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Zlooldp H1 U|dqd/ Vwhyhq Z1 PfOdxjkolqe/ Nr� Dqlp0Dssldke/ dqg Plfkdho \dqjd

d= Xqlyhuvlw| ri Dul}rqd/ iu|dq/|dqjvl}jChfh1dul}rqd1hgx
e= Jhrujld Lqvwlwxwh ri Whfkqrorj|/ ivzp/nr�jChfh1jdwhfk1hgx

Devwudfw0 Zh vxuyh| uhfhqw uhvhdufk lq wkh duhd
ri frqfdwhqdwhg frghv dqg lwhudwlyh ghfrglqj iru
pdjqhwlf vwrudjh fkdqqhov1 Zh fryhu uhvxowv rq sdu0
dooho dqg vhuldo frqfdwhqdwlrqv/ orz ghqvlw| sdulw|
fkhfn frghv/ dqg uxqohqjwk olplwhg frghv1

Nh|zrugv = wxuer frghv/ orz ghqvlw| sdulw| fkhfn
frghv/ frqvwudlqhg frghv/ sduwldo uhvsrqvh/ pdjqhwlf
gdwd vwrudjh1

41 LQWURGXFWLRQ

Wkh pdjqhwlf uhfruglqj fkdqqho +PUF, suhvhqwv
xqltxh dqg lqwhuhvwlqj fkdoohqjhv wr vljqdo surfhvv0
lqj dqg frglqj hqjlqhhuv1 Wkh fkdqqho lqsxw lv frq0
vwudlqhg wr eh elqdu| dqg uxqohqjwk0olplwhg/ dqg wkh
uhdg0edfn vljqdo lv vxemhfw wr lqwhuv|pero lqwhuihu0
hqfh +LVL,/ jhqhudoo| htxdol}hg wr vrph wdujhw sdu0
wldo uhvsrqvh vkdsh1 Ixuwkhu/ dv d frqvhtxhqfh ri
wkh sduwlfxodu w|sh ri LVL vhhq/ kljk frgh udwhv duh
uhtxluhg vlqfh wkh frgh udwh orvv jrhv dv U5 udwkhu
wkdq U +U lv wkh frgh udwh,1 Frpsolfdwlqj pdwwhuv
ixuwkhu lv wkdw wkh qrlvh lv froruhg/ wkh frorudwlrq d
frqvhtxhqfh ri erwk phgld qrlvh dqg htxdol}dwlrq/
dqg huuruv pd| frph lq odujh exuvwv/ d frqvhtxhqfh
ri wkhupdo dvshulwlhv1

Dw suhvhqw wkhuh lv d juhdw ghdo ri dfwlylw| lq wkh
pdjqhwlf uhfruglqj frppxqlw| wr ghwhuplqh wkh yl0
delolw| ri frqfdwhqdwhg frglqj dqg lwhudwlyh ghfrg0
lqj iru ixwxuh vwrudjh surgxfwv1 Wklv sdshu vxuyh|v
d qxpehu ri frglqj dssurdfkhv iru pdjqhwlf vwru0
djh zklfk kdyh ehhq uhsruwhg uhfhqwo| lq wkh olwhud0
wxuh/ lqfoxglqj sdudooho dqg vhuldo frqfdwhqdwlrqv ri
frqyroxwlrqdo frghv +FFv,/ orz ghqvlw| sdulw| fkhfn
+OGSF, frghv/ dqg uxqohqjwk olplwhg +UOO, frghv1

51 FRQFDWHQDWHG HUURU FRQWURO
FRGHV

Ilj1 4 ghslfwv wkh frqfdwhqdwhg hqfrglqj dqg lw0
hudwlyh ghfrglqj v|vwhp prgho1 Wkh rxwhu frgh fdq
eh d sdudooho frqfdwhqdwlrq ri +uhfxuvlyh, frqyrox0
wlrqdo frghv +SFFFv,/ d vlqjoh frqyroxwlrqdo frgh/
ru d OGSF frgh1 +Dv zh zloo vhh/ dq lqwhuohdyhu lv
xqqhfhvvdu| iru wkh OGSF fdvh1, Rwkhu frghv duh
srvvleoh/ exw zh gr qrw frqvlghu wkhp khuh1 Qrwh
wkdw lq hdfk fdvh/ wkh sduwldo uhvsrqvh fkdqqho lv
wuhdwhg dv dq lqqhu frgh vhuldoo| frqfdwhqdwhg zlwk
wkh rxwhu frgh1 Zkhq wkh rxwhu frgh lv vlpso| d FF/
zh uhihu wr lw dv d vhuldo frqfdwhqdwhg frqyroxwlrqdo
frgh +VFFF, vfkhph1

514 Sdudooho Frqfdwhqdwhg Vfkhphv

Wkh hduo| zrun rq wxuer frghv iru pdjqhwlf uhfru0
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Ilj141 Frghg sduwldo uhvsrqvh v|vwhp zlwk lwhudwlyh
ghfrglqj1

glqj frqvlghu wkh SFFF frq�jxudwlrq wrjhwkhu zlwk
wkh SU7 fkdqqho +prghohg e| wkh sro|qrpldo 4�G5,
^4`1 Ehfdxvh kljk frgh udwhv duh d qhfhvvlw| iru PUFv
^5`/ kljk frgh udwhv +dfklhyhg e| sxqfwxulqj, zhuh
frqvlghuhg1 Ixuwkhu/ wkh SFFF0hqfrghg elwv zhuh
suhfrghg zlwk wkh 4

4�G5 suhfrghu vr wkdw d 4 lv
pdsshg wr 	5 dqg d 3 lv pdsshg wr 3 ryhu wkh suh0
frghg SU7 fkdqqho1 Wklv kdv wkh h�hfw ri frqyhuwlqj
frghzrugv zlwk odujh plqlpxp Kdpplqj glvwdqfh
wr fkdqqho vhtxhqfhv zlwk odujh plqlpxp Hxfolghdq
glvwdqfh ^6`1 Wr ghfrgh/ d SU7 d srvwhulrul suredelo0
lw| +DSS, ghwhfwru hpsor|v wkh EFMU dojrulwkp wr
frpsxwh wkh orj0olnholkrrg udwlr O+fn, iru hdfk frgh
elw fn1 Wkh SFFF ghfrghu wuhdwv wkhvh lqsxwv O+fn,
dv h{wulqvlf lqirupdwlrq/ exw rwkhuzlvh lwhudwhv lq wkh
xvxdo idvklrq1 Wkh SU7 DSS ghwhfwru pd| ru pd|
qrw eh lqfoxghg lq wkh lwhudwlyh orrs1
Ilj1 5 suhvhqwv vlpxodwlrq uhvxowv iru wkh SU7

fkdqqho zlwk DZJQ zkhq wkh SU7 DSS ghwhfwru
lv qrw lq wkh lwhudwlyh orrs1 Wkh fxuyhv duh suhvhqwhg
iru 490vwdwh SFFFv zlwk dq lqirupdwlrq0zrug vl}h
ri 73<9 elwv dqg zlwk 6 dqg 48 ghfrghu lwhudwlrqv1
Qrwh wkh jdlqv ryhu wkh xqfrghg fdvh dw Se @ 43�9

duh txlwh vxevwdqwldo dqg idu juhdwhu wkdq dq| wuho0
olv frgh= 80soxv gE iru wkh udwh 728 frgh dqg 50soxv
gE iru wkh udwh 97298 frgh1 Revhuyh dovr wkdw wkh
zhoo0nqrzq huuru0udwh �rru iru SFF*v rffxuv ehorz
43�: iru doo ri wkh frghv/ dowkrxjk wkh �rru dsshduv
qhdue| iru wkh udwh 4924: frgh1 Wkh �jxuh lqfoxghv
dq hvwlpdwh ri wkh ohyho ri wkh �rru iru wklv frgh1
Zkhq wkh SU7 DSS ghwhfwru lv lqfoxghg lq wkh lw0
hudwlyh orrs zlwk wkh wzr SFF DSS ghfrghuv/ wkh
jdlqv iru doo udwhv lv lqfuhdvhg e| derxw 318 gE ^7`1
515 Vhuldo Frqfdwhqdwhg Vfkhphv
Vkruwo| diwhu wkh sxeolvkhg zrun rq sdudooho frq0

fdwhqdwhg dssurdfkhv/ VFFFv zhuh vwxglhg e| d
qxpehu ri dxwkruv +h1j1/ ^8`/ ^9`/ ^5`,1 Wkhvh vfkhphv
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15 iterations
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Ilj1 51 Shuirupdqfh ri wkh SFFF vfkhph +SU7,1

kdyh wkh dgydqwdjh wkdw d frqyroxwlrqdo hqfrghu dqg/
pruh lpsruwdqwo|/ dq DSS ghfrghu zhuh uhpryhg1
Ixuwkhu/ lw dsshduhg wkdw wkh VFFF frq�jxudwlrq
shuiruphg voljkwo| ehwwhu wkdq wkh SFFF frq�jxud0
wlrq1 Krzhyhu/ d forvhu lqvshfwlrq uhyhdohg wkdw wkh
huuru udwh �rru iru wkh VFFF fdvh zdv vljql�fdqwo|
kljkhu wkdq wkdw ri wkh SFFF fdvh ^:`1 +Wklv vkrxog
eh lqwxlwlyho| fohdu vlqfh zh kdyh uhsodfhg dq rxwhu
wxuer frgh zlwk d pxfk zhdnhu frqyroxwlrqdo frgh1,
Wklv glvfryhu| ohg wr vrph zrun rq wkh ghvljq ri rswl0
pdo suhfrghuv dqg lqwhuohdyhuv iru wkh VFFF vfkhph/
zkhuh rswlpdolw| lv lq wkh vhqvh ri orzhvw huuru udwh
�rru ^:`/ ^;`/ ^<`1
Wkh dssurdfk wdnhq wr orzhu wkh huuru udwh �rru

zdv wr vwxg| wkh zruvw0fdvh +orzhvw0zhljkw, huuru
sdwwhuqv dv vhhq e| wkh suhfrghg SU fkdqqho1 Vlqfh
wkh rxwhu frghv frqvlvwhg ri kljko| sxqfwxuhg uh0
fxuvlyh frqyroxwlrqdo frghv +UVFv,/ wkhvh zruvw0fdvh
sdwwhuqv duh zhljkw0wzr sdwwhuqv1 Wklv ohg wr d suh0
frghu ghvljq dssurdfk lqyroylqj d glvwdqfh hqxphu0
dwru frqglwlrqhg rq zhljkw0wzr sdwwhuqv1 Wkh lghd
zdv wr fkrrvh wkh suhfrghu iru d jlyhq SU fkdqqho
zklfk |lhoghg wkh ehvw frqglwlrqdo glvwdqfh hqxphu0
dwru1 Dovr/ wkh glvwdqfh vshfwuxp zdv lpsuryhg e|
wkh dgglwlrq ri dq V0udqgrp lqwhuohdyhu zklfk suh0
yhqwv zhljkw0wzr frghzrugv zlwk forvho| vsdfhg rqhv1
Ilj1 6 suhvhqwv vlpxodwlrq uhvxowv iru d 490vwdwh

rxwhu UVF sxqfwxuhg wr udwh 4924:/ iru lqirupdwlrq0
zrug vl}hv ri 845 dqg 73<9 elwv/ dqg iru ydulrxv suh0
frghuv zlwk HSU7 vljqdolqj dqg DZJQ +HSU7 kdv
wkh sro|qrpldo 4 .G �G5 �G6,1 Wkh frqglwlrqdo
glvwdqfh hqxphudwru wkhru| lqglfdwhv wkdw wkh suh0
frghu zlwk wudqvihu ixqfwlrq 4@+4 . G . G5 . G6,
vkrxog kdyh wkh orzhvw �rru ^<`/ lq djuhhphqw zlwk
wkh vlpxodwlrq uhvxowv lq wkh �jxuh iru erwk eorfn
ohqjwkv +dowkrxjk wklv lv gl�fxow wr vhh hyhq iru wkh
yhu| orz huuru udwhv vlpxodwhg,1
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uncoded

1/(1+D+D2+D3)
1/(1+D2)      
1/(1+D2+D3)  

Ilj1 61 Shuirupdqfh ri wkh VFFF vfkhph +HSU7,1

516 OGSF Vfkhphv
Sdudooholqj wkh uhvhdufk sdwkv ri wkrvh lq wkh gdwd

wudqvplvvlrq zruog/ wkh vwxg| ri wkh vxlwdelolw| ri
OGSF frghv wr gdwd vwrudjh iroorzhg forvho| eh0
klqg wkh SFFF dqg VFFF vwxglhv ^43`/ ^44`1 OG0
SFFv/ olnh wxuer frghv/ dwwudfwhg wkh dwwhqwlrq ri
erwk uhvhdufkhuv dqg sudfwlwlrqhuv lq wkh gdwd vwru0
djh duhqd1 Wkhvh frghv kdyh wxuer0olnh shuirupdqfh
zkloh r�hulqj d orzhu frpsoh{lw| ghfrghu +dowkrxjk
d kljkhu frpsoh{lw| hqfrghu,1 Ixuwkhu/ dq lqwhu0
ohdyhu ehwzhhq wkh fkdqqho dqg hqfrghu dv lq Ilj1
4 lv xqqhfhvvdu| lq wklv fdvh ehfdxvh OGSF frghv
douhdg| kdyh d vxshulru zhljkw vshfwuxp/ dqg wkh
vshfwudo wklqqlqj ^45` r�huhg e| wkh lqwhuohdyhu lv
wkhuhiruh xqqhfhvvdu|1 Dovr/ wkh DSS fkdqqho gh0
whfwru lv xvxdoo| lqfoxghg lq wkh lwhudwlyh ghfrglqj
orrs1 Ilj1 7 looxvwudwhv krz wkh shuirupdqfh ri
d +7494> 6764, OSGF frgh +udwh * 829, lv dfwx0
doo| voljkwo| ehwwhu wkdq wkdw ri d udwh 728 VFFF1
+Zh xvhg wkh luuhjxodu OGSF pdwul{ ri Pdfnd| dw
kwws=22zro1ud1sk|1fdp1df1xn2pdfnd|21,
Ehfdxvh OGSFFv kdyh odujh plqlpxp glvwdqfhv/

wkhlu eorfn huuru udwhv duh pxfk vpdoohu wkdq wkrvh
ri wkh SFFF dqg VFFF vfkhphv1 Dq xqiruwxqdwh
frqvhtxhqfh/ krzhyhu/ lv wkdw/ zkhq d eorfn lv xq0
ghfrgdeoh/ huuruv frph lq odujh exuvwv1 Wklv lv
shufhlyhg e| pdq| dv xqdffhswdeoh1 Wkh dujxphqw
pdgh lv wkdw vxfk d odujh huuru exuvw lv fhuwdlq wr
ryhuzkhop dq rxwhu Uhhg0Vrorprq frgh/ d qhfhvvlw|
iru wkh eorfn huuru udwh uhtxluhphqwv ri vwrudjh gh0
ylfhv +43�43 ru ohvv,1
517 Wkh Froruhg Qrlvh Vlwxdwlrq
Wkh zrun uhsruwhg deryh lv iru sduwldo uhvsrqvh

vljqdolqj dqg DZJQ1 Krzhyhu/ dv lqglfdwhg lq wkh
Lqwurgxfwlrq/ dq dfwxdo pdjqhwlf uhfruglqj fkdqqho
vhhv froruhg qrlvh gxh wr SU htxdol}dwlrq dqg phgld
+wudqvlwlrq, qrlvh1
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Ilj1 71 Shuirupdqfh ri wkh OGSF vfkhph +HSU7,1

Uhvhdufk uhvxowv uhsruwhg iru VFFFv dqg froruhg
qrlvh gxh wr htxdol}dwlrq rqo| lv uhsruwhg lq ^5` dqg
^<`1 Lq wkrvh zrunv/ lw lv vkrzq wkdw wkh jdlqv vhhq
iru wkh DZJQ fdvh duh uhgxfhg vrphzkdw/ exw wkh|
duh vwloo vxevwdqwldo1 Dovr/ uhihuhqfhv ^5` dqg ^<` uh0
sruw zrun rq wkh fkrlfh ri rswlpdo frgh udwhv zklfk/
orrvho| vshdnlqj/ dulvhv iurp wkh idfw wkh PUF lv
dq LVL fkdqqho ryhu zklfk d edodqfh pxvw eh vwuxfn=
iru d jlyhq xvhu elw ghqvlw|/ d orzhu frgh udwh kdv
juhdwhu lqwhu0frghzrug glvwdqfhv/ exw dovr pruh LVL/
dqg d kljkhu frgh udwh kdv vpdoohu lqwhu0frghzrug
glvwdqfhv/ exw dovr ohvv LVL1 Uhvhdufk rq OSGF frghv
wrjhwkhu zlwk erwk htxdol}dwlrq qrlvh dqg phgld
qrlvh zdv uhsruwhg lq ^46`1 Odvwo|/ zh uhpdun wkdw
vrph lqlwldo zrun rq wkh shuirupdqfh ri wkh frghv
glvfxvvhg lq wklv vhfwlrq lq wkh suhvhqfh ri wkhupdo
dvshulwlhv duh uhsruwhg lq ^<` dqg ^43`1

61 WXUER FRGHV ZLWK UOO FRGHV

Wkh uhvxowv uhsruwhg iru SFFFv/ VFFFv/ dqg OG0
SFFv kdyh lqvsluhg vhyhudo uhvhdufkhuv wr uh0h{dplqh
wkh lqwhuidfh ehwzhhq wkh huuru frqwuro frgh +HFF,
dqg wkh UOO frgh1 Lq wkh _vwdqgdug frq�jxudwlrq%
ri Ilj1 8/ wkh vriw0ghflvlrq HFF ghfrghu kdv wr re0
wdlq uholdeoh vriw lqirupdwlrq iurp wkh frqvwudlqhg
frgh ghfrghu1 Lw lv gl�fxow lq jhqhudo wr shuirup
VLVR ghfrglqj iru wkh ydvw pdmrulw| ri UOO frghv
vlqfh wkhlu hqfrghuv riwhq revfxuh wkh uhodwlrqvkls
ehwzhhq gdwd elwv dqg frgh elwv1 Li wklv VLVR ghfrg0
lqj iru wkh frqvwudlqhg frgh lv qrw dffxudwh/ ru li wkh
frqvwudlqhg frgh lwvhoi lv qrw zhoo ghvljqhg/ wkh ryhu0
doo frqvwudlqhg v|vwhp fdq hdvlo| uh�hfw d udwh orvv
lq h{fhvv ri wkh qrplqdo udwh orvv iru wkh frqvwudlqhg
frgh +gxh wr huuru sursdjdwlrq, ^49`1

Dq dzduhqhvv ri wklv gl�fxow| kdv prwlydwhg vrph
uhfhqw uhvhdufk zklfk kdv uhvxowhg lq wkh ghvfulswlrq
ri vhyhudo qhz v|vwhp frq�jxudwlrqv zklfk doorz lq0
whuohdyhg frqfdwhqdwhg frghv wr eh xvhg zlwk dq du0
elwudu| frqvwudlqhg frgh ^43`/ ^47`/ ^5`1 Uhihuhqfhv
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Ilj1 81 Frqyhqwlrqdo UOO2HFF duudqjhphqw1

^43` dqg ^47` vwxg| wxuer frghv lq wkh _frppxwhg
frq�jxudwlrq% ri Eolvv/ zkloh ^5` lqwurgxfhv d vfkhph
wkdw shuplwv xvh ri dq duelwudu| +3> n,0frqvwudlqhg
frgh zlwk dq lqwhuohdyhg vhuldo frqfdwhqdwhg v|vwhp
iru suhfrghg sduwldo uhvsrqvh v|vwhpv1 Lq erwk ri
wkhvh v|vwhpv wkh udwh orvv revhuyhg lq wkh ryhudoo
v|vwhp lv h{dfwo| wkh qrplqdo udwh orvv ri wkh frq0
vwudlqhg frgh +dvvxplqj DZJQ,1
Zkhq frpelqlqj VLVR lwhudwlyh ghfrghuv zlwk

frqvwudlqhg frghv/ lw lv srvvleoh lq vrph fdvhv wr uh0
fryhu d sruwlrq ri wkh qrplqdo udwh orvv ri wkh frq0
vwudlqhg frgh1 Wklv udwh orvv uhfryhu| lv dw wkh h{0
shqvh ri kljkhu frpsoh{lw| lq wkh HFF dqg UOO gh0
frghuv1 Zh eulh�| kljkoljkw vhyhudo uhvxowv wkdw shu0
wdlq wr vxfk vfhqdulrv1 Wkhvh uhvxowv duh iru wkh lghdo
zklwh qrlvh vlwxdwlrq/ zkhuh wkh udwh orvv jrhv dv U
udwkhu wkdq wkh U5 vhhq lq PUFv1
Frqvlghu �uvw wkh frppxwhg frq�jxudwlrq iru

zklfk wkh rxwhu frgh lv dq UOO frgh dqg wkh lqqhu
frgh lv d kljk0udwh SFFF/ vd|1 Iru +3> n, frqvwudlqwv/
vlqfh wkh SFFF hqfrghu lv v|vwhpdwlf/ sdulw| elwv
duh shulrglfdoo| lqvhuwhg lqwr wkh +3> n,0frqvwudlqhg
elw vwuhdp1 Lq wklv kljk udwh vfhqdulr/ wkh SFFF
hqfrghu rxwsxw zloo eh +3> n3,0frqvwudlqhg zlwk n3 @

n . 4 .
m

n

q�4

n
iru d udwh +q � 4,@q SFFF hqfrghu1

Wkhuhiruh/ iru n ? q� 4/ zh rewdlq n3 @ n . 41 Wkh
ghfrghu iru wklv frq�jxudwlrq lqwhjudwhv wkh +3> n3,
frqvwudlqw lqwr wkh wxuer ghfrghu yld d Fduwhvldq
surgxfw/ dqg wkhq vxevhtxhqwo| sdvvhv kdug ghfl0
vlrqv wr wkh +3> n, frgh ghfrghu1 Lq wkh prvw vwudljkw0
iruzdug fdvh/ wkh Fduwhvldq surgxfw lv ehwzhhq wkh
vwdwh gldjudp ri wkh +3> n, frqvwudlqw dqg wkdw ri wkh
wrs UVF hqfrghu1 Wklv vfkhph fdq uhfryhu vrph
ri wkh udwh orvv ri wkh frqvwudlqhg frgh/ zlwk wkh
dprxqw ri udwh orvv uhfryhu| ghshqghqw rqo| rq wkh
frqvwudlqhg frgh h�flhqf| dqg n1 Iru kljk0h�flhqf|
+3> n,0frqvwudlqhg frghv/ frglqj jdlqv xs wr 317 gE
kdyh ehhq revhuyhg ^48`1
Dq dowhuqdwlyh wr wkh whfkqltxh mxvw ghvfulehg lv wr

lpsohphqw d VLVR ghfrghu iru wkh UOO frgh lq wkh
vwdqgdug frq�jxudwlrq ri Ilj1 81 Dq h{dfw phwkrg
iru lpsohphqwlqj d VLVR ghfrghu iru dq duelwudu|
eorfn frgh zdv �uvw ghvfulehg lq ^49`1 Li wklv eorfn
UOO frgh kdv udwh +q� 4, @q/ lw lv hdv| wr vkrz wkdw
wkh rqo| +3> n,0frqvwudlqhg frgh zlwk gplq A 4 lv wkh
rgg vlqjoh sdulw| fkhfn +VSF, frgh zlwk gplq @ 5



dqg n @ 5q � 51 Zkhq d VLVR ghfrghu iru VSF
frghv lv xvhg dv wkh frqvwudlqw ghfrghu lq Ilj1 8/
lw lv fdsdeoh ri dfklhylqj d frglqj jdlq ri ryhu 5
gE +dv|pswrwlfdoo| iru odujh q dqg He@Q3, lq d frq0
vwudlqhg DZJQ fkdqqho +qr sduwldo uhvsrqvh,1 Frq0
vwuxfwlrq ri rwkhu udwh q�4

q
+3> n,0frqvwudlqhg frghv

zlwk gplq @ 4 fdsdeoh ri udwh uhfryhu| lv srvvleoh
xvlqj rgg VSF frghv dv prwkhu frghv ^4:`1
Iru frqvwudlqhg sduwldo uhvsrqvh fkdqqhov/ wkh

surshuwlhv ri wkh rswlpdo +ru qhdu0rswlpdo, frgh
fkdqjh1 Lq wklv fdvh/ wkh fkdqqho zrxog eh ghwhfwhg
e| dq DSS dojrulwkp zklfk pd| xvh d sulrul lq0
irupdwlrq ghulyhg iurp wkh +3> n,0frqvwudlqw1 Xqghu
wkhvh flufxpvwdqfhv/ v|vwhpdwlf +3> n,0frqvwudlqhg
frghv duh fxuuhqwo| wkh ehvw frghv nqrzq lq whupv
ri udwh orvv uhfryhu| ^4:`1 D v|vwhpdwlf +3> n,0
frqvwudlqhg eorfn frgh ri udwh n@+n . 4, lv hdvlo|
frqvwuxfwhg e| whuplqdwlqj hyhu| eorfn ri n xqfrq0
vwudlqhg lqsxw elwv zlwk d 41 Wkhvh frghv kdyh
gplq @ 4> exw wkh fkdqqho DSS ghwhfwru lv deoh wr
pdnh h�hfwlyh xvh ri wkh yhu| vwurqj d sulrul lqiru0
pdwlrq uhsuhvhqwhg e| wkh nqrzq srvlwlrqv ri wkh
4v lq wkh frqvwudlqhg vhtxhqfh1 Frpsduhg zlwk wkh
ehvw nqrzq frqvwudlqhg frghv iru +3> n,0frqvwudlqhg
DZJQ fkdqqhov +wkh rgg VSFv phqwlrqhg deryh,/
wkhvh v|vwhpdwlf +3> n,0frqvwudlqhg eorfn frghv kdyh
wzr dgydqwdjhv1 Wkh �uvw lv wkdw/ iru jlyhq frgh0
zrug ohqjwk q/ wkh| srvvhvv vpdoohu n +q � 4 yhuvxv
5q�5,> wkh vhfrqg lv wkdw ghfrglqj frqvlvwv ri vlpso|
glvfduglqj wkh vriw lqirupdwlrq fruuhvsrqglqj wr wkh
hqfrghu0lqvhuwhg 4v1 Wkh h�flhqflhv ri wkhvh frghv
duh orz dqg wklv/ wrjhwkhu zlwk wkhlu uhodwlyho| odujh
n/ kdv pdgh wkhp xqdwwudfwlyh lq fxuuhqw v|vwhpv
hpsor|lqj kdug ghfrghuv1 Exw vlqfh wkhvh frghv fdq
eh xvhg zlwk yhu| orz udwh orvv/ wkh| duh jrrg fdqgl0
gdwhv iru ixwxuh uhfruglqj v|vwhpv zklfk fdq wrohudwh
wkh odujhu ydoxhv ri n1

-jujijAWjt

^4` Z1 U|dq/ _Shuirupdqfh ri kljk udwh wxuer frghv
rq d SU70htxdol}hg pdjqhwlf uhfruglqj fkdq0
qho/% Surf1 4<<; Lqw1 Frqi1 rq Frpp1

^5` Z1 U|dq/ _Rswlpdo frgh udwhv iru frqfdwhqdwhg
frghv rq d SU70htxdol}hg pdjqhwlf uhfruglqj
fkdqqho/% Surf1 4<<< Frqi1 rq Lqi1 Vfl1 dqg
V|v1 +Dovr/ dffhswhg iru sxeolfdwlrq/ LHHH
Wudqv1 Pdjqhwlfv1,

^6` M1 Zroi dqg J1 Xqjhuerhfn/ _Wuhoolv frglqj
iru sduwldo uhvsrqvh fkdqqhov/% LHHH Wudqv1
Frpp1/ ss1 :980::6/ Dxj1 4<;91

^7` Z1 U|dq/ O1 PfSkhwhuv/ dqg V1 PfOdxjkolq/
_Frpelqhg wxuer frglqj dqg wxuer htxdol}dwlrq
iru SU70htxdol}hg Oruhqw}ldq fkdqqhov/% Surf1
4<<; Frqi1 rq Lqi1 Vfl1 dqg V|v1

^8` W1 Vrxyljqlhu/ D1 Iulhgpdqq/ P1 �Rehuj/ S1
Vlhjho/ U1 Vzdqvrq/ dqg M1 Zroi/ _Wxuer ghfrg0
lqj iru SU7= sdudooho yhuvxv vhuldo frqfdwhqd0
wlrq/% Surf1 4<<< Lqw1 Frqi1 rq Frpp1

^9` O1 PfSkhwhuv/ V1 PfOdxjkolq/ dqg N1
Qdud|dqdq/ _Suhfrghg SUPO/ vhuldo frq0
fdwhqdwlrq/ dqg lwhudwlyh +wxuer, ghfrglqj
iru pdjqhwlf uhfruglqj/% 4<<< Lqw1 Frqi1 rq
Pdjqhwlfv1

^:` Z1 U|dq/ _Ghvljq frqvlghudwlrqv iru frqfdwh0
qdwlqj frqyroxwlrqdo frghv zlwk sduwldo uhvsrqvh
fkdqqhov/% Surf1 6:wk Doohuwrq Frqi1 rq
Frpp1/ Frqw1/ dqg Frps1 +Vhsw1 4<<<,1

^;` Z1 U|dq/ _Frqfdwhqdwhg Frghv iru Fodvv LY
Sduwldo Uhvsrqvh Fkdqqhov/% wr dsshdu/ LHHH
Wudqv1 Frpp1

^<` D1 Jkud|he dqg Z1 U|dq/ _Frqfdwhqdwhg frgh
v|vwhp ghvljq iru vwrudjh fkdqqhov/% wr dsshdu/
MVDF Vshfldo Lvvxh rq Vljqdo Surfhvvlqj iru
Kljk Ghqvlw| Vwrudjh Fkdqqhov1

^43` M1 O1 Idq/ Frqvwudlqhg frglqj dqg vriw lwhudwlyh
ghfrglqj iru vwrudjh/ Sk1G1 Glvvhuwdwlrq/ Vwdq0
irug Xqly1/ Vwdqirug/ FD/ 53331

^44` K1 Vrqj/ U1 Wrgg/ dqg M1 U1 Fux}/ _Orz ghq0
vlw| sdulw| fkhfn frghv iru pdjqhwlf uhfruglqj
fkdqqhov/% 5333 Lqw1 Frqi1 rq Pdjqhwlfv1

^45` O1 Shuh}/ M1 Vhjkhuv/ dqg G1 Frvwhoor/ _D glv0
wdqfh vshfwuxp lqwhusuhwdwlrq ri wxuer frghv/%
LHHH Wudqv1 Lqi1 Wkhru|/ ss1 49<;04:3</ Qry1
4<<91

^46` M1 Prrq/ _OGSF frgh shuirupdqfh lq wudqvlwlrq
qrlvh/% LFF 5333 Zrunvkrs rq Gdwd Vwrudjh1

^47` M1 O1 Idq dqg M1 P1 Flr�/ _Frqvwudlqhg frg0
lqj whfkqltxhv iru vriw ghfrghuv/% Surf1 4<<<
JorehFrp Frqi1

^48` N1 G1 Dqlp0Dssldk dqg V1 Z1 PfOdxjkolq/
_Frqvwudlqhg~lqsxw wxuer frghv iru +3> n, UOO
fkdqqhov/% Surf1 4<<< Frqi1 rq Lqirupdwlrq
Vfl1 dqg V|v1

^49` N1 G1 Dqlp0Dssldk dqg V1 Z1 PfOdxjkolq/
_Wrzdugv vriw rxwsxw DSS ghfrglqj iru qrq0
v|vwhpdwlf qrqolqhdu eorfn frghv/% Surf1 6:wk
Doohuwrq Frqi1 rq Frpp1/ Frqw1/ dqg Frps1
+Vhsw1 4<<<,1

^4:` N1 Dqlp0Dssldk dqg V1 PfOdxjkolq/ _Wxuer
Frghv fdvfdghg zlwk kljk0udwh eorfn frghv iru
+3> n,0frqvwudlqhg fkdqqhov/% wr dsshdu/ MVDF
Vshfldo Lvvxh rq Vljqdo Surfhvvlqj iru Kljk Ghq0
vlw| Vwrudjh Fkdqqhov1


