Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Study on the Technique of Ellipse Excavation and
Tilt Correction of the Stone Statues of the Northern
Song Dynasty Imperial Mausoleum

Qingwen Ma (| Mqw2008@zzu.edu.cn)
SLIRKALSY 9RMZAXWWI XISVGMH SVK
yangyang wang
>LIRKALSY 9RMZIVWMX]

Sihan Liu
>LIRKALSY 9RMZIVWMX]

Xinyu Fan
>LIRKALSY 9RMZIVWMX]

Research Article

Keywords: 7 XSRI WXEXY! 3ZEP GYX LSPI KXWMR K MGEWP%REP] MEM WS RN
Posted Date: .YRI WX

DO LXXTW HSM SVK VW VW Z

License ¢ O 8LMW [SVO MW PMGIRWIH YRHIWHKE FEFYDEMSMZ | 'S RXSRRE %
6IEH *YPP OMGIRWI


https://doi.org/10.21203/rs.3.rs-525159/v1
mailto:Mqw2008@zzu.edu.cn
https://orcid.org/0000-0002-5924-2691
https://doi.org/10.21203/rs.3.rs-525159/v1
https://creativecommons.org/licenses/by/4.0/

6WXG\RQ WKHWHFKQLTXHRIHOOLSVH

DQGWLOWFRUUHFWLRQ RI WKHVWRQH

IRUWKHUQ 6RQJ '"\QDVW\LPSHULDC
PDXVROHXP

4LQJZHQ DQJ\DQJ :PRKDQ fLR\X )DQ
6FKRRO RI:DWHU &RQVHUYDQF\ 6 FL HKRPHSIQ G HQ VLOWH HUK KDQ J EFKKRDQ J 3 5 &K
0TZ #]]1X HGX FQ

$EVWUREW DUWLFOH WDNHV WKH VWRQH VWDAWXHW RH ULBRI® 1F
PDXVROHXP DV WKH UHVHDUFK REMWE®V RILPLKH B W RQKHVRKDW ]
ZHLJKW DQG VPDOO EXLOGLQJ DUH D WIRHELQH R 2N KH WWAKRIQWHHUW E
UHDVRQV IRU WKH LQFOLQDWLR QDX GRXIQK &/HRIHF W\F R ¥ DK HRQUE
HOOLSWLFDO VRLO H[FDYDWLRQ BRRSMWFWKR@®RWWRE QR L ¥ FSRER.
QXPHULFDO VLPXODWLRQ DQG H[SHK/RPHQ®L8R EBDDO \HR KW\ KWH. R
FRUUHFWLRQ RI VWRQH VWDWXH VH B W D® EIK HUMELFAD W HW Z R K
H[FDYDWLRQ VLGH DQG WKH QRQ HY KB YLDQ¥ URIQ V H GRH W@ FHUWHIDVWH V
UDWLR Rl WKH H[FDYDWLRQ KROH 7HKHJIVIQD KRROZAH U\ K H \GHHISW/H
VHWWOHPHQW GLITHUHQFH EHWZHH@LWXH & V1A K J7KIHG WHMQAEON
GLIIHUHQFH EHWZHHQ WKH GLJJLQH GHGN DD\GHW KH \§ R @V G 1IQ oL
WKH KROH VSDFLQJ 7KH VHWW O H PN Q WFKIUW KH W X § 8 U VWRU XXX X
WKH VRLO LV H[FDYDWHG DQG WKH@ HIQWDHODA D WBOERZD JOUR 2WWKD \B
'XULQJ WKH WHVW WKH IDLOXUH R DWW HFGIIDILIQ ®U K RKH E3HDPRQ H\
GLJIJLQJKROHLV ILUVWO\ GHVW UR \B@EG WKRHERSVE K V ISOHWRR WKKH
GHVWUR\HG LPPHGLDWHO\ DQG WJIRH XS SHWWWW UXFWXUH HGJH L\
.H\ZRUGV 6WRQH VWDWXH 2YDO FXWJKRO N RIDCPFHRIU B B PVE QR@ Wi
,QWURGXFWLRQ

7RPE VWRQH FDUYLQJV DOVR NQRZQWKHPDR Q Hi &W B WXWV R D'
WRPESW SUHVHQW WKH VXUYLYLQJ VWRQHWADDW X HB\X K DVVRI @ D W
HURVLRQ DQG PDQ PDGH GHVWUXFWH R/QVRB@ IR @ W\ WP VW K/HRWY HC
PRVW LPSRUWDQW GLVHDVHYV D IKH B\ LDQUHL RD/QR YHHWYBIO O MRVDE Y ®
ILHOG RI WLOW FRUUHFWLRQ W HFW GR® R JD QRSUDHE[ L R G @ BHEXUL DFSLL
SURSRVHG WKH LGHD RI UHFWLI\LVQK WEXOMD & RQUH 8 X I9YGH W KR Q/ AL
WR VDYH WKH /HDQLQJ 7RZHYV RABH VDI X)*XODFRWRHFWHG WKH WL
UHVLGHQWLDO EXLOGLQJ E\ XVLOYVWKIE LB BRGHLID I @ FOXKREG H* R HI
FLUFXODU H[FDYDWLRQ KROHV Z LWWKHEM IGLWVQW. EXWRRY RUWR B



XQGHU GLITHUHQW VSDWEBXRAR@EZWURBQVKHLW HRIGBILTXH RI UHF
UHLQIRUFHPHQW RI IRXQGDWLRQ VW®IRX V HEH D QHH @ HVWQKRIE L @
H[DPSOH LQ ZKLFK D VWRU\ FRPSUHXH®\VLY HAOEXHGG GAH DR/
H[LVWHQFH RI D ZHDN VRLO OD\HU GQSHRISRNMHGK DVARP ERLOQMGDL\
KRULJRQWDO H[FDYDWLRQ DQG JURXMWQJLQEBLQIRVIERIPHDQ Y
UHLQIRUFHPHQW @XXRSBRYEBQDQ H[SDQVLRQ FRUUHFWLRQ PH
EXLOGLQJV LQ FROODSVLEOH ORHWDWMWRRYDIR UPQYG 5 HRIL YWKVH VDK
H[SDQVLRQ PDWHULDO ZLWK WKH DLSGRH WK B GGIR&XA EETREBKIHE W L R
(OHSKDQW 7HPSOH 3DJRGD LQ +H\DQJ M-KMD/D QDIQ G \D B & \ |HB/ M
UHODWLRQVKLS EHWZHHQ WKH ZDWRW FRR PR R S WHR/VQ R & \P\R P BIC
ZLWK WKH LQGRRU FRPSUHVVYEROH® HVIK\H &KHVQK R;G DRRZVRLO H[F
FRPELQHG ZLWK DQFKRU FDEOH SUHR® XRJH VKR JAKR U UHH W HAVK I6 H
EXLOGLQJ $W SUHVHQW VKDOORZ HQOFWYDWLRRUDEEWRRE BHSURE
UHO\ RQ H[SHULHQFH WR FRUUHFW WDWWRQ KR PRV W RH WRKXQH
H[FDYDWLRQ KROHV +RZHYHU ZKHXW E N IXGG HYJDRIHD LL\W WHPIDAX
RIWHQ GLIILFXOW WR DFKLHYH WXIHR H[\8 KAWHGRXIODW FRU O HHF A/ Y
I WKH VL]H RI WKH VRLO H[FDYDW LRW LKRROHLIOO VERRY VRID U O RW Bk
HITHFW LV QRW LGHDO ([FHVVLY HSWU W LFARGLQHIFW R RAQL B VX V®I @/ K
GLUHFWLRQ $LPLQJ DW WKH DERYH SUR HOORS WYRDO YRS B UH SR
FRUUHFWLRQ PHWKRG %\ FKDQJLQJ WK LD RILW RH W& B LCSRVQLF [
H[FDYDWLRQ KROH WKH VWUHVYXHFRREB@VRXY GRQKAHRHH[IF DFYLDHQL
FRQWUROOHG VR WKDW WKH EDVH XBEO QRHPRYUGHUXY R B SVRD
&RPSUHVVLRQ GHIRUPDWLRQ RFFXUYV
7KH PHFKDQLVP RIHOOLSWLFDO FRIWQMVFWEIRMLIMQG WKH DQDO\\
7KHPHFKDQLVP RIHOOLSWLFDOIRPDYDWLRQ DQG WLOW FRUU
7KHHOOLSWLFDO GLJJLQJ DQG WALIDW/X_IQ I A RFUUNM W \R MRKGHRV SAHKEH
E\H[WUDFWLQJD SDUW RI WKH VRLODIXRB IDUFW KW DR QQEIHBMLIR R |
VWRQH VWDWXH IRUPLQJD VSHFVISBWLDPH GLUWBWERW LR @ SWK
PXOWLSOH URZV 7KH HOOLSWLF DO IKROBIUHDGRIFWM K HVIIRK © G B VALXR
WKDW WKH FRQWDFW VWUHVV VORZPR QQ BSM B \RH W K IH K [5YUIRW E
UHVXOWLQJLQ VHWWOHPHQW Rl WRHQJISSKH IRXQGDWLRQ WRUV
FDXVLQJ WKH VWRQH VWDWXH ERGFWR UR OY&RIZ WLKIH G EW G E QLRAK
DGMXVW WKH XQHYHQ VHWW O H P H @R DQHEF DVALKRLGH YZHK WHKKH ESHKQURS@R W
GLJJLQJ DQG IRUFHG ODQGLES] \RAKMPOW IFRGUBIFWOLR @1 GLJJLQ.
FRUUHFW WLOW DV VKRZQLQ )LJXUH
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TKHYDOXHVRIUHOHYDQW SDUDPHMWHWK\REZQ W& ADFBDM@H XODWLF
7TDEOH 3DUDPHWHU YDOXHYV

SDUDPH 3 f F.3D (03D JAFP 3A.31K

IXPHUL

,Q WKLY SDSHU WKH UDWLR RI WRHVSKH QVRLLID & QUWNHWH WK H [T
HTXLOLEULXP VWDWH WR W KiiDRIR K RXGPWRAHUGIVM YQDKRAH LV XV
WKHVWDELOLW\ Rl WXGGWKHYQWBREOBLW\ FRHIILFLHQW NLV LQW

N V V, A A

KHQ WKH VWDELOLW\ FRHIILFLHQMSMW L FIDVD I3 G 1 EQ JVKIR/OMKLDANX
WKDW LV WKH GLJJLQJ KROH LV HDYHN ®\RGGE M WRXUWPE XWKLHF KRECG B W
DQG FDXVH IRXQGDWLRQ VHWW GIKQRPAHR W L WAWLKQHG V. WIDW H O LMWK OF\R A\
GLJIJLQJ KROH LV VWDEOH WKH GLJJIDQG KRKMHHWILOW BRWW H H \@ HA
ZLOODSSHDU GLJJLQJZLWKRXW WH\ QHMG VDR EHDWDOHQ WIRPHD |
GDPDIJHRIWKHGLJIJLQJ KROH

$QDO\WLV RIWKHLQIOXHQFH RI \R KW WDDMWLRI RN KMHKHXARIQR @MH) B
VWDELOLW\

,WFDQ EHVHHQIURPIRUPXOD W RD W KNHKGI R-@J O RQHBQMAHRRIVWIK]
WKH HIFDYDWLRQ KROH RQ WKH VWMDEHOIOW }HG WKW KH FCDADDAPLHRY/
ZKLFK FDQ EH NQRZQ IURP WKH H[SUHV¥LEQ RIEW K+ B DR U/MDHKH W H |

VKRUW D[LV E Rl WKH H[FDYDWLRQ KRQM UHIPO L BR UXLQHXD\W B IGGZ |
ORQJD[LV DRI WKH HIFDYDWLRQ KRX®DH\]8 WKHVLYDCGKHQE® RU &K
RI WKH OHQJWK DQG WKH VKRUW DHLR @R W\W KH WDE L HWWE RO \G K BiJ
KROH IRXU HOOLSWLFDO GLJJLQJIVKKRIOBW QLWK BQ & MUKHH) WK B D' W
GHVLJQHG ODNH WKHRNWKBW RBLIOVFEKWRRQJ K
XQFKDQJHG DQG WDNH WKH ORQJ D[LV D ,WP OV R F DO PO D WHV
PD[LPXP DQG PLQLPXP VWUHVV YDOXHV \RKHNR LS]R HOFDW D W MOKIH
DaJ ZKHQ WKH XSSHU ORDG LV .3D ZEHYAWEMOMHPHQW UHVXOW L

7DEOH 6WUHVV YDOXHRIWKHKRORBBIGJH RI WKH VRLO FX\
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,WFDQEHVHHQ IURP 7TDEOH WKDW ZKHIQOMKISWEEBEO 8 RFAD& D\
KROH KDV WKH ODUJHVW VWUHYVVWKHSRH QWADV W B B MOIL W \VDKQLG/ LSU
WR GDPDJH 7KH VWUHVV DW SRLQW RQQO PWHDVKRUDW DN KW¥ RIDW
HIFDYDWLRQ KROH LQFUHDVHY DQG YKRQWRH VRW MRKR | HVOKOH. §
HIFDYDWLRQ KROH LV WHQ VIR WW U BWY\G ORI MDKLHY HY WD IO RV

,Q RUGHU WR PRUH LQWXLWLYHO\ GWIVE WRU EW KW KAHH IQQ@ MDKK RO
HOOLSWLFDO GLJJLQJ KROH RQ WKWKRNDWIDELWL RN WRKHIGQLIFILIHQ
HOOLSWLFDO GLJJLQJ KROH XQ G NUWHUZARDUNIDQIDPRIPG LVQR /K
UHVXOWV DUH VKRZQLQ )LJXUH
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JLIXUH 7KHUHODWLRQVKLS FXUYH E KW 2 WHXJ MVKRH WKW LFRX RVl K\RKGHHOLF
VWDELOLW\ FRHIILFLHQW RI WKH FXW KROH

W FDQ EH VHHQ IURP )LJXUH WKDW WRKHH VIWDEQ DH WY HRO \V
SURSRUWLRQDO WR WKH UDWLR RI MSKMLERQ LD QLR ¥ K RRW HD [ (WSH
ZKHQ WKH UDWLR RI WKH ORQJ DQG VKRVUKHIHOWLSW L F\l R DBA LI G
GHJHQHUDWHY LQWR D FLUFXOD U\8DELIOQLIW FERH | BLVF WHKQLW RVILW K
KROH LV WKH ODUJHVW DQG LW LV QRWQHD W\W R B OMKWWELWH. Q D
7KHUHIRUH ZKHQ WKH XSSHU ORDGLKROHEHQ®Y PRKH ISORQHWLEDQ
DQG GHIRUPDWLRQ WKDQ WKH FLUARKOWUYHOVGQYWROHE WKHHAR )
VRLODQG FDXVHIRXQGDWLRQ VHWWOHPHQW
$QDO\WVLVRIWKHLQIOXHQFLQJ IRBW R BV F R b HRONLLRSQVR I IV & R

(VWDEOLVKPHQW RIILQLWH HOHPHQW PRGHO

7DNLQJ WKH <RQJFKDQJ 7RPE :HVW 0L DWDDQ $\DWPSRKD DW F
VLPSOLILHG PRGHOLQJ ZDV FDUULHGHRX\® \E B V HIGHRROYW K B YQ W H]
QXPHULFDO VLPXODWLRQ VRLO PRGHO]H\RIPYV KRH F WIR@GE W K WKL

Pi P 7KHHIIHFW RI WKH VRLO H[WRQBVERREQ SV R RMVNVRRQ WK H U
WKH ORDG RI WKH VWRQH ERG\ LV UHS GD ZHG JEKWD R4 QA KRIU R DOW [
OLOLWDU\ 2I1ILFHU V VWRQH VW D \@ XWKLHV X SASRIQVS DWKVD W LW K W R R ®|

1f 7KHRYHUDOO JULG VL]H LV P DRGHDKH \HRLFU NS AOHYD W
VKRZQLQ )LJIXUH



JLIXUH 2YHUDOO JULG PRGHO GLDJUDP

7KH WRS RI WKH PRGHO LV D IUHH ERX® BERXQ ®IG WKH DRW\N B
VRLO LV FRQVWUDLQHG LQ WKH ; DRFRYGL QB PMVRLWR RN UHHR/G R FIWFID
UHSRUW WKH EDVLF SDUDPHWHUV RI MX HDIRXH) G DSVW R @/ V® LR
VHWWOHPHQW PRQLWRULQJ SRL QRIQVPIRGHH OHRHEKMIHE R Q@ WK R G |
VRXWK VLGH DQG DUH RQ WKH QRUWUHKLWQLGHR L7GW W M KR ¥ &/G RO
VHOHFWLQJ FRUQHU SRLQWV EHRDXYH\PR B R® FIHSRA Q BW LIRUGH DS
GLVSODFHPHQW

7DEOH B6LPXODWHG VRLO SDUDPHWHUV

SDUDPH" 3 f F.3D ( 03D JAFP

IXPHULFD

$QDO\VLV RIVLPXODWLRQ UHVXOWV

BHWWOHPHQW DQDO\VLV XQG HUXG QI FiHQ B QDWF BARWIMD O GHSWK L

6HW WKH VL]H Rl WKH HOOLSWLFDOPPFORQWDRL/KOROH PVKR U
KROH VSDFLQJ PP DQG H[FDYDWLR@BSWW K R FWK HVH[HF E XD WI
KROH LV PP PP PP DQG PP $QD Q@K WHVAWQR MKHDAWL RQ W
IRXQGDWLRQ VRLO XQGHU GLIIHWDWQW KRREEXQ LHIXGHSAK FRQ (
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J)LIXUH +ROH GHSWK JLIXUH +ROH GHSWK
$V VKRZQ LQ )LIXUH WKH VHWW O HPHRWH BY HD DR RAHKOH/ & H ISQV.
WKH HIFDYDWLRQ KROH LQFUHDVHV LKXKHQ IWWKRIOEHXUVY. D OP®H SWKIKI
VHWWOHPHQW YDOXH RIHDFK PHDVXRJY DO SR IDGBS H Y UAP D @ P HDR/I



SRLQW DQG WKHVHWWOHPHQW LVI WRR GKHQ QWKKREXULD O K

PP WKHVHWWOHPHQW RI HDFK PHCH/ & ULQRS KIRDM B Q S\LIGHL\DLFG
DQG ZKHQ WKH EXULDO GHSWK RI W KH H [ FCPY DVAKLFR Q@ HURWD & H-R/HIQV
HDFK PHDVXULQJ SRLQW GHFUHDVHVXOR Z QY K IMWVFDKQH BHAKHH BXI U
GHSWK RI WKHH[FDYDWLRQ KROH HWPH QP GW KH QRQYMHLVR X WKPV H
WKH WLOW FRUUHFWLRQ HITHFW LVHPRWK RIEW KRIXNV[F:KHDWLRIQ K:

PP WKH QRUWK VRXWK VHWWOH®B QWK B W LFDWHBRRBUWNFWLRO H
REYLRXV

—s=— Measuring point(1)
—e— Measuring point(2)
—a— Measuring point(3)
—v— Measuring point(4)
—+— Measuring point(5)
—— Measuring point(6)
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JLIXUH +ROH VSDFLC J)LIXUH +ROH VSDFLCQ
 WFDQEHVHHQ IURP )LJXUH W K DWUW R Bl ¥R MOMOGI I HQMD R HWVL
WKHLQFUHDVHRIWKH VRLO H[F D Y\WOMPRI@ MRROIHHD & B FALHIDV R Q 6P|
RQ WKH QRUWK VLGH WKH VRLO HUFRD YDWIKRWKH GRIF GHBVH RY NV



VSDFLQJ DQG WKH VRXWK VLGH 7 KWHW@RI@ HHQ DR IDRDLARKQPHLDGHX WAL |
LV UHODWLYHO\ VWDEOH ,W FDQ EH WHH®L MURFPQ)EH XBHIN Z HMIQD
HIFDYDWLRQ KROHV LV UHGXFHG IURRXWKPVWR/ W ®IFPP WEW GRU WU
WKH IRXQGDWLRQ VRLO LQFUHDVHV LWREAHFD XPMFHW R HQ VP IRH 7G<LLWN
EHWZHHQ WKH H[FDYDWLRQ KR OH VHDYDMGREHIGR OWH\WH MKAHRSID® M B/
DURXQG WKH KROH RYHUODS HDFK RWRHBDVWVKRBK DO /OWHIH
UHGLVWULEXWLRQ RIWKHIRXQGDWLRQ VRLO
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—s— Measuring point(1)
—e— Measuring point(2)
—a— Measuring point(3)
—v— Measuring point(4)
—o— Measuring point(5)
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JLIXUH 7KHGLITHUHQFH L
QRUWK DQG VRXWK XQGHU
FRQGLWLRQV

JLIXUH 6HWWOHPHQW YD
SRLQW ZLWK WKH FKDQJH

BHWWOHPHQW DQDO\VLV XQG W®R GV IRH YR RAVFOQVAORHOGFV. QJHI D

,Q RUGHU WR DQDO\]H WKH LQIOXHQFGILRJ VK HK RIO]H RO W/KHH H
FRUUHFWLRQ HIIHFW ILUVWO\ GHH.Q H WW K 5 DR QB HDWIHURQ W KEH E
GLJIJLQJKROHDQGE LV WKH VKRUWRJHV\WKWWH ¥ OWK S\§ DED® I&W
HOOLSWLFDO 7KH VSDQ WR KHL1KWH®WRFERI WRPF WRKID EORWDLHAGL
RIWKHVRLO KROHVLV PP WKHVRLOLGHSWXLW PPP EPPPP LV

PP PP PP DQG PP UHVSHFWLYHO\ Q LV VL[
ZRUNLQJFRQGLWLRQVIRUDQDO\VLYV

7KH VHWWOHPHQW RI IRXQGDWLRKMVRL\G XDREHR\GR | IFXUW RXWW
VKRZQLQ )LIJXUHYV

J)LIXUH /RQJD[LV D J)LIXUH /RQJD[LV D



W FDQ EH VHHQ IURP )LIXUH WKDWUWLKQH %R WWD R BHQR\H R) R+
VLGH WKH VLGH RIWKH VRLO H[FDWHDW HRRI W R VIS DQHW Z LKW K JKR
WKH VRLO H[FDYDWLRQ KROH DQG WHKBJIJWNWWMHE KB W@RNVSRYQ

DQG WKH LQFUHDVH UDWH RQV IB\R M@ PN QWK B \WD N BVAHKY RVH [
WKH VHWWOHPHQW RIHDFK PHDV X UH [FIDYPLVOIVR R ¥ MGHH Y R K Wi DA
WKH LQFUHDVH RI WKH VSDQ WR KHOLH KW/KUHDDAPLRRX R MVRKIHF I [FQYHD I
W FDQ EH VHHQ IURP )LIJXUH WKD®LWMKN BQBMR | VRXM IR X € & DWO
LQFUHDVHV ZLWK WKH LQFUHDVHKH M[KBD YBWQRQR R B HJI KEW W DWKI
UDWH LV GLIITHUHQW :KHQ WKH VSRROMR. & AU HOW H\D WIRP Q R I\WWRK
WKH QRUWK VRXWK VHWWOHPHQW B IWR{UH QFFFH  DQFIUGHUHDN KU R
DERXW Q LQFUHDVHV IURP W RV O H PW IQRIV QGERLU MAK) W@ KWV K QA
IURP PP WR PP DQLQFUHDVH 7KDWY{V DERXW
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JLIXUH 6HWWOHPHQWRI K )JLIXUH 'LITHUHQFH LQ VH
ZLWKWKHFKDQJH RIWKHU QRUWKDQG VRXWK XQGHU
KHLJKW UDWLRYV

([SHULPHQWDO VWXG\RQ HOOLSWAHWO H[FDYDWLRQ RIVWRQH"
([SHULPHQWDO GHVLJQ
,QRUGHU WR PHHW WKH QHHGV RI WKHEDVHAIM FL D B RWGE I WX QLE |
DQG SURGXFHG ZLWK D VL]H RI PP1 ®PWH RPWKKHP\RIGGHOSE R [ |
WKH VLGH RI WKH KROH LV FRQQHFVGEH\GT K DERIOWWHW  WIRHWKNDH\H K
HDVLO\ GLVDVVHPEOHG PDQXDOO\ KHHHGLIO DOWIHRXMDW KH1VRAIO
RIGLJIJLQJ RXW VRLO 7KH PRGHO ER[RVNO/KRHAQ LROU) MIKKH) H [ SBI U1K
ZDV WDNHQ IURP WKH SODFH ZKHUH WHKMDWW R\W W I PKPWDOQH<R IQW KK
7TRPE ZDV ERUQ



"MORGHO ER]J "EW7KHER[LVILOOHG .

J)LIXUH 7KHHQWLW\RIWKHJHRWHFKQLFDO WHVW P
7TDEOH %DVLFSDUDPHWHUV RIPRGHO VRLO

3DUDP 3 f F.3D (03D JAFP

1XPEF

'Q RUGHU WR HQVXUH WKDW WKH PREGRIFCSDR MO R\D WA MOKIHUELRQA
VRLO OD\HU Rl WKH RULJLQDO L QFVOHRXGCEKH FRIPGD PMWKIHE ALRGE!
PDQXDOO\UDPPLQJRQFHHYHU\ PP BHWKHR|[LDQE GVKRLOL DO M
HDFK OD\HU RI PRGHO VRLO LV PP D VQWRHGFHRIP\S B FHADLVRXQ) M WMIKQ!
ZHLJKW RI WKH PRGHO VRLO UHPDLQWWX B VB RWD NHKHVPR B H D W)R
ZHLJKW DQG FRPSDFWLRQ RI HDFK | K HQPFRUGHDO/ B R.[Q WWRK DI\l MOFORD |
WKH FRPSDFWLRQ SURFHVV LQ WLPH REKH W BHW BEHPLQM G QVR K

.1 Pi DQG WKH FRPSDFWLRQ FRHIHWHIBGPRGWO VRIZEW BRPEG \
VKRZQLQ)LIJXUH E

7HVW ORDGLQJDQG PHDVXUHPHQW SODQ

7KH WHVW DGRSWV WKH MDFNLQJ PHWKRK ZVRY IO PDGL]$ \RW H

PPi PPi PP LV PDGH RI, EHDP LQVWAD® @G BRI VWCRRE WKE
VXUIDFHRIWKHPRGHO VRLO WKH GRRWRRIE PWL REHDWRXR WK PP
D OHQJWK RI PP K\GUDXOLF MDF NV D UMKHVHGCQAKLH K HELLIIXR\H MAH

PP DQG WKH PD[LPXP OLIWLQJ IRUFHVIWHMO 8WR{PPRNH BFRDO S
UHDFWLRQ IUDPH WKDW PHHW YV W KHQVEHWHW \DXRIDLG H G MR TW R QI FCH
DXQLIRUP ORD® FFIDQ EH REWDLQHG

,Q RUGHU WR REWDLQ GHWDLOHG F K3®URANIUX FWKHUHHGWUQ B
H[FDYDWLRQ SURFHVV DQG DIWH Z® KB HFRMDUROMNLIERGL UV W R B S30LHDM
DUH IL[HG RQ WKH VWHHO EDFNLQ HSWDOMP WRVR RY WK HH/W & H UN\HW
WKH HDUO\ VWDJH Rl VHWW OH P H Q W DWKHURKFRQUGIHLG/ FOYDHUWH  IXQ ¢
WKH ODWHU VHWWOHPHQW FKDQJXHHYHPDRO DQG WKH GDWD LV

'HVLJQ RIHOOLSWLFDO VRLO HQFDR/@GLWRICRDYG WLOW FRUUHF\

6HW WKH EXULDO GHSWK RI WKH H[FDWIDNFILRQ WRO H mMPR W KPHP



H[FDYDWLRQ GHSWK WR PP WKH VKRQ WRX]HVER | FWPK FWKHD)XCS I8 H
ORDG WR WRQV DQG WKH XSSHU VWHIXFMOM HKHUSHDUW R HEW H U RS H
ZRUNLQJFRQGLWLRQVLVVKRZQLQ 7DEOH

7DEOH :RUNLQJFRQGLWLRQWDEOHRIFXW KROH GH

"RUNLQJFR 6SDQ WR KHLIK &OHDUGLVWDQFHEF D PP

7DNH ZRUNLQJ FRQGLWLRQ DV DQ H[URFSOMN MW/KWKHRVORHABR
RWKHU ZRUNLQJ FRQGLWLRQV )LUDWI HKWIR 3 MH\FWXZLLVWH \D S WHKW
ORDG DW D WLPH :KHQ WKH GDWD RSILWRW RO i F W WREIORHG UH WHDC
DQG WKHQ FDUU\ RXW WKH VRLO H[EDY®MNG RQWRIWWER AVR\OMI 8 V/J FL
WKH KROHDQG GLJJLQJWKHVRLO WRIRUP WKH KROH

BWHS FHQWHULQJWKHKROH

JLUVW VXSSRVH WKDW WKH SRVLW LRQWLWWDKH. YH F IWKODAL R G
LQIOXHQFH RI WKH WLOW RI WKH HERDLYRIQVH IR I FRAR B BI XR/G! @/ E M DALL
H[FDYDWLRQ LV QRW FRQVLGHUHGR R QR Q/H IF HKG\WHUM BRR BV WH H B

PP $FFRUGLQJ WR WKH GHVLJQ RRQW BHLW RV W KR ® GR.DWLIRVQL/R @/
D PP WKHVKRUWD[LVE PP DQG WKH KHR@W S RFWXH HFFD YD
KROHIURP OHIW WR ULJKW LV $ % &J IDIMFEKW K MVKHPWRIGH @1 HIDH G E
RQ WKH OHIW VLGH Rl WKH ER[ LV PP HBROD@EW RPIPWKKHVRH
FXWWLQJKROHLVVKRZQLQ)LJXUH

BWHS 'LJWKHVRLO

$IWHU WKH ORFDWLRQ RI WKH KR ORIGFHH QWG K VRH WRKLHQ\HREL @ H KR
VKRYHO LV XVHG WR PDQXDOO\ H[FDE®D WBUMKH & RIX® LLQJ BLKDIV VI
EDWFKHV WR DYRLG VXGGHQ VLQNLQU GKH WHRTXEOEG RU XIQH Y E
KROHV LV KROHS$ KROH & DQG KROH %O7FHWARPG D HW\HICRG QDL )Q

250 7250 ™50 250 1

300

900

J)LIXUH /D\RXW RIVRL )LIJIXUH &RPSOHWHG GUL



7HVW UHVXOWV DQG DQDO\VLV
BHWWOHPHQW DQDO\VLV RI ZRUNOY UPRQE LRV L\RRYL O M BDYY K

KROH Q

W FDQ EH VHHQ IURP )LJ  WKDW WXFHWMWHIWHWEEDRHE W RD SWKEH
ILUVW DQG WKHQ HQWHUV D VWD JH R MWVDRH PHKDW J i DIEX® OLAQ D/C
7KH HQWLUH H[FDYDWLRQ ZRUN W R R\L R QKZRRUN Z BV IFRRPHS OV I W HHG
VHWWOHPHQW RI WKH VXSHUVWU¥KWRUHW P B IMPO\ORF FXKUHUHHBWD
H[FDYDWLRQ ZRUN ZDV FRPSOHWHG HDANZGH WA H \KXS & GV WK X FKUHK
VHWWOHPHQW RI WKH VODE LV OLQGHVDWOM FK DR @JHIGD @ IW M W/ W HKD
JUDGXDOO\VWD\V LQ D VWDEOH NQBPHWEH QB MAKPMHRGLWMR O H O Bl Q R
PRQLWRULQJSRLQW JUDGXDOO\WRBHHEBVHYVDRGIWRIEXSSBUW
WKH VLGH RI VRLO H[FDYDWLRQ 7K ILSORIOQWH W W& H PHLBM Il F
H[FDYDWLRQ LV PP WKH VHWWOWRH@WGH RRW KW RRIQQH [FLY
LV PP DQG WKH VHWWOHPHQW Gl IWHKH G FFDFBWEZRBQD W & H
QRQ H[FDYDWLRQ LV PP
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JLIXUH BHWWOHPHQW FXUYH RI VX SHUNHWWYXKFWMWPHILQ ZRUN L
BHWWOHPHQW DQDO\VLV Rl ZRUMNLIKW RQ &LW [RR O RIZR HYSDX
KROH Q
W FDQ EH VHHQ IURP )LJXUH $W K WEE WKHDYBWWIHPRQ
PRQLWRULQJ SRLQW  WKH H[FDYDWLRQ YKBH HWWOHPP @W RV
VXSHUVWUXFWXUH PDLQO\ RFFXUVRZOWKEQ YR W LVRIQU MKKIHVHHQGNVRO
WKH 1R PRQLWRULQJ SRLQW DW WKHWV\DBPH QW $1WRHIUW K I |
VHWWOHPHQW RI WKH VXSHUVW U >XCFOW X W-DEK DQ JHW Y 0R 2 O\ KOHQEK
VHWWOHPHQW RI PRQLWRULQJ SREQW E HQRHH B[ ADKXDWWWR & WH. & |
FHUWDLQ DPRXQW RI VHWWOHPHQM/RY BHFHDXR/® WEH BDWLRF VI
VRLO LV QRW GHQVH DQG WKH VRLO XQ& BDWWEE XDHPRNY QR RG VHW)
VHWWOHPHQW RI PRQLWRULQJ SRL®W WHH DIYQMA /G W W®EHH PLH\



PRQLWRULQJ SRLQW QRQ H[FDYDMYRQ WIOGH HQW G LPFH DH)ITFW
WKH H[FDYDWLRQ VLGHDQG WKH QRQ H[FDYDWLRQ VLGH LV P
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JLIXUH  BHWWOHPHQW FXUYHRIVXSHYWWUX¥WXBHLQ ZRUNL
BHWWOHPHQW DQDO\VLV RI ZRUNUWY UPRQELRV L\RRYL O M BDYY K
KROH Q
JLIXUH VKRZV WKH FKDQJH FXUYH BYW K M KM YWWAHOZH_RAHKQ WY LFPIH/
WKH GHVLJQ FRQGLWLRQV RI ZRUNERQYFRQRQWRRQ ZBWFRRSWHK ¥
WKLV WLPH WKHVHWWOHPHQW RLRYLWRUZQV SR LRPV ZKW KK HD
DERXW RI WKH WRWDO VHWW O HRA FQWH 7 X S| UMWY R VEKQW B K
FRQFHQWUDWHG LQ WKH WZR WLPH SKUIMMREPVREH X HXIDREB )L K
WKDW WKH VHWWOHPHQW RI W KIHU\DX SEHHWWZAMUBIQF W XUDIQLEY F UKH D
VHWWOHPHQW RI WKH VXSHUVWUXKW®RGH FIK DBQQE WK G R/ZHON \E 1B W E
WKH VXSHUVWUXFWXUH EHWZHHQ ERODP GU R ZKV,AV B {XG BLKHWIH B
FKDQJH RI WKH VXSHUVWUXFWXUH EWWZHG\QVWDEOB ® QG K WD C
VWDELOL]JHV 7KHILQDO VHWWOHPH®KNFRR VPRI GWRILIQYJ SBRLQW P
WKH VHWWOHPHQW RI PRQLWRULQJLSRLQWP \BRIG WK VRH WWK @ H3
GLIIHUHQFHEHWZHHQ WKH VLGH RVWKHBR JJLQIJDQG QRQ GLJJL
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BHWWOHPHQW DQDO\VLV RI ZRUNOY UPRQE LRV L\RRYL O M BADYY K
KROH Q
JLIXUH VKRZV WKH FKDQJH FXUYH BYW K M KW YWWAHOZH_PAHKQ WY LAPIH/
WKH GHVLJQ FRQGLWLRQV RI ZRUNERYFRQRQWRRQ ZBWFRRSWHK ¥
WKLV WLPH WKHVHWWOHPHQW RLRRYLWRUZDV SR LAV ZKWRK HD
DERXW RI WKH WRWDO VHWW O H IHEWY KW VE DK B B/ W MR IRUARHPC
XSSHU VWUXFWXUH EHWZHHQ K DLQQG U H B\\FH K D BIGAMWW KDH SFIXUDEE R
VHWWOHPHQW RI WKH XSSHU VWU X FMAOWNVE MW@ HWW D E CKHDIQAEG J
VWDELOL]HV 7KH ILQDO VHWWOHMPH@W RR ® VQGWRUV.QJ SRPQW
VHWWOHPHQW RI PRQLWRULQJ SRLQWPP QIR@GHW\AOH I WWR\D M P €
GLIIHUHQFH EHWZHHQ WKH H[FDYDRQRQG&HEM DQGPWPKH QRQ H[FI
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JLIXUH 6HWWOHPHQWFXUYHRIVXSHYWWUXY¥WXBHLQ ZRUNL
$QDO\WLV RI"'HIRUPDWLRQRI'LJJLQJ +ROH
'XH WR WKH VPDOO VL]H RI WKH H[FDYBWWRKQ KR OMKIHQF\W KB |
GLVWDQFH EHWZHHQ WKH KROHV LWHIDW K H[E G Y\DRNHL R RLIOROWM VY
VWDEOH VRLO DUFK WKDW LV WKHYBWLNVNRQ@RKROYL & XV LIQURW K &
HIFDYDWLRQ WHVW SURFHVV 7KH GLWXH Y KR®H 2KHRD WEW V8 K HIN
FRPSOHWHG DV VKRZQLQ)LJXUH

JLIXUH :RUNLQJFRQGLWLRQRQH WKHVWDWHRIWKH HI

%\ REVHUYLQJ WKH GHIRUPDWLRQ RFWRRB ZRUN E®WMR®G LKRICF
FDQ EH VHHQ WKDW DIWHU WKH VRLOLBXWWRO0OE J&KROH BRIPGS® MWK
EHFDXVH WKH GLVWDQFH EHWZHHQ W BR RW®EWK R DWR/LIOV LW R D O (
VRLO FXWWLQJ KROH GRHV QRW FRAOEBIWHD EBEB DD L MK I \$ V¥ k



FXWWLQJKROH DQG WKH $ FXWW HQUILK R H/L'\G M ®W PVGQ VW DQER.
IURP WKH KROH DV VKRZQ LQ )LJXUH RQGHQWWKR®E VWHFROSTHRWN
WLPH JRHV E\ WKH % FXW KROH LV DERXMKDW RF D& B HUR B WHKRIEK
VLIQV RI FROODSVH DW WKH HGJH RIl WAKKD\B\M B H/QVEIBIFON IVXF 8 MIVVG
LQ)LIXUH

b \l\a m. "
x - - C T P

JLIXUH 7KHVXUIDFH VWD )LIJXUH 6XUIDFHVWDWH
KROHS$LQ WKH ZRUNLQ FRQGLWLR

%\ REVHUYLQJ WKH GHIRUPDWLRQ WIKWHKH \GRLOLEXIVEW RG B X R G
ZRUNLQJFRQGLWLRQV LW FDQ EHQUQRRZWNWRK DWK A K/FRQ @V K X W R/IL@
DQG WKH VRLO FXWWLQJ KROH & L W IF RKMROHHRDHIE) RWK H F/IMFKHW K H
FRQGLWLRQ DQG WKH VKDSH RI WK H Q RILKH F{ WDAYLDQA LKRRQO RI| LKVR D\
FRPSOHWHG WKH QHW GLVWDQFH EGIX\WZHH (D @G RVIXG MIRALHQ WWK.
UHGLVWULEXWHG XQGHU WKH DFW LFR® WU VW HRXQS 8 A B XQR DIBU R/Y
H[FDYDWLRQ KROH DQG WKH H[FHHDWRIREHK R O PIDKVDIVRGEL 1$ DWDHRIQ W
RIIDOOLQJVRLO DSSHDUV RQ WKHRYRQAHZID.O®WRH WKH VRLQ &R KR
LVDERXW PP DZD\IURP WKH RULILFH WHHDOVEI/F DM W & 8 BIVEH HP |
, VKDSHG VWHHO &RPSDUHG ZLWKKR KH FRP@GE HW VRRE Y IVWRKH OR B Q
DQG WKH ZKROH SLHFH RI VRLO FROO® SVAKRISHDUV DV VKRZQ L

JLIXUH B6XUIDFHVWDWHRI )LIJXUH 6XUIDFHVWDWH |
ZRUNLQJFRQGLWL XQGHU ZRUNLQJ FRQ
%\ REVHUYLQJ WKH GHIRUPDWLRQ RAVWRKIHZ RYW IMQD B K@R®IHWLLRY



LW FDQ EH VHHQ WKDW FRPSDUHG ZZIWKLW®& M | WUKHW W] K URH HAVZKRHU|
KROH DQG WKH DPRXQW RI FXWW L Q JQBIWH GIUNVD VIR H. @ A WH BI WIGK
DOVR UHGXFHG IURP PP WR PP :KHQ RIKH H[FFIDYIDWILLARR® KR}
DQG VRLO H[FDYDWLRQ KROH & LV FRPIS@ KRGIG $\I RIS &RVHIHDIDA
ODUJH WKHDPRXQW RILQFOLQDWVRQ ®OWW K H WRIGIHDOEDR INQ § 5 B/
VPDOO DQG WKH GHIRUPDWLRQ RI \RKM H{KB ®DWKIR B[K R ®BW VR,
KROH % LV FRPSOHWHG WKH QHW VEBEGLQR RP W KW KHKLHHOK R O MN
WKH VWHHO EDFNLQJ SODWH JUDBXRRQG LVOKER K R @ H\L. @FUG IV K A
LQ WKH H[FDYDWLRQ KROH DQG WKH WIRW DREHNRGIHY WKIR D\G MD!
VHYHUHO\ GHIRUPHG VXFK DV FUDFNWBQG VWDLUSM EHGVE B R Q JK
DQG % DV VKRZQ LQ )LIJXUH 7KH % VR LOP FDXADW LQRPKREH ZDV
RULILFH WKDW LV D ODUJH DUHDH@® @DPSNVHPGSIOD WK P BGHHRR|

VWHHO DQG WKH XSSHU ULJLG ED FH[ISRVFHGD O ¥ RK RVAM LPRQR A.H R WH

-

YJLIXUH 7KHVWDWH RIVR )LJXUH 6XUIDFHVWDWH
$DQG KROH % LQ ZRUNLQ XQGHU ZRUNLQJ FRQ(

,Q VXPPDU\ WKH IDLOXUH RI WKH FXWFRRGH X QRS LW KFHOIRK
IDLOXUH 7KH IDLOXUH RI WKH VR IHY K[ K B WDZ\RL R IQGKIR/ORHl M/ K M ik IS
WKHQ WKH XSSHU SDUW RI WKH KR O HMVIK\H KIS\B\W U RAW G XLFPW X (G . DAV
GHVWUR\HG ILUVW 7KLV LV EHFDXWHRWBID W\R UGB WYY BRWR Y KR
ODUJHVW XQGHU WKH XSSHU ORDBFRG WKHMWDLOXUH FRQGLWLR

&RQFOXVLRQ

$LPLQJDW WKH VHULRXV ZHDW KHWK 8 R D\® OH Y1 WRQWH VWK BIW
EXLOGLQJDUHD DQG WKH GHIHFWQ R ADKHDW U B Q LKVRIORHQ BV H LHUGFC
H[FDYDWLRQ FRUUHFWLRQ PHWKR® Q\R B WKSIRV/RIG] DQG WKRIURAR E
WKH RYDO VRLO H[FDYDWLRQ KROH. DV W J&H WG VIXCHMP 8 B R IV \R K
UDWLR RI WKH ORQJ DQG VKRUW D[HVLRIFWHK B VHHYVO MSKWL EDR OJ GQ J
FKDQJHV IURP D VWDEOH VWDWH WRKBIQ XWXKVAWDEW HRVR DVKHH Q\RS
VKRUW D[LV Rl WKH H[FDYDWLRQ KROKRIOHH VX BHVARR V W K W B ERD
WLPH ZKLFK VKRZV WKDW WKH FLUFXWDEOH[ FDKYIDQV WR KIFOGDH.



H[FDYDWLRQ KROH 7KHUHIRUH ZKH 8 WKIEWIEPO GRDIE DV XRDE
SURQH WR LQVWDELOLW\ DQG GHIRUFBXWHRQK D §B8WW QNFPHRUM R
IRXQGDWLRQ RI WKH GLJILQJ ,W PMHE@ RII HARAULUYHHFON MRIOZTHMAK R b \8
ZKHQ WKH XSSHU ORDG Rl WKH W U DRIOLOVQ. RRUIREORRQG GLJJLQJ KF

8VH WKH ILQLWH HOHPHQW VR | W2 DELLH | W B HDQQ/D 6 8 MWSKAHLEQ @
KROHVSDQ WR KHLJKW UDWLR KROR @ YK IGOHSWK PQRC & ROJM
FRUUHFWLRQ HIIHFW 7KH DQDO\VLWSMK RO WK K IGRZ M KD Vi Z& H
GLVWDQFH EHWZHHQ WKH KROHV DQG MAKH @ KFK IRQ JW & H VBK |
VHWWOHPHQW GLIITHUHQFH EHWZH H®LWHKIQ G VIEH 1 Y GHDYEOGE D
VSDQ WR KHLJKW UDWLR RI WKH GLGLUQUKRIORIOLH) ¥ 8 Bl Q WHR/ KZHLH
LQFUHDVHV :KHQ WKH KROH VSDFLQUJBIGGWRB N IGHEORZBIPD K B
RI WKH GLJJLQJ KROH WKH JUHDWHNV2ZMK I WHWAWERH PHQRMW G G H H
QRQ GLJJLQJ VLGH ZKHQ WKH GLJURQ E XRIODHO VGHSMW RO R 16 LK R O/t
UHPDLQ XQFKDQJHG WKH GLJJLQJ RR GEHH WK H /@ WK B HRIGGIWD Q [
QRQ H[FDYDWHG VLGH GHFUHDVHSZEWKIWKH LQFUHDVH RI WKH k

7KURXJK WKH DQDO\VLV Rl WKH FKIWGRHHVXS EH BY W K ¥ FAM WO
PRGHO VRLO LW LV IRXQG WKDW XQ&HW KK WV HRXWOERHRMQ R I
VXSHUVWUXFWXUH FKDQJHV UD SUW\ D VIR 2VKHREZMIK @ YIDJ H B RIEQ
JUDGXDOO\ LQ D VWDEOH VWDWH $RPBRQRI WKKHP V XVKHU V KWW WOW X
ZRUNLQJ FRQGLWLRQ DQG ZRUNLQ MFRQ@G KWELR QK PIMLHUD WRFHFE
WKH VRLO H[FDYDWLRQ ZRUN WKHKVHW® ZRPNQWJRIRQIGHLWKE 8
ZRUNLQJFRQGLWLRQ LQFUHDVHVLUWVIVT X DG IDIMBELW K X FRKW QR € L
LQ WKH ODWHU SHULRG *UDGXDOO\VWDELOL]HG

7KURXJK WKH DQDO\VLV RI WKH G RIUW FW Q FEQ RIQARKZI) GWLKID |
IDLOXUH RI'WKH GLJJLQJ KROH XQ®HW \W&H VRXE ZRIUNXQH FRMGAL
WKH HDUWK FXW KROH LV ILUVWO\ B DIPQG NGKRIQ ERVIAKX\B ISGIHIVSRIWV
KROHLV GHVWUR\HG LPPHGLDW H OLVDIEHE W K R VHSS H.W VW UKW XLV
XQGHU WKH XSSHU ORDG WKH VW UWHY M [KQ ERWLRWDL IGRI® HR L W W K H
DQGILUVW UHDFKHV WKH IDLOXUH FRQGLWLRQ
SHIHUHQFHYV
> @=KDQJ <XQKH =KDQJ -LDTL /XRXDIROXLDHOE QR WWR\W HRQWDW

WKRXJKWV RQ WKH SURWHFWLRQAOWDLREY @ &XOWXUDO 5HOLF

> @7HUUDFLQD )HUQDQGR )RXQGDW®RQYRRVHWK®GILTRAHU RI

> @7XJDHQNR 1 ) ODWXV < 9 6LQ\DYVNLL $WRBNFRWWMLGHRQWLE
EXLOGLQJ>-@ 6RLOOHFKDQLFV )RXQGDWLRQ (QJLQHHULQJ
> @*UHHQ $ * *HQHUDO %LKDUPRQLF $QID@\VAIW FKI® DU BDDMWH



\Y

\Y

\

\

\

3URFHHGLQJV RI WKH 5R\DO 6RFLHW\ IRWLRDG R &G 1B KLHMW B
6FLHQFHYV a

@ /LX =XGH )LIWHHQ \HDUV RI FROQHHBWQR Q- ®Q G HRQWHF WQ
JRXQGDWLRQ

@4LQ 6KDQJOLQ &KHQ 6KDQ[LRQJ RUDRIREHND GSIIPDFDWLRQ R
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