/ R1 Fkpdlvvhp/ G1 Q1 Duj|ulrx/ M1 I1 Plwfkhoo/ dqg
E1 Gdeurzvnl/ lq Uhfhqw Ghyhorsphqwv lq Kljk Whpshudwxuh Vxshufrqgxfwlylw|/
hglwhg e| M1 Nodpxw hw do1/ Ohfwxuh Qrwhv lq Sk|vlfv/ Yro1 7:8 +Vsulqjhu0Yhuodj/
Kdpexuj/ 4<<9, s1 41

^5:` K1 Vkdnhg/ S1 P1 Nhdqh/ M1 F1 Urguljxh}/ I1 I1 Rzhq/ U1 O1 Klwwhupdq/ dqg M1
G1 Mrujhqvhq/ Fu|vwdo Vwuxfwxuhv ri wkh Kljk0AS Vxshufrqgxfwlqj Frsshu0R{lghv/
Hovhylhu Vflhqfh E1Y1 +Dpvwhugdp, 4<<7/ s1 <1

^5;` F1 Doojhlhu dqg M1 V1 Vfkloolqj/ Sk|vlfd F 49; +4<<3, 7<<1

^5<` K1 Wdndkdvkl/ D10N1 Nohkh/ F1 Orrqh|/ M1V1 Vfkloolqj/ Q1 P÷ul/ \1 Vklpdndzd/
\1 Nxer/ dqg W1 Pdqdnr/ Sk|vlfd F 54: +4<<6, 4961
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Iljxuh Fdswlrqv

Ilj1 41 Uhvxowv ri gldprqg0dqylo0fhoo h{shulphqw rq Wo05534 iurp Uhi1 ^47`1 Lqvhw
vkrzv AS dv d ixqfwlrq ri suhvvxuh dssolhg dw urrp whpshudwxuh dqg uhohdvhg dw orz
whpshudwxuh +� S N,1 Ixoo judsk vkrzv AS dv d ixqfwlrq ri dqqhdolqj whpshudwxuh
iroorzlqj wkh uhohdvh ri suhvvxuh dw 9 N1 Yhuwlfdo huuru eduv duh vpdoohu wkdq wkh
v|perov dqg olqhv duh jxlghv wr wkh h|h1

Ilj1 51 Wkh uhdo sduw ri wkh pdjqhwlf vxvfhswlelolw| yhuvxv whpshudwxuh iru Wo05534
vlqjoh fu|vwdov zlwk AS+4 edu, qhdu 5< N dqg :3 N1 Iru erwk vdpsohv AS vkliwv wr
orzhu whpshudwxuhv xqghu suhvvxuh1

Ilj1 61 Wkh suhvvxuh ghshqghqfh ri AS iru k|gurvwdwlf suhvvxuh fkdqjhv dw UW dqg
OW iru Wo05534 vlqjoh fu|vwdov zlwk dpelhqw suhvvxuh AS ydoxhv ri dssur{lpdwho| +d,
:3 N dqg +e, 5< N1 Krul}rqwdo huuru eduv lqglfdwh suhvvxuh ghfuhdvh xsrq frrolqj
gxh wr frqwudfwlrq ri kholxp dqg d voljkw ohdn lq wkh suhvvxuh yhvvho1 Iru wkh :3 N
vdpsoh +d,/ wkh yhuwlfdo huuru eduv duh wkh vdph vl}h dv wkh v|perov1 Srlqw &8 kdv
ehhq hvwlpdwhg iurp Ht1 +6,1 Vwudljkw olqhv jlyh ydoxhv ri _AS*_� jlyhq lq wh{w1
Qxpehuv jlyh rughu ri phdvxuhphqwv1

Ilj1 71 AS dv d ixqfwlrq ri dqqhdolqj whpshudwxuh iroorzlqj wkh uhohdvh ri suhvvxuh
dw orz whpshudwxuh iru Wo05534 vlqjoh fu|vwdov zlwk dpelhqw suhvvxuh AS ydoxhv ri
dssur{lpdwho| +d, :3 N dqg +e, 5< N1 Wkh yhuwlfdo huuru eduv lq +d, duh wkh vdph
vl}h dv wkh v|perov1 Vrolg olqhv duh jxlghv wr h|h1

Ilj1 81 AS dv d ixqfwlrq ri dqqhdolqj whpshudwxuh iroorzlqj wkh uhohdvh ri suhvvxuh
dw orz whpshudwxuh iru d 48 N vlqjoh fu|vwdo ri Wo055341 Lqvhw jlyhv ghshqghqfh ri
AS rq suhvvxuh dssolhg dw UW +swv1 408, dqg uhohdvhg dw OW +sw1 9,1 Olqhv duh jxlghv
wr wkh h|h1

Ilj1 91 AS dv d ixqfwlrq ri dqqhdolqj wlph dw ;5 N iru +d, :3 N/ +e, 73 N +Uhi1 ^49`,/
dqg +f, 5< N Wo05534 fu|vwdov1 Wkh vrolg olqhv duh vwuhwfkhg h{srqhqwldo �wv wr Ht1
+4,1 Duurzv lq wkh uljkw pdujlq lqglfdwh wkh wudqvlwlrq whpshudwxuhv diwhu frpsohwh
uhod{dwlrq1 Lq �jxuhv +d, dqg +e,/ wkh xqfhuwdlqwlhv lq wkh AS phdvxuhphqwv duh htxdo
wr ru vpdoohu wkdq wkh v|pero vl}h1 Lqvhw vkrzv AS yv1 dqqhdolqj wlph dw :8 N iru wkh
73 N vdpsoh +iurp Uhi1 ^48`,1

Ilj1 :1 AS dv d ixqfwlrq ri dqqhdolqj wlph dw 563 N iru wkuhh +d, :3 N/ +e, 73 N +Uhi1
^48`,/ dqg +f, 5< N Wo05534 vlqjoh fu|vwdov1 Wkh vrolg olqhv duh vwuhwfkhg h{srqhqwldo
�wv wr Ht1 +4,1 Duurzv lq wkh uljkw pdujlq lqglfdwh wkh wudqvlwlrq whpshudwxuhv
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diwhu frpsohwh uhod{dwlrq1 Lq Iljv1 +d, dqg +e, wkh yhuwlfdo huuru eduv duh htxdo wr
ru vpdoohu wkdq wkh vl}h ri wkh v|perov1 Lqvhw vkrzv AS yv1 dqqhdolqj wlph dw 558 N
iru wkh 73 N vdpsoh +iurp Uhi1 ^49`,1

Ilj1 ;1 _AS*_� dv d ixqfwlrq ri AS+4 edu, zlwk dqg zlwkrxw r{|jhq rughulqj
h�hfwv iurp suhvhqw dqg suhylrxv vwxglhv +vhh ohjhqg,1 Wkh vrolg olqh jlyhv wkh
wrwdo UW suhvvxuh ghulydwlyh/ zkhuhdv wkh gdvkhg olqh uhsuhvhqwv wkh �qrq0r{|jhq0
rughulqj� frqwulexwlrq wr wkh suhvvxuh ghulydwlyh +vhh Ht1 +7,,1 Wkh pdjqlwxghv ri
wkh KW dqg OW r{|jhq rughulqj frqwulexwlrqv duh uhsuhvhqwhg e| yhuwlfdo olqhv dqg
eduv/ uhvshfwlyho|1 Wkh jdsv dqg ryhuodsv ehwzhhq wkh yhuwlfdo olqhv dqg eduv/ zklfk
lqglfdwh voljkw ghyldwlrqv iurp Ht1 +7,/ duh ohvv wkdq wkh frpelqhg xqfhuwdlqwlhv lq
wkh ydulrxv suhvvxuh ghulydwlyhv1

47



Wdeoh 4= Ilw sdudphwhuv xvhg iru �wwlqj wkh uhod{dwlrq gdwd lq Iljv1 9 dqg : wr Ht1
+4, xvlqj k @ 3158 iru doo �wv1 Huuru lq dqqhdolqj whpshudwxuh lv 4( ru ohvv1 Vhh wh{w
iru ghwdlov ri wkh �wwlqj surfhgxuh1

Adqqhdo ^N` vdpsoh Uhi1 ASEf� ^N` ASE4� ^N` |f ^krxuv` � ^krxuv` .� ^hY`
2�f 5< N 5:1;78+63, 5;188+6, 43: nHb

3D� 31;36+46,
KW 2�f 73 N ^48` 6;13:+6, 6<1<4+8, 41< nf�S

3f�D 31:56+48,
22D ^49` 6;1:8+8, 6<184+8, 714 nD�e

32�D 31:55+55,
2�f :3 N 9;184+8, :3156+6, ;1; ne�f

32�b 31:86+;,
H2 5< N 5:1778+63, 5:1;78+63, :9 n�eS

3De 315;7+;,
OW H2 73 N ^49` 6;195+6, 6;1:8+8, 	 f�ffff2 ;16 n��S

32�. 3159;+9,
.D ^48` 65175+48, 6;13:+8, 	 f�ff2 ;8 n2S

3�b 31593+8,
H2 :3 N 991;7+59, 9;184+8, 	 f�f� 416 n2�f

3f�. 31588+9,
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Wdeoh 5= D frpsdulvrq ri wkh OW dqg KW uhod{dwlrq gdwd iru ydulrxv Wo05534 vdpsohv
iroorzlqj wkh ixoo uhohdvh ri suhvvxuh dw orz whpshudwxuh1 �MA dqg �uA duh wkh
suhvvxuhv wr zklfk wkh vdpsohv zhuh h{srvhg lq wkh KW dqg OW r{|jhq rughulqj
whpshudwxuh udqjhv/ uhvshfwlyho|/ dqg �oer�_�@, lv wkh suhvvxuh wkdw uhpdlqhg iroorzlqj
wkh OW suhvvxuh uhohdvh1 Wkh hqwulhv dw wkh erwwrp ri wkh wdeoh/ ( OW dqg ( KW/ uhihu
wr wkh uhodwlyh frqwulexwlrqv ri wkh OW dqg KW surfhvvhv wr wkh frpelqhg �r{|jhq
rughulqj� suhvvxuh ghulydwlyh1 Vhh wh{w iru ixuwkhu gh�qlwlrqv1

vdpsoh 48 N 56 N 5< N 5< N 73 N 73 N 73 N
gdwd vrxufh Uhi1 48 vhulhv 4 vhulhv 5 Uhi1 48 Uhi1 49 Ilj1 4

�uA ^JSd` 318<+5, 3189+5, 3189+8, 319<+6, 31:9+6, 315;+4, 814+6,
�MA ^JSd` 3196+5, 3194+6, 319;+7, 31:6+4, 31;7+8, 3164+4, 818+6,

�uhvlgxdo ^JSd` 3 3134; 3 3 31335 3 3

AuA
S Ef� ^N` 47173+7, 5413:+8, 5:187+6, 5:178+6, 65175+48, 69195+6, 441;+4,

AS+sodwhdx, ^N` 471;7+7, 54168+8, 5:1;5+6, 5:1;8+6, 6;13:+8, 6;1:8+8, 6516+:,
A-A
S E4� ^N` 48183+7, 55173+8, 5;183+6, 5;188+6, 6<1<4+6, 6<184+8, 7414+8,

{AuA
S ^N` 3177+9, 315;+:, 315;+7, 3173+7, 8198+49, 5146+9, 5318+:,

{AMA
S ^N` 3199+9, 4138+:, 319;+7, 31:3+7, 41;7+9, 31:9+:, ;1;+<,

�
_AS
_�

�
UW

k
N

JSd

l
�41;3+48, �5174+57, �4189+59, � �;1<+;, �<14+:,

�
_AS
_�

�rr
OW

k
N

JSd

l
.31:8+43, .3185+46, .3183+<, .318;+:, .:178+69, .:194+67, .7135+5:,

�
_AS
_�

�rr
KW

k
N

JSd

l
.4138+43, .41::+48, .4133+<, .31<:+9, .5153+48, .5178+57, .4193+4;,

( OW 75+9,( 56+9,( 66+9,( 6;+8,( ::+8,( :9+8,( :5+9,(
( KW 8;+:,( ::+<,( 9:+;,( 95+8,( 56+5,( 57+6,( 5;+7,(
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