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Abstract

Background: Intracranial carotid artery calcification (ICAC) is associated with an increased risk of
stroke, dementia, and cognitive decline. While disturbed hemodynamics have been linked to vascular
pathologies such as atherosclerosis, a potential association with the development of ICAC has not
been extensively studied yet. This pilot computational study investigated whether local hemodynamic
parameters are associated with areas prone to develop calcification in the intracranial internal carotid
artery (ICA).

Methods: Computed tomography angiography (CTA) data from the Erasmus Stroke Study database
were used to reconstruct pre-calcification luminal geometries of intracranial carotid arteries. Twenty-
three arteries with a stenosis degree  70% were initially selected. Eight representative arteries were
chosen for lumen reconstruction, which were comparable to the stenosed subset in terms of size and
calcium burden. Reconstructions were realised using contour rescaling, interpolation, and contour-
copying techniques. Computational fluid dynamics simulations were performed in reconstructed healthy
lumen models using FEBio. Time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI),
and relative residence time (RRT) were calculated and mapped onto two-dimensional vessel represen-
tations. The hemodynamic parameters were compared between calcium-containing and calcium-free
regions and across anatomical ICA segments (C2i C6).

Results: Simulations of six reconstructed arteries successfully converged to a solution. In these arter-
ies, calcifications were predominantly located in the cavernous (C4) and clinoid segments (C5), while
no calcifications were observed in the petrous segment (C2). Calcium-containing regions demonstrated
a higher median TAWSS of 2.76 (IQR 2.48 1 3.34) Pa, compared to a median of 1.98 (IQR 1.237 2.63)
Pa in calcium-free regions, corresponding to a 39.6% percentage change. In contrast, OSI and RRT
were generally lower in calcium-containing regions. Calcium-containing regions had a median RRT of
0.43 (IQR 0.36 1 0.48), compared to a median RRT of 0.57 (IQR 0.45 1 0.88) in calcium-free regions.
The median OSI was 0.74 x 10 (IQR 0.48 1 0.011 x 10°®) in calcium-containing regions, while a value
0f0.96 x 10 (IQR 0.727 1.1 x 10°®) was found in the calcium-free regions. Segmental analysis showed
that TAWSS increased towards the distal ICA segments, whereas RRT decreased downstream. The
OSl values remained consistently low throughout the arteries.

Conclusions: This pilot study offers a pipeline to extract hemodynamic data from healthy ICA surro-
gates, derived from commonly available CTA images of patients with ICAC. The exploratory findings
differed from classical atheroprone hemodynamic patterns characterised by low TAWSS, high OSl and
low RRT. The contradictory results warrant further investigation. Larger studies with patient-specific
boundary conditions are needed to further clarify a potential relationship between hemodynamics and
ICAC.

Keywords: Intracranial carotid artery calcification; Computational fluid dynamics; Hemodynamics;
Wall shear stress; Stroke; Cerebrovascular disease
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The internal carotid artery and the seven distinct segments highlighted in yellow.
The segments as classified by Bouthillier originate at C1 and terminate at the bifurcation
of segment C7. The segments are knows as the cervical (C1), petrous (C2), lacerum
(C3), cavernous (C4), clinoid (C5), ophtalmic (C6), and communicating (C7) segments.
The intracranial portion of the ICA begins at the petrous segment. Adapted from [35].

Two subtypes of arterial calcification. Medial vascular calcification is characterised by
the deposition of calcium within the media, resulting in concentric calcification. Intimal
calcification can be distinguished by calcified bodies within an atherosclerotic plaque
located between the intima and the media. Adapted from[10]. ... ... ...... ..

The effect of positive vs. negative remodeling in response to arteriosclerosis. Pos-
itive remodeling involves thickening of the vessel wall in the direction away from the cen-
terline. Negative remodeling involves wall thickening towards the center line of the artery,
leading to a substantial decrease in lumen area compared to the unaffected reference
section. Adapted from[45]. . . . . ..
Pre-calcification lumen reconstruction. a) The lumen geometry is depicted in grey
and the calcium body in red. For the lumen geometry cross-sectional contours were
generated at a sampling distance of 0.2 mm apart. Cross-sectional contours were com-
puted for the calcium bodies as well in a separate data array. b) The resulting lumen
contours (blue) and the calcium body contours (red). c) The lumen contours that shared
a plane with calcium contours were selected for reconstruction, shown in red. d) Method
Al was applied when concentric stenosis was present. €) Method A2 was applied when
eccentric stenosis was present. f) Method A3 was applied when stenosis occurred at
the terminal partofthe artery. . . . . . . . . . . . . . .. ..
Id numbers were assigned to each contour. Id, and Id, were the first contours up-
stream and downstream from the stenosed region. With these as input, the contours in
the stenosed region, assigned Id., were reconstructed to create pre-calcified versions. .
Generation of the lumen surface. a) After reconstruction, the lumen contours were
first aligned, ensuring that the surface generation in MATLAB ran more smoothly. Having
generated most of the lumen surface in MATLAB, an STL file was exported to MeshMixer.
b) The final lumen surface was completed in MeshMixer. The separate sections were
joined, and the overall surface was smoothed to clear out any artefacts. . . . . ... ..
Discretisation of the fluid domain. An inlet extension (blue) and an outlet extension
(magenta) were first created. Next, a hybrid mesh consisting of tetrahedral en penta-
hedron elements was constructed. The top right figure shows the cross- section of the
meshed lumen, with the BL mesh in yellow and the remaining fluid mesh in magenta.

Blood flow curve over two cardiac cycles used to derive the inlet velocity for the
simulations. A sigmoid function of one second ensured that the flow gradually reached
the beginning of the first cycle. The curve was adapted from the average flow curve
reported by Lee etal.[34]. . . . . . . . . . . e
Process of calcium registration. The process of calcium detection involved finding the
smallest distance between lumen nodes and calcium nodes. A maximum value for the
distance (dmax) Was set to account for the misclassification of calcium presence in areas
where high curvature was present. When the maximum distance was too large (e.g. 5
mm), areas opposite the calcified area were misclassified. . . . . . ... ... ... ...
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Creation of the two-dimensional map from a 3D model. a.) The 3D model with the
TAWSS distribution mapped onto the lumen surface. b.) Slices with a thickness of 0.8
mm were created; each slice was then divided into eight sections at a 45-degree angle.
The resulting rectangular sectors were plotted to create the 2D map. Here, the y-axis
corresponded with the longitudinal direction and the x-axis corresponded with the circum-
ferential direction of the artery, respectively. Grids were generated for all parameters of
interest. Adapted from [28]. . . . . . . ..

Streamlines and velocity planes during peak-systole. The beginning of segments
C2, C4, C5, and C6 are highlighted in the figure. Corresponding axial velocity planes
were retrieved, showing a developed flow profile at C2 and skewed profiles until C6.
For the cuts at C2 and C4, in clockwise direction, the sides correspond with the medial
(M), ventral (V), lateral (L), and dorsal (D) side of the artery. For the other cuts, sides

correspond with the superior (S), medial (M), inferior (1), and lateral (L) side of the artery.

Registration of calcium presence for Artery 2R. a) The calcified artery, with one cal-
cium body at the end of the artery, shown in lime. b) The corresponding 2D map, the
sectors colored in lime were affected by calcium. . . . ... ... .. ... ........
TAWSS inPain Artery 2R. . . . . . . . . e
OSlin Artery 2R. . . . . . . e
RRT N Artery 2R. . . . . . . e
Artery 1L before and after reconstruction of the lumen. Displayed on the left, the
artery before reconstruction contained areas with a decreased diameter for segment C3
up until segment C6. On the right, the reconstructed artery is shown, the stenosed areas
have been replaced to generate a non-obstructed lumen. . . . ... ... .. ......
The six reconstructed healthy arteries for the CFD simulations. Arteries 1L and 1R
corresponded to the same subject. Arteries 1L, 3L, and 5L were left-sided, while arteries
1R, 2R, and 4R were right-sided. . . . . . . . . . .. L
TAWSS, OSI, and RRT for all arteries for the calcium-containing (orange) and the
calcium-free (blue) group. In the top panel, the median values for both groups are
displayed for all three parameters. Values are shown for the individual arteries and the
aggregated result. Compared to the calcium-free sectors, TAWSS was greater in four
out of six arteries, while the RRT was lower in the corresponding arteries. The OSI
was greater in the calcium-containing sectors for half of the arteries. The aggregated
result showed a higher TAWSS, lower OSI, and lower RRT in the calcium containing
sectors. Shown in the lower subpanel, the percent change was positive in the majority
of the arteries for the TAWSS. The OSI and RRT demonstrated predominantly negative
percentage change values. . . . . . . . . . ..
The TAWSS, OSI, and RRT per segment for the aggregated results. The TAWSS
increased in the downstream direction whereas the RRT decreased. The OSI did not
show a similar trend with the median OSI per segment remaining low. However, for all
segment the OSI was higher in the calcium-free sectors (blue) compared to the calcium-
containing Sectors (0range). . . . . . . . o i e

The Lee curve and Bammer curve over two cardiac cycles. A sigmoid curve was
used to gradually reach the minimum velocity of the velocity curve. . . . . . . . ... ..
2D maps of the TAWSS, OSI and RRT from simulations run with the average and
the adjusted flow curve. . . . . . . ..

Reconstruction results for the left arteries, lateral view. On the left, the lumen con-
tours are shown. Grey = original unaffected contours; Red = original contours affected
by calcium; Cyan = reconstructed contours. On the right, the final reconstructed lumens
are shown. For Artery 3L, a top view is shown since this visualised the reconstructed
region best. . . . . . L e e
Reconstruction results for the left arteries, medial view. On the left, the lumen con-
tours are shown. Grey = original unaffected contours; Red = original contours affected
by calcium; Cyan = reconstructed contours. On the right, the final reconstructed lumens
are shOWNn. . . . . . . e
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-RXVEGVERGMEP GEVSXMHEVXIV] GEPGMhGEXM ¢

$UWHULRVFOHURVLV RI WKHLQWUDFUDQLDO DUWHULHY KDV EHHQ VKRZQ
DQG WR LQFUHDVH G@R® QWIPIH QUWAMN J HVXOWYV LQ GLIILFXOWLHV ZLWK PF
ODQJXDJH DQG DWWHQWLRQ DQGLQD SURJUHVVLYH VWDJH HYHQ WKH |
QDWHO\ D SHUVRQ ZKR OLYHV IURP DJH WR DJH ZLWK $O]KHLPHUTV GF
% RI WKLV WLPHLQ WKHSURJUHVVLYH VWDJH 7KLV PHDQV WKDW WKH SH
WKDW PRVW RI WKLY WLPH ZLOO EMOVSHQW LQ D QXUVLQJ KRPH>

$ VSHFLILF PDQLIHVWDWLRQ RILQWUDFUDQLDO DUWHULRVFOHURVLV LV L
$V LWV QDPH LPSOLHV ,&%& LV ORFDWHG LQ WKH LQWUDFUDQLDO SDUW |
YROYHV WKH GHSRVLWLRQ RI FDOFLXP ZLWKLQ WKH YHVVHO ZDOO UHVX
VWXG\ RI VWURNH I[UHH DQG GHPHQWLD IUHH SDUWLFLSDQWYV WKH SL
DQLQFUHDVHG ULVMNRI, G DRBFEQAWILREY) WR LWV DVVRFLDWLRQ ZLWK FRJQLV
EHHQ OLQNHG WR FHUHEURYDVFX@ B HHYIRQWNG B RS\REXWOMDAVLRQ EDVHG |
DQG IRXQ GHWRKIDWURNHY ZHUH UHODWHG WR ,&%$& ORUHRYHU VWURNH UL
YROXPHVY 6LQFH ERWK VWURNHDQG GHPHQWLD DUHDVVRFLDWHG ZLWK F
VXEVWDQWLDO KHDOWK EHQHILWY PD\EH JDLQHG IURP SUHYHQWLQJRU YV

JLIXUH 7TKHLQWHUQDO FDURWLG DUWHU\DQG WKH VHYHQ GALKRHMWWLIQFAH QMM BQWYV KLIKOL.
FODVVLILHG E\ % RXWKLOOLHU RULJLQDWHDW & DQG WHUPLQDWH DW WKHELIXUFDWLRQ RI
& SHWURXV & ODFHUXP & FDYHUQRXV & FOLQRLG & RSKWDOPLF & DQG FRPPX
LQWUDFUDQLDO SRUWLRQ RI WKH ,&$%$ EHJLQV DW @KH SHWURXV VHIPHQW $GDSWHG IURP >



. IQSHIREQMGW EW E FMSQEVOIV

6KRZQ)LQXUH WKH ,&$LVDQ DUWHU\ ZLWK D GLVWLQFW VKDSH FRQVLVWLC
%DVHG RQ WKH YDULRXV FXUYHV DQG WKH VXUURXQGLQJ WLVVXHV SDU
LQWR VHYHQ DQDWRPLFDO VHIPHQWY DFFRUGL@J WRNWIKLK YR XN KRB QWH
HIWUDFUDQLDODQGLVFDOOHGWKHFHUYLFDO VHIPHQW & $IWHU & W
WKH FDURWLG FDQDO RI WKH WHPSRUDO ERQH IROORZV 7KHODFHUXP VF
E\ WKH FDYHUQRXV VHIJPHQW & 7KLY VHIPHQW LV ORFDWHG ZLWKLQ C
ZKLFK KDVDOVREHHQ UHIHUUHG WR DV WKH FDURWLG VLSKRQ $IWHU &
WKHRSKWDOPLF & DQG WKH FRPPXQLFDWLQJVHIPHQW & 7KH FRPP X
DELIXUFDWLRQ IURP ZKLFK WKH ,&%$ VXSSOLHVY WKH DQWHULRU FHUHEUDL
DUWHU\ 0&% ZKLFKWRJHWKHU SHUIXVH ODUJH UHJLRQV RI WKH EUDLQ

KHQ ,&%$& LV SUHVHQW FDOFLILHG VWUXFWXUHVY FDQEHIRXQG ZLWKLQ Gl
ILFDWLRQV KDYHEHHQ REVHUYHG LQ WKHLQWLPD PHGLD WKHLQWHUQD
LQWLPDO VXEW\SH LV JHQHUDOO\FRQVLGHUHG D FRQVHTXHQFH RI DWKH|
JUHVVLYHDWKHURVFOHURWLF OHVLRQV HFFH@ WA LAKRQMDIXHYWY DQG OXP
WKHHFFHQWULFDUWHULDO SODTXHV DVVRFLDWHG ZLWK LQWLPDO FDOFL
OHDYLQJWKHRSSRVLWH VLGH XQDIIHFWHG ,Q FRQWUDVW WKHPHGLDO
DWHG ZLWK DWKHURVFOHURVLV DQG DUH FKDUDFWHULVHG E\ FRQFHQWU
DUHHYHQO\GLVWULEXWHG DORQJ WKH HQWLUH FLUFXPIHUHQFH RI WKH
LQJ RIWKHDUWHULDO OXPHQ 9DQ GHQ %HXNHO HW DO LQYHVWLJDWHG
VXEW\SHV LQ SDWLHQWYV ZLWK LQWUDFUDQLDO ,&$ FDOFLILFDWLRQV 7K
PRVW SUHYDOHQW DQG DVVRFLDWHG Z@WK WKH KLIKHVW VWURNH ULVN>

JLIXUH 7ZR VXEW\SHV RI DUW HIH®L®D BDYCCALF XPDWILIFDD FLILFDWLRQ LV FKDUDFWHULVHG E\
ZLWKLQ WKH PHGLD UHVXOWLQJLQ FRQFHQWULF FDOFLILFDWLRQ ,QWLPDO FDOFLILFDWLR
DWKHURVFOHURWLF SODTXH ORFDWHG EHWZHHQ WK LQWLPD DQG WKH PHGLD $GDSWHG IL

JIQSHIREQMGW EWE FMSQEVOIV

S5LVNIDFWRUVKDYHEHHQHVWDEOLVKHG WKDWLQIOXHQFHWKHRQVHW RI
%RV HW DO LGHQWLILHG ULVN IDFWRUV IRU ,&%& XVLQJ SDWLHQW GDWI
6WXG\@ 7KH\IRXQG WKDW WKH SUHYDOHQFH RI ,&$& LQFUHDVHG ZLWK DJ
ZHUH H[FHVVLYH DOFRKRO LQWDNH DQG VPRNLQJ ZKHUHDV 'LDEHWHYV OH
VWURQJULVN IDFWRUV LQ ZRPHQ 'LIIHUHQW ULVN IDFWRUV EHWZHHQ WK
EHHQ SUHVHQWHG E@IRKIHOMERWK VXEW\SHY ZHUH DVVRFLDWHG ZLWK D.
SRVLWLYHIDPLO\KLVWRU\ RQO\WKHPHGLDO VXEW\SH ZDV DVVRFLDWHG
JROORZLQIJWKHDVVRFLDWLRQ EHWZHHQ FDOFLILFDWLRQVDQGDJH WKH
SHRSOH JHW ROGHU $Q HDUO\ ELRPDUNHU VSHFLILF WR ,&$& ZRXOG DL
VIPSWRPV VXFK DV FRIQLWLYH GHFOLQH RFFXU 7KLV PHDQV WKDW VXFK
EHIRUH FDOFLILFDWLRQV KDYHEHHQ FRPSOHWHO\GHYHORSHG

$ SRWHQWLDO ELRPDUNHU IRU GLVHDVHV RI WKHLQWUDFUDQLDO DUWHUL
LQIOXHQFHRQ YHVVHO ZDOO SURSHUWLHYV 3DUDPHWHUV LQYROYHG LQ K
SURILOHVY DQG ZDOO VKHDU VWUHVV :66 OXOWLSOHLQ YLWURVWXGLHV
KDVDQ HITHFWRQ WKHHQGRWKHOLDO FHOOV WKDW IRUP WKHLQQHU OD\F
UXSWY HOQOGRWKHOLDO DOLJQPHQW DQG IXQFWLRQ OHDGLQJ WR LQFUHD
RIDGKHVLRQ PROHFXOHYV DQG SUR LQIODPPDWRU\JHQH H[SUHVVLRQ 7K



. IQSHIREQMGW EW E FMSQEVOIV

PDWLRQ DQG OLSLG DFFXPXODWLRQ ZKLFK SURPRWH@ SOQDOXELUWUR D WILR
LWV OLQN WR SODTXH IRUPDWLRQ GLVUXSWLRQ RIWKHHQGRWKHOLXP K
WLRQ ;X HW DO KLJKOLJKWHG WKHFORVHLQWHUSOD\EHWZHHQ HQGRW
FHOOV 960&Y 7KHPHGLDO OD\HU RIWKHDUWHULDO ZDOO LV FRPSRVHG
WKH EORRG IORZDQG SUHVVXUH ,Q UHVSRQVH WR DQ DOWHUHG KHPRG\C
FKHPLFDOVLIJIQDOVWR960&V WKURXJKLQWHUFHOOXODU FURVVWDON 7K
ZKLFK VXSSRUWV YDVFXO®»U FDOFLILFDWLRQ >

JURP WKH :66 RWKHU ELRPHFKDQLFDO PDUNHUV FDQ EH GHULYHG VXFK
VWUHVV 7$:66 WKHRVFLOODWRU\VKHDULQGH[ 26, DQG WKH UHODWLY
HUV KDYHEHHQ VKRZQ PHDQLQJIXO WR TXDQWLI\GLVWXUEHG EORRG IOR.:
WKHH[WUDFUDQLDO SRUWLRQRIWKHFDURWLGDUWHU\ FRUUHODWLRQV |
URWLF GHYHORSPHQW DQG VKHDU VWUHVYV )RU H[DPSOH D FRKRUW VW X
GRWKHOLDO VKHDU VWUHVVY DQG SODTXH GHYHORSPHQW DW WKH FRPPF
DSDUwW 7KHLUILQGLQJV VKRZHG WKDW DJLQJ UHODWHG UHGXFWLRQ RIV
DWKHURVFOHURVLV@HYHDRGPWORY> HDUO\NILQGLQJV E\ *QDVVR HW DO
WZHHQ LQWLPD PHGLD WKLFNQHVYV ,07 DQG :66 DW WKH &&9%LDIOLFE\ZHU |
UHVXOWY E\* DOORHW DO SRLQW RXW WKDWDQLQFUHDVHG RVFLOODWR
PDUNHU RIDWKHURVFOHURWLF FKDQJHYVY OHDGLQJ WRaL GQWMERD/AVW &LHNH (
VKRZ WKH SRWHQWLDO RI KHPRG\QDPLF YDULDEOHV IRU WKH SUHGLFWLF
PRVW UHVHDUFK KDV IRFXVHG RQ DWKHURVFOHURWLF ZDOO WKLFNHQLQ
WUDFUDQLDO SRUWLRQ RI WKHFDURWLG DUWHULHY 6WXGLHV RQ D SRW|
FDOFLILFDWLRQVLQ WKHLQWUDFUDQLDO SRUWLRQ RIWKH ,&$ DUHVFDU

7KXV WR UHYHDO ZKHWKHU KHPRG\QDPLFV DUH DVVRFLDWHG ZLWK ,&$&
H[DPLQH D SRVVLEOH FRQQHFWLRQ EHWZHHQ KHPRG\QDPLFV DQG ,&$& K
EH TXDQWLILHG 6RPH KHPRG\QDPLF SDUDPHWHUV FDQ EH GLUHFWO\ GH
ODJQHWLF UHVRQDQFH LPDJLQJ 05, DOORZV IRUWKH PHDVXUHPHQW DQ¢
EORRG YHORFLW\LQ YLYR 8VLQJWKHVH YDOXHV WKH :66 DQG RWKHU VKI
GHWHUPLQHG $QRWKHU SRVVLELOLW\WRLQYHVWLJDWH KHPRG\QDPLFV
WDWLRQDO IOXLG G\QDPLFV &)' :LWK &) EORRGIORZFDQEHVLPXODWH
IURP SDWLHQW LPDJLQJ GDWD 'LPDJLQJGDWD VXFKDV LPDJHV SURGXF
JLRJUDSK\ &7$%$ FDQEH XVHG WR EXLOG WKH JHRPHWU\ RI WKH GHVLUHG
SHUIRUP VLPXODWLRQV RI WKH EORRG IORZ ZKLFK DOORZV IRUPHDVXUH!
SDWWHUQV :KHQ XVLQJ&) WRVWXG\EORRGIORZ WKHYDVFXODU ZDOO L
RQO\WKH IOXLG GRPDLQ LV PRGHOOHG 7R DLGLQ WKHDQDO\VLV WKH D\
FRQVLGHUHG ULJLG 7KLV LPSOLHV WKDW DQ\IRUP RIIRUFH ZLOO QRW Ot
FXODU ZDOO :LWKRXW GHIRUPDWLRQ WKH OXPHQ VKDSHUHPDLQV FRQVI
$OWKRXJK WKLY DSSURDFK GRHV QRW FRPSOHWHO\UHVHPEOH WKH SK\VL
&) DQDO\WHV VKRZ VLPLODU UHVXOWV IRU WKH :66 ZKHQ ®RPSDUHG WR 05



SLIWMW KSEP

SLIWMW KSEP

&XUUHQWO\ WKH DPRXQW Rl UHVHDUFK RQ ,&$& LQ UHODWLRQ WR KHPR
VWXGLHV KDYH LQYHVWLIJDWHG WKH UHODWLRQ EHWZHHQ HDUO\ ZDOO W
PRVWRIWKHP IRFXVVHG RQWKHH[WUDFUDQLDO SRUWLRQ VXFKDV WKH ,&
UHODWHG KHPRG\QDPLFV WR DWKHURVFOHURVL\@ B® G&RROF FDQEQ IL\W B W
LQWUDFUDQLDO YDVEXODWXUH YDULRXV VWXGLHV KDYHH[DPLQHG WKH |
DWKHURVFOHURWLE GLVHDVH 7KHVH VWXGLHVY RIWHQ UHSRUWHG WKH |
ZHUH DOUHDG\ NV HWWXG\ RQ GHYHORSLQJ SODTXHV DQG KHPRG\QDP
EHHQ SHUIR@PHEGW VLPLODU WR WKHDIRUHPHQWLRQHG SDSHUV WKLV VW
GLVHDVH

6LQFH WKH UHODWLRQ EHWZHHQ KHPRG\QDPLF SDUDPHWHUY DQG ,&%$& L
WKHVLVY H[SORUHG D SRVVLEOH FRQQHFWLRQ 7R DFKLHYH WKLV D SLSF
VLPXODWLRQVLQWKHLQWHUQDO FDURWLG DUWHU\RIKLJK ULVN SDWLHC
LHGLQ DUHDV ZKHUH FDOFLILFDWLRQV ZHUH NQRZQ WR GHYHORS 7R VSH
TXHVWLRQ ZDVIRUPXODWHG

7R ZKDW HIWHQW DUH KHPRG\QDPLF SDUDPHWHUY VXFK DV EORRGIORZD
VWUHVV DVVRFLDWHG ZLWK WKH SUHVHQFH RI ,&%$&"



1IXLSHW

- QEKMRKHEXEEGUYMWMXMSR

*HRPHWU\ GDWD RI FDOFLILHG LOWUDFUDQLDO FDURWLG DUWHULHYV ZDV
(66 GDWDEDVH 7KH (66 LV D FOLQLFDO UHJLVWU\VWXG\RISDWLHQWYV Z
WR WKH (UDVPXV 8QLYHUVLW\ OHGLFDO &HQWHU LQ 5RWWHUGDP WKH 1H

SDWLHQWYV ZHUH LQFOXGHG 7KHVH SDWLHQWY SUHVHQWHG ZLWK DQ L
LVFKHPLF DWWDFN Q $00 SDWLHQWYV KDG XQGHUJRQH &7$ LPDJLQJ
DV SDUW RIURXWLQ®FOLQLFDO FDUH >

%HUJKRXW BV8BPOIRUPHG VHIPHQWDWLRQ RQ WKH &7%$ LPDJHV RI SDWLH
5HFRQVWUXFWLRQV ZHUH FRPSOHWHG IRUWKH OHIWDQG ULJKW DUWHUL
OXPHQ DQG FDOFLXP GDWD RI DUWHULHV LQ WRWDO ,QDGGLWLRQ WK
VWXGLHG 7KH GDWD IURP WKHDQDO\VHYV ZDV DYDLODEOH IRU WKLV WKH
DQG PLQLPXP OXPHQ GLDPHWHUV WKH OHQJWK RI WKH VHIPHQWYV & XS
VHIPHQW &DOFLILFDWLRQVZHUHSUHVHQWIRUDOODUWHULHV ZLWKVW

+ % RI OXPHQ DUHD UHGXFWLRQ 'DWD UHJDUGLQJ WKH FDOFLILHG EF
WKHDUWHU\ WKH VL]H DQG WKHVKDSHRIWKHERGLHYVY ,QDGGLWLRQ '
DQG WKH FDOFLILHG ERGLHY VHSDUDWHO\

JLIXUH 7KHHIITHFW RI SRVLWLYH YV QHJDWLYH UHPRGHO3RNMLVQLY HMWSHRRRGHW R @JJ MHURLAR
WKLFNHQLQJRIWKH YHVVHO ZzDOO LQ WKH GLUHFWLRQ DZD\IURP WKHFHQWHUOLQH 1HJDW

FHQWHU OLQH RI WKHDUWHU\ OHDGLQJWR D VXEVWDQWLDO GHFUHDVH LQ OXPHQ DUHD FRF
$GDSWHG I@RP>

$VXE VHOHFWLRQRIDUWHULHV ZDV FKRVHQ IRU UHFRQWWHIXR WL\RZH 21 O\
VHOHFWHG DV FDQGLGDWHV IRUUHFRQVWUXFWLRQ 7KLV ZDV EDVHG RQ



(EVXIV]KISQIXV] VIGSRWXVYGXMSR

YDOXHV SRVLWLYHUHPRGHOLQJZRXOGEHPRUHGRPLQDQW FRPSDUHG V
UHPRGHOLQJ WKH YHVVHO ZDOO WKLFNQHVV LQFUHDVHV LQ WKH RXWZEC
OXPHQ DUHD LV QRW DV SURQRXQ PG LDQFWKREID QRPHQ LV RQO\ VOLIJKWO
VXFK D VFHQDULR LW LV FRQVLGHUHG WR EH VLPLODU WR D QRQ FDOFLIL
WLRQ ZDV GHHPHG XQQHFHVVDU\ 7KXV WR VHH WKH IXO0 HIITHFW Rl WK
GHPRQVWUDWHG VXEVWDQWLDO QHIJDWLYH UHPRGHOLQJZHUH VHOHFWH
VHOHFWHG DV VXLWDEOH FDQGLGDWHV IRUUHFRQVWUXFWLRQ

(EVXIV]KISQIXV]VIGSRWXVYGXMSR

4VI GEPGMhGEXMSRPYQIRVIGSRWXVYGXMSR
JRUHDFK DUWHU\ WKH JHRPHWU\ GDWD ZD Was URRFIHOWW G KWH ¢ D @730 $1% >D
WKHFHQWUHOLQH RI WKHDUWHU\DW D GLVWDQFH RI PPDSDUW $WHD
SODQH SHUSHQGLFXODU WR WKH FHQWUHOLQH ZDV GHILQHG 7KH LQWHU
IDFH DQG HDFK SODQH JHQHUDWHG FRQWRXU SRLQWYV GHVFULELQJ WKH
FDOFLILHGERGLHYVY WKUHH GLPHQVLRQDO SODQHV SHUSHQGLFXODU WR\
$JDLQ FRQWRXU SRLQWYV DW WKHLQWHUVHFWLRQV EHWZHHQ WKH FDOFL
J)LIXUH D FDOFLILHG VHIPHQW RIDQ DUWHU\DQG WKH FRUUHVSRQGLQJF
FLXP ERG\DUH VKRZQ 1H[W WKHGDWD RI WKH OXPHQ DQG FDOFLXP FRQ
DUUD\FRQWDLQLQJ FURVV VHFWLRQDO FRQWRXU GDWD IRUERWK WKH O>

JLIXUH B3UH FDOFLILFDWLRQ OXPHRANWBRXKREQWHRPWWRQLY GHSLFWHG LQ JUH\DQG WKH FI
JRUWKH OXPHQ JHRPHWU\ FURVV VHFWLRQDO FRQWRXUV ZHUH JHQHUDWHG DW D VDPSOLQJ
FROQWRXUV ZHUH FRPSXWHG IRU WKH FDOFLXP ERGLHV DV ZHOO LQ D VHSDUDWH GDWD DUUD!
FDOFLXP ERG\FRQWRXUV UHG F 7KHOXPHQ FRQWRXUV WKDW VKDUHG D SODQH ZLWK FDO
VKRZQ LQ UHG G OHWKRG$ ZDVDSSOLHG ZKHQ FRQFHQWULF VWHQRVLYV ZDV SUHVHQW H |
VWHQRVLYV ZDV SUHVHQW | OHWKRG $ ZDVDSSOLHG ZKHQ VWHQRVLV RFFXUUHG DW WKH Wi

JURP WKHFRPELQHG GDWD DUUD\ DOO OXPHQ FRQWRXUV WKDW VKDUHG D
WR WKH SUHVHQFH RI FDOFLXP WKLV VHOHFWLRQ ZDV GLIIHUHQW LQ VL]I
XQDIITHFWHG OXPHQ :KLOH XQDIIHFWHG FRQWRXUV ZHUH SUHGRPLQDQW
UHVHPEOHG FUHVFHQW OLNH VKDSHV ZKHQ HFFHQWULF FDOFLILFDWLRQ
FDOFLILFDWLRQV UHVXOWHG LQ QDUURZLQJ RI WKH OXPLQDO VXUIDFH D
WKH DITHFWHG FRQWRXUV ZHUH FODVVLILHG DV VWHQRVHG 7R UHDOLVF
WKH VWHQRVHG FRQWRXUV ZHUH DGMXVWHG LQ VKDSHDQG VL]H WR UHYV
GLITHUHQW PHWKRGV ZHUH XVHG WR SHUIRUP WKH UHFRQVWUXFWLRQ Gt
RI'WKHFDOFLILFDWLRQ 7KRVHPHWKRGYV ZHUH WKH IROORZLQJ



(EVXIV]KISQIXV] VIGSRWXVYGXMSR

$$ S5HVL]LQJ WKH VWHQRVHG FRQWRXUV WR WKH VXUURXQGLQJ XQDIIH
$+$ ,QWHUSRODWLQJWKHVXUURXQGLQJ XQDIIHFWHG FRQWRXUV WR J+
$$ &RS\LQJ XQDIIHFWHG FRQWRXUV WR UHSODFH WKH VWHQRVHG FRQ'

7TKHVWHQRVHG '"FRQWRXUVZHUHWUDQVIRUPHGWR "EHIRUHDQ\DGMXV\
I[URP '"WR 'ZDV UHDOLVHG E\ PXOWLSO\LQJ WKH ORFDO FRQWRXU GDWD
7KLY PDWUL[ZDV FRPSRVHG RIWKHQRUPDODQGELQRUPDO YHFWRUV RIW
JHQHUDWHG 'FRQWRXUV ZHUH SHUSHQGLFXODU WR WKH FHQWHUOLQH
HQDEOHG HDVLHU UHFRQVWUXFWLRQ VSHFLILFDOO\LQ DUHDV ZLWK KLJ
WKUHH DSSURDFKHY LVUWKIRZWYW K ORZHU SDQHO

% 6IWMA"MRK XLIWXIRSWIHGSRXSYVW XS XLIWYVVSYRHMRK YREJJIGXIH
7KLV PHWKRG XVHG GDWD IURP WKH FRQWRXUV XSVWUHDP DQG GRZQVWU
DUWHU\ $0OO0OLQGLYLGXDO OXPHQ FRQWRXUV RIWKHVWHQRVHG VHFWLRC
WKH VXUIDFHDUHD RI WKH VXUURXQGLQJFDOFLXP IUHH RQHYV

TR HQVXUH D JUDGXDO WUDQVLWLRQ EHWZHHQ WKH UHFRQVWUXFWHG FR
HQFHIRUHQODUJHPHQW FKDQJHG EDVHG RQ WKH SRVOTWDRQ ROWKH OXPFH
SDUDPHADH/ULQWURGXFHG WR GHWHUPLQH WKH SRVLWLRQ RI WKH VWHQRYV
DQG GRZQVWUHDP QHLJKERXUV

B Ida  Idp

$00 OXPHQ FRQWRXUV ZHUH DVVLIQHG DQ LG VWDUWLQJ IURP WKH ILUV
+HUH, UHSUHVHOQWHG WKH LG RI WK H Id jMHI@AR WUHHE BRY WRWH ZWK®H G QXP E
WKRVH GRZQVWUHDP DQG XSVWUHDP IURP WKH VWHQRVLY UHVSHFWLYH(

YLIXUH ,G QXPEHUV ZHUH DVVLJQH G DVGRGH,EBA K HF RVG\W RIXWVW FRQWRXUV XSVWUHDP DQG GR
WKH VWHQRVHG UHJLRQ :LWK WKHVHDV LQSXW WKH FRQ BMRXH U H BRQK/MNIW AW R G HGRUFHIH B
SUH FDOFLILHG YHUVLRQV

'LWK SDUD PHWVWOHULQSXW YDOXH WKH WDUJHW VL]H RI WKH VXUIDFH DUHD
GHWHUPLQHG GAHVREUEHGLBAY) DQA FRUUHVSRQGHG ZLWK WKH VXUIDFH L
GRZQVWUHDP DQG XSVWUHDP QHLJKERXUW 2ZDHWGSHMMUVYPHQH G FFID Q6 LB
VTXDUH URBWRGHKHG ELWK WKH ODWWHU UHSUHVHQWLQJ WKH RULJLQDO
VXUIDFH DUHD /DVWO\ E\ PXOWLSO\LQJ WKH RULJLQDO VKDSH ZLWK WK
C ZzDV JHQHUDWHG (TBKIRY ORIRKH VFDOLQJ IDFWRU ZDV DSSOLHG DIWHU W|
YHUW: @V ILUVW WUDQVOD®B{HG WR LWV FHQWURLG



(EVXIV]KISQIXV] VIGSRWXVYGXMSR

7TKHVHVWHSVY ZHUH SHUIRUPHG IRUHDFK LQGLYLGXDIO,\D/DHQ RN UBIIE OXPHQ
IL[H&& FKDQJHG ZLWK HDFK LWHUDWLRQ 7KLM DQSBREWMEHQ RVHA FRR WRC

A=(1 t) Ap+t A,

C:(Cc Gc) S+Gc;

7KH UHVL]LQJ PHWKRG ZDV DSSOLHG ZKHQ WKH FDOFLILFDWLRQV ZHUH S
7KH DIITHFWHG OXPHQV ZHUH URXJKO\ WKH VDPH VKDSH DV WKH VXUURXC
VLIQLILFDQW GHFUHDVH LQ VXUIDFH DUHD 7KH VWHQRVHG FRQWRXUYV Ul
VWUXFWLRQ

% -RXIVTSPEXMRK XLIWYVVSYRHMRK YREJJIGXIHGSRXSYVW XS KIRIVEX|
)RUWKLVY PHWKRG WKHDIIHFWHG OXPHQ FRQWRXUV ZHUHDOO FRPSOHWH
7KH VKDSH DV ZHOO DV WKH VL]H ZHUH DGMXVWHG WR UHVHPEOH WKH D¢
GRZQVWUHDP DQG XSVWUHDP UHIHUHQFH FRQWRXUV ZHUH ILUVW UHVDF
IRUWKH LQWHUSRODWLRQ 3RLQW ZLVH OLQHDU LQWHUSRODWLRQ ZDV
XSVWUHDP FRQWRXUV WR FUHDWH WKH UHFRQVWUXFWHG VKDSHV
6LPLODU WR WKH UHVL]LQJ PHWXRWLREDWHPEWRWHG WR LQGLFDWH WKF
SRVLWLRQRIWKHVWHQRVHG FRQWRXU ZLWK UHVSHFW WR WKH VXUURXQ!
WKHQ GLUHFWO\ XVHG WR JHQB EDWH® RO IVK F ROWBRXSOHG GDWD RI WKH
GRZQVWUHDP GRIQEGR X UV

C=(1 t) Co+t Ca

7KLY PHWKRG ZDV HPSOR\HG ZKHQ WKH VKDSH RI WKH FDOFLILHG OXPHQ
FLUFXODU VKDSH )RU H[DPSOH ZKHQ WKH VWHQRVLYV ZDV FKDUDFWHUL
JRU WKLV PHWKRG WR EH VXFFHVVIXO WKH FRQWRXUV XSVWUHDP DQG G
EHVLPLODU LQ VKDSH ,Q DGGLWLRQ WKLV PHWKRG ZRUNHG EHVW ZKHQ
DVHFWLRQ RI WKHDUWHU\ ZLWK OLWWOH FXUYDWXUH +LJK WRUWXRVLY
XSVWUHDP DQG GRZQVWUHDP FRQWRXUV FRPSOLFDWHG WKH XVH RI WKL)\
ZDV KLJKO\GHSHQGHQW RQ WKHDOLJQPHQW EHWZHHQ WKH GDWD SRLQW
UHFRQVWUXFWLRQ

% 'STIMRKYREJJIGXIHGSRXSYVW XSVITPEGI XLI WXIRSWIHGSRXSYVW

7KH ODVW PHWKRG ZDV DSSOLHG ZKHQ VWHQRVLY ZDV IRXQG LQ WKH WH
PHWKRG FRSLHG DQ XQDIITHFWHG FRQWRXU FORVH WR WKH VWHQRVHG UH
WRXUV ZLWK WKLV FDOFLXP IUHH RQ# D Q% RWWIMINNSWRDSKSRROFUHWLHCG
XQDIIHFWHG FRQWRXU WR SHUIRUP WKH UHFRQVWUXFWIBRQDOQBHQFH WKL
ZKHQ FDOFLXP ERGLHVY ZHUH ORFDWHG LQ WKH WHUPLQDO VHFWLRQV RI W

+DYLQJUHFRQVWUXFWHG WKHOXPHQ VKDSH D VXUIDFH ZDV JHQHUDWHG
RI WKH VXUIDFH DUHD ZDV FRQVWUXFWHG LQ 0%$7/$% E\ JHQHUDWLQJ ID
FRQWRXUV )RU WKH ILQDO DGMXVWPHQWY ZKLFKLQYROYHG MRLQLQJ \
EH UHFRQVWUXFWHG LQ 0%$7/$% WKH PRGHO Z® V ,IQPB & G WWW IGRLQD WR 0 Bl V W(-
UHVXOWLQJ IURP MRLQLQJ WKH VXUIDFH VHIPHQWY ZHUH VPRRWKHG RXYV
DV67/ILOHV 7KHILQDO VWHSV IRUWKH V)ULIDAHIHQHUDWLRQ DUH VKR Z(



4SWX TVSGIWWMRK

JLIXUH *HQHUDWLRQ RI WKB GBXWH®Q UXFRFWWUXFWLRQ WKHOXPHQ FRQWRXUV ZHUH ILU
VXUIDFHJHQHUDWLRQLQO0$7/$% UDQ PRUH VPRRWKO\ +DYLQJJHQHUDWHG PRVW RI WKH OX
H[SRUWHG WR OHVKOL[HU E 7KHILQDO OXPHQ VXUIDFH ZDV FRPSOHWHG LQ OHVKOL[HU 7KH
RYHUDOO VXUIDFH ZDV VPRRWKHG WR FOHDU RXW DQ\ DUWHIDFWYV

4SWX TVSGIWWMRK

"*(QSHIPW

6RIWZDUH DQG VROYHU

7KH &)' VLPXODWLRQV ZHUH UXQ LQ )(%LR D VRIWZDUH WRRO VSHELILFDO
PHQW DQDO\VLV LQ ELRPHFKDQ®&F YDI@X EGPSHK\WDREYFV SUREOHPV D QRQ
RIHTXDWLRQV KDV WR EHVROYHG ZLWK HDFK WLPH VWHS 7R VSHHG XS WK
DTXDVL 1HZWRQ %UR\GHQ PHWKRG LV DYDLODEOH LQ )(%LR :LWK WKLV P
VWHS LV VROYHG XVLQJ 1HZWRQYfV PHWKRG ZKLFKLV UHODWLYHO\WLPH
VROYHG ZLWK D %UR\GHQ XSGDWH 7KLV LV FRPSXWDWLRQDOO\OHVV H[SI
RI WKH PDWUL[VROYHG E\ WKH @ URRMISHZIWR @ H WRIROXW RWERQDO HIILFLH
PHWKRG ZDV VHOHFWHG IRUDOO VLPXODWLRQV

'LVFUHWLVDWLRQ RIWKHIOXLG GRPDLQ

7R GLVFUHWLVH WKH FRQWLQXRXV GRPDLQ RI WKH 'PRGHOV D ILQLWH
SUHYLRXVO\GHYHORSHG LQ KRXVH 0$7/$% FRGH +RZHYHU SULRU WR GL'
PRGHOV ZHUH ILUVW HI WHQGHG WR IDFLOLWDWH WKH &) ZWOLVPX\OHDGVIIRRRQ V
ERWKWKHFRQVWUXFWLRQ RI WKHPHVKDV ZHOO DV WKH FUHDWLRQ RI Wk

7KH IDFHV DQG YHUWLFHV IURP WKH 67/ ILOHV ZHUH UHWULHYHG IRU HDF
LQFOXGHG DW WKH LQOHW DQG RXWOHW RI WKH PRGHOV 7KH SDWFK ([WH
XVHG ZKLFKH[WHQGVWKHERXQGDU\VXUIDFHVRIDJHRPHWU\DORQJWKH
GLUHFWLRQ RI WKH VXUIDFHHGJHV VHUYHG DV WKH GLUHFWLRQ IRU WKH
DOLJQHG ZLWK WKH ORQJLWXGLQDO GLUHFWLRQ RI WKH DUWHU\ $Q LQOF
DIXOO\GHYHORSHG IORZ 7KH OHQJWK RI WKH RXWOHW H[WHQVLRQ ZDV V
GLYHUJHQFH RIWKH VLPXODWLRQ

1H[W ERXQGDU\ OD\HUV ZHUH FUHDWHG IRU WKH PRGHO 7KH ERXQGDU\
WDKHGURQ HOHPHQWY 3HQWDKHGUD ZHUH FKRVHQ IRU WKHLU DQLVRWI
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RI WKH HOHPHQWYV LQ WKH ERX@ G B P\HVB\ AR QUYHIWRQQFH DQDO\VLV ZDV St
GHWHUPLQH WKH DSSURSULD W $ISPSHWKGS. [P R6D MKW AP HWAHKH D WRWDO RIILY
ZHUH LQFRUSRUDWHG $ OD\HU WKLFNQHVYV RI PP ZDV VHW ZLWK D ELD
ERXQGDU\OD\HUV LQFUHDVHG LQ WKLEFNQHVV FORVHU WR WKH FHQWUH R

YLIXUH 'LVFUHWLVDWLRQ REW K 00D 6 [B\RPOMIRQ EOXH DQG DQ RXWOHW H[WHQVLRQ P
1H[W D K\EULG PHVK FRQVLVWLQJRI WHWUDKHGUDO HQ SHQWDKHGURQ HOHPHQWYVY ZDV FRQ
VHFWLRQ RI WKH PHVKHG OXPHQ ZLWK WKH %/PHVKLQ\HOORZDQG WKHUHPDLQLQJIOXLG

)LQDOO\ WKH LQOHW DQG RXWOHW ZHUH FDSSHG DQG WKH UHPDLQLQJ |
FRQVLVWHG RI OLQHDU WHWUDKHGUDO HOHPHQWY 'XH WR WKH FRPSOH|
ZHUH GHHPHG WKH PRVW VXLWDEOH JLYHQ WKHLU DE L @L V$\QWDR' H.\®BDJHU U H
HOHPHQW HGJH OHQJWK RI PP ZDV VHOHEWHG RUXWKHWKHMUQRBG UD
PHVKHG PRGHO LV VKRZQ

7LPH VWHS

7R REWDLQ SK\VLFDOO\ FRUUHFW DQG VWDEOH UHVXOWYV WKH FKRVHQ W
YDOXHRI IRUWKH&RXUDQW )ULHGULFKYV /HZ\ &)/ QXPEHULV FRPPRQO\
ZKLFK LV EDVHG RQ H[SOLFLW VROYHUV %\ GHIDXOW WKH IOXLG DQDO\\
ZKLFK XVHDQLPSOLFLWWLPHLQWHIJUDWLRQ VFKHPH )RULPSOLFLW VRC
VWULBWZPKHUHIRUH D WLPHVWHS RI VHFRQGY ZDV FKRVHQ ZKLFK FRL
R 6PDOOHU WLPH VWHSVY GLG QRW VKRZ GLITHUHQW UHVXOWY ZKLOH (
VH$ISSHQGL[ &

ODWHULDO SDUDPHWHUYV

%ORRG LV QDWXUDOO\ D QRQ 1HZWRQLDQ IOXLG ZLWK VKHDU WKLQQLQ
YLVFRVLW\RIEORRGLQFUHDVHV ZKLOHDQLQFUHDVH L@Y 1\RRZRWLHA\ LV V|
WR UHGXFH FRPSXWDWLRQDO FRVWYV D 1HZWRQLDQ IOXLG PRGHO FDQ EH
XVLQJD 1HZWRQLDQ PRGHO D FRQVWDQW YLVFRVLW\ LV SUHVFULEHG Zk¥
FRPSXWDWLRQV 3UHYLRXV VWXGLHV KDYH VKRZQ D QHJOLJLEOH HIIHFW
IORZ® >@ +HQFH IRU WKH VLPXODWLRQV EORRG ZDV PRGHOOHG DV DQ |
7KH GHQVEZWYV SUHVFULEHG DWLWKNJFRQVWDQWIYLVFRDVWQG D EXON
PRGXOXV N RI3D[>@ 6LQFH &)' DQDO\VHV ZHUH SHUIRUPHG WKH ZDOO
SUHVXPHG WR EH ULJLG

%RXQGDU\FRQGLWLRQV

%RXQGDU\FRQGLWLRQV ZHUH SUHVFULEHG DW WKHLQOHW RXWOHW DQ
VXUIDFH D QR VOLS ERXQGDU\FRQGLWLRQ ZDV DSSOLHG LPSRVLQJ]HUF
RI WKH IOXLG GRPDLQ

$ SXOVDWLOH YHORFLW\ SURILOH ZzDV SUHVFULEHG DW WKH LQOHW EDVH
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/IHH HW @0 KH ZDYHIRUP ZDV REWDLQHG IURPDQ DYHUDJH VLIHG LQWHU
RI'WKHFDURWLG VLQXYV 3ULRUWRGHULYLQIJWKHLQOHW YHORFLW\SURII
GHWHUPLQH ZKHWKHU WKH IORZ PDJQLWXGHV VKRXOG EHDGMXVWHG DFF
DUWMHFWLRQEQFH WKLY DGMXVWPHQW GLG QRW DIIHFW WKH UHVXOWLQ
RULJLQDOIORZ ZDYHIRUP ZDV XVHG GLUHFWO\ 9HORFLW\YDOXHV ZHUH W
UDWH E\WKH LQOHW VXUIDFHDUHD RIHDFKLQGLYLGXDO DUWHU\
7TKHLQOHW FRQGLWLRQ ZDVDSSOLHG RYHU WZR FDUGLDF F\FOHV HDFK Z
WR D KHDUW UDWH RI EHDWY SHU PLQXWH 7R DYRLG DQ DEUXSW RQVHW
D VHFRQG VLIJPRLG UDPS IXQFWLRQ ZDV DSSOLHG 7KH UHVXOWLQJ IOR.
YHORFLW\SURILOHYXAWHVKRZQ LQ

JLIXUH %ORRGIORZFXUYHRYHUWZR FDUGLDF F\FOHV XVHG WR GHB$IWH MIUHGLQOHW YHO
IXQFWLRQ RIRQH VHFRQG HQVXUHG WKDW WKHIORZJUDGXDOO\UHDFKHG WKHEHJLQQLQJR
WKHDYHUDJHIORZFXUYHUHS®UWHG E\/HHHW DO >

6HYHUDO RXWOHW ERXQGDU\ FRQGLWLRQV ZHUH HYDOXDWHG WR GHWHU
DSSURDFK IRU WKHWIFRX.RIMMDR QS RQ WKLY DQDO\WVLY DUHVLVWDQFH ED
FRQGLWLRQ ZDV VHOHFWHG 7KHRXWOHW SUHVVXUH ZDV SUHVFULEHG D
WKHIORZUHVLVWDQFH 5 WKHIORZ 4 DOFF RKGLRAIWHRY SUHVVXUH 3

P=RQ+P,

$ UHVLVWDQFH YDOXNJIJRW DQ[G DQ RIIVHW SUHVVXUH RI 3D ZHUH XVHG
SDUDPHWHUV WKH VLPXODWHG SUHVVXUH UD Q JHGE WILRRRQ KKhWR—H S WPHPVFJ VK
VXUHV ZKHUH ZHOO LQ UDQJH RI WKH SK\VLRORJLFDO YDOXHV RI + P
SHDN VA\VW&OH >

IQSH]IREQMGW
7KH &)'VLPXODWLRQ UHVXOWY ZHUH@ PSRRR PMAGLLADWIRHBQR G P DHZDO O VKHD

LQ[ \DQG] GLUHFWLRQ IRUHYHU\WLPHVWHS 7KHVHZHUH XVHG WR JHQ
RILQWHUHVW 7%$:66 26, DQG 557

7LPH DYHUDJHG ZDOO VKHDU VWUHVYV

7KH 7$:66 LV GHULYHG IURP WKH :66 ZKLFK LV FDOFXODWHG IURP WKH EO|
PXOWLSOLHG E\ WKH EVRRGCIMNLOAMRMAAQKHWH- QGLFDWHY WKH D[LDO FRPSR!
WKH YHORFLWy iY@ 6 WROMDHMGWKH GLVWDQFH IURP WKHFHQWHUOLQH RI WK
RI'WKH :66 PDIJQLWXGH RYHURQHFDOB GEYAW@®KH ($FXBWLRQ

@u

WSS= ~, = —
" @y wall
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2VFLOODWRU\VKHDU LQGH]

7KH26, LVDPHDVXUHWRGHVFULEHWKHGHYLDWLRQRIWKH:66IURPLWVP
,WUDQJHV IURP WR ZKHUH LQGLFDWHY XQLGLUHFWLRQDOIORZDQG
> @ 7KH26,LVGHULYHGIURP WKHPDJQLWXGHRIWKH :66 YHFWRUDQG W

2 0 R 13
o WSSt

0Sl =0:541 @r—— A5
o IWSSjdt

5HODWLYHUHVLGHQFH WLPH

7KHUHODWLYH UHVLGHQFH WLPH LV FRPSXWHG IURP WKH 7$:66 DQG WKH
DPRXQW RIWLPH EORRG FRPSRQHQWY VXFKDV OLSLGVDQG EORRG SODW
KLIK 557 ZRXOG LQGLFDWH WKDW EORRG UHVLGHY QHDU WKH ZDOO IRU D

1
TAWSS(I 208SI)

RRT =

'EPGMYQ PSGEXMSR
7R FRPSOHPHQW WKH KHPRG\QDPLFV WKHPRGHOV RIWKHFDOFLILHG DUW
LQFRQWDFW ZLWK FDOFLXP ERGLHYV 7KLV FDOFLXP ORFDOLVDWLRQ ZDV
0$7/$% FRGH )RU HDFK QRGH RI WKH OXPHQ PHVK WKH VPDOOHVW GLVYV
ERGLHV ZDV UHJLVWHUHG ,I FDOFLXP ZDV QRW SUHVHQW D ]JHUR GLVWDC
,/ FDOFLXP ZDV SUHVHQW WKH OXPHQ QRGHVY ZHUH D FDOFLXP GLVWDQFH
DGLVWDQFH JUHDWHU WKDQ JHUR ZHUH DQ LQGLFDWLRQ RI FDOFLXP SUH’

JLIXUH BURFHVV RI FDOFLXKHBURMYNWRIRQOFLXP GHWHFWLRQ LQYROYHG ILQGLQJ WK
EHWZHHQ OXPHQ QRGHV DQG FDOFLXP QRGHV $ PRLPXY YBWXHRI R B RRKKH B/LINRW DMKFHHHP GV FO D\
RIFDOFLXP SUHVHQFH LQ DUHDV ZKHUH KLJK FXUYDWXUH ZDV SUHVHQW :KHQ WKH PD[LPXP
DUHDV RSSRVLWH WKH FDOFLILHG DUHD ZHUH PLVFODVVLILHG

'XHWR WKH KLIJIK FXUYDWXUH RI WKHDUWHULHY OXPHQ QRGHV IDU DZD\ |
WDNHQO\ UHJLVWHUHG WKH SUHVHQFH RI FDOFLXP 7R UHVROYH WKLV P
PD[LPXP GLVWDQFH RI PP EHWZHHQ WKH OXPHQ QRGHV DQG FDOFLXP C
LQLIXUH 'DWD DERXW FDOFLXP SUHVHQFH ZHUH VDYHG DW WKH OXPHQ
+RZHYHU GDWD RI KHPRG\QDPLF SDUDPHWHUV ZHUH RQO\DYDLODEOH IR
IDFLOLWDWH VWDWLVWLFDO DQDO\VLVY WKHFDOFLXP GDWD ZHUH WUDQV
907.> @ ZDVHPSOR\HGWR SURMHFW WKHGDWD IURPWKHGLVHDVHG DUWF
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'"VIEXMSR SJ X[S HMQIRWMSREP QETW
JRUERWK WKH KHPRG\QDPLF SDUDPHWHUV DQG WKH FDOFLXP ORFDWLRQ
VKRZQLIXUH 7KLV VWHS ZDV SHUIRUPHG WR DLG LQ WKH VXEVHTXHQW VW

7KH ' PDSV ZHUH GHULYHG IURP WKH 'PRGHOV RI WKH KHDOWK\ DUWHUL
YLUWXDOO\FXW DORQJ WKH ORQJLWXGLQDO GLUHFWLRQ DQG WZR YDUL
$QIXODUOHWULF 7KH $EVFLVVDPHWULF GHILQHVY WKH ORQJLWXGLQDO D]
\ D[LV ,W ZDV FRPSXWHG DXWRPDWLFDOO\IURP WKH FXUYLOLQHDU DEV
DUWHU\ 7KH UDQJH RI WKH $EVFLVVDOHWULF YDOXHV LV HTXDO WR WKH
OHQJIJWK LQ WKLY GLUHFWLRQ ZDV PP 7KH $QJXODUOHWULF DFFRXQW!
FLUFXPIHUHQWLDO FRRUGLQDWHYV RIWKHDUWHU\DURXQXHG WRKHHQWHUC
FURVV VHFWLRQDO PP VOLFHVY ZHUH GLYLGHG LQWR HLIJKW DQJXODU VI

7TKHILQDO "JULG FRQVLVWHG RIUHFWDQJXODU VHFWRUV RIHTXDO VL]H
ZDV XVHG IRU IXUWKHU DQDO\WVHV 7KH DSSURDFK ZDV EDVHG RQ D SUHY
ZKLFK ZDV LQVSLUHG EA\D PHWKRG GHVF@LEHG E\ +DUWPDQ HW DO >

JLIXUH &UHDWLRQ RI WKHWZR GLPHQVLRQRDGKWH S PRRRGHHD ZPWR& MXH 7$:66 GLVWULEXWLR
RQWR WKH OXPHQ VXUIDFH E 6OLFHV ZLWK D WKLFNQHVYV RI PP ZHUH FUHDWHG HDFK VO

GHJUHHDQJOH 7KHUHVXOWLQJUHFWDQJXODU VHFWRUYV ZHUH SORWWHG WR FUHDWH WK
ORQJLWXGLQDO GLUHFWLRQ DQG WKH[ D[LV FRUUHVSRQGHG ZLWK WKH FLUFXPIHUHQWLDO
JHQHUDWHG IRUDOO SDUDPHWHUV R LQWHUHVW $GDSWHG IURP >

(EXE EREPJWMW
'DWD DUH SUHVHQWHG DV PHDQ DQG VWDQGDUG GHYLDWLRQ 6' RU PHG
FRQWLQXRXVYDULDEOHYV +HPRG\QDPLFVGDWDDUHUHSRUWHG XS WR WK

,Q WKH SULPDU\DQDO\VLY GLIITHUHQFHV LQ DUHDV H[SRVHG WR IXWXUH
HI[SRVXUH ZHUH H[DPLQHG 7KLV ZDV UHDOLVHG E\ JURXSLQJ WKH ' VHFV
I[UHH JURXS DQG D FDOFLXP FRQWDLQLQJJURXS 7KHPHGLDQ YDOXHV IR
FRPSXWHG IRU ERWK JURXSVY SHU DUWHU\ LWK WKHVH YDOXHV WKH UHC
ZDV FDOFXODWHG XVLQJ WKH FDOFLXP IUHH VHFWRUV DV UHIHUHQFH )L
PHGLDQ ZDVGHWHUPLQHGIRUDOO KHPRG\QDPLF SDUDPHWHUV WR REWDL
26, DQG 557

JRUWKHVHFRQGDU\DQDO\VLVY WKHFDOFLXPSUHVHQFHDQGKHPRG\QDPL
VHIPHQW 7KH SHUFHQWDJH RI DUHDV H[SRVHG WR FDOFLXP ZDV GHWHUF
& ,&%$ VHIPHQWV IRUDOO DUWHULHY ,Q DGGLWLRQ WKH 7%$:66 26, DQG !
VHIPHQWY )RU HDFK VHIPHQW WKH PHGLDQ YDOXH SHU SDUDPHWHU S
UHVXOWYVY ZHUH DJJUHJDWHG WR REWDLQ WKH PHGLDQ YDOXHYVY SHU KHPR
DFURVV DOODQDO\WHG DUWHULHYV
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