
4

�������� �	 
�������� ����� ����������� ��
������

�� �� ����� 	� 
� ������������ �� 	����������� 	� ��������� ��� �� ��� �������

�Mt|h@U|Q �@h|t Lu |�i +W�, ��� 4i@t�hi4i?|t Lu |�i
i?_�|L�i?_ _i*@) Mi|�ii? @ tL�hUi @?_ _it|�?@|�L? EL? @
tTiU��U _@)� �@�i Mii? @?@*)ti_� � U*@tt��U@|�L? Lu |�i ?��
4ihL�t ��t|L}h@4t Lu |�i i?_�|L�i?_ _i*@) Lu @ � i_ T@|�
_i4L?t|h@|it |�@| @ML�| HeI @hi |)T�U@* ��t|L}h@4t TLttitt�
�?} @ B@44@�*�!i t�@Ti ��|� t�Mi TL?i?|�@* ELh �i@�)� |@�*�
6�h|�ihc |�i _i|ih4�?�t|�U UL4TL?i?| Lu |�i i?_�|L�i?_ _i�
*@) �t �?�it|�}@|i_ @?_ 4i@t�hi_ �? @ tTiU��Uc �?*L@_i_ i?�
��hL?4i?|� 6hL4 |�i *@||ih 4i@t�hi4i?|c |�i _i*@) U@�ti_
M) L?i hL�|ih �t it|�4@|i_ @?_ �ti_ |L ThL_�Ui |�i t�44@�
h�3�?} |@M*i VW Mi*L�� A�i 4i|�L_ Lu UL4M�?�?} @ |h@�i*�
T*@??ih @?_ |�i |h@Ui�hL�|it |L UL4T�|i @? it|�4@|i Lu |�i
*i?}�| Lu @ T@|� tii4t hi@tL?@M*i @t ?L UL?|h@_�U|�L?t ��|�
|�i UL4T�|i_ @?_ 4i@t�hi_ i?_�|L�i?_ _i|ih4�?�t|�U _i*@)
@hi i?UL�?|ihi_�

ki)�Lh_tQW?|ih?i|c i?_�|L�i?_ _i*@)c 4i@t�hi4i?|t

Y� YA|iNa�W|�NA

Wkh lqwhuhvw lq dffxudwh hqg0wr0hqg ghod| phdvxuhphqwv
lv wzrirog1 Iluvw dqg prvw lpsruwdqw/ ghsor|phqw ri uhdo0
wlph vhuylfhv +vxfk dv YrLS ^;`, qhfhvvlwdwhv ghod| frq0
vwudlqwv wr eh phw1 Wkh nqrzohgjh ri wkh ghod| glvwulex0
wlrq dorqj sdwkv lq wkh Lqwhuqhw doorzv xv wr yhuli| zkhwkhu
wkhvh TrV uhtxluhphqwv fdq eh phw dqg/ dowhuqdwlyho|/ krz
wr uh0glphqvlrq sdwkv ru uhghvljq qhwzrun sduwv wkdw fxu0
uhqwo| idlo wr r�hu dffhswdeoh ghod| erxqgv1 Vhfrqg/ iurp d
pruh dfdghplf srlqw ri ylhz/ wkhvh hqg0wr0hqg ghod| phd0
vxuhphqwv pd| ohduq derxw wkh xqghuo|lqj surshuwlhv ri
wkh fxuuhqw Lqwhuqhw/ lq sduwlfxodu/ wkh wrsrorj| dqg wud�f
sdwwhuq1
Khuh/ uhvxowv ri dq dqdo|vlv ri hqg0wr0hqg ghod| phdvxuh0

phqwv shuiruphg e| ULSH QFF +wkh ULSH Whvw Wud�f
Phdvxuhphqwv +WWP, Surmhfw, duh suhvhqwhg1 Wkh ULSH
phdvxuhphqw frq�jxudwlrq lv ghvfulehg lq ghwdlo lq ^7`1
Derxw 73 whvwer{hv duh vfdwwhuhg ryhu Hxursh +dqg d ihz lq
wkh XV dqg Qhz ]hdodqg,/ phdvxulqj dffxudwho| +zlwklq 43
�v, wkh rqh0zd| ghod| ehwzhhq hdfk sdlu ri er{hv dqg wkh
wudfh0urxwhv1 Wkhvh phdvxuhphqwv duh shuiruphg uhjxoduo|
ryhu wlph1 Wkh remhfwlyh ri wklv duwlfoh lv wr xqghuvwdqg
wkh ydulrxv gl�huhqw hqg0wr0hqg ghod| klvwrjudpv ryhu �{hg
sdwkv ehwzhhq d sdlu ri er{hv1 Iluvw/ d wd{rqrp| ri gl�hu0
hqw hqg0wr0hqg ghod| glvwulexwlrqv +qrupdol}hg klvwrjudp,
lv suhvhqwhg lq vhfwlrq LLL1 Wkh pdlq revhuydwlrq lv wkdw
derxw ;7( ri wkhvh glvwulexwlrqv duh w|slfdo/ srvvhvvlqj d
Jdppd0olnh vkdsh dqg d khdy| wdlo1 D prgho dqg pruh
ghwdlohg dqdo|vlv ri wkhvh w|slfdo hqg0wr0hqg ghod| glvwulex0
wlrqv lv irxqg hovhzkhuh ^9`1 Wkh uhpdlqlqj 49( frqvlvwv ri
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d0w|slfdo ru dqrpdorxv hqg0wr0hqg glvwulexwlrqv1 D vhfrqg
sduw +vhfwlrq LY, lv ghyrwhg wr d vwxg| ri wkh plqlpxp
ghod|1 Ehiruh wxuqlqj wr erwk sduwv/ zh eulh�| ryhuylhz
dqg gh�qh wkh vhyhudo frpsrqhqwv ri wkh hqg0wr0hqg ghod|
lq vhfwlrq LL1
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Lq wkh ULSH phdvxuhphqw frq�jxudwlrq/ �{hg vl}h LS
sureh0sdfnhwv ri 433 e|whv duh vhqw iurp d vrxufh wr d
ghvwlqdwlrq phdvxuhphqw er{1 Wkh gl�huhqfh ehwzhhq wkh
wlphvwdpsv ri ghsduwxuh dw wkh vrxufh dqg duulydo dw wkh
ghvwlqdwlrq er{ duh whuphg dv wkh hqg0wr0hqg ghod| ri wkh
LS sureh0sdfnhw1 D klvwrjudp frqwdlqv derxw 5493 phd0
vxuhphqwv shu gd| shu sdwk1
Eurdgo|/ wkh frpsrqhqwv ri wkh hqg0wr0hqg ghod| G fdq

eh glylghg lqwr irxu pdlq fdwhjrulhv=
� Surfhvvlqj ghod| Gs= Wkh wlph qhhghg wr surfhvv d
sdfnhw dw hdfk qrgh dqg suhsduh lw iru +uh,wudqvplvvlrq1
Wkh surfhvvlqj ghod| lv ghwhuplqhg e| wkh frpsoh{lw| ri
wkh surwrfro vwdfn/ wkh frpsxwdwlrqdo srzhu dydlodeoh dw
hdfk qrgh dqg wkh olqn gulyhu +ru lqwhuidfh fdug,1 Surfhvv0
lqj ghod|v duh ghwhuplqhg e| wkh dydlodeoh kdugzduh dqg
duh kdugo| d�hfwhg e| wkh wud�f1 Krzhyhu/ wkh surfhvvlqj
ghod| Gs lv lq jhqhudo d vwrfkdvwlf udqgrp yduldeoh ehfdxvh
lw lv qrw suhflvho| wkh vdph iru hdfk sureh0sdfnhw gxh wr
yduldelolw| lq wdvnv shuiruphg lq wkh urxwhu1 Wkhuhiruh/ zh
vsolw wkh surfhvvlqj ghod| lqwr d ghwhuplqlvwlf Gsg dqg d
vwrfkdvwlf frpsrqhqw Gsv> dv Gs @ Gsv .Gsg1
� Wudqvplvvlrq ghod| Gw= Wkh wlph qhhghg wr wudqvplw
dq hqwluh sdfnhw +ru iudph/ elw wudlq,/ iurp �uvw elw wr odvw
elw/ ryhu d frppxqlfdwlrq olqn1 Wkh wudqvplvvlrq ghod| Gw

lv glfwdwhg sulpdulo| e| wkh olqn vshhgv ru fdsdflw|1 Iru
hdfk sureh0sdfnhw/ wkh wudqvplvvlrq ghod| fdq eh uhjdughg
dv ehlqj wkh vdph1
� Sursdjdwlrq ghod| Ghz= Wkh wlph wr sursdjdwh d elw
wkurxjk wkh frppxqlfdwlrq olqn1 Wkh sursdjdwlrq ghod|
Ghz lv ghwhuplqhg e| wkh wudyho wlph ri dq hohfwurpdjqhwlf
zdyh wkurxjk wkh sk|vlfdo fkdqqho ri wkh frppxqlfdwlrq
sdwk dqg lv lqghshqghqw ri dfwxdo wud�f rq wkh olqn1 Wkh
sursdjdwlrq ghod| Ghz fdq eh vljql�fdqw dv/ iru lqvwdqfh/
lq vdwhoolwh olqnv ru wudqv0Dwodqwlf olqnv1
� Txhxhlqj ghod| Gt= Wkh zdlwlqj wlph ri sdfnhwv lq wkh
ex�hu ri urxwhuv ehiruh wudqvplvvlrq1 Wkh txhxhlqj ghod|v
ghshqg rq wkh ghwdlov ri wkh vzlwfklqj ideulf lq urxwhuv
+ru orzhu od|hu vzlwfkhv,1 Wkh txhxhlqj ghod| lv w|slfdoo|
vwrfkdvwlf lq qdwxuh gxh wr lqwhuihuhqfh ri wkh sureh0sdfnhw
zlwk rwkhu LS sdfnhwv rq +sduwv ri, wkh sdwk1
Iurp d phdvxuhphqw srlqw ri ylhz/ wkh hqg0wr0hqg ghod|

ryhu d �{hg sdwk lv ehvw vhsdudwhg lqwr wzr frpsrqhqwv/
d ghwhuplqlvwlf +ru �{hg, ghod| Gg dqg d vwrfkdvwlf gh0
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od| Gv1 Wklv vhsdudwlrq lv looxvwudwhg lq Iljxuh 4 zkhuh
wkh klvwrjudp ri d w|slfdo hqg0wr0hqg ghod| rq d olqn iurp
Dpvwhugdp wr Orqgrq lv vkrzq1
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E| frpelqlqj wkh wzr gl�huhqw phwkrgv ri vhsdudwlrq
lqwr ghod| frpsrqhqwv/ zh kdyh

Gg @ Gsg .Gw .Ghz

Gv @ Gsv .Gt

Wkh vhtxho Gswg @ Gsg.Gw lv wuhdwhg dv d vlqjoh ghwhu0
plqlvwlf frpsrqhqw ehfdxvh lw lv gl�fxow wr ghfrpsrvh d
ghwhuplqlvwlf ghod| lqwr wkh deryh wkuhh frpsrqhqwv/ exw
uhodwlyho| hdv| lqwr wzr frpsrqhqwv Gswg dqg Ghz1 Lw lv
dovr srvvleoh wr vsolw Gswg lqwr wzr rwkhu frpsrqhqwv= wkh
surfhvvlqj0 dqg wudqvplvvlrq ghod| dw wkh hqg0srlqwv Gww

dqg wkh wrwdo surfhvvlqj0 dqg wudqvplvvlrq ghod| lq wkh lq0
whuphgldwh urxwhuv Go/ dovr fdoohg odwhqf|1 Wkh odvw vsolw ri
Gswg @ Gww .Go zloo eh xvhg lq wkh qh{w sdudjudskv1 Vhf0
wlrq LY zloo ixuwkhu frqfhqwudwh rq Gg/ zkloh Gv lv wuhdwhg
lq ^9`1

YYY� CB!NAN6+ Nu jAa�|N�jAa aj,B+ a�t|i�O�|�NAt�

Zh kdyh vhsdudwhg wkh phdvxuhg gdwd iurp 8 Pdufk 5334
shu �{hg sdwk +l1h1 vdph sdwk yhfwru h{wudfwhg iurp wkh
wudfh0urxwhv, iru hdfk whvw er{ sdlu +vdph vrxufh2wdujhw
whvw er{hv,1 Iru hdfk whvw er{ sdlu/ rqo| wkh qrupdol}hg
ghod| glvwulexwlrq ri wkh grplqdqw sdwk zdv frqvlghuhg1
Wkh grplqdqw sdwk lv iroorzhg e| prvw LS sureh0sdfnhwv
gxulqj wkdw gd|1 Lq wrwdo <96 qrupdol}hg ghod| glvwulex0
wlrqv kdyh ehhq wdnhq lqwr dffrxqw1 Wkh edvlf revhuydwlrq
lv wkdw prvw ri wkh glvwulexwlrqv vkrz d w|slfdo Jdppd0
olnh vkdsh zlwk d khdy| wdlo1 Wkhvh w|slfdo glvwulexwlrqv
duh vwxglhg hovhzkhuh ^9`1 Wkrvh zlwk d0w|slfdo ehkdylru
duh riwhq rffxuulqj lq sdwkv zlwk hlwkhu d vdph vrxufh ru
wdujhw whvw er{1 Wkh xqghuo|lqj sk|vlfv iru wkhvh dqrpd0
orxv hqg0wr0hqg ghod| glvwulexwlrqv lv vwloo ehlqj lqyhvwl0
jdwhg1 Ehorz zh fdwhjrul}hg wkrvh d0w|slfdo glvwulexwlrqv
lqwr vhyhudo fodvvhv1
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Fodvv D= Jdppd0olnh vkdsh zlwk khdy| wdlo1

Iru wklv w|slfdo fodvv/ wkh sgi +suredelolw| ghqvlw| ixqf0
wlrq, ghod| ghfd|v vorzhu wkdq dq h{srqhqwldo1 Wkhuh duh
lqglfdwlrqv wkdw wkh wdlo iroorzv d srzhu odz/ Su^G A {` �
{�e1 Zh irxqg wkdw ;7( ri wrwdo <96 qrupdol}hg ghod|0
glvwulexwlrqv ehorqj wr wklv fodvv1 Iljxuh 5 lv dq h{dpsoh ri
wklv glvwulexwlrq dqg fohduo| uhvhpeohv d jdppd0olnh vkdsh1
Rq grxeoh0orj d{hv wkh wdlo ri wkh +qrupdol}hg, klvwrjudp
ru sgi fdq eh dssur{lpdwhg e| d vwudljkw olqh/ zlwk vorsh
o|lqj ehwzhhq 04 dqg 061 Wkh �wwlqj ri 63 sdwkv ri wklv fodvv
rq d orj0olqhdu vfdoh zlwk d k|shuerolf vkdsh ri d m{� fm�e
ohdgv wr vkdsh idfwruv e durxqg 319 0 4131
Wklv khdy| wdlo ehkdylru vhhp wr djuhh zlwk hduo| uhsruwv

rq vhoi0vlplodulw| ri ZDQ wud�f +vhh ^4` dqg iru wkh lq�x0
hqfh ri WFS rq wkh vhoi0vlplodu vwuxfwxuh ^<`,1 Shukdsv/ qrw
vxusulvlqjo| ehfdxvh prvw ZDQ wud�f ^:` frqvlvw ri prvw
srsxodu Lqwhuqhw dssolfdwlrqv olnh ZZZ dqg IWS1

Fodvv E= Jdppd0olnh zlwk Jdxvvldq ru wuldqjoh ore

Dv h{hpsol�hg lq Iljxuh 6/ wkh sgi kdv d plqlpxp/ udlvhv
idvw zlwk d kljk h{srqhqwldo udwh wr uhdfk wkh pd{lpxp dqg
wkhq ghfd|v1 Wkh ghfd| lv vorzhu wkdq h{srqhqwldo udwh1 Dw
wkh hqg lw udlvhv djdlq dqg ghfd|v zlwk d vorz vorsh1 Wkh
vhfrqg pd{lpxp lv orzhu wkdq wkh �uvw rqh1 Wkh vhfrqg
exeeoh frxog eh d Jdxvvldq ru wuldqjoh vkdsh1 Zh irxqg
wkdw 916( ri <96 qrupdol}hg ghod|0glvwulexwlrqv ehorqj wr
wklv fodvv E1 Rxu �uvw lpsuhvvlrq zdv wkdw zh kdg wr idfh
d qhz ghod| ehkdylru1 Krzhyhu/ Iljxuh 7 vkrzv wkdw wkh
exeeoh lq wkh wdlo lv fdxvhg e| sdfnhwv vhqw ehwzhhq < DP
dqg < SP1 Wudfh urxwh uhfrugv grq*w vkrz sdwk vzlwfklqj
durxqg wkdw wlph1 Krzhyhu/ wkh wudfh0urxwhv duh shuiruphg
whq wlphv shu krxu1 Li wkhuh rffxu +vkruw, sdwk yduldwlrqv
lq ehwzhhq wzr frqvhfxwlyh wudfh0urxwh phdvxuhphqw/ gh0
od| phdvxuhphqwv ri wzr gl�huhqw sdwkv fdq jhw pl{hg/
suhvxpdeo| ohdglqj wr fodvv E dqrpdolhv1

Fodvv F= 5 jdppd0olnh glvwulexwlrqv

Iljxuh 8 orrnv olnh 5 fodvv D glvwulexwlrqv vkliwhg ryhu
vrph wlph1 Derxw 51;( ri <96 qrupdol}hg ghod|v glvwulex0
wlrqv duh ri wklv fodvv1 Iurp h{dplqdwlrq ri wkh sdwkv zh
vxvshfw huuruv lq wkh gdwd1 Wkh wudfhurxwh uhfrug vkrzv
wkdw wkh urxwlqj sdwk lv fkdqjlqj iuhtxhqwo| uhvxowlqj lq d
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qrq0vwdeoh vzlwfklqj iurp d sdwk zlwk 5; krsv wr d sdwk
zlwk 55 krsv lq vkruw wlph vsdq1 Ehfdxvh wkh sdwk yhf0
wru zdv xsgdwhg dw udwh durxqg 43 plqxwhv zkloh wkh LS
sureh0sdfnhwv duh vhqw dw udwh ri 73 vhfrqgv/ zh vxvshfw
wkdw vrph ri wkh gdwd duh pdunhg zlwk wkh zurqj wudfh0
urxwh sdwk yhfwru1

Fodvv G= pdq| shdnv

Dq h{dpsoh ri fodvv G lq Iljxuh 9 vkrzv wkdw wkh orfd0
wlrq ri shdnv vhhpv udqgrp/ olnh zklwh qrlvh1 Lq vrph fdvh
zh fdq uhfrjql}h d ydjxh jdppd olnh vkdsh lq lw1 Derxw
8( ri wkh <96 qrupdol}hg ghod| glvwulexwlrqv vkrz wklv glv0
wulexwlrq1 Lw rffxuv/ iru h{dpsoh/ rq sdwk iurp er{ g4 wr
er{ g5 dv revhuyhg lq Iljxuh 91 Wkh yduldqfh ri wkh ghod|
vhhpv yhu| elj1 Wkh orvvhv rq sdwkv ri fodvv G dv looxvwudwhg
lq Iljxuh : pd| lqfuhdvh xs wr 73(1 Dowkrxjk wkh suhflvh
uhdvrq iru wklv ehkdylru lv vwloo xqnqrzq/ zh vxvshfw wkdw
lw lv fdxvhg e| rqh vshfl�f urxwhu wkdw pd| eh ryhuordghg
+ru xqghu glphqvlrqhg,1

Uhvw Fodvv

Wkh uhvw fodvv ri derxw 418( ri doo <96 fdvhv frqwdlqv wkh
xqfdwhjrul}hg glvwulexwlrqv1 Prvw ri wkhp rqo| rffxuuhg
rqfh dqg gr qrw �w lq dq| ri wkh fodvvhv ghvfulehg deryh1
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Wklv fodvv pd| eh dwwulexwhg wr vsxulrxv h�hfwv zklfk gr
qrw ghvhuyh dw wklv srlqw pruh dwwhqwlrq1

YX� $j|ji6�A�t|�W $j,B+

Lq rughu wr yhuli| wkh vhsdudwlrq ri wkh hqg0wr0hqg ghod|
G lqwr d ghwhuplqlvwlfGg dqg vwrfkdvwlfGv frpsrqhqw/ zh
kdyh phdvxuhg Gg lqghshqghqwo|1 Ehvlghv wkh gdwd iurp
wkh ULSH WWP/ wkh hqg0wr0hqg ghod| ehwzhhq wzr vlp0
lodu ULSH phdvxuhphqw er{hv +zlwk vdph kdugzduh dqg
phdvxuhphqw vriwzduh2surfhgxuh, kdv ehhq phdvxuhg xq0
ghu xqordghg +ru oder, frqglwlrqv dv vkrzq lq Iljxuh ; dqg
ghwdlohg ehorz1

Khqfh/ lqvwhdg ri frqqhfwlqj wzr phdvxuhphqw er{hv
e| wkh Lqwhuqhw/ zh kdyh frqqhfwhg wkh wzr phdvxuh0
phqwv er{hv e| d zhoo frqwuroohg hqylurqphqw h{foxglqj
odujho| wkh vwrfkdvwlf frpsrqhqw Gv1 Uhfdoo wkdw wkh sur0
fhvvlqj dqg wudqvplvvlrq ghod| Gswg fdq eh vsolw lq Gww

dqg Go zkhuh Go lq wkh odwwhu phdvxuhphqwv lv wkh wlph
wr surfhvv d iudph2sdfnhw dw hdfk qrgh dqg suhsduh lw
iru +uh,wudqvplvvlrq1 Gww lv wkh wrwdo wlph wr surfhvv d
iudph2sdfnhw dw vrxufh dqg ghvwlqdwlrq whvwer{1 Wkh sur0
fhvvlqj wlph dw wkh vrxufh dqg wdujhw qrgh lv dxjphqwhg
e| wkh dgglwlrqdo wlph ehwzhhq wkh wlphvwdpslqj ri wkh
sureh0sdfnhw dqg wkh dfwxdo dsshdudqfh rq wkh olqn1
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D1 Wkh ghwhuplqlvwlf surfhvvlqj dqg wudqvplvvlrq ghod|

Gswg1

Dv vwdwhg lq vhfwlrq LL zh vsolw Gswg lqwr Gww dqg Go1 Wr
phdvxuh wkhvh sdudphwhuv zh kdyh shuiruphg irxu whvwv1
Wkh phdvxuhphqw frq�jxudwlrq lv vnhwfkhg lq Iljxuh ;1
Wkh �uvw whvw lv wr phdvxuh wkh ghod| Gww lqwurgxfhg e|
wkh hqg0srlqwv +whvwer{hv,1 Wkh rwkhu whvwv phdvxuh wkh
odwhqf| Go ri wkh lqwhuphgldwh urxwhuv1 Lq doo wkhvh whvwv
wkh sursdjdwlrq ghod| Ghz fdq eh qhjohfwhg ehfdxvh ri wkh
vpdoo glvwdqfh ehwzhhq wkh wzr whvwer{hv +kdoi d phwhu,1

6�}� H� A�i 4i@t�hi4i?| UL?�}�h@|�L? ��|� hL�|iht Mi|�ii? |it|
ML it

D14 Gluhfw olqn Gww

Wkh �uvw whvw phdvxuhv wkh wlph qhhghg e| wkh whvwer{hv
lwvhoi/ zlwkrxw dq| ghylfhv dwwdfkhg ehwzhhq wkh wzr whvw0
er{hv/ exw frqqhfwhg yld d vkruw +kdoi d phwhu, furvv0olqn
fdeoh1 Wkh ghod| wkdw zrxog eh phdvxuhg fdq rqo| eh
fdxvhg e| wkh whvwer{hv wkhpvhoyhv dqg qrw e| dq| urxwhu
ru sursdjdwlrq wkurxjk wkh fdeoh1 Wkh sursdjdwlrq0ghod|
Ghz lv qhjoljleoh1
Wkh wlph phdvxuhg e| wkh surfhvv fdq eh vsolw lq wkuhh

frpsrqhqwv=

41 Wlph ehwzhhq wlphvwdpslqj dqg wkh dfwxdo dsshdudqfh
rq wkh olqn

51 Wlph qhhghg e| wkh sdfnhw wr wudyho wkurxjk wkh
phglxp +lq wklv fdvh d XWS furvv0olqn fdeoh,
61 Wlph ehwzhhq wkh uhfhlsw dw wkh ghvwlqdwlrq0lqwhuidfh
dqg wkh frpsdulvrq ri ghsduwxuh wlphvwdps zlwk wkh fxu0
uhqw JSV0wlph1
Lq Iljxuh ; wkh whvw0vhwxs lv vkrzq zkloh Iljxuh < sorwv

wkh uhvxow ri wkh phdvxuhphqw1
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D15 Odwhqf| Go

Iru wkh phdvxuhphqw ri wkh odwhqf| ri wkh lqwhuphgl0
dwh urxwhuv/ wkh vdph vhwxs lv xvhg dv vkrzq lq Iljxuh
;1 Wklv phdvxuhphqw frqvlvwv ri dfwxdoo| wkuhh vhsdudwhg
whvwv/ hdfk zlwk d gl�huhqw qxpehu ri lqwhuphgldwh urxwhuv
+rqh/ wzr dqg wkuhh urxwhuv/ doo gl�huhqw w|shv,1 Qrwh
wkdw wkhvh phdvxuhphqwv uhwxuq wkh hqg0wr0hqg0ghod| ri
wkh vhwxs dqg qrw wkh odwhqf| shu urxwhu1 Wkh surfhvvlqj
dqg wudqvplvvlrq ghod| Gww lv lqfoxghg lq wkh uhvxowv1 Rxw
ri wkh hqg0wr0hqg ghod| zh kdyh wr h{wudfw wkh shu0urxwhu
odwhqf|1 Iru surfhvvlqj d sureh sdfnhw dw dq lqwhuphgl0
dwh qrgh +urxwhu,/ wkh sdfnhw kdv wr sdvv xszdugv wkurxjk
wkh orzhu RVL0od|huv wr wkh LS od|hu 6 dqg wkh vdph zd|
edfnzdugv wkurxjk wkh od|huv1 Wkh klvwrjudp ri wkh phd0
vxuhphqwv lv vkrzq lq Iljxuh 431 Wkh phdq/ yduldqfh dqg
vwdqgdug ghyldwlrq � @

s
yduldqfh ri doo wkhvh whvwv duh

vxppdul}hg lq wkh wdeoh ehorz

�i@? dto V@h�@?Ui dt5` � dto

#�hiU| *�?! ��DD �f�7 .�D. �f�44 H�H. �f�9

�?i hL�|ih D��� �f�7 ��f� �f�43 �f�f �f�9

A�L hL�|iht H��S �f�7 ��HS �f�43 ���S �f�9

A�hii hL�|iht �f�S �f�7 ��ee �f�43 �2�f 43�9

Zh xvhg d whvw0vhwxs ri wkuhh gl�huhqw urxwhuv +Flvfr
5944/ 6953 dqg 6963,1 Dowkrxjk wkhvh urxwhuv duh xvhg lq
vpdoo ru phglxp r�fh hqylurqphqwv dqg duh qrw xvhg lq d
fruh LS0qhwzrun/ wkhvh phdvxuhphqwv jlyh xv dq lqvljkw lq
wkh rughu ri wkh odwhqf| ri urxwhuv1
Orrnlqj dw wkh lqfuhdvh ri wkh phdq ehwzhhq wkh *Gluhfw

olqn* dqg *Rqh urxwhu*/ zh qrwlfh dq lqfuhdvh ri 6:9 �v1
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Zh ghqrwh wklv dv wkh odwhqf| ri wkh dgghg urxwhu +Flvfr
5944,1 Wkh vdph lv ydolg iru wkh lqfuhdvh ehwzhhq *Rqh
urxwhu* dqg *Wzr urxwhuv* dqg uhvshfwlyho| *Wzr urxwhuv*
dqg *Wkuhh urxwhuv*/ dq lqfuhdvh ri 638 �v uhvs1 557 �v1
Dv h{shfwhg/ wkh odvw dgghg urxwhu +Flvfr 6963, kdv wkh
vpdoohvw odwhqf|1 Wklv urxwhu lv pruh dgydqfhg wkdq wkh
rwkhuv1 Lq ixuwkhu fdofxodwlrqv zh xvh d shu0urxwhu odwhqf|
ri 557 �v1 Ehfdxvh zh zdqw d orzhu erxqg iru wkh odwhqf|/
zh xvh wkh vpdoohvw shu0urxwhu odwhqf| zh phdvxuhg1 Rq
d sdwk zlwk k krsv +urxwhuv,/ zh pxowlso| wkh qxpehu ri
urxwhuv zlwk wkh shu0urxwhu odwhqf| dqg jhwGo @ k�557 �v1
Oljkwuhdglqj/ d frpsdq| vshfldol}hg lq Qhwzrun Whvwlqj ^8`
kdv sxeolvkhg odwhqf| uhvxowv zlwk fruh urxwhuv4 vkrzq lq
Iljxuh 441 Hvshfldoo| wkh Flvfr urxwhu ydoxhv djuhh zhoo
zlwk rxu hvwlpdwh ri 557 �v1

E1 Sursdjdwlrq ghod| Ghz

Wkh sursdjdwlrq ghod| Ghz lv ghshqghqw rq wkh sk|vl0
fdo ohqjwk ri wkh frppxqlfdwlrq sdwk1 Wr ghwhuplqh wkh
sdwk0ohqjwk ri d olqn/ zh kdyh wr nqrz wkh orfdwlrqv ri wkh
whvwer{hv dqg wkh lqwhuphgldwh urxwhuv1 Wkh frruglqdwhv
ri wkh ULSH whvwer{hv duh nqrzq1 Iurp wkh frruglqdwhv
ri wkh ULSH whvwer{hv/ zh fdq ghwhuplqh wkh olqh ri vljkw
+elugv h|h ylhz, glvwdqfh ehwzhhq wkh wzr qrghv1 Xqiru0
wxqdwho|/ qhlwkhu wkh orfdwlrq ri wkh lqwhuphgldwh urxwhuv
qru wkh h{dfw ohqjwk ri wkh frppxqlfdwlrq sdwk ehwzhhq
wzr qrghv lv nqrzq/ zklfk frpsolfdwhv wkh fdofxodwlrq ri
wkh sursdjdwlrq ghod|1 Khuh/ zh sursrvh wr lqyhvwljdwh wkh
wudfh0urxwhv dqg wu| wr ghwhuplqh wkh orfdwlrq ri wkh lq0
whuphgldwh qrghv1 Rqh zd| wr ghwhuplqh wkh orfdwlrq ri
qrghv ru krvw lv wr fkhfn wkh GQV0uhfrug ri wkh jlyhq qrgh
ru krvw1 Wklv khdylo| ghshqgv rq wkh rzqhu ri wkh qrgh
zkhwkhu kh2vkh xsgdwhv wkh ORF0�hog lq wkh GQV1 Wkh
ORF0�hog vwruhv wkh frruglqdwhv ri wkh orfdwlrq ri wkh qrgh1
Zh qrwlfhg wkdw wkh ORF0�hogv duh qrw zlgho| xvhg1 Xvlqj
wklv phwkrg wr ghwhuplqh wkh orfdwlrq ri wkh lqwhuphgldwh

���tUL �2e�S W?|ih?i| +L�|ih.�2�fE�e�5jc �i|WhL? W?|ih?i|
+L�|ih..���ff @?_ ��Sf W?|ih?i| �@U!ML?i +L�|ih.e�2+2�e % e�2,

6�}� ��� w@|i?U) Tih hL�|ih uLh ��tULc 6L�?_h) @?_ a�?�Tih

urxwhuv vhhpv qrw h�hfwlyh1 Dqrwkhu phwkrg lv wr lqyhvwl0
jdwh wkh qdplqj ri wkh urxwhuv2qrghv1 Vrph ri wkh urxwhu
krvwqdphv uhihu wr dq deeuhyldwlrq ri d flw| wkdw klqwv wr
wkh orfdwlrq1 Zlwk d ihz ri vxfk qrghv lq d sdwk/ d ehw0
whu uhsuhvhqwdwlrq ri wkh uhdo sk|vlfdo sdwk fdq eh ghwhu0
plqhg1 Wr hvwlpdwh wkh glvwdqfh ehwzhhq wkrvh qrghv/ d
wudyho0sodqqhu zdv xvhg1 Prvw ri wkh frppxqlfdwlrq olqnv
+�ehuv dqg frsshu zluhv, duh exulhg dorqj kljkzd|v dqg
udlozd|v1 Krzhyhu/ wklv phwkrg grhv qrw surylgh wkh uhdo
sdwk ohqjwk/ rqo| d urxjk hvwlpdwh1 Dv vkrzq ehorz/ wklv
urxjk hvwlpdwh lv d ehwwhu uhsuhvhqwdwlrq ri wkh uhdo glv0
wdqfh wkdq wkh olqh ri vljkw glvwdqfh ehwzhhq wkh wzr hqg0
srlqwv1
Iru h{dpsoh/ d wudfhurxwh iurp whvwer{ D lq Eudwlvodyd

wr whvwer{ E lq Pxqlfk/ rq d vshfl�f gd| +Pdufk 8/ 5334,
lv vshfl�hg5 ehorz dv

Krs LS Dgguhvv Krvwqdph
4 {1{15614 EWV0Fruh0vz1|1|
5 {1{15761466 vneud6350wd0i903031|1|
6 {1{1:41;4 f}sud4360wf0v7041|1|
7 {1{1:3178 gheoq6350wf0s5031|1|
8 {1{1:316: gheoq6340wf0s8031|1|
9 {1{1:41455 Xqnqrzq dgguhvv

: {1{1:3147 eheux7530wf0s3031|1|
; {1{15771467 Xqnqrzq dgguhvv

< {1{17714 Flvfr0P0[LL0V4031|1|
43 {1{131449 Flvfr0P0[L0Yodq41|1|
44 {1{141454 flvfr63331|1|
45 {1{177158 ulsh0whvwer{1|1|

Wkh krvwqdphv ri wkh urxwhuv frqwdlq deeuhyldwlrqv
ri flwlhv wkdw fdq eh uhfrjql}hg1 Iru h{dpsoh lq
urxwhu gheoq6350wf0s5031|1| wkh deeuhyldwlrq gh vwdqgv iru
Ghxwvfkodqg dqg eoq vwdqgv iru Ehuolq1 Lq wklv wudfhurxwh

26Lh UL?�_i?|�@* hi@tL?tc |�i ThiU�ti W� ?�4Miht @?_ _L4@�?t U@?�
?L| Mi }��i?
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d ihz rwkhu orfdwlrqv fdq eh uhfrjql}hg1 Wkh orfdwlrqv
ri wkh rwkhu xqnqrzq qrghv duh ljqruhg dqg zh dvvxph
wkhvh qrghv zloo qrw h�hfw wkh sdwk0ohqjwk frqvlghudeoh1
Iljxuh 45 glvsod|v wkh jhrjudsklfdo wudfhurxwh iurp wwD
+Eudwlvodyd, wr wwE +Pxqlfk,1 Zh revhuyh wkdw wkh glv0
wdqfh lv 8 wlphv odujhu wkdq wkh Olqh ri Vljkw glvwdqfh1

6�}� �2� Ah@Ui hL�|i uhL4 |i |ML � E�h@|�t*@�@� |L |i |ML � E���
?�U��

Wklv phwkrg ri fdofxodwlqj wkh glvwdqfh lv qrw srvvleoh
iru doo olqnv/ ehfdxvh qrw doo urxwhuv kdyh orjlfdo qdphv1
Lqwhuhvwlqjo| wr phqwlrq lv wkdw vrph +Hxurshdq, olqnv duh
urxwhg yld wkh XV/ iru h{dpsoh iurp Whvwer{ F +Vwrfn0
krop, wr Whvwer{ G +Pdgulg,1 Wklv lqwurgxfhv d frqvlghu0
deoh sruwlrq ri sursdjdwlrq ghod| rq wkdw olqn1
Iru fdofxodwlqj wkh sursdjdwlrq0ghod| iurp wkh glvwdqfh/

zh dvvxph wkdw doo olqnv duh rswlfdo �euhv zlwk uhiudfwlrq
lqgh{ q @ f

y
@ 4=8/ zkhuh f lv wkh vshhg ri oljkw lq d ydfxxp

+6 43; p2v, dqg y lv wkh vshhg ri oljkw lq wkh phglxp1 Wklv
uhvxowv lq d sursdjdwlrq ghod| ri 8 �v2np lq rswlfdo �euhv
+wkh vdph ydoxh lv xvhg lq ^;`,1 Wkh uhvxowlqj Ghz duh dovr
vkrzq lq Wdeoh YL dw wkh hqg1

F1 Vxppdu|

Wkh ghwhuplqlvwlf +ru plqlpxp ghod|, khuh frqvlvwv ri

Gg @ Ghz .Go .Gww +4,

zkhuh Gww @ 488�v dv ghwhuplqhg iurp wkh gluhfw olqn phd0
vxuhphqw1
Lq Wdeoh YL wkh uhvxowv ri wkh fdofxodwlrqv duh suhvhqwhg

iru 68 sdwkv rxw ri derxw <33 wkdw fdq eh pdsshg rq d jhr0
judsklfdo pds1 Gxh wr wkh suhflvh JSV orfdwlrq ri wkh phd0
vxuhphqw er{hv/ wkh olqh ri vljkw OOrV lq wkh wklug froxpq
fdq eh frpsxwhg yhu| dffxudwho|1 Hdfk ghod|0frpsrqhqw
lv vshfl�hg lq d froxpq1 Wkh hljkwk froxpq frqwdlqv wkh
plqlpdo ghod| phdvxuhg e| wkh ULSH WWP Surmhfw1 Zh
wu| wr frpsduh wklv froxpq zlwk rxu fdofxodwhg Gg ydoxhv1
Zh h{shfw/ li rxu dvvxpswlrqv dqg fdofxodwlrqv duh fru0
uhfw/ wkdw wkh plqlpdo ghod| phdvxuhg e| ULSH lv htxdo ru
odujhu wkdq rxu fdofxodwhg Gg1 Wkh udwlr ri wkh wklug dqg
irxuwk froxpq dqg wkh vhfrqg froxpq lv sorwwhg lq Iljxuh
46 zklfk looxvwudwhv wkdw wkh sdwkv duh derxw 518 wlphv +rq
dyhudjh, orqjhu wkdq wkh vkruwhvw srvvleoh sdwk dorqj wkh

olqh ri vljkw1 Khqfh/ iurp d qhwzrun ghvljq srlqw ri ylhz/
dq lpsuryhphqw ri d idfwru ri derxw 518 +rq dyhudjh, lv
srvvleoh e| pruh dssursuldwh urxwlqj ru olqnlqj ri urxwhuv1
Iljxuh 46 lqglfdwhv wkdw wklv lpsuryhphqw vwhpv iurp d ihz
edgo| urxwhg sdwkv dqg wkdw wkh pdmrulw| ri sdwkv +wkrvh
zlwk O@OOrV ? 5, lv douhdg| txlwh hfrqrplfdoo| urxwhg1
Dovr/ wkhuh grhv qrw vhhp wr h{lvw d fruuhodwlrq ehwzhhq
wkh krsfrxqw dqg wkh ohqjwk ri d sdwk1

Wkh odvw froxpq lq Wdeoh YL suhvhqwv d shuirupdqfh0
idfwru � @ Gplq@Gg1 Wklv idfwru � surylghv dq lqvljkw ri
wkh txdolw| ri wkh sdwk1 D odujh ydoxh ri � phdqv d odujhu
phdvxuhg plqlpdo ghod| +surylghg e| ULSH WWP, wkdq
fdofxodwhg1

30

25

20

15

10

5

0

#
 H

o
p

s

35302520151050

n umber o f exp erimen t (fixed  path )

14

12

10

8

6

4

2

0

R
atio

 L
 / L

L
o

S

 h op s
 ratio  L /  L

L o S

 ratio=1

6�}� ��� A�i ?�4Mih Lu �LTt @?_ |�i h@|�L u*uuJ7 uLh i@U� Lu |�i �D
� i_ T@|�t� A�i @�ih@}i EL�ih |�i �D T@|�t� �t . du*uuJ7 o ' 2�S
��ihi@t |�i t|@?_@h_ _i��@|�L? �t ju*uOrV ' 2���

D shuirupdqfh0idfwru � ? 4 lpsolhv wkdw huuruv kdyh ehhq
pdgh lq wkh phwkrg dqg wkdw wkh phdvxuhg plqlpdo gh0
od| lv vpdoohu wkdq wkh fdofxodwhg plqlpxp1 Doo sdfnhwv
wudyhoohg ryhu d vshfl�f sdwk pxvw kdyh d ghod| odujhu wkdq
wkh fdofxodwhg plqlpdo ghod| iru wkdw vshfl�f sdwk1 Doo lq0
yhvwljdwhg sdwkv phhw wklv uhtxluhphqwv +dv fdq eh yhul�hg
iurp Wdeoh YL,1 Wkh phwkrgv xvhg wr fdofxodwh Gg frqwdlq
d ihz dvvxpswlrqv1 Wkh �uvw dvvxpswlrq zh pdgh/ lv wkdw
wkh urxwhuv lq d sdwk duh doo ri wkh vdph eudqg dqg w|sh/
dqg kdyh d shu0urxwhu odwhqf| ri 557 �v1 Li zh xvh d vpdoohu
shu0urxwhu odwhqf|/ wkh shuirupdqfh0idfwru lqfuhdvhv zklfk
phdqv wkdw qr h{fhswlrqv duh lqwurgxfhg1 Rq wkh rwkhu
kdqg/ li odujhu ydoxhv duh xvhg/ srvvleoh h{fhswlrqv pd| rf0
fxu1 Khqfh/ wkh hvwlpdwh ri wkh shu0urxwhu odwhqf| ri 557
�v vhhpv d udwkhu vkdus ryhudoo ghvljq qxpehu1 Wkh vhf0
rqg dvvxpswlrq frqvlvwv ri wkh urxwh ri wkh �ehuv ru frsshu
zluhv1 Zh vwdwhg wkdw wkh| duh exulhg dorqj kljkzd|v dqg
xvhg d wudyho0sodqqhu iru fdofxodwlqj wkh glvwdqfh1 Wkh h{0
dfw urxwh lv qrw nqrzq/ exw wklv phwkrg jlyhv xv d urxjk
hvwlpdwh1 D wklug dvvxpswlrq frqfhuqv wkh phglxp ri wkh
wudqvsruwdwlrq olqn1 Zh dvvxphg wkdw doo olqnv frqvlvw ri
rswlfdo �euhv ru wkdw d uhiudfwlyh lqgh{ q ri 418 lv dssursul0
dwh1 Ixuwkhupruh/ wkh orfdwlrq ri wkh lqwhuphgldwh urxwhuv
lv qrw nqrzq h{dfwo|1 Wkh wudyho0sodqqhu uhwxuqv urxwhv/
vwduwlqj dqg hqglqj dw wkh fhqwhu ri d flw|1 Wkh odvw dv0
vxpswlrq frqfhuqv wkh h{wudfwlrq ri wkh orfdwlrq rxw ri wkh
krvwqdphv1 Wkh surylghu fdq iru h{dpsoh lqvwdoo d urxwhu
rq d wrwdoo| gl�huhqw orfdwlrq wkdq phqwlrqhg lq wkh krvw0



:

qdph ri wkh urxwhu ru d pryhg urxwhu*v krvwqdph kdv qhyhu
fkdqjhg1 Ilqdoo|/ d ihz h{fhvvlyh shuirupdqfh0idfwruv +erw0
wrp urzv ri Wdeoh YL, fdq eh h{sodlqhg dv xquholdeoh sdwkv/
vdwhoolwh frqqhfwlrqv ru wkh xvh ri vorzhu urxwhuv1 Vdwhoolwh
frqqhfwlrqv gr qrw vdwlvi| wkh phwkrg ri fdofxodwlrq ri wkh
sursdjdwlrq ghod|1

X� �NAW,�t�NAt

Zh kdyh dqdo|}hg wkh ULSH QFF phdvxuhphqwv ri wkh
hqg0wr0hqg ghod| ehwzhhq d vrxufh dqg ghvwlqdwlrq1 D fodv0
vl�fdwlrq ri qxphurxv klvwrjudpv ri wkh hqg0wr0hqg ghod| ri
d �{hg sdwk ghprqvwudwhv wkdw derxw ;7( duh w|slfdo klv0
wrjudpv srvvhvvlqj d Jdppd0olnh vkdsh zlwk vxeh{srqhq0
wldo +ri khdy|, wdlo1 Ixuwkhu/ wkh ghwhuplqlvwlf frpsrqhqw
ri wkh hqg0wr0hqg ghod| lv lqyhvwljdwhg dqg phdvxuhg lq d
vshfl�f/ xqordghg hqylurqphqw1 Iurp wkh odwwhu phdvxuh0
phqw/ wkh ghod| fdxvhg e| rqh urxwhu lv hvwlpdwhg dqg xvhg
wr surgxfh wkh vxppdul}lqj wdeoh YL ehorz1 Wkh phwkrg
ri xvlqj wkh wudyho0sodqqhu vhhpv uhdvrqdeoh dv qr frqwud0
glfwlrqv zlwk wkh frpsxwhg dqg phdvxuhphqw hqg0wr0hqg
ghwhuplqlvwlf ghod| duh hqfrxqwhuhg1
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