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Devwudfw= 0 D qxphulfdo vwxg| lv suhvhqwhg iru uhodwlyh yhorflw| ehwzhhq sduwlfoh dqg �xlg lq d julg0

jhqhudwhg wxuexohqw �rz �hog zklfk lv vlpxodwhg e| d wzr0htxdwlrq wxuexohqfh +n0�, prgho1 Vsdwldo

ehkdylru ri wklv yhorflw| lv lpsruwdqw lq wkh ghwhuplqdwlrq ri sduwlfoh glvshuvlrq1 Erwk olqhdu dqg

qrqolqhdu gudj irupxodwlrqv duh frqvlghuhg lq ghwdlo1 Qxphulfdo uhvxowv vkrz wkdw/ iru qrqolqhdu gudj

irupxodwlrq/ wkh rffxuuhqfh ri wkh pd{lpxp ydoxh ri uhodwlyh yhorflw| lv zhoo dkhdg ri wkh orfdwlrq

zkhuh wkh sduwlfoh glvshuvlrq phdvxuhphqw lv wdnhq lq wkh h{shulphqw1 Khqfh/ ehwwhu suhglfwlrqv

ri sduwlfoh glvshuvlrq rewdlqhg zlwk wkh qrqolqhdu gudj irupxodwlrq vkrxog eh h{shfwhg1 lw lv dovr

irxqg wkdw wkh phdq vtxduh uhodwlyh yhorflw| frpsrqhqwv lq wkh judylw| gluhfwlrq dqg lq wkh gluhfwlrq

qrupdo wr wkh judylw| uhdfk wkh pd{lpxp ydoxhv dw gl�huhqw wlphv1

Nh|0Zrugv= 0 Frpsxwdwlrqdo �xlg g|qdplfv/ Phdq vtxduh uhodwlyh yhorflw|/ Wxuexohqfh/ Wzr0skdvh

�rz1

� �
�����	���


Sduwlfoh glvshuvlrq lq wxuexohqw �rz fdq eh

irxqg lq pdq| lqgxvwuldo surfhvvhv dqg lq qd0

wxuh1 Uhohydqw h{dpsohv iurp lqgxvwu| duh vhw0

wolqj dqg �rffxodwlrq ri _uhg pxgv% lq wkh dox0

plqxp h{wudfwlrq/ sqhxpdwlf wudqvsruw ri sdu0

wlfohv/ dqg frpexvwlrq ri oltxlg dqg sxoyhul}hg

vrolg ixhov1 Lq qdwxuh/ frqyhfwlyh wudqvsruw dqg

vhwwolqj ri sduwlfxodwh skdvh lq wkh dwprvskhuh/

lq rfhdqv ru lq ulyhuv duh ri h{wuhph lpsruwdqfh

lq wkh dqdo|vhv ri hqylurqphqwdo lpsdfw1 Iru

wkh prvw sduw/ dwwhqwlrq kdg ehhq irfxvhg lq

wkh sdvw rq wkh glvshuvlrq ri sduwlfohv dqg wkh

vhwwolqj yhorflw| ri sduwlfohv e| wxuexohqfh1 Lq

wkh suhglfwlrq ri wkhvh surshuwlhv/ lw lv lpsru0

wdqw wkdw wkh suhglfwhg uhvxowv duh iuhh iurp wkh

h�hfw ri wkh lqlwldo frqglwlrqv dw zklfk wkh sdu0

wlfohv duh lqmhfwhg lqwr wkh wxuexohqw �rz �hog1

Rqh zd| wr yhuli| wklv frqglwlrq lv wr fdofxodwh

wkh whpsrudo ehkdylrxu ri wkh uhodwlyh yhorflw|

ehwzhhq sduwlfoh dqg �xlg/ dqg wr �qg rxw wkh

pd{lpxp ydoxh ri wkh uhodwlyh yhorflw|^4`1 Wkh

phdq vtxduh uhodwlyh yhorflw| ehwzhhq wkh sdu0

wlfoh dqg wkh �xlg/ x2�coe,+w,/ lv gh�qhg dv

x2�coe,+w, @ +xR�+w,� x�+w,,2 +4,

zkhuh xR�+w, dqg x�+w, duh yhorflwlhv ri sduwl0

foh dqg �xlg/ uhvshfwlyho|/ dqg wkh ryhuedu gh0

qrwhv hqvhpeoh dyhudjh1 Phdq vtxduh uhodwlyh

yhorflw| zdv vwxglhg e| \hk dqg Ohl^5` zlwk

odujh hgg| vlpxodwlrq +OHV,1 Odwhu/ Hojkredvkl

dqg Wuxhvghoo^6` shuiruphg sduwlfoh glvshuvlrq lq

d ghfd|lqj lvrwurslf wxuexohqfh vlpxodwhg zlwk

gluhfw qxphulfdo vlpxodwlrq +GQV,1 Hojkredvkl

dqg Wuxhvghoo^6`*v uhvxow dovr lqfoxghv fdofxod0

wlrq ri phdq vtxduh uhodwlyh yhorflw|1 Wklv lp0

sruwdqw surshuw| lq wxuexohqw wzr0skdvh �rz/

krzhyhu/ kdv qrw ehhq vwxglhg lq wkh vlwxdwlrq

zkhuh wkh wxuexohqw �rz �hog lv vlpxodwhg zlwk

wkh Uh|qrogv0dyhudjhg Qdylhu0Vwrnhv +UDQV,

htxdwlrq/ hyhq wkrxjk UDQV lv vwloo rqh ri wkh

prvw srsxodu phwkrgv wr vlpxodwh wxuexohqfh lq

Frpsxwdwlrqdo Ioxlg G|qdplfv +FIG, dssolfd0

wlrq1 Lq ylhz ri wklv/ wkh sdshu suhvhqwv d gh0

wdlohg vwxglhv ri phdq vtxduh uhodwlyh yhorflw|

ehwzhhq wkh sduwlfoh dqg wkh �xlg lq d wxuexohqw

�rz �hog zklfk lv vlpxodwhg e| xvlqj Uh|qrogv0

dyhudjhg Qdylhu0Vwrnhv +UDQV, htxdwlrqv zlwk

wkh n0� prgho1 H{shulphqwdo gdwd ri Vq|ghu )

Oxpoh|^7` lv xvhg iru frpsdulvrq sxusrvh1 Wkh



julg0jhqhudwhg wxuexohqw �rz �hog xvhg lq wkh

h{shulphqw^7` lv hpxodwhg qxphulfdoo|1 Iru wklv

sxusrvh d jhqhudo FIG frgh^8` lv xvhg/ dorqj

zlwk d orz Uh|qrogv qxpehu n0� prgho wr wdnh

lqwr dffrxqw wkh h�hfw ri wxuexohqfh xsrq wkh

phdq �rz �hog1 Wkh frgh dgrswv d �qlwh yro0

xph whfkqltxh wr lqwhjudwh wkh wudqvsruw htxd0

wlrqv zulwwhq lq d jhqhudol}hg frruglqdwh v|vwhp1

Wkh VLPSOHF dojrulwkp lv hpsor|hg wr frxsoh

wkh prphqwxp dqg wkh frqwlqxlw| htxdwlrqv1
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Wkh julg0jhqhudwhg vwhdg|0vwdwh wxuexohqw �rz

�hog ri Vq|ghu dqg Oxpoh|^7` lv vlpxodwhg

e| d jhqhudo FIG frgh^8`/ zklfk vroyhv wkh

60glphqvlrqdo Qdylhu0Vwrnhv htxdwlrqv iru d

jhqhulf phdq Fduwhvldq yhorflw| frpsrqhqw X�

jlyhq lq whqvru qrwdwlrq dv

Frqwlqxlw| htxdwlrq

C+�X�,

C{�
@ 3 +5,

Prphqwxp htxdwlrqv

C+�X�X�,

C{�
@ �

CS

C{�
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6
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C{�
.

CX�

C{�
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5

6

C+�n,

C{�
. �j� +6,

zkhuh X� lv wkh phdq ydoxh ri wkh lqvwdqwdqhrxv

yhorflw| x� jlyhq e| X�.x
�

�/ x
�

� lv wkh �xfwxdwlqj

yhorflw|/ � lv wkh ghqvlw| ri �xlg/ � @ � . �| lv

wkh h�hfwlyh ylvfrvlw| zklfk lv wkh vxp ri g|0

qdplf ylvfrvlw|/ �/ soxv wxuexohqw ylvfrvlw|/ �|/

n lv wkh wxuexohqw nlqhwlf hqhuj|/ dqg j� lv wkh

judylwdwlrqdo frqvwdqw1

Wxuexohqfh h�hfwv xsrq wkh phdq �rz duh

prghohg wkurxjk wkh hgg| ylvfrvlw| frqfhsw/

zklfk vwdwhv wkdw wkh wxuexohqw vwuhvvhv duh uh0

odwhg wr wkh phdq vwudlq udwh yld wkh wxuexohqw

ylvfrvlw| �|1 D orz Uh|qrogv qxpehu n0� prgho

vlplodu wr wkh rqh sursrvhg lq ^8` lv xvhg wr

fdofxodwh wkh hgg| ylvfrvlw|/ �|1 Wkh wudqvsruw

htxdwlrqv ri n dqg � duh=

C+�X�n,

C{�
@

C

C{�
^+�.

�|

�&
,
Cn

C{�
` . S� � �� +7,

C+�X��,

C{�
@

C

C{�
^+�.

�|

�"
,
C�

C{�
` .

�

n
+F�S� � F2i���, +8,

zkhuh S� @ ��x�

�x
�

�
YL�

Y%�
/ �| @

�>4&
2

"
/ F> @ 3=3</

F� @ 4=78/ F2 @ 4=</ �& @ 4/ �" @ 4=6/

i� @ 4 � 3=6 h{s+�Uh
2
| ,/ Uh| @ 4&2

>"
/ dqg � lv

wkh glvvlsdwlrq udwh ri wxuexohqw nlqhwlf hqhuj|1

� �������
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Wkh prwlrq ri d vlqjoh vskhulfdo vrolg sduwlfoh lq

wkh wxuexohqw �rz �hog lv dvvxphg wr iroorz=

gxR�

gw
@

x� � xR�

�@
i . j� +9,

g|�

gw
@ xR� +:,

zkhuh xR� lv yhorflw| ri sduwlfoh/ �@ @ �Rg
2
R@4;�

lv wkh dhurg|qdplf uhvsrqvh wlph iru wkh olqhdu

Vwrnhv gudj/ |� lv wkh wudmhfwru| ri wkh sduwlfoh/

dqg i lv d idfwru dffrxqwlqj iru wkh lqhuwldo h�hfw

ri wkh gudj whup1 i @ 4 iru olqhdu gudj odz> iru

qrqolqhdu gudj odz/ i @ 4 . 3=48Uhf�SH.R 1 Wklv

h{suhvvlrq whqgv wr jlyh uholdeoh uhvxowv iru ydo0

xhv ri UhR xs wr 4333^9`1 UhR @ �gRmx� � xR�m@�

lv wkh Uh|qrogv qxpehu edvhg rq wkh uhodwlyh

yhorflwlhv ehwzhhq �xlg dqg sduwlfoh/ gR lv gldp0

hwhu ri sduwlfoh/ dqg �R lv ghqvlw| ri sduwlfoh1 Wkh

ghqvlw| ri sduwlfoh lv pxfk ghqvhu wkdq wkdw ri

wkh �xlg vxfk wkdw wkh Edvvhw irufh/ lqhuwld irufh

ri dgghg pdvv/ exr|dqf| irufh/ dqg irufh gxh wr

suhvvxuh judglhqwv lq wkh �rz duh qhjoljleoh1 Li



lqgh{ qrwdwlrq 4 dqg 5 duh xvhg wr uhsuhvhqw wkh

krul}rqwdo gluhfwlrqv/ dqg 6 wkh yhuwlfdo gluhf0

wlrq zlwk srvlwlyh xszdug/ wkhq

gxR�

gw
@

x� � xR�

�@
i � j��� +;,

g|�

gw
@ xR� +<,

Wkh lqlwldo frqglwlrqv xvhg duh

|� @ 3 dw w @ 3 +43,

xR� @ x�+3> 3, dw w @ 3 +44,
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Wkh prwlrq ri d glvshuvhg sduwlfxodwh skdvh lq

wkh wxuexohqfh lv ghwhuplqhg e| wkh sduwlfoh0

hgg| lqwhudfwlrq prgho sursrvhg e| Jrvpdq

dqg Lrdqqlghv^:`1 Wkh lqwhudfwlrq ehwzhhq wkh

sduwlfoh dqg wkh hgg| iru d shulrg ri wlph lv wkh

plqlpxp ehwzhhq dq hvwlpdwhg sduwlfoh wudq0

vlw wlph zlwklq wkh hgg|/ w|h dqg dq hgg| olih0

wlph/ wi 1 Wkh sduwlfoh wudqvlw wlph lv rewdlqhg dv

wkh vroxwlrq ri wkh olqhdul}hg htxdwlrq ri prwlrq

ri wkh sduwlfoh zlwk wkh dvvxpswlrq ri Vwrnh0

vldq gudj dqg qhjoljleoh erg| irufh1 Wkh Od0

judqjldq wlph vfdoh ri wkh wxuexohqw hgg| lv re0

wdlqhg iurp wkh ohqjwk dqg yhorflw| vfdohv ri wkh

wxuexohqfh/ zklfk duh h{wudfwhg iurp wkh n0% wxu0

exohqfh prgho ehlqj hpsor|hg1 Wkxv/

w�?| @ plq+w|o> we, +45,

zkhuh

w|o @ ��@ oq+4=3�
oe

�@mx� � xR�m
, +46,

we @
oe

+5n@6,�*2
+47,

Wkh hgg| ohqjwk pdfurvfdoh/ oe/ lv gh�qhg lq

whupv ri wkh nlqhwlf hqhuj| ri wkh wxuexohqfh/

n dqg lwv glvvlsdwlrq udwh/ �/ dv

oe @ F>
�*e

n
�*2

@� +48,

Lq wkh suhvhqw vwxg|/ wkh �xfwxdwlqj frpsrqhqw

ri wkh �xlg yhorflw|/ x�

�/ lv rewdlqhg iurp d Jdxv0

vldq glvwulexwlrq ri ydoxhv kdylqj d }hur phdq

dqg d vwdqgdug ghyldwlrq/ mx�

�m jlyhq e|

mx
�

�m @ +5n@6,�*2 +49,
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Ghwdlohg h{shulphqwdo phdvxuhphqwv ri khdy|

sduwlfoh glvshuvlrq lq julg0jhqhudwhg wxuex0

ohqfh zhuh pdgh e| Vq|ghu dqg Oxpoh|^7`1

Wkh| vwxglhg wkh sduwlfoh prwlrq lq d yhuwlfdo

zlqg wxqqho zlwk dlu �rzlqj xszdug +l1h1/ {�0

gluhfwlrq, dqg wkh judylw| yhfwru rssrvlwh wr

wkh �rz gluhfwlrq1 Wkh julg0jhqhudwhg wxuex0

ohqw �rz �hog ri Vq|ghu dqg Oxpoh|^7` lv vlp0

xodwhg e| wkh n0� prgho zlwk wkh UDQV htxd0

wlrqv ri wkh suhvhqw vwxg|1 Iljxuh 4 ghslfwv wkh

suhglfwhg dqg h{shulphqwdo wxuexohqfh �hog gh0

vfulehg lq whupv ri n dqg �1 Wkh suhglfwlrqv

frpsduh zhoo zlwk wkh h{shulphqwv/ zlwk d pd{0

lpxp ghyldwlrq ri ohvv wkdq 8(1 Iljxuh 5 vkrzv

wkh suhglfwhg hqhuj| ghfd| fxuyh dorqj fhqwhu0

olqh ri whvw vhfwlrq ri ^7`1 Wkh txdqwlw| x2
�
lv

dvvxphg wr eh htxdo wr x2
2
+l1h1/ lvrwurslf wxuex0

ohqfh, lq wkh suhvhqw vwxg|1 Dovr vkrzq lq wklv

�jxuh duh wkh h{shulphqwdo gdwd iru wkh hqhu0

jlhv ri wkh orqjlwxglqdo yhorflw| frpsrqhqw dqg

wkh odwhudo frpsrqhqw rewdlqhg e| Vq|ghu dqg

Oxpoh|^7`1 Djdlq/ wkh suhvhqw suhglfwhg uhvxowv

duh lq jrrg djuhhphqw zlwk h{shulphqwdo �qg0

lqjv1 Khqfh/ lw ixuwkhu suryhv wkdw wkh vlpxodwhg

wxuexohqw �rz �hog lv uhdg| iru xvh odwhu rq lq

wkh fdofxodwlrq ri uhodwlyh yhorflw| ehwzhhq sdu0

wlfoh dqg �xlg1

$ ������� �
� ���	�����


Vq|ghu dqg Oxpoh|^7` rewdlqhg lq wkhlu h{0

shulphqw wkh phdq vtxduh glvshuvlrq lq wkh

gluhfwlrq shushqglfxodu wr wkh phdq �rz iru

irxu w|shv ri vskhulfdo sduwlfohv/ 0kroorz jodvv
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Iljxuh 4= Suhglfwlrqv dqg h{shulphqwv ri wxuex0

ohqw nlqhwlf hqhuj| dqg glvvlsdwlrq udwh +{6 lv wkh

vwuhdpzlvh gluhfwlrq dqg P@313587p lv wkh julg

vsdflqj xvhg lq ^7`,1
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Iljxuh 5= Ghfd| ri wxuexohqw hqhuj|/ 7/ X5
@x5

6
�

43�6> �/ X5
@x5

5
� 43�6/ X @ 9=88p@v edvhg rq

Vq|ghu dqg Oxpoh|^7`1

ehdgv +gldphwhu gR @ 79=8�p/ uhod{dwlrq wlph

�@ @ 4=:pv/ whuplqdo yhorflw| XA @ 4=9:fp@v,/

vrolg jodvv ehdgv +gR @ ;:=3�p/ �@ @ 78pv/

XA @ 77=5fp@v,/ fruq sroohq +gR @ ;:=3�p/

�@ @ 53pv/ XA @ 4<=;fp@v,/ dqg frsshu ehdgv

+gR @ 79=8�p/ �@ @ 7<pv/ XA @ 7;=6fp@v,1

Lq vlpxodwlqj wkhlu h{shulphqw/ wkh sduwlfohv duh

uhohdvhg dw {�@P @ 63/ zkhuh P @ 3=3587p

lv wkh julg vsdflqj xvhg lq ^7`1 Wkh fdofxodwlrq

ri sduwlfoh glvshuvlrq vkrxog eh vwduwhg uljkw di0

whu wkh sduwlfohv sdvv {�@P @ 9;=7/ zklfk lv

wkh orfdwlrq zkhuh Vq|ghu dqg Oxpoh|^7` vwduwhg

shuiruplqj wkhlu phdvxuhphqwv1 Wkh fdofxod0

wlrq ri wkh sduwlfoh glvshuvlrq wkdw lv iuhh iurp

wkh h�hfw ri lqlwldo frqglwlrq fdq eh dfklhyhg

rqo| li fdofxodwlrq lv shuiruphg diwhu wkh ydoxh

ri mxR� � x�m kdv uhdfkhg lwv pd{lpxp^4`1 Lq ru0

ghu wr vhh li wklv frqglwlrq lv vdwlv�hg ru qrw/

wkh vsdwldo ghyhorsphqw ri wkh phdq vtxduh uho0

dwlyh yhorflw| ehwzhhq wkh sduwlfoh dqg wkh or0

fdo �xlg srlqw lv shuiruphg dqg wkh uhvxowv duh

suhvhqwhg lq Iljv1 6 dqg 7 iru qrqolqhdu dqg olq0

hdu gudj irupxodwlrqv/ uhvshfwlyho|1 Wkh rffxu0

uhqfh ri wkh pd{lpxp mxR� � x�m lv dw wkh orfd0
wlrq derxw {�@P @ 68� 6: iru qrqolqhdu gudj/

dqg {�@P @ 6:� :9 iru olqhdu gudj/ ghshqglqj

rq wkh ydoxhv ri �@ dqg XA 1 Iru wkh qrqolq0

hdu gudj fdofxodwlrq/ wkh rffxuuhqfh ri wkh pd{0

lpxp ydoxh ri mxR��x�m lv zhoo dkhdg ri wkh orfd0
wlrq {�@P @ 9;=7/ zkhuh wkh sduwlfoh glvshuvlrq

phdvxuhphqw lv wdnhq1 Iru wkh olqhdu gudj fdo0

fxodwlrq/ krzhyhu/ wkh rffxuuhqfh ri wkh pd{l0

pxp ydoxh ri mxR��x�m lv dw d orfdwlrq uljkw diwhu
{�@P @ 9;=7 iru khdy| sduwlfohv+l1h1/ vrolg jodvv

dqg frsshu,/ zkloh iru oljkw sduwlfohv+l1h1/ kroorz

jodvv dqg fruq,/ lw lv vwloo zhoo dkhdg wkh orfd0

wlrq {�@P @ 9;=71 Khqfh/ ehwwhu suhglfwlrqv ri

sduwlfoh glvshuvlrq rewdlqhg zlwk wkh qrqolqhdu

gudj irupxodwlrq/ hvshfldoo| iru khdy| sduwlfohv/

vkrxog eh h{shfwhg1
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Iljxuh 6= Vsdwldo ghyhorsphqw ri wkh phdq vtxduh

uhodwlyh yhorflw| ri wkh sduwlfoh/ x5
l>uho

/ iru qrqolqhdu

gudj zlwk judylwdwlrqdo h�hfw1

Iljxuhv 6 dqg 7 looxvwudwh wkdw/ dw }hur wlph/

x2
�coe,

lv }hur ehfdxvh ri wkh lpsrvhg lqlwldo frq0



40 60 80 100 120 140 160 180 200 220
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

x
3
/M

M
E

A
N

 S
Q

U
A

R
E

 R
E

LA
TI

V
E

 V
E

LO
C

IT
Y

 (m
2 /S

2 )

(linear drag with gravity)

hollow glass

corn        

solid glass 

copper      

Iljxuh 7= Vsdwldo ghyhorsphqw ri wkh phdq vtxduh

uhodwlyh yhorflw| ri wkh sduwlfoh/ x5
l>uho

/ iru olqhdu

gudj zlwk judylwdwlrqdo h�hfw1
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Iljxuh 8= Phdq vtxduh uhodwlyh yhorflw| ri wkh sdu0

wlfoh lq wkh gluhfwlrq qrupdo wr wkh judylw|/ x5
4>uho

/

iru qrqolqhdu gudj zlwk judylwdwlrqdo h�hfw1

glwlrq1 x2
�coe,

jrhv wr d pd{lpxp dqg wkhq gh0

fd|v wr d frqvwdqw dv|pswrwlfdoo|1 Wkh ydoxhv ri

wkh pd{lpxp dqg wkh frqvwdqw ghshqg rq gli0

ihuhqw w|shv ri sduwlfohv1 Erwk ri wkhp duh odujhu

iru sduwlfohv zlwk kljkhu uhod{dwlrq wlph+�@,1 Lw

lv dovr qrwhg iurp Iljv1 6 dqg 7 wkdw wkhuh duh

gl�huhqfhv lq vsdwldo ghyhorsphqw ri x2
�coe,

eh0

wzhhq qrqolqhdu dqg olqhdu gudj irupxodwlrqv iru

hdfk w|sh ri sduwlfoh/ zlwk wkh srvvleoh h{fhs0

wlrq ri wkh kroorz jodvv1 Wkhvh gl�huhqfhv lq

pd{lpxp ydoxhv dqg dv|pswrwlf frqvwdqwv fdq

eh dwwulexwhg wr wkh idfw wkdw sduwlfohv vhwwoh

dw d odujhu yhorflw| lq olqhdu gudj irupxodwlrq

wkdq wkdw lq qrqolqhdu gudj irupxodwlrq^;`1 Lw lv
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Iljxuh 9= Phdq vtxduh uhodwlyh yhorflw| ri wkh sdu0

wlfoh lq wkh judylw| gluhfwlrq/ x5
6>uho

/ iru qrqolqhdu

gudj zlwk judylwdwlrqdo h�hfw1

qrwhg wkdw Iljv1 6/ dqg 7 suhvhqw pruh wkdq rqh

orfdo pd{lpxp ydoxh ri mxR��x�m iru khdy| sdu0
wlfohv/ wkhvh fdq eh dwwulexwhg wr wkh idfw wkdw

wkh pd{lpxp ydoxh ri mxR� � x�m+ru mxR2 � x2m,
dqg mxR� � x�m rffxu dw gl�huhqw orfdwlrqv1 Dqg
wkhvh duh looxvwudwhg lq Iljv1 8 dqg 9/ dqg Iljv1 :

dqg ; iru qrqolqhdu/ dqg olqhdu gudj/ uhvshf0

wlyho|1 Zkhq frpsdulqj wkhvh �jxuhv/ lw lv irxqg

wkdw/ iru erwk qrqolqhdu dqg olqhdu gudj irupx0

odwlrqv/ x2
�coe,

uhdfkhv lwv pd{lpxp zhoo dkhdg ri

x2
�coe,

grhv1 Wklv skhqrphqrq krogv iru doo w|shv

ri sduwlfohv zlwk wkh h{fhswlrq ri kroorz jodvv1

Lw lv dovr qrwhg wkdw x2
�coe,

dssurdfkhv dq lqydul0

dqw ydoxh dv wlph ghyhorsv1 Exw wklv lqyduldqw

ydoxh lv gl�huhqw ehwzhhq qrqolqhdu dqg olqhdu

gudj irupxodwlrqv1 Zlwk d odujhu ydoxhv ri x2
�coe,

iru olqhdu gudj irupxodwlrq dv h{shfwhg^;`1

% &�
	����
� �����'�

Phdq vtxduh uhodwlyh yhorflw| ehwzhhq sduwl0

foh dqg �xlg lq d julg0jhqhudwhg wxuexohqw �rz

�hog lv vwxglhg qxphulfdoo|1 Vlpxodwlrq uh0

vxowv zlwk olqhdu gudj irupxodwlrq xvlqj khdy|

sduwlfohv vkrz wkdw pd{lpxp ydoxh ri phdq

vtxduh uhodwlyh yhorflw| ehwzhhq sduwlfoh dqg

�xlg kdv qrw ehhq uhdfkhg dw wkh orfdwlrq
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Iljxuh := Phdq vtxduh uhodwlyh yhorflw| ri wkh sdu0

wlfoh lq wkh gluhfwlrq qrupdo wr wkh judylw|/ x5
4>uho

/

iru olqhdu gudj zlwk judylwdwlrqdo h�hfw1
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Iljxuh ;= Phdq vtxduh uhodwlyh yhorflw| ri wkh sdu0

wlfoh lq wkh judylw| gluhfwlrq/ x5
6>uho

/ iru olqhdu gudj

zlwk judylwdwlrqdo h�hfw1

zkhuh sduwlfoh phdq vtxduh glvsodfhphqw phd0

vxuhphqw kdv ehhq wdnhq lq Vq|ghu dqg Oxpoh|*v

h{shulphqw^7`1 Rq wkh rwkhu kdqg/ uhvxowv ri

qrqolqhdu gudj irupxodwlrq vkrz wkdw wkh phdq

vtxduh uhodwlyh yhorflw| uhdfkhv lwv pd{lpxp

zhoo ehiruh wkh srvlwlrq zkhuh wkh sduwlfoh phdq

vtxduh glvsodfhphqw phdvxuhphqw zdv wdnhq dv

uhsruwhg lq ^7`1 Qxphulfdo uhvxowv dovr vkrz wkdw

wkh phdq vtxduh uhodwlyh yhorflw| frpsrqhqwv lq

wkh judylw| gluhfwlrq dqg lq wkh gluhfwlrq qrupdo

wr wkh judylw| uhdfk wkh pd{lpxp ydoxhv dw gli0

ihuhqw wlphv1

Uhihuhqfhv=

^4` Uloh|/ M1 M1/ dqg Sdwwhuvrq/ J1 V1/ _Gl�x0

vlrq h{shulphqwv zlwk qxphulfdo lqwhjudwhg

lvrwurslf wxuexohqfh/% Sk|vlfv ri Ioxlgv/ 4:/

4<:7/ ss1 5<505<:1

^5` \hk/ I1/ dqg Ohl/ X1/ _Rq wkh prwlrq ri

vpdoo sduwlfohv lq d krprjhqhrxv lvrwurslf

wxuexohqw �rz/% Sk|vlfv ri Ioxlgv D/ Yro1

6/ 4<<4/ ss1 58:4058;91

^6` Hojkredvkl/ V1/ dqg Wuxhvghoo/ J1 F1/ _Gl0

uhfw vlpxodwlrq ri sduwlfoh glvshuvlrq lq d

ghfd|lqj lvrwurslf wxuexohqfh/% Mrxuqdo ri

Ioxlg Phfkdqlfv/ Yro1 575/ 4<<5/ ss1 9880

:331

^7` Vq|ghu/ Z1 K1/ dqg Oxpoh|/ M1 O1/ _Vrph

phdvxuhphqwv ri sduwlfoh yhorflw| dxwrfru0

uhodwlrq ixqfwlrqv lq d wxuexohqw �rz/%

Mrxuqdo ri Ioxlg Phfkdqlfv/ Yro1 7;/ 4<:4/

ss1 740:41

^8` Orshv/ D1 P1 J1/ Vrxvd/ D1 F1 P1/ dqg Ylh0

jdv/ G1 [1/ _Qxphulfdo vlpxodwlrq ri wxu0

exohqw �rz dqg �uh sursdjdwlrq lq frp0

soh{ wrsrjudsk|/% Qxphulfdo Khdw Wudqv0

ihu/ Sduw D/ 5:/ 4<<8/ ss1 55<05861

^9` Foliw/ U1/ Judfh/ M1 U1/ dqg Zhehu/ P1

H1/ Exeeohv/ gursv dqg sduwlfohv/ Dfdghplf

Suhvv/ Qhz \run/ 4<:;1

^:` Jrvpdq/ D1 G1/ dqg Lrdqqlghv/ H1/_Dvshfwv

ri frpsxwhu vlpxodwlrq ri oltxlg0ixhoohg

frpexvwruv/% sdshu DLDD0;403656/ DLDD

4<wk Dhurvsdfh Vflhqfhv Phhwlqj/ 4<;4/ Vw

Orxlv/ Plvvrxul1

^;` Vlq/ Y1 N1/ _Vwxglhv ri wkh Vhwwolqj Yh0

orflw| ri Khdy| Sduwlfohv lq Krprjhqhrxv

Lvrwurslf Wxuexohqfh dqg Udqgrp Iorz

Ilhog/% Surfhhglqjv ri wkh hljkwk Lqwhu0

qdwlrqdo Frqihuhqfh rq Hqkdqfhphqw dqg

Surprwlrq ri Frpsxwdwlrqdo Phwkrgv lq

Hqjlqhhulqj Vflhqfh +HSPHVF*YLLL/ Mxo|

5805;/ 5334/ Vkdqjkdl/ Fklqd/ FU0URP1


