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Uhhg0Vrorprq frghv duh srsxodu lq preloh frppxqlfd0
wlrqv dv d uhvxow ri wkhlu delolw| wr kdqgoh uhodwlyho| orqj
huuru exuvwv1 Wkhvh frghv duh dovr dwwudfwlyh vlqfh wkh| do0
orz H)H ghfrglqj/ d whfkqltxh zklfk lv deoh wr grxeoh wkh
fruuhfwlrq fdsdelolw| ri wkh frgh1 Lq h�hfw/ wklv grxeohv wkh
h�hfwlyh rughu ri glyhuvlw| ri wkh frgh zkhq fkdudfwhuv duh
lqwhuohdyhg/ ohdglqj wr pdmru shuirupdqfh lpsuryhphqwv1
Krzhyhu/ lq rughu wr uhdol}h wkhvh srwhqwldo shuirupdqfh
jdlqv/ wkh hudvxuh �djjlqj pxvw eh h{wuhpho| uholdeoh1

D qxpehu ri hudvxuh �djjlqj phwkrgv kdyh ehhq sur0
srvhg iru frppxqlfdwlrq v|vwhpv zlwk ydu|lqj ghjuhhv ri
vxffhvv1 Vrph ri wkh vfkhphv lqfoxgh wkh xvh ri hqyhorsh
ghwhfwru rxwsxwv lq d qrqfrkhuhqw frppxqlfdwlrq v|vwhp
^4`0^6`1 Dqrwkhu hudvxuh �djjlqj phwkrg lqyroyhv glylglqj
dqg odehoolqj vljqdo frqvwhoodwlrqv lqwr _jrrg% dqg _edg%
uhjlrqv ^7`1 Lw kdv dovr ehhq vkrzq lq ^8` wkdw wkh ihhgedfn
srzhu frqwuro lq d gluhfw vhtxhqfh frgh glylvlrq pxowlsoh
dffhvv +GV0FGPD, v|vwhp fdq eh xvhg lq dq huuru ghwhfw0
lqj dojrulwkp1

Lq wklv sdshu/ zh suhvhqw d qhz zd| wr �dj hudvxuhv/
edvhg rq wkh vlgh lqirupdwlrq surylghg e| slorw vljqdov1 Do0
wkrxjk slorw vljqdov kdyh riwhq ehhq xvhg iru ghwhfwlrq/ ^9`
0 ^;`/ wr gdwh wkh| kdyh qrw ehhq dssolhg wr H)H ghfrglqj1
Zh ghulyh dq rswlpxp fkdudfwhu hudvxuh �djjlqj phwkrg
edvhg rq Ed|hvldq ghflvlrq wkhru|/ xvlqj wkh fkdqqho hv0
wlpdwhv surylghg e| slorw vljqdov dorqj zlwk wkh uhfhlyhg
gdwd vljqdov1 Lq dgglwlrq wr wkh rswlpxp Ed|hvldq whfk0
qltxh/ zh ghvfuleh d vlpsohu phwkrg zklfk �djv hudvxuhv
rq d prgxodwlrq v|pero edvlv1 Erwk wkh Ed|hvldq dqg
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wkh prgxodwlrq v|pero hudvxuh �djjlqj dojrulwkpv fdq eh
hpsor|hg zlwk pdq| prgxodwlrq irupdwv vxfk dv ESVN/
TSVN/ dqg ;SVN/ dqg wkh| fdq dovr eh xvhg lq frqmxqf0
wlrq zlwk glyhuvlw| uhfhswlrq1

Wkh shuirupdqfh ri wkh v|pero hudvxuh �djjlqj dojr0
ulwkp dssurdfkhv wkh rswlpdo Ed|hvldq phwkrg/ dqg erwk
ri wkhvh duh vkrzq wr eh idu vxshulru wr huuruv rqo| gh0
frglqj dqg wr wkh vlpsohvw hudvxuh �djjlqj/ zklfk xvhv
lqvwdqwdqhrxv uhfhlyhg srzhu dorqh1
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D eorfn gldjudp ri wkh v|vwhp lv vkrzq lq Ilj1 41 Wkh
lqsxw gdwd/ e+n,/ fdq eh ESVN/ TSVN/ ru ;SVN1 Wkh gdwd
lv glylghg lqwr iudphv ri T prgxodwlrq v|perov wr fuhdwh
wkh Uhhg0Vrorprq fkdudfwhuv1 el @ +el+4,> el+5,> ===> el+T,,
zkhuh el lv wkh lwk Uhhg0Vrorprq fkdudfwhu1 D Uhhg0
Vrorprq +Q>N, frghu frqyhuwv N lqirupdwlrq fkdudfwhuv
lqwr d eorfn ri Q fkdudfwhuv zkhuh Q A N1

Iroorzlqj wkh UV frghu lv slorw vljqdo lqvhuwlrq dqg
sxovh vkdslqj1 Wkh lqvhuwhg slorw vljqdov surylgh wkh uh0
fhlyhu zlwk fkdqqho hvwlpdwhv/ dqg wkh| fdq wdnh wkh irup
ri hlwkhu slorw wrqhv ^9` ru slorw v|perov ^:`1 Wkh wudqvplw0
whg zdyhirup zklfk lqfoxghv slorw vljqdov lv jlyhq dv=

v+w, @ D

4[

n@�4

f+n,s+w� nW , +4,

zkhuh D lv dq dpsolwxgh idfwru/ s+w, lv d xqlw hqhuj| sxovh/
dqg W lv wkh v|pero gxudwlrq1

Wkh gdwd lv wudqvplwwhg ryhu d qxpehu ri lqghshqghqw
Ud|ohljk �dw idglqj fkdqqhov zlwk dgglwlyh qrlvh1 jo+w, gh0
qrwhv wkh fkdqqho*v frpsoh{ jdlq zklfk lqfoxghv erwk idg0
lqj dqg iuhtxhqf| r�vhw1 Li lvrwurslf vfdwwhulqj lv dvvxphg/



wkh dxwrfruuhodwlrq ixqfwlrq ri hdfk fkdqqho lv ^<`=

Uj+� , @ �5j h{s+m5�ir� ,Mr+5�iG� , +5,

zkhuh ir uhihuv wr wkh iuhtxhqf| r�vhw1 Wkh fkdqqhov duh
frpsoh{ Jdxvvldq zlwk yduldqfh �5j dqg d Grssohu vsuhdg
ri iG1 qo+w, lv wkh dgglwlyh zklwh Jdxvvldq qrlvh +DZJQ,>
lw lv d frpsoh{ Jdxvvldq surfhvv zlwk }hur phdq dqg d
srzhu vshfwudo ghqvlw| ri Q31 Wkh lpsxovh uhvsrqvh ri wkh
pdwfkhg �owhu lv s�+�w,@

s
Qr1 Wkh qrlvh qrupdol}dwlrq

uhvxowv lq DZJQ zlwk xqlw yduldqfh/ �5q @ 41
Wkh vdpsohv dw wkh pdwfkhg �owhu rxwsxw duh jlyhq e|=

uo+n, @
Djo+nW ,s

Qr

f+n, . qo+n, @ xo+n,f+n, . qo+n, +6,

Wkh fkdqqho hvwlpdwh/ yo+n,/ lv dq hvwlpdwhg xo+n, rewdlqhg
iurp slorw vljqdov/ vr wkdw xo+n, @ yo+n,.ho+n,/ zkhuh ho+n,
lv wkh hvwlpdwlrq huuru1 Li yo+n, lv rswlpdo/ wkh yduldqfh ri
wkh hvwlpdwlrq huuru lv plqlpl}hg/ dqg wkh huuru vhtxhqfh lv
xqfruuhodwhg zlwk wkh hvwlpdwh ^43`1 Wkh pdjqlwxgh ri �5h
ghshqgv rq wkh w|sh ri slorw vljqdov xvhg/ dqg wkh dffxudf|
ri wkh lpsohphqwdwlrq1

Wkh uhfhlyhg vdpsohv lq +6, duh frpelqhg zlwk wkh fkdq0
qho hvwlpdwhv wr irup wkh pd{lpxp olnholkrrg +PO, ghfl0
vlrq yduldeohv1

|+n, @
O[

o@4

uo+n,y
�

o +n, +7,

Wkh ghflvlrq yduldeohv/ |+n,/ dw wkh ghwhfwru fdq eh wkuhvk0
roghg wr ghwhfw wkh lqsxw gdwd dqg wr �dj hudvxuhv rq vxvsl0
flrxv fkdudfwhuv1 Vshfl�f wkuhvkroglqj whfkqltxhv iru hud0
vxuh �djjlqj zloo eh glvfxvvhg lq ixuwkhu ghwdlo lq Vhfwlrqv
LLL dqg LY1
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Wkh rswlpxp Ed|hvldq hudvxuh �djjlqj phwkrg sodfhv
d wkuhvkrog rq wkh srvwhulru suredelolw|/ S +fmu>y,1
S +fmu>y, lv wkh suredelolw| ri d UV fkdudfwhu jlyhq vdpsohv
ri uhfhlyhg vljqdov dqg fkdqqho hvwlpdwhv zklfk vsdq wkh
hqwluh fkdudfwhu1 f lqfoxghv wkh T v|perov zklfk frpsrvh
wkh UV fkdudfwhu> u lv d wrwdo ri OT pdwfkhg �owhu rxwsxwv
uhfhlyhg rq O vhsdudwh fkdqqhov> dqg y lqfoxghv OT fkdq0
qho hvwlpdwhv rq wkh O glyhuvlw| fkdqqhov1 Wkh ghfrghg
fkdudfwhu pd{lpl}hv S +fmu>y,1 Li wkh pd{lpxp S +fmu>y,
lv qrw odujh/ dq hudvxuh vkrxog eh �djjhg/ vlqfh wkh sure0
delolw| ri ghfrglqj wkh zurqj UV fkdudfwhu lv uhodwlyho|
kljk1

Wkh srvwhulru suredelolw|/ S +fmu>y,/ fdq eh zulwwhq
lq whupv ri wkh iruzdug suredelolwlhv/ S +umf>y,/ li zh
xvh Ed|hv* wkhruhp dqg dvvxph wkdw wkh fkdudfwhuv duh
htxlsuredeoh1 S +umf>y, fdq wkhq eh zulwwhq lq whupv ri
S +uo+n,mf+n,> yo+n,, e| xvlqj wkh idfw wkdw uo+n, lv lqgh0
shqghqw iru gl�huhqw n dqg o ydoxhv zkhq frqglwlrqhg rq
f+n, dqg yo+n,/ dqg dvvxplqj lqghshqghqw idglqj/ uo+n,
dqg yo+n, duh lqghshqghqw dfurvv wkh fkdqqhov zkhq frq0
glwlrqhg rq f+n,1

Jlyhq f+n, dqg yo+n,/ uo+n, lv Jdxvvldq zlwk phdq

f+n,yo+n, dqg yduldqfh �+n,5 @ mf+n,m5 �5

h
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q
1 Iru ESVN/

TSVN/ dqg ;SVN/ �+n,5 uhpdlqv frqvwdqw iru doo gdwd v|p0
erov1 Wkhuhiruh/ �+n,5 zloo eh uhsodfhg e| �51 Rqfh doo
frpprq whupv duh fdqfhoohg/ S +f
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zkhuh fr lv wkh ghfrghg fkdudfwhu/ fm lv wkh mwk ri 5QeT

fkdudfwhuv/ dqg wkh PO ghflvlrq vwdwlvwlf/ |+n,/ lv jlyhq lq
+7,1 Wkh uhdo dqg lpdjlqdu| frpsrqhqwv ri |+n, duh jlyhq
e| |u+n, @ Uh ^|+n,` dqg |l+n, @ Lp ^|+n,` uhvshfwlyho|1

Iru ESVN/ TSVN/ dqg ;SVN/ lw fdq eh vkrzq wkdw +8,
vlpsol�hv> wkh ghqrplqdwru fdq eh idfwruhg dqg uhzulwwhq
dv d surgxfw ri vxpv1 Vhwwlqj d wkuhvkrog rq wkh orj olnh0
olkrrg uhvxowv lq wkh �qdo irup ri wkh rswlpdo Ed|hvldq
hudvxuh �djjlqj ixqfwlrq1 Wkh rswlpdo hudvxuh �djjlqj
ixqfwlrq iru ESVN lv dv iroorzv=

oq +S +frmu>y,,E @
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+9,
Wkh TSVN dqg ;SVN hudvxuh �djjlqj ixqfwlrqv duh qrw
vkrzq khuh/ exw wkhlu orj olnholkrrgv dovr uhgxfh wr d vlqjoh
vxppdwlrq ryhu wkh T v|perov lq wkh UV fkdudfwhu1

Wkh uhjlrqv lq | vsdfh gh�qhg e| wkh rswlpdo hudvxuh
�djjlqj ixqfwlrq lq +9, duh vkrzq lq Ilj1 51 Iru vlpsolf0
lw|/ wklv �jxuh ghslfwv d ESVN vljqdo zlwk T @ 5 elwv shu
UV fkdudfwhu1 Zlwkrxw orvv ri jhqhudolw| zh dvvxph wkdw
fr @ ^.4>.4`1 Wkh vljqdo lv ghfrghg fruuhfwo| rqo| li lw
rffxslhv wkh | vsdfh lq txdgudqw 4> rwkhuzlvh wkh fkdudf0
whu lv huurqhrxv1 Wkh fxuyhg erxqgdulhv duh lqgxfhg e|
wkh wkuhvkrog rq +9,/ dqg wkh vkdsh ri wkh hudvxuh uhjlrq
fkdqjhv zlwk wkh wkuhvkrog dv fdq eh vhhq lq wkh �jxuh1
Wkh duhdv zklfk ohdg wr idovh dodupv dqg plvvhg huuruv fdq
eh vhhq lq wkh gldjudp iru wkh wkuhvkrog zklfk uhvxowv lq
wkh dssur{lpdwho| gldprqg vkdshg hudvxuh uhjlrq1

Wkuhvkrog sodfhphqw sod|v dq h{wuhpho| lpsruwdqw uroh
lq wkh shuirupdqfh ri dq| H)H ghfrghu> wkhuhiruh/ wkh ehvw
rshudwlqj srlqw iru wkh Ed|hvldq edvhg hudvxuh �djjlqj
zloo eh glvfxvvhg odwhu lq Vhfwlrq YL1 Lq wkh qh{w vhfwlrq d
vlpsohu hudvxuh �djjlqj phwkrg lv glvfxvvhg1
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D vlpsohu hudvxuh �djjlqj phwkrg frqvlvwv ri �djjlqj
hudvxuhv rq d v|pero e| v|pero edvlv1 Wkh UV fkdudfwhu
lv frqvlghuhg wr eh dq hudvxuh li dq| ri lwv v|perov kdyh
ehhq �djjhg/ rq wkh jurxqgv wkdw wkh fkdudfwhu lv lq huuru
li dq| ri lwv v|perov duh lq huuru1 Hvvhqwldoo| zh sodfh
lqglylgxdo wkuhvkrogv rq wkh |+n, ydoxhv ri wkh T v|perov/
udwkhu wkdq d vlqjoh wkuhvkrog rq wkh vxp dv lq +9,1 Wkh
ESVN/ TSVN/ dqg ;SVN v|pero edvhg hudvxuh �djjlqj
ixqfwlrqv duh jlyhq ehorz iru n @ 4>5> ===> T1

WESVN @ plq
n

m|u+n,m +:,

WTSVN @ plq
n

^m|u+n,m > m|l+n,m` +;,
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W;SVN @ plq
n

^m|u+n,m > m|l+n,m > mm|u+n,m � m|l+n,mm` +<,

Wkh hudvxuh uhjlrq vkdsh surgxfhg e| WESVN lv vlplodu
wr wkdw iru fkdudfwhu hudvxuh �djjlqj zlwk d odujh wkuhvk0
rog1 Wkhuhiruh/ lwv vkdsh uhvhpeohv wkh uhjlrq ghvfulehg e|
wkh gdvkhg olqh lq Ilj1 5 zlwk vtxduhg fruqhuv lqvwhdg ri
urxqghg fruqhuv1 Wkh shuirupdqfh ri d UV ghfrghu zlwk
erwk v|pero dqg rswlpdo Ed|hvldq hudvxuh �djjlqj zloo eh
lqyhvwljdwhg lq wkh iroorzlqj wzr vhfwlrqv1

X� ���wv7Y7

D Uhhg0Vrorprq +Q>N, frgh frqvlvwv ri N lqirupdwlrq
fkdudfwhuv dqg +Q �N, sdulw| fkhfn fkdudfwhuv1 UV frghv
duh iruphg e| vhwwlqjQ @ 5QeT�4 dqgN @ 4> 5>6> ===>Q�
4 zkhuh T lv wkh qxpehu ri v|perov lq wkh UV fkdudfwhu/
dqgQe lv wkh qxpehu ri elwv2v|pero1 UV frghv duh fdsdeoh
ri fruuhfwlqj ^+Q �N,@5` huuruv1 Krzhyhu/ li wkh orfdwlrq
ri dq huuru fdq eh suhglfwhg/ wkh UV frgh fdq fruuhfw w
huuruv dqg t hudvxuhv zkhuh wkh huuruv dqg hudvxuhv duh
uhodwhg dv iroorzv= 5w . t @ Q �N @ W 1 Wkhuhiruh/ wzlfh
dv pdq| huuruv fdq eh fruuhfwhg li hdfk huuru orfdwlrq lv
fruuhfwo| lghqwl�hg1 Krzhyhu/ wkh hudvxuh �djjlqj lv huuru
surqh/ dqg wkh wzr w|shv ri huuruv zklfk fdq rffxu duh
idovh dodupv dqg plvvhv1 Lq rughu iru wkh hudvxuh �djjlqj
wr eh dgydqwdjhrxv lw pxvw eh dffxudwh> wkh suredelolw| ri
plvv dqg/ hvshfldoo|/ wkh suredelolw| ri idovh dodup vkrxog
eh nhsw orz1

Wkh suredelolw| ri idovh dodup lv gh�qhg dv wkh sure0
delolw| ri dq hudvxuh jlyhq wkdw wkh fkdudfwhu lv fruuhfw/
Sid @ S +hm�k,/ zkhuh h ghqrwhv dq hudvxuh dqg k lv d fkdu0
dfwhu huuru1 Wkh suredelolw| ri d plvv lv gh�qhg dv wkh
suredelolw| ri qr hudvxuh jlyhq wkdw wkh fkdudfwhu lv lq
huuru/ Sp @ S +�hmk,1 Iru shuihfw lqwhuohdylqj e| hlwkhu
prgxodwlrq v|pero ru e| UV fkdudfwhu/ wkh suredelolw| ri

ghfrghu idloxuh fdq eh zulwwhq dv=

Si @
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t@3
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SwSt
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St +43,

zkhuh wkh suredelolw| ri t hudvxuhv lv St @
�
Q
t

�
S t
h +4 �

Sh,
Q�t/ dqg wkh suredelolw| ri w huuruv lq wkh uhpdlq0

lqj Q � t xq�djjhg srvlwlrqv lv Sw @
�
Q�t
w

�
S +km�h,w+4 �

S +km�h,,Q�t�w1 Khuh Sh uhihuv wr wkh suredelolw| ri d fkdu0
dfwhu hudvxuh zklfk fdq dovr eh fdofxodwhg zlwk wkh elqr0
pldo glvwulexwlrq li shuihfw lqwhuohdylqj e| v|pero lv dv0
vxphg1 Krzhyhu/ UV frghv shuirup ehvw zkhq lqwhuohdyhg
e| fkdudfwhu vlqfh rqh v|pero huuru fdxvhv d UV fkdudfwhu
huuru/ dqg huuruv lq idglqj fkdqqhov whqg wr rffxu lq exuvwv1

Wkh wkhruhwlfdo fdofxodwlrqv iru Si iru erwk fkdudf0
whu dqg v|pero edvhg hudvxuh �djjlqj ehfrph lqfuhdvlqjo|
frpsoh{ zlwk odujh T ydoxhv dqg gdwd zklfk lv lqwhuohdyhg
e| fkdudfwhu1 Wkhuhiruh/ vlpxodwlrqv zloo eh xvhg wr ghwhu0
plqh wkhvh suredelolwlhv1

XY� 7Y�Pw�CY��7

Wkh vlpxodwhg v|vwhp wudqvplwv hdfk fkdudfwhu ryhu
O lqghshqghqwo| idglqj fkdqqhov/ dqg wkh fkdudfwhuv duh
wudqvplwwhg vhsdudwho| lq rughu wr dfklhyh shuihfw lqwhu0
ohdylqj e| fkdudfwhu1 Iodw Ud|ohljk idglqj fkdqqhov duh dv0
vxphg zlwk d iuhtxhqf| r�vhw ri }hur dqg d Grssohu vsuhdg
ri iGW @ 3=34 zkhuh W lv wkh v|pero gxudwlrq1 DZJQ
zlwk xqlw yduldqfh lv dgghg wr wkh vljqdo/ dqg wkh pdwfkhg
�owhu shuirupv qrlvh qrupdol}dwlrq e| glylglqj wkurxjk e|s
Q31 Lq wkh vlpxodwlrqv/ Slorw V|pero Dvvlvwhg Prgxod0

wlrq +SVDP, ^:` lv xvhg wr jhqhudwh wkh fkdqqho hvwlpdwhv
iru erwk ghwhfwlrq dqg hudvxuh �djjlqj1 Wkh slorw v|pero
iudph ohqjwk lv vhw wr I @ 49/ dqg wkh lqwhusrodwru ohqjwk
lv htxdo wr 441

Wkh suredelolwlhv ri idovh dodup/ plvv/ dqg fkdudfwhu
huuru duh ghwhuplqhg e| frpsxwhu vlpxodwlrq iru wkuhh gli0
ihuhqw w|shv ri hudvxuh �djjlqj= fkdudfwhu/ v|pero/ dqg
frqyhqwlrqdo hudvxuh �djjlqj zklfk lv edvhg rq wkh lq0
vwdqwdqhrxv uhfhlyhg srzhu dorqh1 Rqfh wkh dssursuldwh
hudvxuh �djjlqj ixqfwlrq lv fdofxodwhg/ lw lv wkuhvkroghg wr
�dj hudvxuhv rq wkh UV fkdudfwhuv1 D udqjh ri wkuhvkrogv
lv lpsohphqwhg/ dqg wkh idovh dodup udwh dqg plvv udwh
duh fdofxodwhg dw hdfk wkuhvkrog1 Wkh rswlpdo wkuhvkrog lv
fkrvhq dv wkh rqh zklfk uhvxowv lq wkh plqlpxp ghfrghu
idloxuh suredelolw|1

Ilj1 6 frqwdlqv vlpxodwhg suredelolw| ri ghfrghu idlo0
xuh sorwv iru d ESVN vljqdo wudqvplwwhg ryhu rqh fkdqqho
lq d UV+64/4<, frgh dqg lqwhuohdyhg e| fkdudfwhu1 Wkh
Srzhu/ V|pero/ dqg Fkdudfwhu fxuyhv ghslfw uhvxowv re0
wdlqhg dw wkh rswlpdo wkuhvkrog iru hdfk �djjlqj ixqf0
wlrq/ dqg huuruv0rqo| ghfrglqj lv htxlydohqw wr vhwwlqj wkh
wkuhvkrog wr }hur1 Wkh	8 gE VQU Huuru fxuyhv zloo eh glv0
fxvvhg odwhu lq wklv vhfwlrq1 Dv fdq eh vhhq iurp Ilj1 6/ wkh
v|pero dqg fkdudfwhu hudvxuh �djjlqj phwkrgv jlyh doprvw
lghqwlfdo shuirupdqfh/ dqg wkh| erwk rxwshuirup huuruv0
rqo| ghfrglqj dqg wkh lqvwdqwdqhrxv srzhu dssurdfk1 Wkh
uhdvrq wkdw wkh fkdudfwhu dqg v|pero edvhg dssurdfkhv



0 5 10 15 20 25 30 35 

SNR (dB) 

10 -15 

10 -14 

10 -13 

10 -12 

10 -11 

10 -10 

10 -9 

10 -8 

10 -7 

10 -6 

10 -5 

10 -4 

10 -3 

10 -2 

10 -1 

10 0 
P

(fa
il)

 

Errors Only 
Power 
Symbol 

Character 

-5 dB SNR Error 
+5 dB SNR Error 

6�}� �� �hLM@M�*�|) Lu _iUL_ih u@�*�hi uLh @ +5E��c�b� UL_i�

surgxfh vlplodu uhvxowv lv ehvw xqghuvwrrg e| frpsdulqj
wkhlu hudvxuh uhjlrqv +vhh Ilj1 5,1 Wkh fkdudfwhu hudvxuh
�djjlqj shuirupv ehvw zlwk d uhodwlyho| odujh wkuhvkrog1
Wkhuhiruh/ lwv hudvxuh uhjlrq kdv d vlplodu vkdsh wr wkdw
surgxfhg e| wkh v|pero edvhg hudvxuh �djjlqj +vhh Vhf0
wlrq LY,1 Lq idfw/ lw lv rqo| lq odwhu �jxuhv dw orz VQU wkdw
vljql�fdqw gl�huhqfhv fdq eh revhuyhg1

Vlqfh dq| H)H ghfrghu*v shuirupdqfh ghshqgv rq
wkuhvkrog sodfhphqw/ wkh vhqvlwlylw| ri wkh ghfrghu wr d
plvsodfhg wkuhvkrog lv dq lpsruwdqw idfwru1 Wkh rswlpdo
wkuhvkrog ydulhv zlwk VQU> wkhuhiruh/ wkh VQU pxvw eh hv0
wlpdwhg lq rughu wr sodfh wkh wkuhvkrog1 Vhqvlwlylw| whvwv
zhuh shuiruphg iru erwk v|pero dqg fkdudfwhu hudvxuh �dj0
jlqj> krzhyhu/ vlqfh erwk ri wkhvh phwkrgv rxwshuirup wkh
lqvwdqwdqhrxv srzhu dssurdfk/ qr vhqvlwlylw| whvwv zhuh h{0
hfxwhg iru wkh srzhu phwkrg1 Wkh VQU zdv plvmxgjhg e|
	8 gE lq rughu wr ghwhuplqh wkh vhqvlwlylw| ri d plvsodfhg
wkuhvkrog1 Ilj1 6 frqwdlqv wkh 	8 gE uhvxowv iru v|pero
hudvxuh �djjlqj1 Dv fdq eh vhhq iurp wklv �jxuh/ wkh v|p0
ero hudvxuh �djjlqj phwkrg lv uhodwlyho| lqvhqvlwlyh wr wkh
plvsodfhg wkuhvkrogv1 Wkh	8 gE whvw iru fkdudfwhu hudvxuh
�djjlqj surgxfhg vlplodu uhvxowv1 Vlqfh shuirupdqfh ri
erwk ri wkh sursrvhg phwkrgv uhpdlqv vwdeoh zlwk wkuhvk0
rogv sodfhg e| plvmxgjhg VQUv/ doo iroorzlqj frpsdulvrqv
duh pdgh edvhg rq uhvxowv rewdlqhg dw rswlpdo wkuhvkrogv1

Iljv1 7 dqg 8 vkrz wkh jdlqv dfklhyhg e| wkh ydul0
rxv H)H ghfrglqj phwkrgv1 Wkh jdlq lv gh�qhg dv wkh
dprxqw ri VQU vdyhg e| xvlqj H)H dv rssrvhg wr huuruv0
rqo| ghfrglqj1 Lq wkhvh sorwv/ wkh jdlq lv sorwwhg djdlqvw
wkh rshudwlqj VQU1 Wkh udqjh ri VQUv fkdqjhv iru wkh
wzr sorwv vlqfh zh rqo| sorw wkh jdlqv iru ghfrghu idloxuh
suredelolwlhv juhdwhu wkdq ru htxdo wr 43�481 D �iwk rughu
sro|qrpldo kdv ehhq �wwhg wr wkh gdwd lq rughu wr vprrwk
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wkh fxuyhv ghslfwlqj wkh H)H jdlqv1 Ilj1 7 frqfhqwudwhv rq
ESVN prgxodwlrq/ dqg lw ghvfulehv wkh h�hfw ri frgh udwh
rq wkh jdlq dfklhyhg e| wkh H)H ghfrglqj iru 80v|pero
fkdudfwhuv/ ru UV+64/N, frghv1 Wkh gl�huhqfh ehwzhhq wkh
slorw v|pero phwkrgv dqg wkh srzhu phwkrg uhpdlqv uho0
dwlyho| frqvwdqw zlwk d fkdqjh lq frgh udwh1 Wkh vlpx0
odwlrqv iru 90v|pero dqg ;0v|pero fkdudfwhuv/ UV+96/N,
dqg UV+588/N, frghv/ vkrz wkdw wkh gl�huhqfh ehwzhhq
wkh slorw v|pero phwkrgv dqg wkh srzhu phwkrg uhpdlqv
dssur{lpdwho| frqvwdqw zlwk d frgh udwh fkdqjh dw orzhu
VQUv1 Krzhyhu/ dv wkh VQU lqfuhdvhv/ wklv gl�huhqfh df0
wxdoo| ehfrphv odujhu iru wkh kljkhu frgh udwh1 Lw fdq dovr
eh vhhq iurp Ilj1 7 wkdw wkh jdlq uhvxowlqj iurp srzhu
hudvxuh �djjlqj ghfuhdvhv dv wkh VQU lqfuhdvhv1 Wklv lv
ehfdxvh wkh shufhqwdjh ri huuruv gxh wr Grssohu vsuhdg
lv odujhu dw kljk VQUv dv zh hqwhu wkh huuru �rru uhjlrq1
Vlqfh srzhu edvhg hudvxuh �djjlqj grhv qrw wdnh Grssohu
vsuhdg lqwr dffrxqw/ lwv delolw| wr �dj hudvxuhv dqg rxwshu0
irup huuruv0rqo| ghfrglqj ghjudghv dv wkh VQU lqfuhdvhv1

H{shulphqwv zhuh dovr shuiruphg zklfk lqyhvwljdwhg
wkh h�hfw ri frgh ohqjwk rq wkh ydulrxv H)H ghfrglqj
phwkrgv1 Lq jhqhudo/ dv wkh frgh ohqjwk lqfuhdvhv/ wkh
H)H ghfrglqj jdlq ghfuhdvhv1 Lw fdq eh vhhq iurp Ilj1 7
wkdw iru 8 v|pero fkdudfwhuv wkh jdlq uhvxowlqj iurp slorw
v|pero H)H uhdfkhv ;0< gE dw wkh kljkhu VQUv zkhq wkh
suredelolw| ri ghfrghu idloxuh lv derxw 43�481 Zkhq wkh
qxpehu ri v|perov shu fkdudfwhu lv lqfuhdvhg/ wkh jdlq dw
d ghfrghu idloxuh suredelolw| ri 43�48 lv 90: gE iru 9 v|pero
fkdudfwhuv dqg derxw 7 gE iru ; v|pero fkdudfwhuv1 Dq0
rwkhu zd| wr orrn dw wklv wuhqg lv wkdw dv wkh frgh ohqjwk
ghfuhdvhv/ wkh v|vwhp*v ryhudoo shuirupdqfh ehjlqv wr gh0
judgh/ exw wkh jdlq uhvxowlqj iurp H)H ghfrglqj lqfuhdvhv/
khoslqj wr nhhs shuirupdqfh dw dq dffhswdeoh ohyho1
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Ilj1 8 vkrzv wkh h�hfw ri prgxodwlrq v|pero irupdw>
lw frqwdlqv sorwv ri wkh jdlq zlwk uhvshfw wr huuruv0rqo| gh0
frglqj iru ESVN/ TSVN/ dqg ;SVN vljqdov lq UV+96/7:,
frghv1 Orz VQU uhvxowv kdyh ehhq rplwwhg iru wkh ;SVN
uhvxowv vlqfh wkh| duh hvwlpdwhg dorqj wkh �dw sruwlrq ri wkh
suredelolw| ri idloxuh fxuyhv dqg duh wkhuhiruh xquholdeoh1
Dv fdq eh vhhq iurp Ilj1 8/ dv pruh elwv duh pdsshg lqwr
hdfk prgxodwlrq v|pero/ wkh srzhu phwkrg dssurdfkhv
wkh slorw v|pero phwkrgv1 Dv wkh qxpehu ri elwv shu v|p0
ero lqfuhdvhv/ wkh srzhu lv hvwlpdwhg ryhu ihzhu v|perov/
dqg d gh�flhqw v|pero lv ohvv olnho| wr eh pdvnhg e| dg0
mdfhqw vwurqjhu rqhv1 Krzhyhu/ dv fdq eh vhhq iurp wklv
judsk/ erwk ri wkh slorw v|pero phwkrgv frqvlvwhqwo| rxw0
shuirup wkh srzhu hudvxuh �djjlqj1

Vlpxodwlrqv zhuh dovr uxq iru d v|vwhp zlwk pruh wkdq
rqh fkdqqho1 D jdlq ri dssur{lpdwho| 6 gE zdv dfklhyhg
iru d ghfrghu idloxuh suredelolw| ri 43�481 Hyhq wkrxjk wkh
ryhudoo jdlqv duh orzhu iru d v|vwhp zklfk xvhv glyhuvlw|/
slorw v|pero H)H vwloo rxwshuirupv wkh hudvxuh �djjlqj
zklfk xvhv rqo| uhfhlyhg srzhu1

XYY� ����wP7Y��7

Wr frqfoxgh/ hudvxuh �djjlqj edvhg rq slorw vljqdov kdv
wkh fdsdelolw| wr lpsuryh wkh shuirupdqfh ri d wudglwlrqdo
Uhhg0Vrorprq ghfrghu1 Wkh vlpxodwlrq uhvxowv vkrz wkdw
wkh v|pero edvhg hudvxuh �djjlqj shuirupv yhu| qhdu wkh
rswlpdo Ed|hvldq phwkrg1

Erwk ri wkh slorw vljqdo hudvxuh �djjlqj phwkrgv frq0
vlvwhqwo| rxwshuirup erwk huuruv0rqo| ghfrglqj dqg H)H
ghfrglqj zklfk xvhv lqvwdqwdqhrxv uhfhlyhg srzhu dorqh1
Wkh xvh ri slorw vljqdov lq H)H ghfrglqj uhvxowv lq d jdlq
ri dssur{lpdwho| ;0< gE iru uhodwlyho| vkruw ESVN frghv
zkhq wkh suredelolw| ri ghfrghu idloxuh lv derxw 43�481 Dv

wkh frgh ohqjwk lqfuhdvhv/ dqg wkh ryhudoo v|vwhp*v shuiru0
pdqfh lpsuryhv/ wkh jdlq iurp slorw vljqdo hudvxuh �dj0
jlqj ghfuhdvhv1 Krzhyhu/ wkhvh jdlqv duh vwloo deoh wr uhdfk
ehwzhhq 70: gE1 Dv pruh elwv duh pdsshg lqwr hdfk prg0
xodwlrq v|pero/ wkh shuirupdqfh ri srzhu edvhg hudvxuh
�djjlqj ehjlqv wr dssurdfk wkh slorw vljqdo phwkrgv1 H)H
ghfrglqj dovr frqwlqxhv wr lpsuryh v|vwhp shuirupdqfh lq
glyhuvlw| uhfhswlrq1 Wkh ryhudoo jdlqv duh vpdoohu> krzhyhu/
wkh slorw vljqdo edvhg hudvxuh �djjlqj rqfh djdlq suryhv wr
eh wkh prvw dffxudwh phwkrg1

-jujijAWjt

d�o �� `� �@�4 @?_ �� �� ��ht*i)c R�@)it�@? �i|�L_t uLh ,h@�
t�hi W?tih|�L? �? 6hi^�i?U)�OLT �L44�?�U@|�L? 5)t|i4t ��|�
�@h|�@*��@?_ W?|ihuihi?Uic� W,,, Ah@?t� �L44�?�c �L*� efc TT�
�2����2�Hc a�*) �bb2�

d2o �� `� �@�4 @?_ �� �� ��ht*i)c R�@)it�@? Bi?ih@|�L? Lu #iTi?�
_i?| ,h@t�hit uLh 6hi^�i?U)�OLT �L44�?�U@|�L?t @?_ 6@_�?}
��@??i*tc� W,,, Ah@?t� �L44�?�c �L*� eec TT� �.2f��.2bc #iU�
�bbS�

d�o �� `� �@�4 @?_ �� 5� `�*!�?tc R,h@t�hi Bi?ih@|�L? @?_ W?�
|ih*i@��?} uLh �i|iLh���ht| �L44�?�U@|�L?t ��|� 6� i_�+@|i
@?_ V@h�@M*i�+@|i �L_�?}c� W,,, Ah@?t� �L44�?�c �L*� eDc
TT� S2D�S2Hc a�?i �bb.�

deo 5� k� `�*tL?c a� �� �� ��?}�@4c �� �@**Lh)c @?_ a� �� ��L�c
R,h@t�hi A@}}�?} �? @ 5*L� +@)*i�}��6@_�?} ,?��hL?4i?|c�
�L?u� +iU�c W,,, B*LMiUL4c �L*� 2c TT� bHe�bHHc �bbe�

dDo �� v� @?_ a� O� wiic RO)Mh�_ �+" 5U�i4i Nt�?} W?|ih*i@�i_
+ii_�5L*L4L? �L_it �? @ �L�ih��L?|hL**i_ #5��#�� �i**�*@h
5)t|i4c� W,,, Ah@?t� Vi�� AiU�?L*�c �L*� eDc TT� SH��SH.c �L��
�bbS�

dSo a� �� �UBii�@? @?_ �� a� �@|i4@?c R��@ti wLU!i_ Ah@?tT@h�
i?| AL?i��?��@?_ EAAW��G � �i� 5TiU|h�4 �L?�}�h@|�L? �@h�
|�U�*@h*) 5��|i_ |L |�i Ah@?t4�tt�L? Lu #@|@ ��ih 55� �LM�*i
+@_�L �i|�Lh!tc� W,,, Ah@?t� �L44�?�c �L*� �����2c TT�
H��H.c a@?� �bHe�

d.o a� k� �@�ihtc R�? �?@*)t�t Lu ��*L| 5)4ML* �tt�t|i_ �L_�*@|�L?
uLh +@)*i�}� 6@_�?} ��@??i*tc� W,,, Ah@?t� Vi�� AiU�?L*�c �L*�
efc TT� SHS�Sb�c �L�� �bb��

dHo �� OL @?_ a� O� k�4c R��*L| 5)4ML*��tt�t|i_ #i|iU|�L? Lu ���
5U�i4it �Tih@|�?} �? 6@t| 6@_�?} ��@??i*tc� W,,, Ah@?t�
�L44�?�c �L*� eec TT� ��.��e.c �@h� �bbS�

dbo `� �� v� wiic �LM�*i �L44�?�U@|�L?t ,?}�?iih�?}� �i� vLh!G
�UBh@��O�**c �bH2�

d�fo �� Biht�L @?_ +� �� Bh@)c ViU|Lh "�@?|�3@|�L? @?_ 5�}�
?@* �L4Thitt�L?� �@tt@U��ti||tG k*��ih �U@_i4�U ��M*�t�ihtc
�bb2�

d��o a� B� �hL@!�tc #�}�|@* �L44�?�U@|�L?t� �i� vLh!G �UBh@��
O�**c �bHb�


