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WKQWHUQDWLRQDO HROWREHEBRQUWUHYWHI ,WDO\

TKHUPRHFKDQLFDO &RLO &RROLQJ ORGHO WR 7L
DQG OHFKDQLFDO 3URSHUWLHYV ,VVXHV DIWHU +RW

1 /HJUDQG O 'HND 0 ODJDOIUFRHORFRNMWDO *OREDO 5 ' (DVW &KLFELC
% (KUKRBGM &D O HBW
" 'HLVIDWUBRBKRWOH 3RO\WHFKQLTXH )UDQFH
6 -LPHQH] 5 -BARROHFORUOLWWDO *OREDO 5 ' )UDQFH

Abstract: The goal is to better understand the strip shape and hardness variability issues that appear after
hot rolling on two distinct high strength steel grades A and B. These issues strongly affect the yield loss of the
two grades and are mainly due to late austenite transformation in the coil during its heterogeneous cooling in
the coil yard after mandrel removal. To tackle these problems, an existing thermo-mechanical coil cooling
model is calibrated on the two grades using industrial temperature measurements of the coils taken with infra-
red cameras (to tune the coil cooling temperature model) and using laboratory dilatometric tests to tune the
phase transformation kinetics model of each grade. The infrared cameras reveal a difference of cooling kinetics
between the two grades attributed to a difference of phase transformation kinetics: one grade is mainly coil
transforming (grade A) while the other is rather run out table transforming (grade B). This difference was con-
firmed by the TTT and CCT diagrams established on the two grades with the laboratory dilatometric tests.
Furthermore, the calibrated coil cooling model clearly shows that the slow kinetics of coil cooling after mandrel
removal depends not only on material parameters, boundary conditions, coil geometry and phase transfor-
mation kinetics but also on the heterogeneous contact pressure between laps in the radial direction of the coil.
Once calibrated, the model is used to compare the two grades and analyse several new rolling practices to

mitigate the issues. Finally the industrial evaluations of some of these new practices are presented together
with the yield benefits.

(<:25'6 +27 52//,1%&2,/ &22/,1¥3+$6( 75$16)250$7,215$16)250%$7,21 3/$67,&,7<
5(6,'8%/ 675(666+$3(x+$5'1(66 9$5,$%</,7

,1752'8&7,21
$016 &DOYHUW ILQLVKLQJ PLOO GHVFULSWLRQ

7KH $016 &DOYHUW ILQLVKLQJ KRW VWULS PLHOQKS$ROIDED ADXBEH GLYLIV K \EW
&9& RQ DOO VWDQGV 7KH UXQ RXW FRROLQJ WDEOH KBXW PD[PPRXWHED WH
FRROLQJ FDSDFLWRRDOQEBUVGR/ZAHH ILIXUH

| 151-1. B
U @L @Lé
: e Dc1, 2, 3

? ]

Distance in meter

)L £3$016 &DOYHUW )LQLVKLQJ +R2V 55XV 2 X W LTIEFE @RDARKIMD H U

1$016&DO YHUUFWA RN ZGEWVHHO -RLQW 9HQWXUH $ODEDPD 86%



WKQWHUQDWLRQDO HROWREHEBRQUWUHYWHI ,WDO\

,QGXVWULDO SUREOHP GHVFULSWLRQ

7KH &DOYHUW KRW VWULS VMUK QUWRISC X/FNHIBE EX B 6 HR W W/KHGVIWOGSH $ D Q!
JUD&GH 7KHVH JBRQWWLQ D KLIJK DPRXQW RI ODQJDQHVH UHWDUGLQJ WKH

LQ WKH VWULS ZKHQ LW LV FRROHG GRZQ E\ WKH 5X{Jr 2N YWOE QK H 2H P
DXVWHQLWH DMRMMH GRZ@GHFRPSRVHG E\ SKDVH WUDQVIRUPDWLRQ ODW
KHWHURJHQHRXY FRROLQJ ILJXUH 7KLY SURGXFHV VKDSH DQG KDUGC
7TKHVH LVVXHEHDGHSHPGHQW DQGPGHEXK DR AMDICHDRR® PHWDOOXUJLFDO LQV
WHPSHUDWXUH DQG VWUHVV GLVWULEXWLRQ LQ WKH FRLO LQIOXHQFH

$GGLWLRQDOO\ GXULQJ IXUWKHU GRZQ FRRSDBIWBWXWIHQLWHPGHBRMS
XSSHU WHPSHUDWXUHY DUH EHLQJ WUDQVIRUPHG LQWR KDUG PDUWHQVL
wWDLO HGJHV EHFDXVH RI IDVWHU FRROLRQ WRWWHN KDBOWER/OMRMEY WULS |
GRzZQ W&HVKDSH LWDWHHWKHQ FRQVLGHUDEO\ LQFUHDVHBVBWFWKXGOSE RROY
VXEVHTXHQW FREE WROXGINO\ SULRU WR FROG UROOLQJ WKH FRLOV DUF

Yield
Zranslorm ation start
L e T1@NSTOMation finish

vl

f\ O

Striptemperature

_ degradation 3
High strength steel Phase (grade A) i
grades no/few phase i
: . > Transformation
- High Si & Mn transformation during
Run Out Table gluring
on coil cooling

Strip breaks @
— , | ‘7—ycold rolling mill
i Q %ISM%‘HS% @; ERun (x)ut Table | o / L_tgaib) |
: i I Co.'; »/ Uncoiling @
i P gl oD
—— [ —| i [r—
_ Down-coiler

)L 7ZR LPSRUWDQW VRXUFHV RI \LHOG ORVV DW WKH &DOYHUW KRW UROOLQJ P
LVVXH JUDGH $ DQG KDUG SKDVHV IRUPDWLRQ JUDGH % DW VWULS H[WUHPL

X *UDGH $ WZLVW VKDSH LVVXH
W LV D FRPSOH[ VKDSH GHIHFW ZLWK ZDYHV LQ TXLQFXQ[ XVXDOO\
RI JUDGKWWKH VWULS WHQGV WR WZLVW DURXQG LWVHOI ZKLOH WUD
VHH ILJXUH 7KH GHIHFW ORFDWHG LQ KRW EDQG FRLO ,' LV WKX
WKH FRLO 2' GRHV QRW VKRZ DQ\ SDU\RQRXOARL @V Z'L VW BKEISHH GV V X
DGGLWLRQ WR WIEDW FK/ RRBIIDOUDWR FROG UROOBQ@IRLVRRWE D RV H WK
SKDVHV IRUPHG GXULQJ FRLO FRROLQJ DW FRLO H[WUHPLWLHV KHD

5‘\//\/

—=
-
bl olhE

Classic shape defect]
Twist shape defe \Edge waves alignedf

Waves in quincunx &\—/\
D E

)L D7ZLVW VXDI$HFW REVHUYHG DW D GRYQNMRHBP WEDRWHW>VKDSH GHIHFW
ZDYHV LQ TXLQFXQ[ GLIIHUHQW IURP D FODVVLF ZDY\ HGJH VKDSH C

length
length

Top of
wave

X *UDGHKBUGOHVV YDULDELOLW)\ LVVXH
7KH FURS OHQJWK IRU WKLV JUDGH DLPV WR UHPRYH KDUG SKDVHYV
HGJHV EHFDXWYHLQUBEBWUDVW WR JUDGH $ GRHV QRW KDYH DQ\ E
UROOLQJ ,W LV DOVR KLJKOLJKW HG® MEHD % BRMHE/HQPR WL © UFHRGHDWD W\ L

7KHVH FURS OHQJWKY DYRLG WLPH ORVVHV DWGRRERQEWWHRBUWPH O WHHWM. HVOWVGUQ R M
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2ZEMHFWLYHV RI WKH SUHVHQW ZRUN

%DVHG RQ WKH DERYH SUREOHP RHWHPWE WH RRQ WKKN ZRIUNDUY WR PLQLPL
WZR JUDGHV E\

x &DOLEUDWLQJ DQ H[LVWLQJ FRLO FRROLQJ PRGHO WR EHWWHU X
KDUGQHVV YDWMXEHWREVHUYHG IRU WKH WZR JUDGHY DQG PRUH SD
0 :K\JUDGH $ JHWV VHYHUH WZLVW VKDSH LVVXHV DW FRLO ,' ZKL

0 :K\ 7ZLVW VKDSH LVVXH RI JUDGH $ LV REVHUYHG DW FRLO ,' RQ
0 :K\'D EDWFK DQQU EKEMQU MWOWHQJ LV UHTXLUHG IRU JUDGH $ ZKLC
% "

x 'HYHORSLQJ DSSO\LQJ DQG HYDOXDWLOYKNVW®RPAHD QROAGMLQD WHDWWH ¥ H V
WKH FURS OHQJWK DQG DVVRFLDWHG \LHOG ORVV RI WKHVH WZR JUL

(;3(5,0(17%/ $1%$/<6,6

7ZLVW VKDSH LVVXH RI JUDGH $ 5HVLGXDO VWUHVV FKDUDFWHUL]DWLRQ

OHWKRRG FKDUDFWHUL]H WKH UHVLGXDO VWUHVVHYV DVVRFLDWHG ZLWK WK
VKHHW VDPSOHV ZHUH FROOHFWHG IURP GLIIHUHQW FRLOV DIWHU WKHL
,' &URVV VHFWLRQV RI WRH FRMOK/LBENBHVYV [ a PP ZLGWK 7KHQ HDFK V
UROOLQJ GLUHFWLRQ LQ PP ZLGWK ODPHOODHYV XVLQJ ZDWHU MHW $I
UHVLGXDO VWUHVVHY UHOHDVH 7KH PDJQLWMNOGMXRJIHGREY H GW YXWR U WLFRD@)\
J)DUR ; WR JLYH DQ HVWLPDWH Rl WKHVH UHVLGXDO VWUHVVHYV

S5HVXOMWY¥XUH SUHVHQWY D VDPSOH VKHHW PHDVXUHG ZLWK WKH VFDQQ
DQG FRUUHVSRQGLQJ WR FRLO Rl WDEOH

a)

After cutting

b) $IWHU FXWWLQJ
)L 7ZLVW VKDSH GHIHFW LQ VWHHO VKHHWVRPCGQOH EHMIREIMHWILRE® D IPHHWWHBEXWWR B .
/HIW VDPSO H\s LSIKPMW XGAIWWWRUGHG VKHHWY DQG ODPHDBIOIRH\H FHIDOFBUVWWMAGL QY W K H

7KH VWURQJ FXUYDWXUH RI WKH ODPHOODHYV DIWHU FXWWLQJ VXJIJHVWYV \V
PDLQO\ DFURVV WKLFNQHNKH /& @QRWRIFBEBVVLF VKDSH GHIHFWYV ZDY\
ZKLFK DUH GXH WR UNWLEEXO VMRVQU BYVYRBKL. WKBVZEBEW® FRQILUPHG E\ D



WKQWHUQDWLRQDO HROWREHEBRQUWUHYWHI ,WDO\

H[SHULPHQW QRW VKRZQ KHUH ZKHUH DOO WKH ODPHOODHV IRU HDFK V
PDUEOH WDEOH DQG WKHLU UHVSHFWLYH PHDVXQW H® PHIA BV Z O K LI/O R RSV
VKRZV WKDW WKH FXUYDWXUHV DUH UHODWHG WR UHVLGXDO VWUHVV
ODPHOODHV FXUYDWXUH RI ILJXUH FRUUHVSRQG WR UHOD[DWLRQ RI EHC
DW GRRQOKHKLOH WKH FXUYDWXUH Rl HGJH ODPHOODHYV LV UHYHUVHG FRP
FXUYDWXUH LQ WKH HGJHV LV XQFOHDU )XUWKHUPRUH DV VKRZQ RQ WDE
LQX,QLW DUH VPDOOHU ZKH QW RRRIGHG/U Bl @ BOFEMERPRNUN G IPIHRHIAUAU WKDQ D)
ORQJHU GLVWDQFH PHWHUW QWKLW LUHV X OQ/FF HVWHKRX 6 /RIVUH U W
VPDOOHU FXUYDWXUH LV VR WKH KLJKHU EHQGLQJ DWHGBIOPHV VREROIEGSE
KLIJIKHU FXUYDWXUMAR PKCHIGHEBRVHAKLY SRLQW LV GLVFXVVHG IXUWKHU LQ

7TDEOHPHDVXXIQEWY DIWHU FXWWLQJ RI WZLVW VKDSH VDPSOHYV DQG DYHL

coils ID
490 XT1] 490 XT4 480 XT1] 480 XT2 430 XT1] 430 XTP440 XT1440 XT|
distance from ID| 50 m. 5m. 30m. 5m. 20m. 5m. 83m. [ 5m.
(meter)
0 614 596 898 191 922 300 163 77

294 596 143 104 235 | 216 | 248 | 73
871 558 386 946 | 353 66 | 458 9
1007 | 442 602 353 628 24 | 582 | 280
1108 | 300 609 315 646 16 | 587 | 324
887 290 419 34 320 24 | 452 | 25
281 407 171 175 133 14 | 235 | 154
676 690 416 250 422 90 | 137 [ 139
8 - 575 - - -

Average I|-unif

of distorsions| 729 | 495 | 456 | 179 | 457 | 94 | 358 | 135

lamellaes number
~N[ojoa|h|w|IN]|F-

+DUGQHVY YDULDELOLW\ LVVXH RI JUDGHV $ DQG %

OHWKR®RFNZHOO & KDUGQHVYV SURILOH PHDVXUHPHQWY ZHUH SHUIRUPHG
VDPSOHV WDNHQ DW GLIITHUHQW GLVWDQFHV IURP FRLO H[WUHPLWLHV F
JUDGH $ ZzDV PHDVXUHG R QKD Q®VRRL OU,D GAKMOHDY PHDVXUHG ERWK LQ FR

SHVXQMIKUHYV DQG VKRZ KDUGQHVY PHDVXUHPHQW UHVXOWYV IRU WKH
IRU JUDGH $ VHH ILJXUH ZHUH PDGH EHIRUH EDWFK DQQHDOLQJ VR K
WZR JUDGHYV

grade A - hardness profiles in Hot mill coil ID area
45

-e-5 meters from ID
-&-5 meters from ID
=4=5 meters from ID
-e-5 meters from ID
-©-20 meters from ID
-2-30 meters from ID
—2-50 meters from ID
——83 meters from ID

30

25

Hardness (Rockwell C)

20

15
0 200 400 600 800 1000
width (mm)

)LJ *UDGHD® GQHVYV SURIWEHG WURMYHUHQW SRVLW L RIRPRLCOKME.D EBRUKOHOHQ JW K
VDPSOHVY RIG0WPEBVXUHPHQW PDGH RQ KRW PLOO FRLO 2' WDLO
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*UDGH $ SUHVHQWYV D KLJKHBFKDUDBXQHVY LQ WKH HGJHV WK Q LIXDGH %
7KLV GLIIHUHQFH LV SUREDEO\ GXH D KLJKHU IUDFWLRQ RI KDUG SKDVHYV
PHDQV WKDW JUDGH $ KDV OHVV WUDQVIRUPHR DOOMVPRU M K HPRWD IFRLQH D ;
DEOH WR WUDQVIRUR® VX RPBQPW HFRIRMAEMWKHU ZRUGV JUDGH $ LV PRUH FRL
JUDGH % 7KLV GLIIHUHQFH Rl WUDQVIRUPDWLRQ EHWZHHQ WKH WZR .
GLODWRPHWULF WHVWV LQGXVWULDO WULDOV DQKVVRRRDWWGRRDRQD Q\F
PHWHUV KDYH D PRUH KRPRJHQHRXV KDUGQHVV DFUR MM X\WKHE KALF&KW K W
VXJIJHVWV D PRUH KRPRJHQHRXV EXW IDVWHU FRRQLQD Q@XVHU\ VKRZW IRR
JUDGHY® WLDWLRQ RI KDUGQHVV LQ WHR\HU B RWERIRLIOGL UM K IVQ FOOW WFRRW 'V H
H[WUHPH ODS 7KLV LV SRVVLEO\ GXH WR D GLIIHUHQFH Rl FRROLQJ UDW
FRLO 2' FRROV GRZQ |IDDWHRWKDPHRRE® WKH LQGXVWULDO UHVXOWYV RI C

11944163301D 11944163300D
45
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)L *UDGHDWGQHVV SURILOHV DFURVV VWULS ZLGWK DW GLIIHUHQW SR
D DW KHDG +60 FRRWDL®DQMFBEFRLO 2

'LODWRPHWULF WHVWV RREIUDEBYDRDRBVUD QG LQIOXHQFH RI DXVWHQLW|
GHIRUPDWLRQ LQ ILQLVKLQJ PLOO

OHWKRODWRPHWULF WHVWYV ZHUH SHUIRUPHG RQ WKH WZR JUDGHV XVL
GLIITHUHQW FRROLQJ UDWHYV 7KH WHVWYV FRQGLWLRQV DUH KHDWLQJ D

VHFRQGV DW &HOFLXV WKHQ RRRQLQUDWW WWIFRQWWRRWHRSHUDWXUH
UDWHV KDYH EHHQ XVHG &HOFLXV VHF 7KH VDP S(
PP OHQJWK [ PP GLDPHWHU IRU QR GHIRUPDWLRQ WHWWWVD QXHRRDBQDO

WKHVH GLODWRFIEHRWOGF WHVWYV LV W
x FKDUDFWHUL]H WKH WUDQVIRUPDWLRQ NLQHWLFV RI WKH JUDGHYV
FRUUHVSRQG WR WKH LQGXVWU&BOFERYGOGIWFLRQVWKWHRBXQ RXW WDE
&EHXKWLVHF LQ WKH FRLO GXULQJ LWV VORZ FRROLQJ DIWHU PDQGUH(
x (YDOXDWH WKH SRVVLEOH LQIOXHQFH RI KLJK WHPSHUDWXUH SOD
ILQLVKLQJ KRW UROOLQJ RQ WKH VXEVHTXHQW SKDVH WUEDMHY IIRWP D
WKDW SXUSRVH DQ LQLWLDO SODVWLF GHIRUPDWLRQ LV DSSC
WHPSHUDWXUH SULRU WR FRROLQJ IRU FRPSDULVRQ ZLWKRXW GHIR

S5HVXQMIXUH SUHVHQWY WKH GLODWRPHWULF FXUYHDWGEXUIIRQYJ WRR GLLR .
IRU ORZ FRROLQJ UDWHV L H EHORZ &HOFLXV VHF WKH IHUULWH DQG
YLVLEOH IRU ERWK JUDGHV EXW ZLWK KLJKHU DPRXQW RI WUDQVIRUPHG
KLHU FRROLQJ UDWHV PDUWHQVLVH QVL)RW PRIG DRWB6JUDGHV

2&&7&RQWLA@RRRYDIQVIRUPDWLRQ
37777LPAHPSHUDWDQM RUPDWLRQ
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delta Length (microns)

-20

40
Temperature (Celcius)

a) *UDGH $ b) *UDGH %
)L 'LODWRPHWULF WHVWYV IRU GLITHUHQW FRROLQJ UDWHVY DQG HVWLPDWHG V

JLIXUH VKRZIMOMKHQFH RI DQ LQLWLDO SODVDWLF G H HSUBRLERW L\RR RR XD
IRU JUDGH % WKLV GHIRUPDWLRQ SURGXFHV D VRRQHU IHUULWH SKDVH
WKH PDUWHQVLWH WUDQVIRUPDWERQUDISHSH GRWX LR W6 S UHXKHEOW VXFK V\
06 ILIJXWH KLV 06 VKLIW LV WKXV DQ HYLGHQFH WKDW JUDGH % LV PRUH
SODVWLF GHIRUPDWLRQ GXULQJ KRW UROOLQJ WR DFWWKHWHX RLRK W MY
&RQVHTXHQWO\ WKH FDUERQ FRQWHQW LQ WKH UHPDLQLQJ DXVWHQL\
WHPSHUDWXUHV LV KLJKHU LQ JUDGH % EHFDXVH IHUULWH IRUPDWLRQ
WKDQ LQ JUDSWRBIXWGW RS RIRWB JUDGH %

0.5 grade A - 10 Cps 1.5 grade B - 10 Cps
0.3 10 Cps_(20% defo) 13
0.1 | —9.0 Cps (No defo) 11 —10 Cps (No defo) r
-0.1 0.9
g—0.3 0 200 400 300 1000 gOJ 10 Cps_(20% defo)
5-0.5 §05
2-0.7 203
b Q
0.9 0.1 /
1.1 0.1 ==
1.3 03 0 200 400 600 800 1000
-1.5 -0.5
Temperature (Celcius) Temperature (Celcius)
a) JUDGH $ b) JUDGH %

)L GLODWRPHWWIEXHQFAHVRI LQLWLDO S8 DVWAISE FEDHO RARFRDONLIORQUDWHY R U XC

JLIXUH VKRZV WKH &&7 GLDJUDPV GHWHUPLQHG IRU HDFK JUDGH XVLQJ
SKDVH IUDFWLRQV PHDVXUHG E\ PHWDOORJUDSK\ ERWK JUDGHV IRUP P X!
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LOWHUPHGLDWH FRROLQJLQDWHDW HW RDIKXHRDERRH®RVLWH LV IRUPHG ZKL
SHDUOLWH LV IRUPHG IRU JUDGH % GXH WR WKH KLJK DPRXQW RI FDUERQ
DW ORZ FRROLQJ UDWHV EHFDXVH WKMQFDQ B RIFREHR RRHQWY QW ORIHNDGH $
ODWHU SKDVH WUDQVIRUPDWLRQ VWDUW WKDQ JUDGH % GXULQJ FRROLQJ
UDWH IRU JUDGH $ &HOFLXV VHF FRPSDUHG WR JUDGH % &HOFLXV
GHFHDVH RI 06 WHPSHUDWXUH IRU ORZEFRROLDWIJIJUDWHW GRHV IQRXWWMKRZ

D 7KLV 06 GHFUHDVH LV DQRWKHU FRQILUPDWLRQ RI WK HWKXDRX QW KLU JIKH
LQ JUDGH % WKDQ LQ JUDGH $

a) *UDGH b) *UDGH %
)LI &&7 GLDJWRORWDGHY $ DQG % GHWHUPLQHG E\ GLODWRPHWULF FRQWLQXRXV F
FRUUHVSRQGLQJ SKDVH IUDFWLRQ@@WDLQHG E\ PHWDOORJUDSK\

YLIXUH VKRZV WKH 777 GLDJUDP GHWHUPLQHG ZLWK LVRWKHUPDO G
WHPSHUDWXUH SODWHDXV RQ WKH WZR JUWWRIGH/O DURGW \$ DKDMWRL @/B®.E EIQ F
WHPSHUDWXUIB ZKLOH MKRGEN ® ED\ VKRUWHU LQ WLPH WKDQ JUDGH $ D¢
WKDQ JUDGH $ 7KHVH UHVXOWYV FRQILUP DJDLQ WKDW JUDGH $ KDV D PXF

D E

)L 777 GLDIJUPDYWLRHWHUPLQHG E\ LVRWKHU P DO J&IDAMH\R RIEMEHEKLDW HMWYFW LR Q
URXJKO\ HVWLPDWHG ZLWK WKH GLODWRPHWULF ERQUQHD UQMRLPHWIFOORJUDSK\ ZD

,QGXVWULDO FRLO FRROLQJ WULDOV ZLWK LQIUDUHG FDPHUDYV
/ULDOV FRQBDWXRYRHQWY RI FRLO WHPSHUDWXUHKHRYR QRWIORQ JIJGRQ GOQBL

UHPRYDO ZHUH PDGH RQ GLIITIHUHQW FRLOV XVLQJ LQIUDUHG FDPHUDV

JLIXUH SUHVHQWY WKH ORFDWLRQ RI WKH FDPHUDV ZLWK UHVSHFW W
WHPSHUDWSXHFNY UHHO\ RI WKH IURQW DQG RI WKH VLGH RI FRLO JUDGH %
RI WKH IURQW RI WKH WZR RWKHU FRLOV DQG JUDGH $ 7R JHW DEV
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LQIUDUHG FDPHUDV WKH HPLVVLMHAGVWRI WKHY BDRHUBPRUDBIYW SRQGLQJ WR
VWHHO HPLVVLYLW\

)LJ RVPRROLQJ WULDO DW ILQLVKLBRLFALMW HPIGWL QU HD U WMBKFDERI@®V ORFDWLR
WKLFNQHVV PP [ ZLGWK PP [ OHQJWK PHRLKU FRLO[ FRLQ [

ZULDOV_ YHMXHVY SUHWKHQWHPSHUDWXUH PHDVXUHPHQWY IURP WKH )/,5 L

WKUHH GLIIHUHQW WLPHV RI FRROLQJ DIWHU PDQGUHO UHPRYDO 7KHVH

x &HQWUDO ODSV LQ WKH IURQW YLHZ FRLOWKRIGU HYWW/DR VWXL FIRALODQ X

x &RUQHUV RI WKH FRLO LQQHU DQG RXWHU ODSV FRRO GRZQ IDVWH

x &RLO WHPSHUDWXVUW HWWUDMWBEO DPLRQJ WKH FRROLQJ WLPH LQIOXE
QHJOLJLEOH

a) PLOQXWHY DIWHU PD( b) PLOQXWHY DIWHU PD| c) PLQXWHV DIWHU PD

)LJ &RLO JUDGH $ OHDVXUHG WHPSHUDWXUH DW GLIIHUHQW WLPHV RI FRROL

JLJIXUH SUHVHQWY WKH WHPSHUDWXUH PHDVXUHG RQ FRLO JUDGH $
DQG RXWHU ODSV WKH FHQWUDPLRILI]H VKR ¥ HD FEIOWERS HQIDHABKLAH\WW R RID L Q J
SHDN Rl WHPSHUDWXUH DW &HOFLXV DSSUR[LPDWHO\ PLQ DIWHU PI
ODSV GR QRW SUHVEPWHBXYHAK ™K UW SHDN RI1 WHPSHUDWXUH W Y DIV WRULLFEDX\W
LQ WKH FRLO WKDW JHQHUDWHYV KHDW LW LV SUREDEO\ WKH DXVWHQLW|
RQ ILIJXWH)LIXUH VKRZV DOVR WKDW DW WKH EHJLQQLQJ RI FRLO FRRC
RXWHU OXBIS\DQEORI FRXUVH FROGHU WKDQ WKH FHQWUDO ODSV UHG 7K
GRZQ PRUH VORZO\ WKDQ RXWHU ODSV DQG EHFRPH ZDUPHU DW WKH HQG
LQQHU DQG RXWHU ODSV 7KH UHRVRRRZX\LQDW. GIQHO\ODBYJIJBUH FROGHU
ZLWK WKH FROG PDQGUHO GXULQJ FRLOLQJ ZKLFK WHQGV WR FRRO GRZ!
RXWHU ODSV FRRO GRZQ IDVWHU WKDQ LQQHU ODSV HEFHFB & WRMKMGR BW H
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FRQYHFWLRQ KHDW H[FKDQJHV ZKLOH WKH LQQHU VXUIDFH RI WKH FRLO 1
ORVVHV E\ UDGLDWLRQ SRVVLEO\ WHQG WR EH FDQFHOOHG IURP HDFK R\
LQQHU/TODWS LPSRUWDQW REVHUYDWLRQ LV XVHG WR HVWLPDWH WKH WKH!
PRGHO VLPXODWLP@QW WDEOH

)L &RLO JUDGH $ OHDVXUHG WHPSHUDWXUIM HY FERY BRI BXUURA G FRO X H- RIRAY
FHQWUDO RXWHU ODSV

JLIXUH VKRZV WKH WHPSHUDWXUH PHDVXUHG RQ FRLO JUDGH % ZLWHEk
VLGH YLHZV ,Q FRQWUDVW WR JUDGH $ WKH FHQWUDO QRSVHOVHURG?
WHPSHUDWXUH GXULQJ FRLI® FHRARFOLIA B LWWHWHR/DIQG SHREDEO\ GXH WR WK
% KDV D IDVWHU SKDVH WUDQVIRUPDWLRQ WKDQ JUDGH $ ILIJXUHV DQG

RQ WKH UXQ RXW WDEOH VR OHVV WR WUDQKRRV FD DY RVW K [F\R LVOK ) FEBKDRWWU
YLHZ VWD\ VLIJQLILFDQWO\ ZDUPHU WKDQ WKH RXWHU ODS VLGH YLHZ I
DUH IUHH VXUIDFHV Rl WKH FRLO LQ FRQWDFW ZLWK DLU VR @LKHXWR/RDGO G
PRUH LQ GHWDLOV LQ WKH QH[W VHFWLRQV
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\

a) IURQW YLHZ

¢c) WHPSHUDWXUH PHDVXUHPHQW LQ IURQW DQG

b) VLGH YLHZ

)LJ &RLO JUDGH % OHDVXUHG WHPSHUDWXUH HYROXWLRQ GXULQJ FRLO FRRO
VLGHHZ SRLQWY DFURVV WKH ZLGWK

)LQDOO\ FRLO WHPSHUDWXUH LQ WKH UDGLDO GLUHFWLRERIHDMBRBEJHRYID !
GLITHUHQW FRROLQJ WLPHV DIWHU PDQGUHO UHPRYDO IURQWGE®UHDGNRU
VKRZQ RQ LQIUDUHG FDPHUDV SLFWXUHYVY DOO DORQJ WKH FRLO FRROLQJ
RXWHU DQG LQQHU ODSY DUHD ZKLOH FHQWUDO ODSV SUHVHQW PXFK VPI

KLWH GRW OLQHV
UDGLDPSHWBIW XUH SUR
HIWUDFWHG DQG DYHU
JUDSK RQ OHIW

)LJ &RLO JUDGH % D OHDVXUHG WHPSHUDWXUH LQ WKH UDGLDO GLUHF

 PSRUWDOW REVHUYDWLRO FROFHUQLQJ DLU JDS EHWZHHQ ODSYV

$LU JDS EHWZHHQ ODS3YQ XWKID ORLH[EXMWWR WKH XWLQE FKIR FR RORHYWU L
REVHUYHG WKDW FHQWUDO ODSV LQ WKH ERG\ Rl WKH FRLO ZHUH YHU\ W
EHWZHHQ IURQW YLHZ VLQFH LW ZDV LPSRVVLEOH WR LQWURGXFH D WK
RXWHU ODSV DUHD FRLO ,' DQERRY HUKSYRXWUHLRXAMK WR LQWURGXFH WK
ORUHRYHU ,W LV EHOLHYHG WKDW WKLV YDULDWLRQ RI ODS FRQWDFW
LQQHU DQG RXWHU OD®WHGE TLWHK FWKG\ WRBBHODWXUH SURILOH LQ WKH L
DV VKRZQ RQ ILJXUH LPSRUWDQW DLU JDS LQ EHWZHHQ LQQHU DQG R
IURP WKH RWKHUV VR WKH WHPSHUDW X UHQHDGLGR W RVKW B R QK Q/BIF\E H U O
LQ ,' DQG 2' DUHDV :KLOH VPDOO DLU JDS LQ EHWZHHQ FHQWUDO ODSV |




WKQWHUQDWLRQDO HROWREHEBRQUWUHYWHI ,WDO\

WKDW SURGXFHVY VPDOO WHPSHUDWXUH JUDGLHQWYV L H SDRWHIRD XV WK
WKH PRGHOLQJ VHFWLRQ ILJXUH W ROHD\GWI. P IDWWMX D HP RQ W W H DUIDLG/IWDLAF @& K
J)LIXUH SURSRVHVY WZR SRVVLEOH PHFKDQLVPV WKDW FRXOG FUHDWH K
WLYHO\ LQQHU ODQGRRAWBHWRBFRUUHVSRQGLQJ UDGLDO WHPSHUDWXUH S
Xx OHFKDOQLWPKH SUHVVXUH DSSOLHG E\ WKH EDQG EHOW RQ WKH RXWH
WR FUHDWH D IOH[LRQ RI RXWHU ODSVY HGJHV OHDGH@UWB OHVV FR(

Xx OHFKDOQLWPKH WHPSHUDWXUH JUDGLHQW LQ WKH UDGLDO GLUHFWLRC
RXWHU DQG LQQHU DUHD SURGXFHV D SKHQRPHQRQ RI GHIOHFWLRQ
WHPSHUDWXUH JUDGLHQW WKUREXRE® ¥ SRUKREKWERMHVEYD S\HIGHFOHFW LI
ObSv EHFDXVH WKH WHPSHUDWXUH JUDGLHQW KDV RSSRVLWH GLUH
7TKHVH WZR PHFKDQLVPVY DUH RQO\ DVVXPSWLRQV WKHLU UHDO LQIOXHQF

%DQG

D

F
)L D WKH WZR SRVVLEOH PHFKDQLVPV UHVSRQWEDHUIRQ W RN VHUKGDSKNLG X UL
E SHODWDRQVIDISSVK WHP SHDBWBRWRYV WRKHDRADESID @ K B X¥HR MORL QW NS V

7+(5020(&+%$1,&%/ &2,/ &22/,1* 02'(/
$PRQJ QXPHURXYV QXPOHFUI-L\HKFR]\/UHODWLYHO\ IDVW QXPHULFDO PR

[>]auxQ RYW|@|@EgefeQGc FRLOLQJ DJs|ele{eFRr @ J&DYH EHHQ GHYHORSH

SUHGLFW WHPSHUDWXUH ILHOG KLVWRU\ SKDVH SURSRUWLRQV DQG UHV
ZLWK FROWPF V@ VBU]ekHD V> T{lx[|[@ |l@ Jl@ |@QG I0DWQHVV PEHD@UIHPHQV
GHYHORSHG WR EHWWHU XQGHUVWDQG DQG FRQWURO WKH HIIHFW RI SUR
PRGHOV QHHG WR EH FDOLEUDWHG RQ WKH VWXGLHG JUDGHV WR DFF
WUDQVLWLRQV DQG UHWQL@XDBKVBHSH/YGCHR @ WKHHILRP DO H[SDQVLRQ SKDVH
DQG WUDQVIRUPDWLRfPL|@GXFHG SODVWLFLW\

$YUL DQG .RLVWLQHQ PRGHOV IRU SKDVH WUDQVIRUPDWLRQ NLQHWLFV
,Q WKLV FRQWIUXEXYW. B&DEH WUDQVLWLRQV L H DXVWHQLWH WR IHUUL
$YUDPL HTPeDMERBODRVWHQLWH WR PDUWHQVLWH SKDVH WUJQVJ@WLRQ
7KH GLODWRPHWULF WHVWYV DW WKH GLIIHUHQW FRROLQJ UDWHV ILJXUH
VLPSOH $YUDPL DQG .RLVWLQHQ WUDQVIRUPDWLRQ HTXDWLRQV WR SUHG

6WOGDUG OHYHU UXOH PHWKRG

7KH PDLQ GLIILFXOW\ ZLWK WKH WZR JUDGHV LV WKDW VHYHUDO SKDVH
FRROLQJ UDWH ZKLFK PDNHV GLIILFXOW WKH TXDQWLILFDWLRQ RI WKH W
RQO\ WKH GLODWRPHWULF FXUYHY DQG WKH FODVVLF OHYHU UXOH PHWI
DPRXQW RI SKDVH IUDFWLRQ WR EH LGHQWLILHG E\ WKH OHYHU UXOH PH
OLPLWHG WR WKH LGHHQ®ERMDAD RPOIRHAMNRNRREMW L DOQWKWKQHZ SKDVHV IRUP
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$OWHUQDWLYH PHWKRG WR OHYHU UXOH
7R RYHUFRPH WKH DERYH GGII-HIV\FD([II)N—ILG—I‘EIEDDH’@@BG GHYHORSHG
Xx S5RXJK HVWLPDWH RI WKH DPRXOQOW RR U HEKE W GD Q ¥ MRRIFPHHIVE U KEDAVHU Y H D
IUDFWLRQ GEBWHMHHWDQIORQUBISKDWRPHWULF VDPSOHYV
Xx (VWLPDWHKMWKHDO H[SDOQVLRQ FRHIILRVHQW® L& DVWRDFHKWIKIFVHXUY HV
x (VWLPDWH VXFFHVVLYH $KHDWINQUOVWEHBRQ@ILWH EDLQLWH DQG PI
LQWHJUDWLQJ WKH PHDVXUHG VWUDLQ RYHU W LKPH WYVA QY WHHN HRQORD

DOO WKH SUR GKIEW VBKHD \WPHAD V X L/ GK ¥ VKD VG S UR S RAKY ISK@ WHK M/ K H
WHPSHUBWXBKMPDO H[SDQVLRQ &RVHKIHLE HQYWW L BQ G

YL Ay |-22EU PR XE @b enoodofavkUF loemoobs > @

7TKH GLODWRPHWULF FXUYHV RI ILIXUH ZLWK WKH HVWLPDWHG VWDUW
WUDQVLWLRQ PRGHO WXQLQJ RQ JUDGHV $ DQG % 7KH GHQWWH DDWLR
LQYROYHG LQ WKLV HTXDWLRQ DQ& KHKDAY HE HE HHW @V IHR/DWALI? @ VDWVGZBOBHV W |
SKDVH SURSRUWLRQV +LJKHU FRROLQJ UDWHYV DUH DVVRFLDWHG ZLWK
DVVRFLDWHG ZLW IS FBRUIHNVIFH D QEWEHD HORWH GHQVLW\N UDWLRYV KDYH EHHQ H\
E\V ILWWLQJ ZLWK KLJK FRROLQJ UBWGNLWVHKLOH ISIWDIDWBNH DQG EDLQLW
UDWLRY KDYH EHHQ LGHQWLILHG RQ ODRAHU RRRELZY VDWNVD WHVXOW V
SURSRUWLRQV HVWLPDWHG E\ DQDO\]LQJ PLFURJUDSKYV RI ILQDO PLFURYV
IRU PDUWHQVLWH DQG IRU ORZHU FRROLQJ UDWHYV IRKHIKBKD VWM H WBHMW IOR (
HDFK SKDVH IRU HDFK FRROLQJ UDWH LV LQIHUUHG G6LPSBHFDXRWKHL
PHDVXUHPHQWY XQFHUWDLQWLHY DUH QRW QHJOLJLEOH VR WKDW LW ZF
HTXDWLRQV WKODWQWHINXPRWMWBDUDPHWHUY +HQFH WKH SKDVH SURSRUW

.40xeUxeg

_géggg(géeﬁngDLQLQJ ROVQGH GYWEPL FRHIILFEWIGPWMY DQG

v L 189205 38 B A THE GPooA > @

,Q DGGLWLRQ IRU PDUWHQVLWLF SKDVH WUDQVIRUPLDMLINRRAR] GBFERWL QHQ
WKH WHPSHUDWXUH VWDUW Rl PDUWHQVLWLF SKDVH WUDQVLWLRQ

vl @8R ISEHATEGI6F 6,654 > @
&RHIILFGH)@\G?DUH LGHQWLILHG E\ PLQLPL]JLQJ WKH GLVWDQFH EHWZHHQ |
FRROLQJ UDWHV DQG WKH $YUDPL DQG .RLVWLQHQ PRGHOV

S5HVXOPMOWDWO UHVXOWYV REVOMNHURBDWMORE WKH SUHVHQWHG EHORZ
x 7DEOH VKRZVY WKH FRPSDULVRQ EHWZHHQ SUHGLFWHG DQG PHDVXI
UDWKHU ZHOO HVWLPDWHG IRU ORZ FRROLQJ UDWHV L H WR FHC
UDWHV L H FHWRLXV V ZKLOH PDUWHQVLWH LV XQGHUHVWLPDWH(C
FHOFLXV V DQG KLJK FRROLQJ UDWHV L H WR FHOFLXV V EHF

7TDEORBKDVH SURSRUWLRQV HVWLPDWLRQ IURP IRIRFFURKUHDSBEODEDOWHEG PR

& & \ & & & & & & &
3KDVH *UDGH f ! f ! ! ! f f f
*UDGH Ll
JHUULWH 3
*UDGH,; ; ; ;
*UDGH
%DLQLWH
*UDGH ;
*UDGH Ll
ODUWHQVL
*UDGH; ; ; ;
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x 7DEOH VKRZV WKH LGHQWLILFDWLRQ RI GHQVLW\ UDWLR IRU HDFK ¢
7TDEOHKHUPDO H[SDQVLRQ FRHIILFLHQWY DQG GHQVLW\ UDWLRV IRU WKH

3KDVHYV 7TKHUPDO H[SDQVLRQ '"HQVLW\ UDWLR
SXVWHQLW, -
JHUULWH  3H -
%DLQLWH -
ODUWHQVLY -

Xx )J)LQDOO\ 7TDEOH SUHVHQWY WKH $YUDPL DQG .RLVWHQHQ FRHIILFLH
FRHIILFLHQWY ZLOO EH XVHG ZLWK WKH WKHUPRPHFKDQLFDO FRLO F

7DEOISYUDPL DQG .RLVWLQHQ FHRIHVH MLHMWAM \WLREKRPRGHO WXQHG RQ JUD

&RHIILFLHQW

3KDVHV *UD®H G Jy
*UDGH $
JHUULWH 3H
*UDGH %
*UDGH $
%DLQLWH
*UDGH %
*UDGH $

ODUWHQVLWH

*UDGH %

TKHUPRPHFKDQLFDO FRLO FRROLQJ PRGHO WXQLQJ
,Q WKLV VRPFWULREKD@QVLPXODWLRQV RI FRLO FRROLQJ D UHHFKWDIRUAPHIE PR
FRROLQJ PRGHOWR PHUHRPSDUHG ZLWK WKH LQIUDUHG FDPHUDV PHDVXUF

)LJ 7KH WKRHBPFRDQLFDO FRLO FRROLQJ PREBRCGHRIPEGRHOYJI DHGHUDO
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6LPXODWLRQO FRQGLWLRQYV

ORGHOHPSHUDWXUH DQG SKDVH WUDQVLWLRQ PRGHO

)LUVW W KH]@REHIORLWHG ZLWK SURFHVV SDUDPHWHUV OLVWHG LQ WDEO
RYHU WKPHQJ WKH HQWLUH SURFHVV L H UXQ RXW WDEOH FRLOLQJ D
WUDQVIRUPDWLRQ NLQHWLFV $YDDRE WDIMVGH R ISWUMYQRRYVROR GRHD JUDGHV $ D
FRPSXWH WKH SKDYHWKLRS WK WILRRGEW UD 6 HFRISAVAIGH® DQGUHO LV UHPRYHG
SDUDPHWHUV DUH OLVWHG LQ WDEOH DQG PIRNSDUND PEXERISPIU R/Q HVH D U X
WHPSHUDWXUHYV LV PDGH ZLWK WKLVSRRIGHRXD DB XYWEOKWW AIH)J IURP

ORGH@RQWDFW SUHVVXUH GH®HEGGRRWHFRRBA&BHO

$IWHU PDQGUHO UHPRYDO VORZ FRLO FRROLQJ WDNHV SODFH ZKLFK
ERXQGDU\ FRQGLWLRQV FRLO JHRPHWU\ DQG SKDVH WUDQVLWLRQV EX
EHWZHHQ ODSV ZKLFK LV QRW W@ N30 KIHUMRRDFHF RX @ BHEQIPRGERLO FRROL!
L[ ]J@v DOVR XVHG LQ FRPELQDWLRQ ZLWK KH|fX]m0R FROEON PR G HID W ROUUHR SR
HVWLPDWLRQ RI WHPSHUDWMXD@&WMIHVQL 6 X WDLQDG) SWKHVHMOR Z FRROLQJ RI WK
ZKLFK DFFRXQWV IRU KHWHURJHQKIRX W FRHFD DWF D OBIROOZHER /IR H G L F W
UHVLGXDO VWUHVV HYROXWLRQ LOE WKIHWR RLFROWG K LBLODRIL ARHLED ISR Q@ SUW R +
EH H[SORLWWHTRHN V

7DEOBURFHVYV SDUDPHWHUY DQG WKHUPDO ERXQGDU\ FRQIAEN DRFEBY IRU FRLO FRF
*UDGH $ FRLO |*UDGH % FRLO

1XPEHU RI ODSYV
6WULS ZLGWK PP
6WULS WKLFNQHVV PP
6WULS OHQJWK PHWHU

&RLOLQJ 7THQVLRQ DW FRLOHU 03D 03D VKDOI RI ODSV Q&K DOCBID
03D ODVW IHZ ODSV

ODQGUHO GLDPHWHU PP
$YHUDJH VWURB FURZQ
7LPH EHWZHHQ HOQG RI FRLOLQJ DQG PDQGUH
ODQGUHO LQLWLDO WHPSHUDWXUH FHOFLXV
7TKHUPDO FROQWDFW WUDQVPLWWDQFH EHWZH H H
7TKHUPDO FRQWDFW WUDQVPLWWDQFEHPRPHW ZH H H
+HDW 7UDQVIHU &RHIILFLHOQW &RQYHFWLROQ
+HDW 7UDQVIHU &RHIILFLHOWIRARQYRPFWLROQ
+HDW 7UDQVIHU &RHIILFLHDQMW &RPRFHFWLRQ
S5SDGLDWLRQ FRHIILFLBOW RXWHU ODS
5DGLDWLRQ FRHIILFLBQW LQQHU ODS
SDGLDWLRQ FRHDLBLHOQW HGJH

7TDEOWWDWHULDO SURSHUWLHMRRO® FRIUD GCHPKODWLRQ

I|T|T
I|T|T

<RXQJ PRGXOXV 03D+ 03% . 7 .
3RLVVRQ PRGXOXV

7KHUPDO FRQGXFWLYLW\ Rl VWHHO D : PP

7KHUPDO FRQGXFWLYLW\ RI DLU i . PP
7KHUPDO GLIIXVLYLW\ RI VWHHO PPV

7KHUPDO GLIIXVLYLW\ RI DLU PPV

+HDW WUDQVIHU FRHIILFLHQW EHWZ C PP

([WHUQDO WHPSHUDWXUH

+HDW WUDQVIHU FRHIILFLHQW EHWZ WR . PP

W VKRXOG EH QRWHG WKDW D SHUIHFW FRQW D FW JER @ @ LXKLLFF® DV FIRRCBWD HP:
RUWKRWURSLF ERG\ LV FRQVLGHUH GO IRUWMUH FR XO H Q WKLY GWRIHDF RX O WQ
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RYHUHVWLPDWH WKH EDUUHO VKDSH RI WKH FRLO 7R FRPSHQVDWH WKLYV
[> ]@ 5HVXEWQ@DFW SUHVVXUHV DUH WKHQ XSGDWHG DW WKH HQG RI FRL
LPSRVLQJ D IUHH ERXQGDU\ FRQGLWLRQ DW WKH LQQHU UDGLXV RI WKH F
QRQLQHDU PXOWLOD\HU>S|@REVXHP FRRMODAWWIDZ DFFRXQWLQJ IRU URXJK
LH SHQDOL]DWLRQ RI QRPLQDYR®XPHDFKD QJWXEGBMRIHODQVLRQ DQC
WUDQVLWLRQV GXULQJ WKH FRLOLQJ VWHS L H GLIIHUHQFH EHWZHHQ \
UHPRYLQJ WKH PDQGUHO LV DSSOLHG +RZHYHU LW VKRXOG EH QRWHG
L UDGLDO GLUHFWLRQ ZKLFK GRHV QRW HQDEOH WR FDSWXUH SRVVLEO
VKULQNDJH DORQJ ERWK WKH UDGLDO DQG D[LDO1EPHHEWDR QM B X A\DD ¥\
WKDW WKLV ' DVVXPFSVSXRDWIRY KH FRQWDFW SUHVVXUHV ZKHQ WKH P
LQDFFXUDWH FRQWDFW SUHVVXUH GLVWULEXWLRQ DW WKH HGJH RI WKH
QRPLQDO VXUIDFHV GXULQJ PDQGUHO UHPRYDOK B UHR IFGR QUMMWWRW HRSHI
REVHUYDWLRQV Rl WKH VWDFNLQJ Rl ODSV L H JDSV EHWZHHQ ODSV IF
QR VPDOO JDS IRU WKH FHQWUDO ODSV WKH FRPSXWHG LQWHUSHQHWUD
O®V ZKLOH REVHUYDWLRQV SURYLGH HYLGHQFH RI WKH RSSRVLWH 7KLV
ZRUNV E\ SHUIRUPLQJ ' FRPSXWDWLRQV IRU WKH FRQWDFW SUHVVXUH HV
LVVXH D FRQWDFW S QHFR®VHY®/HQW ZEMWMKLWKH REVHUYDWLRQV RI ORRV
LV SRVWXODWHG DW WKH FRLO HGJH VR WKDW IXUWKHU WHP\SNKRW®G HE F
QRWHG WKDW FRQWDFW SUHVVXUHV DERLIRW PRGLILHG IRU WKH UHVW R
,Q DGGLWLRQ WKH HRGBDVSERBRYRSHIGE\ QHIOHFWLQJ KHDW IOX[HV DOJ
WR EH LQWQ RGXFISGHVHQW FRQWULEXWLRQ E\ XVLQJ DQ DGGLWLRQDO I
HILVWLQJ DQDO\WLFDO YRO}@IWLRQM BURSRRHIIBYXQHPHQWYV RQ WKH IURQV
VKRZ WKDW KHDW IOX[HY DORQJ WKH D[LDO GLUHFWLRQ FDQQRW EH QHJC

D E
)LJ &RQWDFW S DDV MXBRQWDFW KHDW WUDQVIHU FRHIILFLHQW UHVXOWLQJ IURP
VLPXODWHG DQG HVWLPDWHG IURP GEBREWOREVHUYDWLRQ GXULQJ WULDOV

6LPXODWLRQ UHVXOWYV

$ VHULHV RI VLPXODWLRQ UHVXOWWHP QB ULRPXDH IPHROOAK UHWKQAMRL OIUR QW
EHORZ IRU WKH WZR JUDGHYV 7KH JRDOV DUH WR FRPSDUH DQG DQDO\]H
DQG LGHQWLI\ WKH QHFHVVDU\ LPSURYHPHQWY WR LPSOHPHQW LQ WKH F

ORGH®LPXODWVRHPSHUDWXUH DQG SKDVH WUDQVLWLRQ PRGHO

7KH WHPSHUDWXUH SUHGLFWLRQM UHPW@UJQ HEU BL WP BIXWH BRBIHDK WKH P
WHPSHUDWXUHV IURP FDPHUDV IRU FRLOV  JUDGH $ DQG FRDQH JUDGH
IRU FRLO  JUDGH $ VKRZV WKDW WKH PRGHO SUHGLFWLRQV DUH DFFHS
FRPSDULVRQ WKH PRGHO WXQHG IURP SRIZHIYRHMAM W WXIAD Z B X \ERGL RB U F
LV WKH REMHFW L YHWR R@NK H UQHMIOM® WK RXJK SUHGLFWLRQV DUH QRW SH
PRGHOWKHVH ILUVW FRPSXWDWLRQV HQDE G WSRH URWXUH HRROXQW S5 DWHK
GXULQJ LWV WINRXMID RQHWRRLOLQJ DQERFRIMUFARKOHQUZIRQIBIDGHY ZLWK L
&&7 DQG 777 GLDJUDPDQGJIXQHN.IJXWEN FRPSDULQJ &&7 BEDQUDPWHREH WK I
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JUDGH $ DW FRLOHU KDV DOPRVW QR DXVWHQLWH WUDQVIRUPH®LEBW DC
:KLOH ZLWK JUDGH % WKH WUDQVIRUPDWLRQ KDV DOUHDG\ VWDUWHG

WUDQVIRUPLQJ ZKLOH JUDGH % LV PRUH UXQ RXW BNFRE®IS NWNIULMQJVIRUBLOQ JIU
VDPH FRQFOXVLRQV DGH K BPWDERHGHUWKDY QRW \HW VWDUWHG WKH WUD
ORUH LPSRUWDQWO\ WKH 777 GLDJUDP UHIOHFWLQJ WEHDEBUR GKRDA WRI
JUDGH % FHQWUDO ODSV DYRLG IRU PRVW RIUVWEKDH BRGWE BDAKD W EORZ HEWH FADHKF
ZKLOH ILIXWKRZV WKDW FRLO FRROLQJ RI JUDGH $ FHQWUDO ODSV WHQ
FHQWUDO ODSV ZKLOH IRU FHQWUDO ODSV PLGGOH ZLGWK WKH HD\ LV D'
OLQH PD\ EH RQH VRXUFH RI WZLVW VKDSH GHIHFW IRU JUDGH $ EXW IXUV

)LJ 7LPWHPSHUDWXUH FRROLQJ SDWK BPHWRGHEHFR LBDQ GINDGHX® DWHG
QR VSHFLILF WXQLQJ ZzDV PDGH IRU WKLV FRPSDULVRQ

a) *UDGH $ b) *UDGH %

yLJ 7TLPWHPSHUDWXUH FRRER@QULVQUDSIDMEB M- QH FDRFEXIDO /RIGIJEUXQ RXW WDEOH FR
FRLO FRROLQJ SDURHH/N BBD (RADG HRRPSD UL BRG BILWBEUDPYV
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a) *UDGH $ b) *UDGH %
)LJ 7LPWHPSHUDWXUH FRROLQJ SDWK LQ WHIH WiHQ WA.0meH FOlDCR/XPRDGEH0E BAQ & W K
UXQ RXW WDEOH FRLOLQJ DQ GDFRIDNG FAREDQQHSHLRPIS\DWH WVRRUZLKUD PV

7KH LQLWLDO WHPSHUDWXUHY DUH VHW DW PDQGUHO UHPRYDO ZKLFK D
PRGHO]@]@LIXU® DQG WKH FRUUHVSRQGLQJ SKDVH IUDFWLRQV DUH R
$YUDPL DQG .RLVWLQHQ HEXDWREB$ UV JIXRNMHWO\ DXVWHQLWLF ZKHQ WKH F
OHDGV WR PSBWEHMIPM WUDQVLWLRQ GXULQJ FRLO FRROLQJ ZKLOH JUDG
LQWR IHUULWH SHDUOLWH DQG EDLQLWH

D7HPSHUDWXUH DW PDQGUHO UHPIE3KDVH IUDFWLRQV DW PDQGUHO U]
JLJ D7HPSHUDWXWK DY SURSRUWLRQV DW PDQGUHO UHPRYPRGEBIWRVUKEHRMRKL O H
JUDGHV $ DAQGAGNV®%D O WHPSHG DRWWKHUG E\ PRGHO

ORGHO VLPXODWRR® DFWXIUHWVXUH GHSHQGHQW PRGHO
$ FRPSDULVRQ ZLWK LQIUDUHG PHDVXUHPHQWY RI WKH LPSBREHGVFRQWD
SURYLGHG LQ 9 LUMND VHRINIEHM PAHROGM QS H U L PMQWE L QRS ERWK IURQW DQG VL
ZKLFK HQDEOHV XV WR XVH WKH PRGHO WR FRPSXWH SKDVH WUDQVLWLR(
+RZHY HILW HMIDN W VHFRQGV PD®W &DMRS XWPRBYDQG PHDVXUHG RXWHU O
VLIJQLILFDQWRRISAKIRWBKUSOH FXUYH ,W LV EHOLHYHG WKDW WKLV GL
YROXPIHZDWHU VSUD\HG RQ WKH FRLO MMV IBWH B HQ 8 DRY GRIRH.@ LUQHIP R ¥ B IOF K
FRROV GRZQ WKH RXWHU ODS HJEQ VFRIWDK G HERAREOH. QU R\ BRIRIV HQW PR GH C
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a) JURQW YLHZ

b) 6LGH YLHZ

)LJ &RPSDULVRQ EHWZHHQ PHDVXUHG DQG GRIPISNHMWGRI\G MRIRG BQI WIXRIBRE RD O
SRVLWLRQ DWURQW MIGHE. DO SRVLWLRQ ZILGNGH R I0BRIGYLEH Z

7KH WRWDO SPRERIHIRGKULQJ FRLQ ARRBUQPLWH SHDUOLWH EDLQLWH PDL
DV D IXQFWLRQ RI WLPH DW WKH FRLO HO5 B R RO DER WHY XWDMGH D ULH) R EIXI
FHQWHU 2QH FDQ REVHUYH WKDW VLQF K H WX®HRX &/RWM I EIRHW RRIVDAD R | RUKRHF
RFFXUV GXULQJ FRLO FRROLQJ ZKLOH WKH&RS8ERY H\E HXG MQE EMHIWEY WNBHINR U .
ODSV LQ WKHIERXOHGNERL®DHDGY WR VLIJQLILFDQW YROXP 6 ¥KID® B-OD QW LVF L
LQ JUDSBWWLFXODUO\ZXHBK OHOGM WR UHVLGXD O VWUHMUERWEQG IODWQ
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D E
)LJ 7KH WZR PHFKDQLVPV WHZLSYROQVKEAGH IV®B/RAXEKDGKULQJ FRLO FRROLQJ
PDQGUHO URPRWROHH GLPRUHQWSRLSWD QWPRRGHMBJDEHH&SLQJ VWUHVVHY VWURQJEH

,Q DGGLWLRQ WKH GLVWULEXWLRQ RI PDUWHQVLWH |IRBURKH K UVHW OO W\
DUH FRQVLVWHQW ZLWK KDUGQHVV PHDWXXURRBE® \SLFE 8 DEXVHQ V LWRIZ HR H
%ZKLOH PLFURD@LXPM/XURQ PHWDOORJUDSK\ DQG KDUGQBGV FRAHAX U H I
SUHVHQFH RI PDUGLHMDIILWMH PHIQW Z L WXH R BMHW K 1D W DR@VARGWHWO LPSURYHPH

)LJ *UDGADBUWHQVLWH GLVWULEXWLRQ DRRGH®®QFWLRQ RI ZLGWK D
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1(: 52//,1* 35%$&7,&(6 $33/,&%7,21 ,1'8675,%/ 5(68/76

7ZLVW VKDSH LVVXH JUDGH $

%DVHG RQ WKH SUHYDRRY GIHYD WWKEN. WIZ1IVWHV KWIX$H FIRMMVOX ARROLQJ PRGHO
XVHG WR PD[LPWUDSKORHPDWLRQ RQEW K KILXQ | RYMV MDEIOBIQG E\ PLQLP]L!
VWUHVVHV LTQHWRR GIRLODPR\R GHWDKOME EHHB DSSOLHG W R MQKHU P MCHIG D
SRVLWLYH QRWHDPWVR | \LIFOBSORE | BIMS L J X U H

)LJ *UDGH<BHOGEMRRVH DQRD [LIRMHUQJ WKH SKDVHRQUWRN IBXODRKVRQ@WDEOH H J
SKDVH WUDQVIRUPDWLR ®&RRRWHKQHERL@®E OMEG EWUHVV IRUPDWLRQ

+DUGQHVY YDULDELOLW\ LVVXH JUDGH %

%DVHG RQ WKH SUHYLRXV DQDO\VLV LQ RUGHU WRW EWHEDRAYWHYHK H RDUO G

FRROLQJ PRGHO KWWWR HHID@YMWH HDVH RI FRLOLQJ WHPSHUDWXJHXWHKHD
VKRZV WXBKXWD Q L Q FRRHIMWMRRSHUDWXUH FRXOG OLPLW PDUWHRNXWHH KVID U

PDLOWDLQVY KHDG D ORWHDU®LWH DQYHBVULRVHRUPY PRUH VRIW SKDVHYV

VXEVHTXHQW FRROLQJ

D

E
)LJ *UDGHD%KLJKHU FRLOLQJ WHASHIDBWWHDG EQELWBEODWLRQ UHVXOWY LQ WHUI
IRUPDWLRQ PDWWHWWVHWHEMAIULHHMQ FH XQLIRUP FRLOLQJ WHPSHUDWXUH YHUVXV KR
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, QG XV WU IAHWRMRDIAXREG VMEK Z IPLO WWKHVH ZDUPHU FRLOLQJ WHR®HGE DGV R RMN
VKRZ DQ\ PDMRU LPSURYHPHQW LQ KDUGQHVY YDULDELOLW\ LVVXHV UHYV
LQFUHDVH LV QRW VXIILFRW&W KMHDODRPRERMQNDWH HR WG H@LQDIGAWY L VXD /& WU
DUH QHHGHG

&21&/86,216

&RLO FRROLQJ PRGHO LPSURYHPHQW DQG FDOLEUDWLRQ

7KH SUHVHQW ZRUN KDV GHYHORSHG D PHWKRGRORJ\ WR WXQH DQ H[LV'
DSSOLHG WKH WXQHG PRGHO WR EHWWHU XQGHUVWDQQGGRDHMVMDAMWXDEEC
RI WZR GLIIHUHQW KLJK VWUHQJWK VWHHO JUDGHVY $ DQG %
X 7KUHH LQIUDUHG FDPHUDVY KDYH EHHQ XVHG WR FDSWXUH WKH WHPS
Xx 3KDVHV WUDQVLWLRQV KDYH EHHQ PRGHOHG E\ $YGDPDWQRB8HWIUNW LV
x 7KH WHPSHUDWXUH ILHOG KLVWRU\ RI WKH FRLO KDV EHHQ FRPSX\
VLPXODWLRQ WRROV WHPSHUDWXUH SKDVH WUDQVLWLRQ DQG PHF
FRLO FRROLQJ SURFHVVHYV
7KH H[SHULKBPW EHHQ XVHG WR HVWLPDWH WKH YDOLGLW\ RI WKH QXP
VLPXODWLRQ WRROV ,QGHHG WKHVH WKHRUHWLFDO PRGHOV UHO\ RQ VH
VWLOO QHHGHG H[SHULPHQWDO HYLBHQIFHD/O YHPXOW W LNRKRZ KDRHWWE@RX E T
VHYHUDO LPSURYHPHQWY GHWDLOHG LQ WKH SDSHU D JRRG DJUHHPHQ
SUHGLFWLRQV DQG FRLO WHPSHUDWXUH PHDVXUHPHQWY E\ LQIUDUHG FDI
2Q WKLV EDVLV SKDVH SURSRUWLRQV HYROXWLRQ DQG WKH HYROXWLR
FRPSXWHG XVLQJ H[LVWLQJ PRGHOV

&RLO FRROLQJ PRGHO H[SORLWDWLRQ

7KH PRGHO WRJHWKHU ZLWK H[SHULPHQWYV KDYH WKHQUDBKHY XMMSHWR E |
LW KDV EHHQ VKRZQ FRQILUPHG E\ VHYHUDO GLIIHUHQW H[SHULPHQWDO
WUDQVIRUPLQJ JUDGH ZKLOH JUDGH % LV PRUH D UXQ RXW WDEOH WUDQ\
X WKH WUDQVIRUPDWLRQ LQ WKH FRLO F RPEU RGEVIK M 10 DVSVH EHHIG WEKH
DUH WKH SULPH VRXUFH Rl WKH WZLVW VKDSH IRU JUDGH $
x JUDGH % GRHV QRW KDYH WZLVW VKDSH LVVXH KHFOXRIGEMKWHX UX DL |
RXW WDEOH EHIRUH FRLOLQJ DQG FRLO FRROLQJ
x 7KHUH DUH VHYHUDO UHDVRQV ZK\ JUDGH $ LV FRLO WUDQVIRUPLC
WUDQVIRUPLQJ
o0 *UDGH $ SUHVHQWYV D ORQJ ED\ GHOD\ WR WUDQVIRUPDWLRQ V
RI WKLY JWKLG/ Q DWRUDD@YIRUPDWLRQ LQ WKH FRLO
0 *UDGH % SUHVHQWV D VKRDW HU GERDZ HS BHIPE BIRYDIWXQRW L FHD E C
WKDQ WKH FRLOLQJ WHPSHUDWXUH WKLV DYRLGVY OLPLWV WUD
o *UDGH % SKDVH WUDQVIRBPBWLRQVVWDWW WKDQ JUDGH $ WR
GHIRUPDWLRQ LQ KRWRHNRHOD PRUHWKUDY QVIRUPDWLRQ LQ WKH U}
% 7KH UHDVRQ RI WRKLGXHMHRHUIHMHH RI FKHPLVWU\ EHWZHHQ
W KDMQRBEWHG IO RV H GGRKHUWR FRQILGHQWLDOLW\
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