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Devwudfw

Lq wklv sdshu wkh sdvvlylw| dssurdfk lv dssolhg wr df0
fhvv vhyhudo vwdelolw| surshuwlhv ri qhxur lghqwl�hu1 D
g|qdplf qhxudo qhwzrun lv xvhg iru qrqolqhdu v|vwhp
qr0olqh lghqwl�fdwlrq1 E| xvlqj d vlpsoh judglhqw ohduq0
lqj odz/ wkh frqglwlrqv iru sdvvlylw|/ vwdelolw|/ dv|ps0
wrwlf vwdeoh dqg lqsxw0wr0vwdwh vwdelolw| duh hvwdeolvkhg1
Zh jhw d yhu| lqwhuhvwlqj uhvxow= judglhqw dojrulwkp lv
urexvw zlwk uhvshfw wr doo nlqgv ri erxqghg xqfhuwdlq0
wlhv iru qhxur lghqwl�hu1

4 LQWURGXFWLRQ

Lq pdq| dssolfdwlrq/ eodfn0er{ lghqwl�fdwlrq xvlqj qhx0
udo qhwzrunv kdv hphujhg dv d yldeoh wrro iru xqnqrzq
qrqolqhdu v|vwhpv1 Wklv prgho0iuhh dssurdfk xvhv wkh
qlfh ihdwxuhv ri qhxudo qhwzrunv/ exw wkh odfn ri prgho
pdnhv kdug wr rewdlq wkhruhwlfdo uhvxowv rq wkh vwdelolw|
dqg shuirupdqfh ri qhxur lghqwl�hu1 Iru wkh hqjlqhhuv
lw lv yhu| lpsruwdqw wr dvvxuh wkh vwdelolw| lq wkhru|
ehiruh wkh| dsso| lw wr d uhdo v|vwhp1

Wkhuh duh qrw pdq| uhvxowv rq vwdelolw| dqdo|vlv ri qhx0
udo qhwzrunv lq vslwh ri wkhlu vxffhvvixo dssolfdwlrqv1
Wkh joredo dv|pswrwlf vwdeoh +JDV, ri g|qdplf qhxudo
qhwzrunv kdv ehhq ghyhorshg gxulqj wkh odvw ghfdgh1
Gldjrqdo vwdelolw| ^:` dqg qhjdwlyh vhpl0gh�qlwhqhvv ^;`
ri wkh lqwhufrqqhfwlrq pdwul{ pd| pdnh Krs�hog0Wdqn
qhxur flufxlw JDV1 Pxowlod|hu shufhswurq +POS, dqg
uhfxuuhqw qhxudo qhwzrunv fdq eh uhodwhg wr wkh Oxu*h
v|vwhpv/ wkh devroxwh vwdelolwlhv zhuh ghyhorshg e| ^49`
dqg ^43`1 Lqsxw0wr0vwdwh vwdeoh +LVV, dqdo|vlv phwkrg
^48` lv dq h�hfwlyh wrro iru g|qdplf qhxudo qhwzrunv/
^47` vwdwhg wkdw li wkh zhljkwv duh vpdoo hqrxjk/ qhxudo
qhwzrunv duh LVV dqg JDV zlwk }hur lqsxw1 Pdq| sxe0
olvkhv lqyhvwljdwh wkh vwdelolw| ri lghqwl�fdwlrq huuru dqg
wudfnlqj huuru ri qhxudo qhwzrunv1 ^9` vwxglhg wkh vwd0
elolw| frqglwlrqv zkhq pxowlod|hu shufhswurqv duh xvhg
wr lghqwli| dqg frqwuro d qrqolqhdu v|vwhp1 O|dsxqry0
olnh dqdo|vlv lv vxlwdeoh iru g|qdplf qhxudo qhwzrun/ wkh
vljqdo0od|hu fdvh zhuh glvfxvvhg lq ^46` dqg ^4;`/ wkh
kljk0rughu qhwzrunv dqg pxowlod|hu qhwzrunv pd| eh

irxqg lq ^<` dqg ^44`1

Dqrwkhu vwdelolw| dqdo|vlv wrro lv sdvvlylw| wkhru|/ lw
pd| ghdo zlwk wkh srru gh�qh qrqolqhdu v|vwhpv/ xvx0
doo| e| phdqv ri vhfwru erxqgv1 Exw lw r�huv hohjdqw
vroxwlrqv iru wkh surri ri devroxwh vwdeoh1 D surplv0
lqj dssurdfk wr vwdelolw| dqdo|vlv ri qhxur v|vwhpv pd|
eh wkh sdvvlylw| iudphzrun/ ehfdxvh lw fdq ohdg wr jhq0
hudo frqfoxvlrqv rq wkh vwdelolw| xvlqj rqo| lqsxw0rxwsxw
fkdudfwhulvwlfv1 Wkh sdvvlylw| surshuwlhv ri POS zhuh
h{dplqhg lq ^5`1 E| phdqv ri dqdo|}lqj wkh lqwhufrq0
qhfwhg ri huuru prghov/ wkh| ghulyhg wkh uhodwlrqvkls
ehwzhhq sdvvlylw| dqg forvhg0orrs vwdeoh1 Wr wkh ehvw
ri rxu nqrzohgjh/ rshq orrs dqdo|vlv edvhg rq wkh sdv0
vlylw| phwkrg iru g|qdplf qhxudo qhwzrunv kdv qrw |hw
ehhq hvwdeolvkhg lq wkh olwhudwxuh1

Lq wklv sdshu/ wkh sdvvlylw| phwkrg lv xvhg wr ghyhors
wkh vwdelolw| surshuwlhv ri qhxur lghqwl�hu1 Lw lv vkrzq
wkdw d judglhqw0olnh ohduqlqj odz zloo pdnh wkh lghqwl0
�fdwlrq huuru vwdeoh/ dv|pswrwlf vwdeoh dqg lqsxw0wr0
vwdwh vwdeoh1 D vlpxodwlrq iru yhklfoh lgoh vshhg lghqwl0
�fdwlrq vkrzv wkh h�hfwlyh ri judglhqw dojrulwkp1

5 Suholplqdulhv

Frqvlghu d fodvv ri qrqolqhdu v|vwhpv jlyhq e|

�

{w@ i+{w> xw,
|w @ k+{w> xw,

+4,

zkhuh {w 5 ?
q lv wkh vwdwh/ xw 5 ?

p lv wkh lqsxw yhfwru/
|w 5 ?

p lv wkh rxwsxw yhfwru1 i = ?q � ?p $ ?q lv
orfdoo| Olsvfklw}/ k = ?q � ?p $ ?p lv frqwlqxrxv1
Lw lv dovr dvvxphg wkdw iru dq| {3 @ {3 5 ?q/ wkh
rxwsxw |w @ k+�+w> {3> x,, ri v|vwhp +4, lv vxfk wkdwU w
3
m xWv |v m gv ?4 / iru doo w � 3/ l1h1 wkh hqhuj| vwruhg

lq v|vwhp +4, lv erxqghg1 Iroorzlqj wr ^4` dqg ^6`/ ohw
xv qrz uhfdoo vrph sdvvlylw| surshuwlhv dv zhoo dv vrph
vwdelolw| surshuwlhv ri sdvvlyh v|vwhpv1

Gh�qlwlrq 4 D v|vwhp +4, lv vdlg wr eh sdvvlyh li wkhuh
h{lvwv d Fu qrqqhjdwlyh ixqfwlrq V +{w, = ?q $ ?/



fdoohg vwrudjh ixqfwlrq/ vxfk wkdw/ iru doo xw/ doo lql0

wldo frqglwlrqv {3 dqg doo w � 3 wkh iroorzlqj lqhtxdolw|

krogv=

�

V +{w, � xW
w
|w � %xW

w
xw � �|W

w
|w � �# +{w,

+{w> xw, 5 ?
q �?p

zkhuh %> � dqg � duh qrqqhjdwlyh frqvwdqwv/ # +{w, lv

srvlwlyh vhplgh�qlwh ixqfwlrq ri {w vxfk wkdw # +3, @ 3=
�# +{w, lv fdoohg vwdwh glvvlsdwlrq udwh1 Ixuwkhupruh/

wkh v|vwhp lv vdlg wr eh

� orvvohvv li % @ � @ � @ 3 dqg
�

V +{w, @ xW
w
|w>

� lqsxw vwulfwo| sdvvlyh li % A 3

� rxwsxw vwulfwo| sdvvlyh li � A 3

� vwdwh vwulfwo| sdvvlyh li � A 3

� vwulfwo| sdvvlyh li wkhuh h{lvwv d srvlwlyh gh�qlwh

ixqfwlrq Y +{w, = ?q $ ? vxfk wkdw
�

V +{w, @
xW
w
|w � Y +{w,

Surshuw| 41 Li wkh vwrudjh ixqfwlrq V+{w, lv gl�huhq0

wldeoh dqg wkh g|qdplf v|vwhp lv sdvvlyh/ vwrudjh ixqf0

wlrq V+{w, vdwlv�hv

�

V +{w, � xW
w
|w

Gh�qlwlrq 5 D v|vwhp +4, lv vdlg wr eh joredoo| lqsxw0
wr0vwdwh vwdeoh li wkhuh h{lvwv d N0ixqfwlrq �+v, +frq0
wlqxrxv dqg vwulfwo| lqfuhdvlqj �+3, @ 3, dqg NO 0
ixqfwlrq � +v> w, +N0ixqfwlrq dqg iru hdfk �{hg v3 � 3>
olp
w$4

� +v3> w, @ 3 ,/ vxfk wkdw/ iru hdfk x 5 O4

+vxs inx+w,n > w � 3j ?4, dqg hdfk lqlwldo vwdwh {3 5
Uq / lw krogv wkdw

��{+w> {3> xw,
�� � � +v> w,

���{3
�� > w

�
. �+v, nxwn

iru hdfk w � 3=

Surshuw| 51 Li d v|vwhp lv lqsxw0wr0vwdwh vwdeoh/ wkh
ehkdylru ri wkh v|vwhp vkrxog uhpdlq erxqghg zkhq
lwv lqsxwv duh erxqghg1

6 Qhxur Lghqwl�fdwlrq yld Sdvvlylw| Whfkqltxh

Wkh qrqolqhdu v|vwhp wr eh lghqwl�hg lv jlyhq dv=

�

{w@ i+{w> xw> w,> {w 5 ?
q> xw 5 ?

p +5,

Zh frqvwuxfw wkh iroorzlqj g|qdplf qhxudo qhwzrun=

=

e{w@ De{w .Z4>w�+e{w, .Z5>w!+e{w,�+xw, +6,

zkhuh e{w 5 ?q lv wkh vwdwh ri wkh qhxudo qhwzrun/
D 5 ?q�q lv d vwdeoh pdwul{ / Z4>w 5 ?q�q/ Z5>w

5 ?q�q1 Wkh yhfwru ixqfwlrqv �+{w, 5 ?q lv dv0
vxphg wr eh q�glphqvlrqdo zlwk wkh hohphqwv lqfuhdv0
lqj prqrwrqlfdoo|1 Wkh pdwul{ ixqfwlrq !+�, lv dvvxphg
wr eh ?q�p gldjrqdo= !+e{w, @ gldj+!

4
+e{

4
, � � �!

q
+e{q,,1

�+xw, 5 ?p> xw lv wkh frqwuro lqsxw ri wkh sodqw +5,1

Ixqfwlrq �+�, lv vhohfwhg dv n�+xw,n
5
� x= Wkh w|sl0

fdo suhvhqwdwlrq ri wkh hohphqwv �l+�, dqg !l+=, duh dv
vljprlg ixqfwlrqv/ l1h1

�l+{l, @
dl

4 . h�el{l
� fl= +7,

Uhpdun 4 Wkh qhxudo qhwzrunv kdyh ehhq glvfxvvhg
e| pdq| dxwkruv/ iru h{dpsoh ^46`/ ^<`/ ^44` dqg ^4;`1
Rqh pd| vhh wkdw Krs�hog prgho ^7` lv wkh vshfldo fdvh
ri wklv qhwzrunv zlwk D @ gldj idlj > dl =@ �4@UlFl>
Ul A 3 dqg Fl A 3= Ul dqg Fl duh wkh uhvlvwdqfh dqg
fdsdflwdqfh dw wkh lwk qrgh ri wkh qhwzrun uhvshfwlyho|1

Ohw xv gh�qh lghqwl�fdwlrq huuru dv

�w =@ e{w � {w +8,

Ehfdxvh �+�, dqg !+�, duh fkrvhq dv vljprlg ixqfwlrqv/
fohduo| wkh| vdwlvi| wkh iroorzlqj dvvxpswlrq1

D4= Wkh ixqfwlrq �+�, dqg !+�, ixo�oo jhqhudol}hg Ols0
vklw} frqglwlrq

h�W�4h� � �W
w G��w>

�h!wxw
�W

�5

�h!wxw
�
� x�W

w G!�w>

zkhuh

iZ4>w =@Z4>w �Z �

4
> iZ5>w =@Z5>w �Z �

5h� =@ �+e{w,� �+{w,> h! =@ !+e{w,� !+{w,

�4> �5> G� dqg G! duh nqrzq srvlwlyh frqvwdqwv/ qrq0

olqhdu1

Jhqhudoo|/ g|qdplf qhxudo qhwzrun +6, fdqqrw iroorz
wkh qrqolqhdu v|vwhp +5, h{dfwo|/ lw pd| eh zulwwhq dv

=
{w@ D{w .Z �

4
�+{w, .Z �

5
!+{w,�+xw,� hiw +9,

zkhuh Z �

4
dqg Z �

5
duh erxqghg xqnqrzq pdwulfhv

Z �

4
��4
4
Z �W

4 �Z 4> Z �

5
��4
5
Z �W

5 �Z 5 +:,

Z 4 dqgZ 5 duh sulru| nqrzq pdwulfhv/ yhfwru ixqfwlrqhiw fdq eh uhjdughg dv prghoolqj huuru dqg glvwxuedqfhv1
Wkh huuru g|qdplf lv rewdlqhg iurp +6, dqg +9,

�

�w@ D�w .iZ4>w�+e{w, .iZ5>w!+e{w,�+xw,
.Z �

4
h� .Z �

4
h!�+xw, . hiw

+;,

Li zh gh�qh

U =@Z 4 .Z 5> T =@ G� . xG! .T3 +<,



dqg wkh pdwulfhv D dqg T3 duh vhohfwhg wr ixo�oo wkh
iroorzlqj frqglwlrqv=

+4, wkh sdlu +D>U4@5, lv frqwuroodeoh/ wkh sdlu +T4@5> D,
lv revhuydeoh/

+5, orfdo iuhtxhqf| frqglwlrq ^4:` vdwlv�hv

DWU�4D�T �
4

7

�
DWU�4

�U�4D
�
U
�
DWU�4

�U�4D
�W

+43,

wkhq wkh iroorzlqj dvvxpswlrq fdq eh hvwdeolvkhg=

D5= Wkhuh h{lvw d vwdeoh pdwul{ D dqg d vwulfwo| srv0
lwlyh gh�qhg pdwul{ T3 vxfk wkdw wkh pdwul{ Ulffdwl
htxdwlrq

DWS . SD. SUS .T @ 3 +44,

kdv d srvlwlyh vroxwlrq S @ SW A 31

Wklv frqglwlrqv lv hdvlo| ixo�oohg li zh vhohfw D dv vwd0
eoh gldjrqdo pdwul{1 Qh{w Wkhruhp vwdwhv wkh ohduqlqj
surfhgxuh ri qhxur lghqwl�hu1

Wkhruhp 4 Li wkh zhljkwv Z4>w dqg Z5>w duh xsgdwhg
dv

�

Z 4>w@ �N4S�w�
W +e{w,

�

Z 5>w@ �N5S!+e{w,�+xw,�
W
w

+45,

zkhuh S lv wkh vroxwlrq ri Ulffdwl htxdwlrq +44,/ wkhq
wkh g|qdplf ri lghqwl�fdwlrq huuru +;, lv vwulfwo| sdvvlyh

iurp hiw wr wkh lghqwl�fdwlrq huuru 5S�w

Surri= Vhohfw d O|dsxqry ixqfwlrq +vwrudjh ixqfwlrq,
dv

Vw @ �W
w S�w.wu

qiZW
4>wN

�4

4
iZ4>w

r
.wu

qiZW
5>wN

�4

5
iZ5>w

r
+46,

zkhuh S 5 ?q�q lv srvlwlyh gh�qh pdwul{1 Dffruglqj
wr +;,/ wkh ghulydwlyh lv

�

Vw@ �W
w

�
SD.DWS

�
�w

.5�W
w S

iZ4>w�+e{w, . 5�W
w S

iZ5>w!+e{w,�+xw,
.5�W

w S
hiw . 5�W

w S
k
Z �

4
h� .Z �

4
h!�+xw,l

.5wu

+
�iZW

4>w N
�4

4
iZ4>w

,
. 5wu

+
�iZW

5>w N
�4

5
iZ5>w

,
Vlqfh �W

w SZ
�

4
h�w lv vfdodu/ xvlqj D4 dqg pdwul{ lq0

htxdolw|

[W\ .
�
[W\

�W
� [W��4[ . \ W�\ +47,

zkhuh [>\>� 5 ?q�n dqg iru dq| srvlwlyh gh�qhg pd0
wul{ � @ �W A 3> zh rewdlq

5�W
w SZ

�

4
h�w � �W

w SZ
�

4
��4
4
Z �W

4
S�w . h�Ww �4h�w

� �W
w

�
SZ 4S .G�

�
�w

5�W
w SZ

�

5
h!w�+xw, � �W

w

�
SZ 5S . xG!

�
�w

+48,

Vr zh rewdlq

�

Vw� �W
w

�
SD.DWS . S

�
Z 4 .Z 5

�
S

.+G� . xG! .T3,

�
�w

.5wu

+
�iZW

4>w N
�4

4
iZ4>w

,
. 5�W

w S
iZ4>w�+e{w, . 5�W

w S
hiw

.5wu

+
�iZW

5>w N
�4

5
iZ5>w

,
. 5�W

w S
iZ5>w!+e{w,�+xw,

��W
w T3�w

Vlqfh
�iZ4>w@

�

Z 4>w> li zh xvh wkh xsgdwlqj odz dv lq +45,
dqg D5/ zh kdyh

�

Vw� ��
W
w T3�w . 5�W

w S
hiw +49,

Iurp Gh�qlwlrq 4/ li zh gh�qh wkh lqsxw dv hiw dqg wkh
rxwsxw dv 5S�w> wkhq wkh v|vwhp lv vwulfwo| sdvvlyh zlwk

3 � Yw � �W
w T3�w

Uhpdun 5 Vlqfh wkh xsgdwlqj udwh lv NlS +l @ 4> 5,/
dqg Nl fdq eh dq| srvlwlyh pdwul{/ wkh ohduqlqj surfhvv
ri g|qdplf qhxudo qhwzrun +45, lv iuhh ri S> wkh vroxwlrq
ri Ulffdwl htxdwlrq +44,1

Fruroodu| 4 Li rqo| sdudphwhuv xqfhuwdlqw| suhvhqw
+ hiw @ 3,/ wkhq wkh xsgdwlqj odz dv +45, fdq pdnh wkh
lghqwl�fdwlrq huuru dv|pswrwlf vwdeoh/

olp
w$4

�w @ 3 olp
w$4

�

Z 4>w@ 3> olp
w$4

�

Z 5>w@ 3

Z4>w 5 O
4
> Z5>w 5 O

4
>

+4:,

Surri= Vlqfh wkh g|qdplf ri lghqwl�fdwlrq huuru +;, lv
sdvvlyh/ iurp wkh Surshuw| 4 wkh vwrudjh ixqfwlrq V+{w,
vdwlv�hv

�

V +{w, � hiWw 5S�w @ 3

Wkh srvlwlyh gh�qhg V+{w, lpsolhv �w> Z4>w dqg Z5>w

duh erxqghg1

Iurp wkh huuru htxdwlrq +;,
�

�w5 O4

g

gw
Yw � ��

W
w T3�w � 3

Lqwhjudwh +49, erwk vlghv]
4

3

n�wnT3
� V3 � V4 ?4

Vr �w 5 O5 _ O
4
> > xvlqj Eduododw*v Ohppd zh

kdyh +4:,1 Dv xw> �+e{w,> !+e{w, dqg S duh erxqghg/

olp
w$4

�

Z 4>w@ 3 dqg olp
w$4

�

Z4>w@ 3=



Fruroodu| 5 Li wkh prgholqj huuru hiw kdv d vshfldo uh0

odwlrqvkls zlwk lghqwl�fdwlrq huuru �w

hiw @ �Ni�w> Ni @ NW
i A 3

zkhuh Ni lv d srvlwlyh gh�qhg frqvwdqw pdwul{/ wkhq wkh

lghqwl�fdwlrq huuru lv dv|pswrwlf vwdeoh1

Surri= Ehfdxvh �w @ k+{w> e{w, lv lqghshqghqw ri hiw>

wkh ihhgedfn orrs zlwk hiw @ �Ni�w lv zhoo srvhg1 Wkh

wlph ghulydwlyh ri V vdwlv�hv

�

V +{w, � ��W
w Ni�w � 3

Vr wkh htxloleulxp �w @ 3 ri
�

�w@ i+�w> hiw, lv vwdeoh1

Edvh rq wkh Lqyduldqfh Sulqflsoh/ wkh erxqghg vroxwlrqv

ri
�

�w@ i+�w> hiw, frqyhujh wr wkh odujhvw lqyduldqw vhw

ri
�

�w@ i+�w> 3, frqwdlqhg lq H @ i�w m k+{w> e{w, @ 3j >
wklv vhw lv �w @ 3> vr wkh dv|pswrwlf vwdeoh lv suryhg1

Uhpdun 6 Iru prgho pdwfklqj fdvh/ O|dsxqry0olnh
dqdo|vlv fdq uhdfk wkh vdph uhvxow dv Fruroodu| 4 dqg
Fruroodu| 5 ^4;`1 Exw lq wkh fdvh ri prgholqj huuru/
zh zloo jlyh d qhz frqfoxvlrq rq qhxur lghqwl�fdwlrq=
wkh judglhqw dojrulwkp +45, lv dovr urexvw uhvshfw wr xq0
prghohg g|qdplf/ erxqghg glvwxuedqfh dqg vwrfkdvwlf
qrlvh1

Wkhruhp 5 Xvlqj wkh xsgdwlqj odz dv +45,/ wkh g|0
qdplf ri qhxur lghqwl�hu +;, lv lqsxw0wr0vwdwh vwdeoh
+LVV,1

Surri= Lq ylhz ri wkh pdwul{ lqhtxdolw| +47,/

5�
W
w S

hiw � �
W
w S�iS�w .

hiWw �
�4

i
hiw

+49, fdq eh uhsuhvhqwhg dv

�

Vw@ ��
W
w T3�w . 5�W

w S
hiw

� ��plq +T3, n�wn
5
.�W

w S�iS�w . hiWw �
�4
i

hiw

� ��n�wn n�wn. ���hiw��
��� hiw

���
zkhuh �n�wn =@ ^�plq +T3,� �pd{ +S�iS ,` n�wn > ���hiw�� =@

�pd{

�
��4i

����hiw
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Vr � dqg � duh N4 ixqfwlrqv/ Vw lv dq LVV0O|dsxqry
ixqfwlrq1 Xvlqj Wkhruhp 4 ri ^48`/ wkh g|qdplf ri lghq0
wl�fdwlrq huuru +;, lv lqsxw wr vwdwh vwdeoh1

Fruroodu| 6 Li wkh prghoolqj huuru hiw lv erxqghg/ wkhq
wkh xsgdwlqj odz dv +45, fdq pdnh wkh lghqwl�fdwlrq
surfhgxuh vwdeoh
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Surri= Iurp Surshuw| 5 zh nqrz lqsxw0wr0vwdwh

vwdeoh phdqv wkdw wkh ehkdylru ri wkh g|qdplf qhx0

udo qhwzrunv vkrxog uhpdlq erxqghg zkhq lwv lqsxw lv

erxqghg1

Uhpdun 7 Vlqfh wkh vwdwh dqg rxwsxw yduldeohv duh
sk|vlfdoo| erxqghg/ wkh prghoolqj huuru hiw fdq eh dv0
vxphg wr eh erxqghg wrr + vhh/ iru h{dpsoh ^9`^44`^46`,1
Wkh frqglwlrq +4;, fdq eh hvwdeolvkhg li �i lv d vpdoo
hqrxjk frqvwdqw pdwul{1 Xqolnh urexvw dgdswlyh odzv/
vxfk dv ghdg0}rqh ^44` dqg ��prgl�fdwlrq ^<`/ zh gr
qrw qhhg wr nqrz wkh xsshu erxqg ri xqfhuwdlqwlhv1

Uhpdun 8 Lw lv zhoo nqrzq wkdw vwuxfwxuh xqfhuwdlq0
wlhv zloo fdxvh sdudphwhuv guliw iru dgdswlyh frqwuro/ vr
rqh kdv wr xvh urexvw prgl�fdwlrq wr pdnh lghqwl�fd0
wlrq vwdeoh ^8`1 Urexvw dgdswlyh phwkrgv pd| eh h{0
whqghg wr qhxur lghqwl�fdwlrq gluhfwo| ^9`^44` ^46`1 Exw
qhxur lghqwl�fdwlrq lv d nlqg ri �eodfn0er{� phwkrg/ qr0
erg| qhhgv vwuxfwxuh lqirupdwlrq dqg doo ri xqfhuwdlq0
wlhv duh lqvlgh wkh eodfn er{1 Dowkrxjk urexvw dgdswlyh
dojrulwkpv duh vxlwdeoh iru qhxur lghqwl�fdwlrq/ wkh|
duh qrw wkh vlpsohvw1 E| phdqv ri sdvvlylw| whfkqltxh/
zh vxffhvv wr suryh rxu frqfoxvlrq= sxuh judglhqw do0
jrulwkp lv urexvw zlwk uhvshfw wr doo nlqgv ri erxqghg
xqfhuwdlqwlhv iru qhxur lghqwl�fdwlrq1

7 Vlpxodwlrq

Wkh hqjlqh rshudwlrq dw lgoh lv d qrqolqhdu surfhvv wkdw
lv idu iurp lwv rswlpdo udqjh1 Ehfdxvh lw grhv qrw uh0
txluh dq| odujh ghjuhh ri lqvwuxphqwdwlrq ru h{whuqdo
vhqvlqj fdsdelolwlhv/ wkh lgoh vshhg frqwuro lv dovr df0
fhvvleoh dqg fdq eh irupdwwhg dv d ehqfkpdun sureohp
iru frqwuro vrflhw|1 Wkh surfhvv ri hqjlqh dw lgoh kdv
wlph ghod|v wkdw ydu| lqyhuvho| zlwk hqjlqh vshhg dqg
lv wlph0ydu|lqj gxh wr djlqj ri frpsrqhqwv dqg hqyl0
urqphqwdo fkdqjhv vxfk dv hqjlqh zdup0xs diwhu d frog
vwduw1 Wkh phdvxuhphqw ri v|vwhp rxwsxwv rffxuv dv|q0
fkurqrxvo| zlwk wkh fdofxodwlrq ri frqwuro vljqdov1 Zh
dvvxph wkdw wkh rffxuuhqfh ri sodqw glvwxuedqfhv/ vxfk
dv hqjdjhphqw ri dlu frqglwlrqhu frpsuhvvru/ vkliw iurp
qhxwudo wr gulyh lq dxwrpdwlf wudqvplvvlrqv/ dssolfdwlrq
dqg uhohdvh ri hohfwulf ordgv/ dqg srzhu vwhhulqj orfn0xs/
duh qrw gluhfwo| phdvxuhg1 Wkh g|qdplf hqjlqh prgho
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Wkh iroorzlqj vlpxodwlrq uhvxowv vkrz wkh lghqwl�fdwlrq
delolw| ri g|qdplf qhxudo qhwzrun1 Iljxuh 4 dqg Iljxuh
5 duh zlwk lqwhuqdo xqfhuwdlqwlhv +xqprghohg g|qdplfv
dqg dffhvvru| wrutxh,1 Iljxuh 6 dqg Iljxuh 7 vkrz
lghqwl�fdwlrq uhvxowv zlwk zklwh qrlvh +yduldqfhv duh 4
dqg 433,1
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Iljxuh 7

Rqh fdq vhh wkdw wkh judglhqw dojrulwkp ri g|qdplf
qhxudo qhwzrunv lv urexvw zlwk uhvshfw wr erxqghg xq0
fhuwdlqwlhv1

8 Frqfoxvlrq

E| phdqv ri sdvvlylw| whfkqltxh/ zh jlyh qhz uhvxowv
rq qhxur lghqwl�fdwlrq1 Frpsduhg zlwk rwkhu urexvw0
qhvv dqdo|vlv ri qhxur lghqwl�fdwlrqv/ zh sursrvh d
qhz uhvxow= judglhqw ohduqlqj dojrulwkp pd| jxdudq0
whh wkh lghqwl�fdwlrq huuru urexvw vwdeoh zlwk uhvshfw
wr erxqghg xqfhuwdlqwlhv1
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