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HcaTS_ad f` _meaVa bcabfWdea W` ̂S ̂ [eWcSefcS bScS 
Wde[_Sc ^S bcaXf`V[VSV _li[_S VW [`gWde[YSU[p` 
"HEA# VW da`VWad W^WUeca_SY`me[Uad ecS`d[eac[ad 
"L=E# VW TaT[`S UW`ecS^ Ua` VSead VW^ ecS`dWUea 
CN_HFbST2 ZS UJWgQ IJ */ XTSIJTX B7> VZJ HWZ_F QF 
UJSbSXZQF IJ 4FOF 5FQNKTWSNF& AJ HTSgWRF QF [FQNIJ_ 
VW WdeS emU`[US S^ Ua_bScSc ̂ S HEA Ua` ̂ S [`eWcXSdW 
_ld bcaXf`VS VW +0 _aVW^ad WdecSe[X[USVad( 
=` Wdead da`VWad& eaVad W^^ad ^aUS^[kSVad W` ^S 
UfW`US N[kUSn`a& ^ad VSead _WV[Vad `a Wdel` 
SXWUeSVad bac ba^Sc[kSU[p` [`VfU[VS( Dad _aVW^ad 
[`V[US` ^S bcWdW`U[S VW f` Ua`VfUeac TfkS`eW 
[`eWcbcWeSVa Ua_a f`S ka`S VW [`ecfd[p` dS^[`S 
Ua` f`S YcS` WieW`d[p` ^SeWcS^ VW _ld VW 1* ]_( 
Dad aecad ,, da`VWad& ^aUS^[kSVad daTcW caUSd 
bLSJFX ^ RJYFRcWgHFX$ RZJXYWFS HFRGNTX JS QF 
UTQFWNIFI IJ QTX [TQYFOJX VZJ NSINHFS QF UWJXJSHNF 
VW WXWUead VW ba^Sc[kSU[p` [`VfU[VS( Dad _aVW^ad 
JXYWFYNgHFITX 5TQJ%5TQJ IJ JXYTX XTSIJTX XZLNJWJS 
f`S V[d_[`fU[p` [_baceS`eW W` ^S HEA( =dea Wd 
HTSgWRFIT FQ FSFQN_FW JQ HTRUTWYFRNJSYT JS 
bcaXf`V[VSV VW ^Sd VW`d[VSVWd VW Uacc[W`eW( 
LS_T[m` dW S`S^[kS W^ ̀ [gW^ VW cf[Va VW f` Ua`¥f`ea 
IJ IFYTX VZJ HTRUWJSIJ HJWHF IJ )''' [TQYFOJX 
VW e[W_ba eScVna  VW Sbcai[_SVS_W`eW .** d[e[ad 
B7> FIVZNWNITX JS JQ STWTJXYJ IJ >a]NHT& ?T XJ 
W`Ua`ecp f`S V[XWcW`U[S W`ecW ̂ ad ̀ [gW^Wd VW cf[Va 
WdeSU[a`Sc[a VW [`g[Wc`a j gWcS`a& bad[T^W_W`eW 
IJGNIT F VZJ UW`HYNHFRJSYJ ST MF^ YTWRJSYFX 
W^mUec[USd W` WdeS bSceW VW Emi[Ua(

HS^STcSd U^SgW4 da`VWad W^WUeca_SY`me[Uad 
ecS`d[eac[ad& bcaXf`V[VSV _li[_S VW [`gWde[YSU[p`& 
ba^Sc[kSU[p` [`VfU[VS(
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OW eWde S` SbbcaSUZ bcabadWV [` eZW ̂ [eWcSefcW Xac 
Wde[_Se[`Y eZW _Si[_f_ VWbeZ aX [`gWde[YSe[a` 
"E<A# aX [`'^aab ecS`d[W`e W^WUeca_SY`We[U 
daf`V[`Yd "L=E# h[eZ VSeS Xca_ eZW N[kUS[`a 
YWFSXJHY$ F UWTgQJ TK */ B7> XTZSINSLX HWTXXNSL 
eZW :S¥S ;S^[Xac`[S bW`[`df^S( LZW gS^[V[ej aX eZ[d 
FUUWTFHM NX HTSgWRJI G^ HTRUFWNSL YMJ >6; ¥NYM 
YMJ IJJUJXY NSYJWKFHJ TK (- XYWFYNgJI RTIJQX&  A` 
eZWdW daf`V[`Yd& S^^ ^aUSeWV agWc eZW N[kUS[`a 
TSd[`& eZW _WSdfcWV VSeS ScW `ae SXXWUeWV Tj 
[`VfUWV ba^Sc[kSe[a`( LZW _aVW^d [`V[USeW eZW 
bcWdW`UW aX S V[bb[`Y Ua`VfUeac [`eWcbcWeWV Sd 
S ka`W aX dWShSeWc [`ecfd[a` h[eZ S ^ScYW ^SeWcS^ 
WieW`d[a` aX agWc 1* ]_( LZW cW_S[`[`Y ,, 
daf`V[`Yd& ̂ aUSeWV agWc [Y`Wafd S`V _WeS_acbZ[U 
caU]d& dZah cWgWcdS^d [` eZW ga^eSYW ba^Sc[ej& 
[`V[USe[`Y eZW bcWdW`UW aX [`VfUWV ba^Sc[kSe[a` 
WXXWUed( LZW ^SjWcWV ;a^W';a^W _aVW^d Xac eZWdW 
XTZSINSLX XZLLJXY F XNLSNgHFSY IJHWJFXJ NS YMJ 
>6;& BMNX NX HTSgWRJI G^ FSFQ^_NSL YMJ IJUYM 
TWZSg[ac aX eZW dfTdfcXSUW UfccW`e VW`d[e[Wd( 
OW XfceZWc S`S^jkW eZW `a[dW ^WgW^ aX S VSeS dWe 
Ua_bc[d[`Y U^adW ea ,*** ^SeW'e[_W ga^eSYWd aX 
FGTZY +'' B7> XNYJX FHVZNWJI NS STWYM¥JXYJWS 
EWi[Ua( Fa V[XXWcW`UW hSd Xaf`V TWehWW` eZW 
deSe[a`Scj `a[dW ^WgW^d aX h[`eWc S`V df__Wc&  
bcWdf_ST^j TWUSfdW `WSc eZf`VWcdeac_d ScW 
bcSUe[US^^j STdW`e [` eZ[d bSce aX EWi[Ua(

CWj hacVd4 ecS`d[W`e W^WUeca_SY`We[U daf`V[`Yd& 
_Si[_f_ VWbeZ aX [`gWde[YSe[a`& [`VfUWV 
ba^Sc[kSe[a`(
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LZW ecS`d[W`e W^WUeca_SY`We[U "L=E# _WeZaV [d 
TSdWV a` eZW [`VfUe[a` aX W^WUec[U UfccW`e [` eZW 
Ycaf`V Tj S ecS`d_[eeWc ^aab( OZW` S <; UfccW`e 
[`¥WUeWV [`ea eZW ^aab [d STcfbe^j efc`WV aXX& S` 
JQJHYWNH gJQI NX NSIZHJI NS YMJ LWTZSI$ ¥MNHM 
LJSJWFYJX YMJ hT¥ TK XZGXZWKFHJ HZWWJSYX& BMJXJ 
UfccW`ed cSb[V^j gScj [` e[_W S`V dbSUW& bcaVfU[`Y 
F YWFSXNJSY RFLSJYNH gJQI NS YMJ [NHNSNY^ TK YMJ 
YWFSXRNYYJW& BMJ YNRJ [FWNFYNTS TK YMNX gJQI NX 
dW`dWV h[eZ eZW ga^eSYW [`VfUWV [` S Ua[^ ^S[V a` 
eZW Ycaf`V dfcXSUW( H^SU[`Y eZ[d Ua[^ Se eZW UW`eWc 
aX eZW ^aab [d ]`ah` Sd eZW [`'^aab SccSj( LZW 
dZSbW S`V [`eW`d[ej aX eZW _WSdfcWV ga^eSYW [d S 
Xf`Ue[a` aX eZW cWd[de[g[ej dfTdfcXSUW V[dec[Tfe[a`( 
LZW _WeZaV ZSd TWW` fdWV WieW`d[gW^j [` S 
gSc[Wej aX Sbb^[USe[a`d& dfUZ Sd Ycaf`VhSeWc 
Wib^acSe[a`& _[`WcS^ S`V a[^ bcadbWUe[`Y& Tfc[WV'
_WeS^ VWeWUe[a`& S`V YWa^aY[U _Sbb[`Y(

3 KWJVZJSYQ^ FXPJI VZJXYNTS IZWNSL YMJ UQFSSNSL 
aX [`'^aab ecS`d[W`e W^WUeca_SY`We[U daf`V[`Yd [d& 
wOZSe [d eZW _Si[_f_ VWbeZ aX [`gWde[YSe[a` 
">6;# NK F XVZFWJ QTTU TK INRJSXNTSX = G^ = NX ZXJI 
Sd eZW ecS`d_[ee[`Y dafcUW8x LZWcW [d `a d[_b^W 
FSX¥JW YT YMNX VZJXYNTS& 3QYMTZLM YMJ >6; ITJX 
VWbW`V a` eZW ^aab V[_W`d[a`d& [e S^da VWbW`Vd 
a` aeZWc bScS_WeWcd( KWgWcS^ Wde[_SeWd aX eZW 
E<A ZSgW TWW` cWbaceWV [` eZW ̂ [eWcSefcW "EUFW[^^& 
+32*5 >[eeWc_S`& +3235 Kb[Wd& +323#( A` eZ[d hac] 
hW SVabe S`V eWde eZSe bcabadWV Tj Kb[Wd "+323#& 
hZ[UZ [d eZW _ade U^WSc S`V Ua_b^WeW(

A` eZ[d bSbWc hW deSce h[eZ S Tc[WX VWdUc[be[a` 
aX Kb[Wd _WeZaV Xa^^ahWV Tj S bcWdW`eSe[a` aX 
eZW N[kUS[`a VSeS S`V [`gWceWV _aVW^d( LZW`& hW 
INXHZXX XTRJ RTINgHFYNTSX YT AUNJX J]UWJXXNTS 
ea TW Sbb^[WV ea eZW [`gWceWV _aVW^d( >[`S^^j& 
daf`V[`Yd SXXWUeWV Tj [`VfUWV ba^Sc[kSe[a` ScW 
S`S^jkWV(
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:SdWV a` eZW Sdj_beae[U TWZSg[ac aX eZW ̂ SeW'e[_W 
ga^eSYWd Se eZW UW`eWc aX S U[cUf^Sc ^aab agWc S 
eha'^SjWcWV WSceZ& Kb[Wd "+323# bcabadWV eZW 
Xa^^ah[`Y WibcWdd[a` Xac eZW E<A&
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hZWcW ' [d eZW UfccW`e [`¥WUeWV [`ea eZW ^aab& A
T
 

[d eZW ScWS aX eZW ^aab& $
1
 [d eZW cWd[de[g[ej aX eZW 

gWXY QF^JW$ FSI " [d V
N
/A

R
& eZW ga^eSYW `a[dW ^WgW^ 

"V
N
# agWc eZW WXXWUe[gW ScWS aX eZW cWUW[g[`Y Ua[^ 

"A
R
#( ;^WSc^j& eZ[d VWbeZ `ae a`^j VWbW`Vd a` eZW 

d[kW aX eZW ecS`d_[ee[`Y ̂ aab& Tfe S^da a` Xafc aeZWc 
bScS_WeWcd5 eha aX eZW_ aX [`decf_W`eS^ UZScSUeWc 
"[`¥WUeWV UfccW`e S`V ScWS aX eZW cWUW[g[`Y Ua[^#& 
S dfTdfcXSUW YWabZjd[US^ bScS_WeWc "^SjWc 
cWd[de[g[ej#& S`V S` W`g[ca`_W`eS^ bScS_WeWc 
"ga^eSYW `a[dW ^WgW^#(

>[YfcW + dZahd eZW TWZSg[ac aX eZW ̀ ac_S^[kWV 
ga^eSYWd [`VfUWV [` S Zac[ka`eS^ Ua[^ ^aUSeWV Se 
eZW UW`eWc aX S` L Tj L XVZFWJ QTTU T[JW F Y¥T%
^SjWc WSceZ Xac eZcWW L/d WFYNTX FSI g[J $,)$+ 
cSe[ad& hZWcW d NX YMJ gWXY QF^JW YMNHPSJXX FSI $

1 

S`V $
2 
ScW eZW ^SjWc cWd[de[g[e[Wd( LZWdW UfcgWd 

KTW F XVZFWJ QTTU FWJ XNRNQFW YT YMJ HNWHZQFW QTTU 
cWdba`dWd bcWdW`eWV Tj Kb[Wd "+323#( :aeZ SiWd 
ScW V[_W`d[a`^Wdd( A` eZW STdU[ddSd eZW gSc[ST^W % NX F STWRFQN_JI YNRJ$ GJNSL YMJ XVZFWJ WTTY TK 
eZW V[XXfd[a` VWbeZ δ ρ μ=( )2

0
t  NS YMJ gWXY QF^JW 

agWc [ed eZ[U]`Wdd( Kb[Wd `ae[UWV eZSe eZW e[_W Se 
hZ[UZ eZW V[XXWcW`e UfcgWd dWbScSeW Se ^WSde ,*! 
"VW`aeWV Sd VWbScefcW e[_W# VaWd `ae ZSgW S 
deca`Y VWbW`VW`Uj a` eZW L/d ac $

2
/$

1 
cSe[ad& da 

ZW Sbbcai[_SeWV [e Sd f`[ej( LZSe [d&
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2CAMJ? %# DaY'^aY b^aed aX eZW [`'^aab `ac_S^[kWV 
[TQYFLJ FLFNSXY STWRFQN_JI YNRJ KTW F XVZFWJ QTTU 
agWc S eha'^SjWcWV WSceZ( LZcWW L/d WFYNTX FSI g[J $,)$+ cSe[ad ScW Ua`d[VWcWV( LZW f`[ej VWbScefcW e[_W [d 

[`V[USeWV
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S`V cWb^SU[`Y d Tj D
max

 S`V V
late

/A
R 
Tj "& Kb[Wd aTeS[`WV WibcWdd[a` "+#(

BMJ [TQYFLJ STNXJ QJ[JQ RF^ MF[J XNLSNgHFSY 
gSc[Se[a`d TaeZ [` e[_W S`V dbSUW( LZW _S[` dafcUW 
aX `SefcS^ =E `a[dW SXXWUe[`Y L=E daf`V[`Yd ScW 
eZW dbZWc[Ud& hZ[UZ ScW W^WUeca_SY`We[U ecS`d[W`ed 
YW`WcSeWV Tj ^[YZe`[`Y V[dUZScYWd "OScV& +301#( 
9 dbZWc[U fdfS^^j bcabSYSeWd V[cWUe^j ea eZW 
daf`V[`Y d[eW [X eZW ^[YZe`[`Y [d `WScTj ac Tj 
_f^e[b^W cWX^WUe[a`d [` eZW WSceZ'[a`adbZWcW 
hSgWYf[VW [X [e aUUfcd Se ^ScYW V[deS`UWd( KWgWcS^ 
gS^fWd ZSgW TWW` bcabadWV Xac eZW `SefcS^ 
`a[dW ^WgW^ SXeWc eZW ga^eSYWd ScW SgWcSYWV4 +*'3 
">[eeWc_S`& +323#& ,i+*'+* "EUFW[^^& +32*#& S`V 
V[XXWcW`e cS`YWd Xac h[`eWc "Xca_ +i+*'+* ea /i+*'
+*# S`V df__Wc "Xca_ ,i+*'3 ea +i+*'2 # "Kb[Wd& 
+323#& S^^ aX eZW_ [` f`[ed aX N)_, ">[YfcW ,S#( AX 
hW Ua`d[VWc S `a_[`S^ gS^fW aX /i+*'+* N)_,& eZW 
_Si[_f_ VWbeZ aX [`gWde[YSe[a` TWUa_Wd
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OZW` ^aYSc[eZ_[U SiWd Xac TaeZ VWbeZ S`V 
WJXNXYN[NY^ TK YMJ gWXY QF^JW FWJ ZXJI$ J]UWJXXNTS 
".# b^aed Sd S decS[YZe ^[`W( LZ[d [d [^^fdecSeWV [` 
>[YfcW ,T& hZWcW eZW cS`YW aX VWbeZd UagWcWV Tj 
S daf`V[`Y h[eZ S .* Tj .* _ ^aab S`V ++(- 9 
aX [`¥WUeWV UfccW`e [d dZah` Sd eZW dZSVWV ScWS( 
LZW D

min 
^[`W [`V[USeWd eZW _[`[_f_ VWbeZ aX 

NS[JXYNLFYNTS$ ¥MNHM IJUJSIX TS YMJ gWXY QF^JW 
cWd[de[g[ej S`V eZW dZaceWde e[_W "t

min
# aX eZW bSc'

YNHZQFW IFYF FHVZNXNYNTS X^XYJR D t
min min

=( )2
1 0

ρ μ ( 
LZW _Si[_f_ VWbeZd aX [`gWde[YSe[a` haf^V TW 
)/' TW .(' R NK YMJ gWXY QF^JW MFI WJXNXYN[NYNJX 
aX + ac +** !_& cWdbWUe[gW^j( >ac S ^aab aX .** 
Tj .** _ S`V S UfccW`e aX 0(/ 9 eZW _Si[_f_ 
VWbeZ aX [`gWde[YSe[a` U^WSc^j [`UcWSdWd( @ahWgWc& 
`ae[UW eZSe S^eZafYZ eZW d[kW aX eZW ̂ aab [`UcWSdWV 
eW`Xa^V& eZW D

max 
gS^fWd "0.* S`V +0** _# 

[`UcWSdWV a`^j Tj S XSUeac aX STafe ,(- (

9B? :CR=;CGH LJ;GK?=L

>[YfcW - dZahd eZW ^aUSe[a` aX eZW N[kUS[`a 
BWFSXJHY$ F UWTgQJ TK */ B7> XTZSINSLX WZSSNSL 
eZcafYZ eZW N[kUS[`a VWdWce h[eZ S V[cWUe[a` 
Sbbcai[_SeW^j bWcbW`V[Uf^Sc ea eZW _S[` ecW`V 
aX eZW :S¥S ;S^[Xac`[S bW`[`df^S( LZWdW VSeS 
¥JWJ TWNLNSFQQ^ FHVZNWJI YT FUUQ^ YMJ XYFYNH XMNKY 
UaccWUe[a` ea eZW dS_W ̀ f_TWc aX _SY`WeaeW^^fc[U 
daf`V[`Yd "Ja_a .9 +3(& ,**+#( LZW daf`V[`Y 
d[eWd ScW Sbbcai[_SeW^j 0 ]_ SbSce# LZW ecS`dWUe 
UcaddWd eZcWW YWa^aY[U W`g[ca`_W`ed( A` eZW 
AD UFWY TK YMJ UWTgQJ >JXT_TNH WTHPX Y^UNHFQ TK 
aUWS`[U Ucfde afeUcab( LZWdW f`[ed TW^a`Y ea eZW 
;aUZ[_[ eWccS`W "KWV^aU] .9 +3(& +33-#( LZW UW`ecS^ 
bSce [d f`VWc^S[` Tj eZW ^SeW'EWdaka[U';W`aka[U 
dWV[_W`eScj caU]d aX eZW N[kUS[`a TSd[`( LZW 
YWa^aY[U Ua^f_` Xaf`V Se eZW KfSca'+ Za^W "dWW 
^aUSe[a` [` >[YfcW -#& S` Wib^acSeacj hW^^ Vc[^^WV 
Tj HWecp^Wad EWi[US`ad "?ScUnS'<a_n`YfWk& 
+310#& Y[gWd fdWXf^ [`Xac_Se[a` aX eZW TSd[` 
^[eZa^aYj( BMJ XYWFYNLWFUMNH XJVZJSHJ NX$ KWTR YTU 
ea Taeea_4 0* _ aX f`Ua`da^[VSeWV @a^aUW`W'
@QJNXYTHJSJ XFSIX FSI XTNQ2 ((0' R TK gSJ%LWFNSJI 
U^Sde[Ud TW^a`Y[`Y ea eZW WSc^j HS^WaUW`W'=aUW`W 
4FYJVZJ KTWRFYNTS2 0.' R TK NSYJWGJIIJI XMFQJX$ 
dS`Vdea`Wd S`V da_W Ua`Y^a_WcSeWd aX eZW DSeW'
;cWeSUWafd NS^^W Xac_Se[a`5 -// _ aX ^[_Wdea`Wd 
S`V efXXSUWafd d[^edea`Wd aX eZW =Sc^j';cWeSUWafd 
9^[d[ead Xac_Se[a`( LZW eaeS^ VWbeZ cWSUZWV Tj 
eZW KfSca'+ Za^W hSd ,0.* _( 9UUacV[`Y ea eZW 
[`eWcbcWeSe[a` aX eZW YcSg[ej VSeS aX eZW ScWS 

2CAMJ? &# S# KfYYWdeWV `a[dW 
^WgW^d [` eZW SgWcSYWV ga^eSYW( 
T# <WbeZ cS`YWd [`gWde[YSeWV 
Tj eha daf`V[`Yd agWc S eha'
^SjWcWV dfTdfcXSUW hZW` S 
/i+*'+* N)_, `a[dW ^WgW^ [d 

Sddf_WV(
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"?ScUnS'9TVWd^W` .9 +3(& ,**/#& eZW _Si[_f_ 
TSd[` eZ[U]`Wdd [d U^adW ea . ]_( 9d S cW^Se[gW 
YcSg[ej Z[YZ ^[Wd U^adW ea afc L=E ecSgWcdW& S 
dZS^^ahWc VWbeZ ea eZW TSdW_W`e [d WibWUeWV [` [ed 
g[U[`[ej( A` eZW F= bSce aX eZW ecS`dWUe dfTVfUe[a`'
cW^SeWV ga^US`a'b^fea`[U caU]d afeUcab( LZ[d 
WJLNTS$ IJgSJI G^ AJIQTHP .9 +3( "+33-# Sd eZW 
Qf_S eWccS`W& Ua_bc[dW HS^Waka[U'EWdaka[U 
_WeS_acbZ[U caU]d S`V ;cWeSUWafd caU]d ejb[US^ 
aX S ga^US`[U ScU( Ka_W ScWSd aX eZW KO S`V F= 
bace[a`d ScW UagWcWV Tj LWce[Scj ga^US`[U caU]d aX 
S`VWd[e[U S`V TSdS^e[U Ua_bad[e[a`d& hZ[UZ Xac_ 
_WdSd Se eZW eabaYcSbZj Z[YZd(

3QQ XTZSINSLX ¥JWJ FHVZNWJI ¥NYM F 9JTSNHX 
L=E/1 djdeW_ [` eZW [`'^aab SccSj& W_b^aj[`Y 
+/* Tj +/* _ ^aabd S`V S +** _, WXXWUe[gW ScWS 
U[cUf^Sc Ua[^( LZW UfccW`ed [`¥WUeWV ea eZW ^aabd 
hWcW U^adW ea 2(/ 9( LZW eZcWW SgS[^ST^W cWbWe[e[a` 
KWJVZJSHNJX ¥JWJ ZXJI "*'$ .&,$ FSI * :_#& BMJ 
XYFHPNSL YNRJX KTW YMJXJ KWJVZJSHNJX ¥JWJ ()/$ 
,/0& S`V ,/0 d& cWdbWUe[gW^j& cWdf^e[`Y [` deSU]WV 
ga^eSYWd cWbcWdW`e[`Y eZW SgWcSYW aX STafe 11**& 
-2**& S`V +/** [`V[g[VfS^ ga^eSYW VWUSjd( 9e ̂ WSde 
YMWJJ WJFQN_FYNTSX KTW JFHM WJUJYNYNTS KWJVZJSH^ 
¥JWJ HFWWNJI TZY$ KWTR ¥MNHM YMJ gSFQ F[JWFLJ 
ga^eSYW S`V deS`VScV Wccac hWcW Wde[_SeWV(

>[YfcW . V[db^Sjd eZW aTdWcgWV VSeS "dj_Ta^d# 
S`V Wde[_SeWV deS`VScV VWg[Se[a`d "Wccac TScd# Xac 
F SZRGJW TK XJQJHYJI XTZSINSLX& BMJ IFYF VZFQNY^ 
[d YW`WcS^^j YaaV( 9^^ daf`V[`Yd Xca_ + ea / S`V 
Xca_ ,, ea -2 ZSgW S UZS`YW aX d[Y` [` eZW _WS'       
dfcWV ga^eSYWd( LZWdW d[eWd ScW ^aUSeWV [` eZW 
dafeZhWdeWc` S`V `aceZWSdeWc` bace[a`d aX eZW 
UWTgQJ$ ¥MJWJ [TQHFSNH$ HW^XYFQQNSJ TW RJYFRTWUMNH 
caU]d afeUcab( >ac [`'^aab daf`V[`Yd eZW bcWdW`UW 
aX S ga^eSYW d[Y` cWgWcdS^ [d V[SY`ade[U aX eZW 
UWJXJSHJ TK F KWJVZJSH^%IJUJSIJSY TW INXUJWXN%
gW dfTdfcXSUW cWd[de[g[ej "OW[VW^e& +32,#& eZSe [d& 
eZW bcWdW`UW aX A`VfUWV Ha^Sc[kSe[a` "AH# [` eZW 
Ycaf`V( A` Ua`ecSde& eZW daf`V[`Yd ^aUSeWV [` eZW 
N[kUS[`a TSd[`& Xca_ d[eWd 0 ea ,+& ZSgW bad[e[' 
gW ga^eSYWd Se S^^ e[_Wd [`V[USe[`Y eZW bcWdW`UW 
aX S `a`'ba^Sc[kST^W cWd[de[g[ej( :aeZ ga^eSYW S`V 
SbbScW`e cWd[de[g[ej VSeS Sd S Xf`Ue[a` aX e[_W ScW 
dZah` Xac eZW ̀ a`'ba^Sc[kST^W daf`V[`Yd "d[eWd 2& 
+.& +3& ,*& S`V ,+ [` >[YfcW .#( >ac eZadW SXXWUeWV 
Tj AH eZW UaccWdba`V[`Y SbbScW`e cWd[de[g[ej VSeS 
FWJ STY INXUQF^JI GJHFZXJ YMJ^ FWJ ZSIJgSJI 
hZW` eZW ga^eSYWd ScW `WYSe[gW "d[eWd -& ,0& S`V 
*/ TK 8NLZWJ +#& DJ ¥NQQ INXHZXX gWXY YMJ WJXZQYX KTW 
eZW `a`'ba^Sc[kST^W daf`V[`Yd "0 ea ,+#(

2CAMJ? '# DaUSe[a` S`V YW`WcS^[kWV YWa^aYj "SXeWc <W^YSVa 9cYaeW& ,***# [` eZW g[U[`[ej aX eZW N[kUS[`a ecS`dWUe( Ka^[V 
Vaed VW`aeW eZW -2 L=E daf`V[`Yd( 9TTcWg[Se[a`d4 :9 :SZnS 9df`U[p`& ?F ?fWccWca FWYca& NA N[kUS[`a& =9 =^ 9cUa( 

LZW ^aUSe[a` aX eZW KfSca'+ Vc[^^Za^W [d [`V[USeWV(
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9^^ eZWdW daf`V[`Yd hWcW [`gWceWV ea ^SjWcWV 
RTIJQX ZXNSL F QNSJFWN_JI QJFXY XVZFWJX FQLTWNYMR 
"Bfbb S`V NakaXX& +31/#( LZW da^[V ^[`Wd aX >[YfcW 
. UaccWdba`V ea eZW US^Uf^SeWV cWdba`dWd aX eZW 
NS[JWYJI RTIJQX& BMJ gY GJY¥JJS TGXJW[JI FSI 
HFQHZQFYJI WJXUTSXJX NX LTTI "YMJ F[JWFLJ RNXgY 
Wccac [d +(.#( LZW ^SjWc cWd[de[g[e[Wd S`V VWbeZd 
ScW dZah` [` eZW dWUe[a` aX >[YfcW /& hZWcW eZW 
_Si[_f_ VWbeZd aX [`gWde[YSe[a` "ea TW V[dUfddWV 
TW^ah# ScW S^da [`U^fVWV Sd deScd( :WUSfdW aX eZW 
^ScYW dWbScSe[a` TWehWW` daf`V[`Yd "STafe 0 
PR#$ NY NX INKgHZQY YT HFWW^ TZY QFYJWFQ HTWWJQFYNTSX 
TWehWW` `W[YZTac[`Y _aVW^d( @ahWgWc& S` 
afedeS`V[`Y XWSefcW US` TW `ae[UWV5 f`VWc eZW 
eZ[U] ^[`W dZah` [` >[YfcW / S^^ cWd[de[g[e[Wd ScW 
^Wdd eZS` -(, !_( LZ[d Ua`VfUe[gW ka`W afeUcabd 
[` d[eWd 1& 2& S`V 3& hZWcW S cW_`S`e aX eZW Z[YZ^j 
dS^[`W G¥a VW D[WTcW ̂ SYaa` aUUfcd& S`V YcSVfS^^j 
VWWbW`d ShSj ea eZW dafeZhWde S`V `aceZWSde( 
LZWdW XWSefcWd dfYYWde eZSe eZ[d S`a_S^afd ka`W 
[d VfW ea S dS^[`W [`ecfd[a` aX ^ScYW ^SeWcS^ WieW`e 
"eZW Zac[ka`eS^ V[deS`UW TWehWW` d[eWd 2 S`V ,+ 
[d 1- ]_#( LZ[d VWdWce ScWS [d UZScSUeWc[kWV Tj 
S gWcj ^ah cS[`XS^^ "STafe /* __)jWSc#( LZ[d 
dWShSeWc [`ecfd[a` Uaf^V ZSgW TWW` bcaVfUWV Tj 
`SefcS^ bZjd[US^ bcaUWddWd& h[eZafe S`eZcabaYW`[U 
[`X^fW`UW& TWUSfdW eZWcW [d `ae Ycaf`VhSeWc 
WiecSUe[a` [` eZ[d :[adbZWcW JWdWcgW 9cWS WiUWbe 
[` eZW g[U[`[ej aX eZW N[kUS[`a eah` "dWW ^aUSe[a` 
NS 8NLZWJ *#& BMJ UWTgQJ FUUWTFHMJX YMNX QTHFQNY^ FY 

daf`V[`Y +1& hZ[UZ [d +/ ]_ ea eZW `aceZ aX eZ[d 
eah`( OW Va `ae dWW S bWcefcTSe[a` [` eZW VWbeZ 
ea eZW Ua`VfUeac [` eZW g[U[`[ej aX eZ[d daf`V[`Y& 
hZ[UZ haf^V TW S` WibWUeWV XWSefcW [X Ycaf`VhSeWc 
bf_b[`Y [d eZW Vc[g[`Y XacUW aX eZW [`ecfd[a`(

:WXacW Sbb^j[`Y eZW E<A WibcWdd[a` ea eZW 
N[kUS[`a _aVW^d& hW SVVcWdd eZcWW ba[`ed4 S# S 
_acW VWeS[^WV Wde[_Se[a` aX eZW VWbScefcW e[_W& T# 
YMJ STNXJ QJ[JQ NX JXYNRFYJI KWTR YMJ FHYZFQ gJQI 
VSeS& S`V U# eZW SVSbeSe[a` aX WibcWdd[a` "+# ea 
_f^e['^SjWcWV _aVW^d(

A`deWSV aX Sbbcai[_Se[`Y eZW VWbScefcW e[_W Sd 
f`[ej& hW Wde[_SeWV [e Xca_ YcSbZd dfUZ Sd eZadW 
dZah` [` >[YfcW + Xac V[XXWcW`e cWd[de[g[ej Ua`ecSded 
S`V L/d cSe[ad( LZWdW cWdba`dWd hWcW US^Uf^SeWV 
h[eZ eZW Xa^^ah[`Y bcaUWVfcW( LZW ecS`d[W`e ga^eSYW 
VfW ea S` [VWS^ UfccW`e deWb efc`'aXX [d&
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2CAMJ? (# GTdWcgWV VSeS "dj_Ta^d# S`V US^Uf^SeWV cWdba`dWd "da^[V S`V VSdZWV UfcgWd# Xac dW^WUeWV daf`V[`Yd( :aeZ 
ga^eSYW S`V SbbScW`e cWd[de[g[e[Wd ScW V[db^SjWV Xac eZW `a`'V[dbWcd[gW daf`V[`Yd "2& +.& +3& ,*& S`V ,+#( G`^j eZW 
ga^eSYWd ScW dZah` Xac daf`V[`Yd SXXWUeWV Tj A`VfUWV Ha^Sc[kSe[a` "-& ,0& S`V -2#( FWYSe[gW ga^eSYWd ScW [`V[USeWV(
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LZW X[^eWc hW[YZed bcabadWV Tj 9`VWcda` 
"+313# ScW fdWV ea US^Uf^SeW eZ[d ecS`dXac_Se[a` 
KWTR YMJ KWJVZJSH^ ITRFNS YT YMJ YNRJ ITRFNS& 
BMJ [JWYNHFQ HTRUTSJSY TK YMJ RFLSJYNH gJQI 
NS YMJ KWJVZJSH^ ITRFNS "H

z
(&)# bcaVfUWV Tj S 

WJHYFSLZQFW QTTU WJVZNWJX NSYJLWFYNSL YMJ gJQI TK 
S Zac[ka`eS^ W^WUec[U V[ba^W S^a`Y eZW h[cW Xac_[`Y 
YMJ QTTU& BMJ gJQI FY YMJ WJHJN[JW HTNQ QTHFYJI FY 
P(0, 0, 0) bcaVfUWV Tj a`W d[VW aX S cWUeS`Yf^Sc 
^aab aX V[_W`d[a`d 2a Tj 2b agWc S ^SjWcWV WSceZ 
ZSd eZW Xac_&
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h[eZ R x b= ′ +⎡⎣ ⎤⎦
2 2

1
2 ( A` eZ[d WibcWdd[a` & [d 

YMJ FSLZQFW KWJVZJSH $̂ I [d eZW UfccW`e [` eZW ̂ aab& 
K [d eZW ]Wc`W^ aX eZW @S`]W^ ecS`dXac_ S`V J

1
 

"(# [d eZW :WddW^ Xf`Ue[a` aX acVWc +( LZW ]Wc`W^ 
UaccWdba`Vd ea eZW gWce[US^ Ua_ba`W`e aX eZW 
RFLSJYNH gJQI UWTIZHJI G^ F MTWN_TSYFQ JQJHYWNH 
V[ba^W a` S ^SjWcWV WSceZ "OScV S`V @aZ_S``& 
+321#( Ae VWbW`Vd a` eZW ^SjWc eZ[U]`WddWd d

j
 

S`V eZW cWd[de[g[e[Wd aX WSUZ ^SjWc $
j
( K[_[^Sc 

WibcWdd[a`d Za^V Xac eZW cW_S[`[`Y d[VWd aX eZW 
^aab( LZ[d @S`]W^ ecS`dXac_ [d WgS^fSeWV h[eZ S 
HTS[TQZYNTS ¥NYM YMJ gQYJW UWTUTXJI G^ 3SIJWXTS 
"+31/#( LZW [`eWYcSe[a` S^a`Y eZW ̂ aab hSd UScc[WV 
afe h[eZ S ?Sfdd'DWYW`VcW _WeZaV(

LZW eha YcSbZd dZah` [` >[YfcW 0 ScW eZW 
bWcUW`eSYW V[XXWcW`UWd TWehWW` eZW eha'^SjWcWV 
ga^eSYWd S`V eZW Za_aYW`Wafd ZS^X'dbS'            
UW ga^eSYWd Sd S Xf`Ue[a` aX `ac_S^[kWV e[_W(  
LZW da^[V Vaed ScW eZW VWbScefcW e[_Wd& [(W( 
hZWcW eZW V[XXWcW`UW [d YcWSeWc eZS` %)' ,*!( 
LZWdW VWbScefcW e[_Wd ZSgW S d_S^^ VWbW`VW`UW 
a` eZW L/d cSe[a& Tfe dZah S ^ScYWc VWbW`VW`UW 
a` eZW cWd[de[g[ej cSe[ad(

A`deWSV aX fd[`Y S`j aX eZW `a[dW ^WgW^d 
bcabadWV STagW S`V VWb[UeWV [` >[YfcW ,S& hW 
Wde[_SeWV [e V[cWUe^j Xca_ eZW VSeS( >[YfcW 1S dZahd 
S T[^aYSc[eZ_[U b^ae aX +3// ^SeW'e[_W _WSdfcWV 
ga^eSYWd S`V eZW[c SddaU[SeWV bWcUW`eSYW deS`VScV 
Wccacd( LZ[d VSeS dWe& VW`aeWV ZWcW Sd wFO'
EWi[Uax& hSd Ua`decfUeWV Xca_ eZW ga^eSYWd aX 
*/- XTZSINSL XNYJX FHVZNWJI IZWNSL XJ[JWFQ ^JFWX 
[` +2 V[XXWcW`e ka`Wd [` `aceZhWdeWc` EWi[Ua( 
9^eZafYZ eZW VSeS dWe [`U^fVWd S gSc[Wej aX ^aab 
d[kWd& cS`Y[`Y Xca_ +* Tj +* _ ea .** Tj .** 

2CAMJ? )# KWUe[a` h[eZ eZW [`gWceWV cWd[de[g[e[Wd S`V ^SjWc VWbeZd Xca_ eZW `a`'ba^Sc[kST^W L=E daf`V[`Yd( LZW 
dWUe[a` S`V eZW eabaYcSbZj ZSgW gWce[US^ WiSYYWcSe[a`d aX +** S`V +*& cWdbWUe[gW^j( LZW Wde[_SeWV _Si[_f_ VWbeZd 

aX [`gWde[YSe[a` ScW V[db^SjWV h[eZ SdeWc[d]d(
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R$ /+! TK YMJ [TQYFLJX ¥JWJ FHVZNWJI ¥NYM QTTUX 
LWJFYJW TW JVZFQ YT (,' G^ (,' R& BMJXJ [TQYFLJX 
ScW eZW cWdf^e aX eZcWW SgWcSY[`Y deWbd VWd[Y`WV 
ea [`UcWSdW eZW d[Y`S^ ea `a[dW cSe[a4 SgWcSY[`Y 
[` gSc[ST^W'd[kW e[_W'h[`Vahd "S^da ]`ah` Sd 
T[``[`Y#& deSU][`Y fd[`Y eZW cWbWe[e[gW `SefcW aX 
eZW dafcUW UfccW`e& S`V SgWcSY[`Y h[eZ V[XXWcW`e 
cWS^[kSe[a`d& eZSe [d& _WSdfc[`Y eZW daf`V[`Y 
dWgWcS^ e[_Wd( LZW deS`VScV Wccacd bcWdW`eWV [` 
>[YfcW 1 ScW US^Uf^SeWV Xca_ eZW ^Sde SgWcSY[`Y 
deWb& eZW Wccacd Xca_ eZW X[cde deWbd ScW `ae 
F[FNQFGQJ NS YMJ HTRRJWHNFQ FHVZNXNYNTS X^XYJRX& 
BMNX gLZWJ XMT¥X F HQJFW FSI J]UJHYJI KJFYZWJ2 
Sd eZW ga^eSYW _SY`[efVW VWUcWSdWd [ed deS`VScV 

JWWTW NSHWJFXJX IZJ YT YMJ NShZJSHJ TK YMJ FRGNJSY 
W^WUeca_SY`We[U `a[dW( OW Sddf_W eZW ga^eSYW 
V[dbWcd[a` [d eZW cWdf^e aX eZW df_ aX S deSe[a`Scj 
b^fd S cS`Va_ bcaUWdd( LZW deSe[a`Scj Ua_ba`W`e 
¥FX JXYNRFYJI G^ F ¥JNLMYJI QJFXY XVZFWJX QNSJFW 
gY& 3 XNRNQFW FXXZRUYNTS ¥FX HTSXNIJWJI G^ EMTZ 
S`V <SZ^[` ",**-# Xac eZW S`S^jd[d aX VU ga^eSYW 
`a[dW [` eZW cWd[de[g[ej _WeZaV( La SUUa__aVS'   
eW eZW gSc[ST^W S_af`e aX SgWcSY[`Y [` eZWdW 
VSeS hW Sdd[Y`WV Wccac TScd ea eZW acV[`SeWd "`ae 
dZah` Xac U^Sc[ej#( LZW d[kW aX eZW Wccac TScd [d 
bcabace[a`S^ ea 1 N & hZWcW N [d eZW eaeS^ S_af`e 
aX ba[`ed [`ga^gWV [` eZW SgWcSYW& eZSe [d& ga^eSYWd 
eZSe Ua`d[VWc _acW SgWcSY[`Y gS^fWd ZSgW d_S^^Wc 

2CAMJ? *# HWcUW`e V[XXWcW`UWd TWe'
hWW` eZW eha'^SjWcWV ga^eSYWd S`V 
eZW Za_aYW`Wafd WSceZ ga^eSYWd Sd 
S Xf`Ue[a` aX `ac_S^[kWV e[_W Xac eha 
L/d  cSe[ad S`V Xafc $,)$+ cSe[ad( LZW 
VWbScefcW e[_Wd "%)' ,*! V[XXWcW`'
UWd# ScW [`V[USeWV h[eZ da^[V U[cU^Wd(

2CAMJ? +# DaY'^aY b^aed aX deS`VScV Wccac B?" ga^eSYW Xac eZW FO'EWi[Ua "S# S`V N[kUS[`a "T# ^SeW'e[_W VSeS dWed( LZW 
GJXY gYYNSL QNSJX$ 0,! HTSgIJSHJ QJ[JQ JS[JQTUJX$ FSI )'! JWWTW [TQYFLJX FWJ FQXT XMT¥S&
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JWWTW GFWX& BMJ GJXY gYYNSL QNSJ KTW YMNX IFYF XJY 
S`V eZW bcWV[UeWV ga^eSYW h[eZ S ,*! Wccac "+. i 
+*'++ N)_,# ScW dZah` [` >[YfcW 1S( LZ[d gS^fW [d 
U^adW ea ,* i +*'++ N)_,& eZW gS^fW dfYYWdeWV Tj 
EUFW[^^ "+32*# Sd S ejb[US^ `a[dW ^WgW^& dZah` [` 
8NLZWJ )F& BMJ JS[JQTUJX FWTZSI YMJ GJXY gYYNSL 
QNSJ NSINHFYJ YMJ GTZSIFWNJX TK YMJ 0,! HTSgIJSHJ 
^WgW^ "Ea`eYa_Wcj S`V Jf`YWc& +33.#& eZSe [d& 
¥J HFS FXXJWY ¥NYM YMNX HTSgIJSHJ QJ[JQ YMFY YMJ 
ecfW decS[YZe ̂ [`W XS^^d h[eZ[` eZW W`gW^abWd( >[YfcW 
1T dZahd eZW dS_W S`S^jd[d Sbb^[WV ea ++. ^SeW'
e[_W ga^eSYWd aX eZW N[kUS[`a ecS`dWUe& hZWcW eZW 
Wde[_SeWV ,*! Wccac ga^eSYW [d 3(3 i +*'++ N)_,( 
LZ[d h[^^ TW eZW ̀ a[dW gS^fW fdWV [` WibcWdd[a` "+# 
ea Wde[_SeW eZW E<A(

=ibcWdd[a` "+# [d TSdWV a` S eha'^SjWcWV WSceZ( 
LZW Uf_f^Se[gW Ua`VfUeS`UW [d fdWV ea SVSbe [e ea 
S _f^e[^SjWcWV dfTdfcXSUW "Kb[Wd& +323#( >[YfcW 
2 [^^fdecSeWd eZ[d Xac daf`V[`Y ,+" LZW Uf_f^Se[gW 
Ua`VfUeS`UW Se S`j VWbeZ "d# NX IJgSJI G^
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hZWcW $"z´# ScW eZW [`gWceWV ^SjWc cWd[de[g[e[Wd 
">[YfcW 2S#( @Sg[`Y VWeWc_[`WV S

c
"z#& eZW SgWcSYW 

cWd[de[g[ej $
av
"z# Se S`j VWbeZ US` TW Xaf`V 

h[eZ $
av
"z# 7 d/S

c
"z# ( LZW _aVW^ cWd[de[g[e[Wd& 

Uf_f^Se[gW Ua`VfUeS`UW& S`V SgWcSYW cWd[de[g[ej 
Sd S Xf`Ue[a` aX VWbeZ ScW V[db^SjWV [` >[YfcW 
2T( BMJS$ YMJ gWXY QF^JW WJXNXYN[NY^ TK J]UWJXXNTS 

"+# US` TW cWb^SUWV Tj eZW SgWcSYW cWd[de[g[ej ea 
aTeS[` S` WibcWdd[a` aX eZW _Si[_f_ VWbeZ aX 
[`gWde[YSe[a` Sd S Xf`Ue[a` aX VWbeZ( >ac WiS_b^W& 
Tj fd[`Y eZW SgWcSYW ^aab _a_W`e "+(3-/i+*/ 
9_,#& `a[dW ^WgW^ "3(3,i+*'++ N)_,#& S`V eZW 
VWbScefcW e[_W Xac S cWd[de[g[ej Ua`ecSde $

2
/ $

1
=100& 

eZ[d WibcWdd[a` [d D
max

 (z! & "##$$
av
"z#]0.2" LZ[d 

Xf`Ue[a` [d dZah` [` >[YfcW 2U( OZW` D
max 
NX JVZFQ 

YT IJUYM LN[JX YMJ WJVZNWJI XTQZYNTS& ?cSbZ[US^^j& 
eZ[d aUUfcd hZW` eZW Dmax 

UfcgW [`eWcdWUed eZW f`[e 
d^abW ̂ [`W bSdd[`Y eZcafYZ eZW ac[Y[`& Sd dZah` [` 
8NLZWJ /H& 8TW YMNX XYWFYNgJI RTIJQ YMJ RF]NRZR 
VWbeZ aX [`gWde[YSe[a` [d /0* _(

>[YfcW 3S V[db^Sjd h[eZ da^[V Vaed eZW VWbeZ ea 
eZW VWWbWde [`eWcXSUW [`eWcbcWeWV [` eZW [`gWceWV 
_aVW^d aX eZW `a`'V[dbWcd[gW daf`V[`Yd( LZW 
_[`[_f_ "D

min
# S`V _Si[_f_ "D

max
# VWbeZd aX 

[`gWde[YSe[a` ScW S^da dZah`( LZW Xafc D
max 
^[`Wd 

UaccWdba`V ea eZW Xafc cWd[de[g[ej Ua`ecSded $
1
/$

av 
aX +**& +*& *(+& S`V *(*+ ( LZWdW hWcW US^Uf^SeWV 
fd[`Y eZW ejb[US^ UfccW`e "2(0 9_b#& ̂ aab d[kW "+/* 
_#& Wde[_SeWV `a[dW ^WgW^ "3(3,i+*'++ N)_,#& S`V 
eZW US^Uf^SeWV VWbScefcW e[_Wd( LZW dZSVWV ScWS 
[`V[USeWd eZW cS`YW aX VWbeZd Wib^acWV h[eZ eZWdW 
daf`V[`Yd Sddf_[`Y S dfTdecSef_ +** e[_Wd 
_acW cWd[de[gW eZS` eZW SgWcSYW cWd[de[g[ej( LZW 
UaccWdba`V[`Y D

max 
gS^fWd ScW S^da dZah` h[eZ 

deScd [` eZW dWUe[a` aX >[YfcW /( A` S^^ _aVW^d 
eZW E<A [d YcWSeWc eZS` eZW VWWbWde [`eWcXSUW& 
WiUWbe Xac daf`V[`Yd +3 S`V ,+( Kaf`V[`Y ,* 
HTZQI UWTGFGQ^ KFQQ NS YMNX HFXJ$ GZY JVZNURJSY 
_S^Xf`Ue[a` bcWgW`eWV cWUacV[`Y eZW ^SeWde e[_W 
ga^eSYWd( LZW V[dUcWbS`Uj TWehWW` eZW E<A S`V 

2CAMJ? ,# S# A`gWceWV _aVW^ 
aX daf`V[`Y ,+( T# EaVW^ 
S`V SgWcSYW cWd[de[g[ej Sd 
S Xf`Ue[a` aX VWbeZ( LZW 
Uf_f^Se[gW Ua`VfUeS`UW [d 
S^da dZah`( U# NSc[Se[a` aX 

D
max
 h[eZ VWbeZ(
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eZW VWWbWde [`eWcXSUW [d +,* _ Xac _aVW^ ,+ 
S`V /* _ Xac _aVW^ +3( LZ[d haf^V dfYYWde eZSe 
W[eZWc eZW E<A Wde[_Se[a` [d `ae gS^[V ac eZSe eZW 
VWWbWde [`eWcXSUW [` eZWdW eha _aVW^d [d `ae df'    
bbaceWV Tj eZW VSeS( LZW ^SeeWc abe[a` dWW_d 
ZSYWZJ GJHFZXJ F GJYYJW gY NX TGYFNSJI ¥MJS YMJ 
cWd[de[gW TSdW_W`e [d Ua`d[VWcWV( LZ[d SbbScW`e 
Ua`ecSV[Ue[a` [d da^gWV hZW` S UScWXf^ WiS_[`Se[a` 
aX eZW _aVW^d Xac eZWdW eha daf`V[`Yd [`V[USeWd 
YMFY YMJ^ XZKKJW KWTR FS NSYJSXJ JVZN[FQJS%            
UW bcaT^W_ [` eZW Ua`VfUe[gW ^SjWc agWc^j[`Y eZW 
cWd[de[gW dfTdecSef_( LZ[d [d [^^fdecSeWV [` >[YfcW 
3T Xac eZW _aVW^ aX daf`V[`Y ,+& hZ[UZ dZahd 
++ V[XXWcW`e _aVW^d eZSe cWbcaVfUW eZW aTdWcgWV 
[TQYFLJX ¥NYM SJFWQ^ YMJ XFRJ RNXgY JWWTW& 3QQ 
eZWdW _aVW^d ZSgW bcSUe[US^^j eZW dS_W XafceZ'
^SjWc Ua`VfUeS`UW& eZSe [d& eZWcW ScW S ^ScYW 
`f_TWc aX badd[T^W Ua_T[`Se[a`d aX eZ[U]`Wdd 
agWc cWd[de[g[ej( LZW`& [X hW UZaadW S _aVW^ h[eZ 
eZW XafceZ ^SjWc STafe +,* _ eZ[``Wc& ]WWb[`Y [ed 
Ua`VfUeS`UW f`S^eWcWV& eZW V[dUcWbS`Uj TWehWW` 
eZW E<A S`V eZW VWWbWde [`eWcXSUW `a ^a`YWc 
Wi[ded( >fceZWc_acW& eZW ^SeW'e[_W ga^eSYW Wccacd 
Xac eZ[d daf`V[`Y "dZah` h[eZ UcaddWd [` >[YfcW 1T# 
ScW djdeW_Se[US^^j ^ahWc eZS` eZW `a_[`S^ ,*! 
^WgW^& hZ[UZ haf^V cWdf^e [` S d^[YZe^j YcWSeWc E<A 
gS^fW( 9 d[_[^Sc d[efSe[a` aUUfcd Xac daf`V[`Y +3(

Eade aX eZW dbZWc[U W`WcYj Sc[dWd [` eZW 
eZf`VWcdeac_ UW`eWcd aX ;W`ecS^ 9Xc[US& ;W`ecS^'
KafeZ 9_Wc[US& S`V KafeZWSdeWc` 9d[S "OScV& 
+301#& bcaVfU[`Y `a[dW eZSe gSc[Wd V[fc`S^^j& 
dWSda`S^^j& S`V h[eZ ^Se[efVW( 9eeW`fSe[a` aX 
dbZWc[U `a[dW [d VWeWc_[`WV Tj eZW ZW[YZe aX eZW 
^ahWc [a`adbZWcW S`V eZW Ua`VfUe[g[ej aX eZW 

WSceZ S`V [a`adbZWcW& [` dfUZ S hSj eZSe eZW 
¥F[J LJSJWFQQ^ UWTUFLFYJX RTWJ JKgHNJSYQ^ FY 
`[YZe( EU;cSU]W` .9 +3( "+32.# cWbace S` [`UcWSdW 
[` dbZWc[U `a[dW Tj S XSUeac aX eW` Xca_ h[`eWc 
ea df__Wc S`V Tj S XfceZWc XSUeac aX eW` Xca_ 
Z[YZ ^Se[efVWd "-3u K# [` dafeZWc` 9fdecS^[S ea 
^ah ^Se[efVWd "+,u K# [` `aceZWc` 9fdecS^[S( Ae [d 
[`eWcWde[`Y eZW`& ea eWde [X afc FO'EWi[Ua VSeS 
dWe aX ̂ SeW'e[_W ga^eSYWd dZah S d[_[^Sc V[XXWcW`UW 
GJY¥JJS YMJ STNXJ QJ[JQ TK XTZSINSLX FHVZNWJI NS 
h[`eWc h[eZ eZadW _WSdfcWV [` df__Wc( >[YfcW 
+* dZahd eZW V[dbWcd[a` b^aed Xac eZWdW dWSda`d 
h[eZ eZW UaccWdba`V[`Y hW[YZeWV ^[`WSc X[ed 
FSI YMJNW 0,! HTSgIJSHJ QJ[JQ JS[JQTUJX& A` 
eZ[d S`S^jd[d hW Ua`d[VWcWV d[i'_a`eZ bWc[aVd& 
h[`eWc Xca_ GUeaTWc ea EScUZ S`V df__Wc Xca_ 
9bc[^ ea KWbeW_TWc( LZW Wde[_SeWV deSe[a`Scj 
STNXJ QJ[JQX FWJ +&+e(*e)-](''++ N)_, [` 
¥NSYJW FSI ()e(,e(/](''++ N)_, [` df__Wc 
"eZW f`UWceS[`e[Wd ScW Wde[_SeWV Xca_ eZW 3/! 
HTSgIJSHJ JS[JQTUJX#& 9^eZafYZ eZW df__Wc 
`a[dW ^WgW^ [d d^[YZe^j Z[YZWc eZS` eZW h[`'             
eWc ^WgW^& eZWj ScW `ae deSe[de[US^^j V[XXWcW`e Sd 
eZW[c f`UWceS[`e[Wd agWc^Sb( LZ[d Ua`U^fd[a` [d de[^^ 
gS^[V [X& [`deWSV aX Ua`d[VWc[`Y d[i'_a`eZ dWSda`d& 
hW Ua`d[VWc eZcWW'_a`eZd "h[`eWc Xca_ BS`fScj 
ea EScUZ S`V df__Wc Xca_ Bf^j ea KWbeW_TWc#( 
LZW`& afc VSeS Va `ae dfbbace eZW V[XXWcW`UW aX 
a`W acVWc aX _SY`[efVW [` eZW dWSda`S^ ̀ a[dW ̂ WgW^ 
dfYYWdeWV Tj EU;cSU]W` 4@ 29" "+32.#( OW eZ[`] 
eZW Wib^S`Se[a` Xac eZ[d f`WibWUeWV cWdf^e _[YZe 
cWd[VW [` eZW UZScSUeWc[de[Ud aX eZW cS[`j dWSda` 
[` `aceZhWdeWc` EWi[Ua( LZW cS[`j dWSda` [` eZ[d 
cWY[a` aUUfcd [` h[`eWc& `ae [` df__Wc& S`V eZW 
cS[` Wb[daVWd ScW cScW^j SUUa_bS`[WV Tj ̂ [YZe`[`Y(

2CAMJ? -# S# <WbeZ gWcdfd SgWcSYW cWd[de[g[ej b^ae Xac eZW +0 `a`'ba^Sc[kST^W _aVW^d( Ka^[V Vaed ScW eZW VWbeZd ea 
eZW VWWbWde ^SjWc [`eWcXSUW( T# =^WgW` ^SjWcWV _aVW^d eZSe cWbcaVfUW eZW VSeS aX daf`V[`Y ,+ h[eZ Sbbcai[_SeW^j eZW 

XFRJ RNXgY JWWTW& BMJ IFXMJI QNSJ HTWWJXUTSIX YT YMJ RTIJQ TK RNSNRZR RNXgY JWWTW&
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ST¥ IJUJSIX TS YMJ KWJVZJSH^ FX YMJ 5TQJ%5TQJ 
V[dbWcd[a` _aVW^ "2#(

T# La U[cUf_gW`e eZW e[_W'Ua`df_[`Y 
[`eWYcSe[a` S^a`Y eZW ^aab& WSUZ ^aab d[VW [d 
V[g[VWV [`ea N ¥NWJ XJLRJSYX TK JVZFQ QJSLYM$ 
FUUWT]NRFYNSL JFHM XJLRJSY G^ FS JVZN[FQJSY 
W^WUec[U V[ba^W "KeajWc& +33*#& Ua`d[VWc[`Y Se ̂ WSde 
YMWJJ JVZN[FQJSY INUTQJX KTW JFHM QTTU XNIJ&

U# :WXacW Sbb^j[`Y eZW >afc[Wc ecS`dXac_& 
YMJ JKKJHY TK YMJ WJHJN[JW HTNQ gSNYJ GFSI¥NIYM NX 
[`UacbacSeWV Tj _f^e[b^j[`Y eZW ecS`dXWc Xf`Ue[a` 
aX eZW Ua[^ Tj H

z
"&#(

V# >[`S^^j& eZW WXXWUe aX eZW SUefS^ UfccW`e 
hSgWXac_ "^[`WSc efc`'aXX bWc[aV[U cS_bd# [d 
SUUaf`eWV Xac Tj fd[`Y eZW bcaUWVfcW VWdUc[TWV 
Tj >[eeWc_S` S`V 9`VWcda` "+321#( LZ[d SbbcaSUZ 
WJVZNWJX J]YWFUTQFYNSL YMJ [TQYFLJ WJXUTSXJ 
GJ^TSI YMJ QFXY QFYJ%YNRJ LFYJ& DJ gYYJI FS 
J]UTSJSYNFQ KZSHYNTS YT YMJ QFXY g[J [TQYFLJX YT 
bWcXac_ eZ[d WiecSba^Se[a`& US^Uf^Se[`Y SVV[e[a`S^ 
ga^eSYWd ba[`ed [X `WUWddScj(

A` eZW [`gWcd[a` bcaUWdd aX eZW daf`V[`Y 
ga^eSYWd hW ec[WV ea aTeS[` eZW d[_b^Wde badd[T^W 
_aVW^d( OW deSceWV Xca_ S d[_b^W ba^Sc[kST^W 
Za_aYW`Wafd dfTdfcXSUW& [`UcWSd[`Y eZW _aVW^ 
decfUefcW Tj Ua`d[VWc[`Y S eha'^SjWcWV _WV[f_ 
h[eZ a`^j a`W ba^Sc[kST^W ^SjWc& S`V da a`( LZ[d 
dWScUZ[`Y bcaUWdd hSd deabbWV hZW` S cWSda`ST^j 
QT¥ RNXgY JWWTW ¥FX TGYFNSJI& G`^j Se a`W d[eW 
"daf`V[`Y -1# hW Uaf^V `ae aTeS[` S`j _aVW^ 
eZSe cWbcaVfUWV eZW VSeS( LZW cW_S[`[`Y ,+ 
_aVW^d cWdf^eWV aX eha ^SjWcd& Tfe [` +* aX eZW_ 

7HE;JCR;<E? KHMG>CGAK

9d _W`e[a`WV STagW& daf`V[`Yd Xca_ + ea / S`V 
Xca_ ,, ea -2 hWcW SXXWUeWV Tj AH( >[YfcW . dZah 
eZW ̀ WYSe[gW ̂ SeW'e[_W ga^eSYWd Xac eZcWW dW^WUeWV 
daf`V[`Yd& UZScSUeWc[de[U aX eZW bcWdW`UW aX AH( LZW 
_ade Ua__a` hSj ea cWbcWdW`e eZW AH bZW`a_W`S 
[d h[eZ eZW ;a^W';a^W _aVW^ ";a^W S`V ;a^W& +3.+5 
HW^ea` .9 +3&$ (0./#$ ¥MNHM IJXHWNGJX YMJ KWJVZJSH^ 
VWbW`VW`e cWd[de[g[ej h[eZ
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hZWcW $* NX YMJ _JWT%KWJVZJSH^ TW INWJHY 
UfccW`e cWd[de[g[ej "!_#& m [d eZW UZScYWST[^[ej 
"V[_W`d[a`^Wdd#& % [d eZW e[_W Ua`deS`e "dWUa`Vd#& 
S`V c NX YMJ KWJVZJSH^ J]UTSJSY "INRJSXNTSQJXX#& 
LZW Xafc bScS_WeWcd ZSgW V[XXWcW`e cS`YWd aX 
[FWNFYNTS& BMJ HMFWLJFGNQNY^ FSI YMJ KWJVZJSH^ 
Wiba`W`e US` gScj Xca_ * ea +( LZW VU cWd[de[g[ej 
S`V eZW e[_W Ua`deS`e ZSgW h[VW cS`YWd& Xca_ +*', 
ea +*/ !_ S`V Xca_ +*'/ ea +*. d& cWdbWUe[gW^j(

LZW ga^eSYWd aX eZWdW daf`V[`Yd hWcW [`gWceWV 
ea ^SjWcWV V[dbWcd[gW _aVW^d fd[`Y eZW ^[`WSc[kWV 
QJFXY XVZFWJX FQLTWNYMR TK <ZUU FSI CT_TKK "(0.,#& 
BMJ XTQZYNTS TK YMJ KTW¥FWI UWTGQJR WJVZNWJI 
Tj eZW [`gWcd[a` hSd US^Uf^SeWV h[eZ eZW dS_W 
`f_Wc[US^ bcaUWVfcW afe^[`WV STagW [` WibcWdd[a`d 
",# YT ".# GZY ¥NYM YMJ KTQQT¥NSL KTZW RTINgHFYNTSX1

S# LZW cWd[de[g[ej [` WSUZ ^SjWc [` eZW ]Wc`W^ 
aX WibcWdd[a` "1# [d `a ^a`YWc Ua`deS`e& Tfe 

2CAMJ? %$# <[dbWcd[a` YcSbZd aX eZW FO'EWi[Ua VSeS dWe Xac h[`eWc S`V df__Wc(
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a`W aX eZW ^SjWcd [d `ae V[dbWcd[gW( LZW SgWcSYW 
RNXgY JWWTW KTW YMNX XJY TK RTIJQX NX MNLMJW ")&,# 
eZS` eZW UaccWdba`V[`Y SgWcSYW "+(.# aX eZW ̀ a`'
ba^Sc[kST^W _aVW^d( LZW Xafc ;a^W';a^W bScS_WeWcd 
KTW JFHM QF^JW FSI YMJ YMNHPSJXX TK YMJ gWXY QF^JW 
ScW dZah` [` >[YfcW ++( LZW Xa^^ah[`Y XWSefcWd 
US` TW VWVfUWV Xca_ eZW TWZSg[ac aX eZWdW 
bScS_WeWcd4 

S# LZW ̂ SeWcS^ UaccW^Se[a` TWehWW` bScS_WeWcd 
TK HTSYNLZTZX RTIJQX NX VZNYJ UTTW$ NSINHFYNSL YMFY 
eZW ;a^W';a^W _aVW^d ScW `ae cWY[a`S^ Tfe ^aUS^( 
?[gW` eZW ^ScYW dWbScSe[a` TWehWW` daf`V[`Yd& 
eZ[d [d `ae dfcbc[d[`Y(

T# LZW _WS` VWbeZ ea eZW dWUa`V ^SjWc "0* 
R# NX XNLSNgHFSYQ^ QJXX YMFS YMJ RJFS IJUYM YT 
eZW VWWbWde ^SjWc [` eZW `a`'ba^Sc[kST^W _aVW^d 
"+// _#( LZ[d dfYYWded eZSe eZW _Si[_f_ VWbeZ 
aX Wib^acSe[a` [d d[Y`[X[US`e^j cWVfUWV hZW` 
eZW dfTdfcXSUW [d ba^Sc[kST^W( >ac eZWdW USdWd 
hW US``ae fdW WibcWdd[a` "+# ea Wde[_SeW eZW 
RF]NRZR IJUYM$ XNRUQ^ GJHFZXJ KWJVZJSH^%
[`VWbW`VW`e cWd[de[g[e[Wd hWcW W_b^ajWV [` 
[ed VWc[gSe[a`( Fa d[_[^Sc WibcWdd[a` ZSd TWW` 
bcabadWV [` eZW ^[eWcSefcW& SbbScW`e^j TWUSfdW 
eZW ̀ f_TWc aX badd[T^W bScS_WeWc Ua_T[`Se[a`d [d 
eaa ^ScYW5 Xac S eha ^SjWc _aVW^& [`deWSV aX eZcWW 
bScS_WeWcd Xac eZW `a`'ba^Sc[kST^W USdW& eZWcW 

ScW `[`W bScS_WeWcd Xac eZW ba^Sc[kST^W USdW( La 
dfbbace eZW ScYf_W`e aX S VWUcWSdWV VWbeZ aX 
Wib^acSe[a` hW US^Uf^SeWV eZW dfTdfcXSUW UfccW`e 
VW`d[ej Se dW^WUeWV e[_Wd SXeWc eZW UfccW`e dZfe'aXX 
Xac S `a`'ba^Sc[kST^W _aVW^ "daf`V[`Y ,+& >[YfcW 
+,S# S`V S ba^Sc[kST^W _aVW^ "daf`V[`Y ,0& >[YfcW 
+,T#( LZW dafcUW [` TaeZ _aVW^d [d S +/* Tj +/* 
_ ^aab ^aUSeWV Se eZW ac[Y[` hZWcW S VU UfccW`e 
aX + 9 [d [`¥WUeWV( LZW UfccW`e VW`d[ej Ua`eafcd 
FWJ UQTYYJI TSQ^ NS YMJ VZFIWFSY  #0& !#05 [` eZW 
VZFIWFSY  "0& !#0 eZW Ua`eafcd ZSgW eZW dS_W 
dZSbW Tfe h[eZ abbad[eW ba^Sc[ej( 9d S cWXWcW`'
UW& eZW _WSdfcWV cWdba`dWd aX eZWdW _aVW^d ScW 
dZah` [` >[YfcW .( >ac eZW _aVW^ aX daf`V[`Y 
,+ ">[YfcW +,S#& eZW eha e[_Wd UaccWdba`V ea 
eZW WSc^[Wde "3* #d# S`V ^SeWde "1* _d# cWUacVWV 
e[_Wd( 9e 3* #d eZW _Si[_f_ UfccW`e VW`d[ej [d 
^aUSeWV [` eZW U^adW g[U[`[ej aX eZW ^aab S`V ZSd S 
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