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Introduction

The exploration of fundamental particles and their interactions is an important
subject of modern physics, driving our understanding of the universeys most fun-
damental processes. Among the numerous experiments seeking to unravel these
mysteries, the investigations of extraordinary states of matter, like the Quark-
Gluon Plasma (QGP) are exciting endeavors. Within this context, the need for
large-scale experiments becomes evident, as the necessary conditions for creat-
ing such matter state probes are far beyond normal scale. Additionally, the devel-
opment and deployment of sophisticated detection systems are crucial, as they
provide the necessary tools for probing deep into the fundamental laws of na-
ture.

This thesis contributes to the ongoing research efforts of the CBM (Compressed
Baryonic Matter) experiment, which is dedicated to the study of the QCD phase
diagram. Situated at the future particle accelerator SIS100 within the Facility for
Antiproton and lon Research (FAIR) in Darmstadt, Germany, CBM represents a col-
laborative initiative aimed at unlocking the secrets of strongly interacting mat-
ter.

In particular, this thesis focuses on the mechanical tension of the wires in the
Multi Wire Proportional Chambers (MWPCs) of the Transition Radiation Detector
(TRD) within this experimental collaboration. During the production process of
the detector modules, the tension with which the wires that serve as electrodes
should be monitored. The aim of this work is to present the concept for a device
that reliably both locates the wires within these chambers and measures their me-
chanical tension.



Experimental Background

FAIR

The international accelerator facility FAIR is currently under construction based
upon an expansion of the GSI Helmholtz Centre for Heavy lon Research (German:
"Gesellschaft fur Schwerionenforschung™) in Darmstadt. Research will take place
regarding the four scientific pillars of FAIR: Atomic, Plasma Physics, and Applica-
tions (APPA); Compressed Baryonic Matter (CBM); Nuclear Structure, Astrophysics,
and Reactions (NUSTAR); and Antiproton Annihilation at Darmstadt (PANDA).
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Figure 2.1: Planned layout of the future Facility for Antiproton and lon Research
(FAIR) including its experiments [TDR18].

In the future, when the entire facility is operational, the heavy ions required for ex-
periments will be prepared in the UNILAC linear accelerator. Subsequently, they
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will be injected into the SIS18 synchrotron for pre-acceleration before being fur-
ther accelerated to their final kinetic energy in the SIS100, as shown in figure 2.1.
From there, the ion beam will be directed to the specific experiments, such as CBM
[GutOe].

The heart of FAIR, the ring accelerator SIS100, derives its name (with "SIS™ being
the acronym for the German term "Schwerionensynchrotron”, meaning heavy ion
synchrotron) from its bending power, or beam rigidity, of R = 100 T m [Gut06]. The
SIS100 with a circumference of 1084 m is designed to accommodate a wide range
of ions, from protons to uranium. Notably, it is capable of achieving energy levels
that are 20 times higher, and beam intensities that are ten orders of magnitude
greater than what was possible at GSI so far [Gut06].

CBM Experiment

The CBM (Compressed Baryonic Matter) experiment is a novel initiative designed
to explore the fundamental properties of nuclear matter at extreme densities. To
accomplish this, the experiment will investigate the phase diagram of strongly in-
teracting matter through high-energy nucleus-nucleus collisions. This diagram,
also known as the QCD phase diagram, is shown in figure 2.2 and based on Quan-
tum Chromodynamics (QCD), which describes the strong interaction.

% 200F m
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< 2 E Figure 2.2: Phase
B g diagram of strongly
S 100 > Hadrons /o, interacting matter in a
£ £ 5 K schematic representa-
- ° & k- tion with temperature
& % versus net-baryon
/ veutro Egr'\‘(’j’us’c‘:gg density [GutO6].
. ! 7/
Nuclei Net Baryon Density

The "normal” nuclear matter, as found inside of large atomic nuclei, can be found
inthis diagram at low temperatures and a net baryon density of one. The nucleons,
proton and neutron, forming an atomic nucleus, are baryons because they contain
an odd number of valence quarks. These quarks are one of the fundamental parti-
cles of the standard model of particle physics. All composite subatomic particles
containing quarks and antiquarks, are called hadrons. The quarks are bound by
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the strong interaction mediated by particles called the gluons [DFO3].

At higher temperatures or baryon densities the hadrons sort of "melt” to the Quark-
Gluon Plasma. Here the color charged particles, meaning quarks, antiquarks and
gluons, can move around the whole volume of the QGP, just as it is known from
the plasma as a state of ordinary matter [Fril11].

Other collider experiments focus on the QGP at high temperatures, since it is as-
sumed to have existed shortly after the Big Bang. A Large lon Collider Experiment
(ALICE) at the Large Hadron Collider (LHC) should be mentioned here in particular,
as it also provides a basis for this thesis.

However, in regards to the CBM experiment at FAIR the focus is not high temper-
ature but rather on whether matter at high baryon densities disintegrates into its
elementary particles forming QGP. Such high densities may be found in the core
of a neutron star [Frill].
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Figure 2.3: Schematic view of the CBM detectors [TDR18]. Since the particles prop-
agate in a cone shape in the direction of the beam from the vertex, each wall-like
detector layer must cover a larger area the further it is from the target.

These high densities are created on a very small scale using the collision of the
accelerated heavy ion beam on a fixed target. This collision forms a high-density
fireball which has a too short existence to be studied directly. So the CBM ex-
periment has to instead focus on the secondary particles, which are created in
consequence of the collision. [Fril1].

Only a few 10 25 are needed from the collision for the particles to "freeze out"



([SHULPHQWDO %DFNJURXQG

EDFNLQWR KDGURQV 7KHUHIRUH WKH &%0 H[SHULPHQW L)\
WLRQ UDWHWBER b} XISMRRIGHU WR DFKLHYH KLDOK@WDWLVWLFV (
5HVXOWLQJLQ PXOWLSOLFLWLHV RI XS WR FKDUJHG SD
FROOLVLRQHYHQW WKH&%OH[SHULPHQW UHTXLUHV XQSDL
WHFWRU FDSDELOLWLHV DV ZHOO DV IDVW GDWD DFTXLVLW
WHFKQRORJ\

TKHLQGLYLGXDOGHWHFWRUV WKDW WRJHWKHU FRPSULVH
ILIXUDUH WKH IRO®R&ZLQJ >

'LSROH ODWRHBMIOHFW WKH FKDUJHG SDUWLFOHYV SURGXFH
LWKLQ 7HVWWHKM &% 0 H[SHULPHQW LV DIL[HGWDUJHWFROO
SDUWLFOHEHDP DW WKLV SRLQW KLWV DIRLO ZKLFK VHUY}
"LWKLQ OLFRU 9HUWH[ WIRVUYIHRRQVWYUXFW WKH ORFDWLRQ
DQGVHFRQGDU\YHUWLFHVZLWKIRXUOD\HUVRIORQROLW|
‘LWKLQ B6LOLFRQ7UDFNWRMSUDWNP BGE&HWHUPLQHWKH PR
HDFK SDUWLFOH ZLWK ZLWK HLJKW OD\HUV RI VSDWLDOO\ L
OXRQ&KDPEHU B6\WWWR W8DFNOXRQVWKURXJIJKDKDGURQD
VHYHUDOLURQ SODWHV DOWHUQDWLQJZLWK JDVHRXV WU
SLQJDOPRVW DOO SDUWLFOHV H[FHSW WKH PXRQV MXVW
QRIXUWKHU GHWHFWRUV DUH XVHG LQ WKH PXRQ GHWHFW
5LQJ,PDJLQJ&KHUHQNRY, Q@ WKAWMBRHFW&RQ KDGURQ VHW X
UHSODFHG E\WKH 5,&+ GHWHFWRU 7KHULQJV RI WKH &KH
DQG SRVLWURQV LQVLGH WKH PHGLXP DUH FDSWXUHG ZLW
SKRWRQ GHWHFWRU SODQHV
7UDQVLWLRQ 5DGL I WH G WHFFIMFRIR W R ZKLFK WKLV WKHV |
XVHV 7UDQVLWLRQ 5DGLDWLRQ 75 WR GLVWLQJXLVK PDL
WURQV PDNLQJLW SRVVLEOH WR LGHQWLI\ HOHFWURQV I
PHQWD
7LPH 21 J)OLJKW 6\ WRHEFHWHUPLQH WKH VSHHG RI WKH SDUV
WKHWLPHIRUWUDYHOLQJIURP WKHYHUWH[WR WKH 72) :I
5HVLVWLYH 3ODWH &KDPEHUV 053&
JUDJPHQW 6SHFWDWR WRIGHWWRRLQHWKHDQJOHRIWKH FR
DQG WKH FHQWUDOLW\ E\ PHDVXULQJWKH QXPEHU RI WK
VSHFWDWRUV IURPWKHLRQEHDP

TRIHWKHUZLWKWKHG6,6 DFFHOHUDWRU ZKLFKGHOLYHUYV
WKHFRQMXQFWLRQ RIWKHVHGHWHFWRUV HQDEOHV WKH DI
IURP WKHFROOLVLRQDQG WKHUHVXOWLQJILUHEDOO RIFR



"HWHFWRU S3ULQFLSOH

7TKH &% 0 7UDQVLWLRQ5DGLDWLRQ GHWHFWRU FRQVLVWYV R
EHUV 0:3&V WR GHWHFW SDUWLFOH WUDFNV DQG UDGLDWL
DFKDUJHG SDUWLFOHIURPRQHPHGLXP WRDQRWKHU ,QW
SULQFLSOHRIJDV ILOOHGUDGLDWLRQ GHWHFWRUV ZLOO E

*DV ILOOHGS5DGLDWLRQ ' HWHFWRUYV

'KHQ LRQL]LQJ SDUWLFOHV SDVV WKURXJK D JDV PHGLXP W
WKH DWRPV LQ WKH JDV 7KLV WUDQVIHU RI HQHUJ\FDQ EH
PRUHHOHFWURQV IURP WKH DWRPV WKHUHE\ FUHDWLQJLR
RIFKDUJHG SDUWLFOHVY ZKRVHHQHUJ\ORVWLQ WKHPHGLX
%HWKH\%ORF K CRARPKOBFWURPDJQHWLF UDGLDWLRQ OHDG
SKRWRHOHFRRALFVWRIM ¥ ARDS\DA M ISLURIGKHFSHRQLQJ RQ WKH HQ
HUJ\RIWKH LQFILLGH@DW UD\V >

0 WKH LRQL]DWLRQ RFFXUV LQ DQ HOHFWULF ILHOG WKH HC
VHSDUDWHG SUHYHQWLQJWKHP IURP UHFRPELQLQJDQG D¢

,RQL]DWLRQ &KIDWPEWWKLY EDVLF SULQFLSOHRISODFLQJDJD
HOHFWULF ILHOG JHQHUDWHG E\WZR HOHREWRQRI®NWWL R/Q P L C
FKDPEHUWFUHDWHG ,WLVQRWVHQVLWLYHWRVLQJOH SDUYV
WHFWLRQ OLRI=W kV DB RXHGGLWLRQDOO\FXUUHQW PHDV XU
RQO\EHJLQ LMQRVIKBIQ JH 1ZLWIK:/ DOUHDG)\ FRUUH®SRQGLQJ W
LRQL]DWLR@V >

&ERXQWHU 7TXEMHQ WKHVHOLPLWDWLRQV WKHQXPEHURIFKDL
SDUWLFOHLRQL]JLQIWKHJIJDVPXVWEHDPSOLILHGLQRUGHU
OHDGV WR WKH :LUH &\OLQGHU ,RQL]DWLRQ '"HWHFWLRQ 6\\
FDOFDSDFLWRUZLWKWKHULPRIWKHF\OLQGHUDFWLQJDV



'"HWHFWRU 3ULQFLSOH

RIWKHWXEHDVDQRGH %HFDXVHWKHHOHFWULFILHOG RIV
LV WR WKH FHQ@WHKWMH HOHFWURQV FUHDWHG E\WKH LRQL]DW
RQ WKHLU ZzD\WRZDUGV WKHDQRGH ZLUH +DYLQJDFTXLUF
WKH\FDQLRQLJ]HJDVDWRPVRQWKHLURZQ VHFRQGDU\LRC
DWHG LQ WKLY SURFHVV DUHDFFHOHUDWHG DJDLQ WKXV L
OHDGVWRDFDVFDGLQJ SURFHVYV JLYLQJULVHWRDQDYDO
HDFKLQFRPLQJSDUWLFOHLVWULJIJHULQJD FDVFDGH RI FK
WLDO FKDUJHERDI WERWVFDOOH®WEKBLQ @ 7KLV PDNHV LW
SRVVLEOH WR FRXQW HDFK LQFLGHQW SDUWLFOH ZKLFK LV
FRXQWHU WXEH

SURSRUWLRQDOIKWKOQOQWRQVWDQWJIJDVIDLQWKHDPSOLILHG
WLRQDO WR WKHLQLWLDO FKDUJH EXWQRZELJHQRXJK WR
JDVJBLRURQH YROWDJH LVDOZD\VWKHVDPHDQG GRHV Q
PDU\LRQL]DWLRQ ,QWKLVZD\UDGLDWLRQRIGLITHUHQW HC
SURSRUWLRQEHFRXYWHQOQVLQFLGHQW SDUWLFOH RUUD\ ZLV
KDYHPRUHSULPDU\LRQL]DWLRQHYHQWV DORQJLWYVY WUDF

7TKH 7UDQVLWLRQ 5DGLDWLRQ GHWHFWRU RI WKH &%0 H[SH!
SBURSRUWLRQDO &KDPEHUV 0:3&V $V WKH QDPH GHSLFWYV
SURSRUWLRQDOFRXQWHUVY EXWDGGLWLRQDOO\KDYHDVS
LVGLVFXVVHG LQ WKHIROORZLQJVHFWLRQ

OXOWL :LUH3URSRUWLRQDO &&KDPEHUYV

7TKHVLPSOHVWZD\WRDFKLHYHDVSDWLDOUHVROXWLRQLV'
VLGHE\VLGH DWVKRHEQLQ

JLIXUH7R DFKLHYH D VSDWLDO UHVROXWLRQLQRQHGLPHQ
SURSRUWLRQDO FRXQWHUYV FDQ EH XVHG QH[W WR HDFK RW
UHPRYHGDQGWZR SODWHV DUH XVHG LQVWHDG WKH UHYVXC

&RQYHQLHQWO\ LWGRHVQRWUHTXLUHDVHSDUDWLRQ EHV
VLIQDOVIURPLQGLYLGXDO ZLUHV ZLWKRXW FURVY WDON V
PDWHULDO



'"HWHFWRU 3ULQFLSOH

7\SLFDOO\WKHVSDFHEHNWEAEHM Y VCKHOHWWKDQ WKH VSDFH E
WKHZLUHV DQG WKHIFBDWK&RGHYV

6RIDUWKHWUDFNRIWKHUDGLDWLRQ JRLQIJWKURXJK WKH |
RQHD[LVUHFWDQJXY BUWRWKRQ@LUKQWUGHU WRDFKLHYH D
WLRQLQDVHFRQG GLPHQVLRQ WKHO0:3& VHWXS FDQ EH FKD
RGHZLUH SODQHV LV SRVVLEOH EXW WKH 0:3&V RI WKH &%0
WKHEFDWKRGH UHDG RXW

7KHVH XWLOL]H WKH LQGXFHG FKDUJH VLJQDO RQ WKH FDW
WLRQ FDQ EH H[HP SPOH\MKREGER IWPH. ) U R L2HDG A KADKW HO HFW U R Q
UHDFK WKHDQRGH WKHLU FKDUJH LV PLUURUHG RULQGXFH
RGH SODQH LV QRZVHSDUDWHG FURVVZLVH WR WKH DQRGH
RUGLQDWH FDQ EHDFKLHYHG

7RUHGXFH UHDGRXW HIIRUW LQ WKH &%0 75' MXVW WKH VLJ
7KHUHIRUH WKH FDWKRGHV DUH QRW MXVW GLYLGHG LQWR \
WR DFKLHYHD JUDQXODU UHVROXWLRQ ZLWK WZR VSDWLDO
7KHGLVWULEXWLRQRIWKHLQGXFHG FKDUJHVRQ WKH SDG\
VHPL HPSLULFDOO\DFFRUBW®I WROVOUWKLEBYRQDLQ D *DXVV
3DG5HVSRQVH )XQFWLRQ 35)

7KH 0:3& JHRPHWU\ LQ &%0 75' LV FRQILJXUHG LQ VXFK D PD
PDWHO\ RIWKHFKDUJHIURP D FHQWUDO KLW LV GHWHFW

HDFKRQWKHDGMRLQLQJSDGV

7KHUHE\ DUHVROXWLRQ FDQ EHDFKLHYHG WKDW LV PDQ\ W
SDG ZLEWKK@ ,Q WKH &% 0 75" ZL W K6:D DOGVZIIBWVLKDRO UH VR O X W L
L® GLUHF B0 RQMROW LV UHD Q5| H@B > @

5HPDUN RQ WKH FRRUGLQDWH VI\VWHP XVHG LQ WKLV ZRUN 7KH GLUH
WKHGLUHFWLRQ DQG WKHVHFRQG FRRUGLQDW#H BKIUHFWIRQV WKKHH Z L
OLQHDU GULYH RI WKH PHDVXULQJ GHYLFH SUHVHQWHG KHUHDOVR P
z D[LVUXQV YHUWLFDOO\RQWKHZLUHSODQHLQWKHRULJLQDO EHDP



'"HWHFWRU 3ULQFLSOH

TUDQVLWLRQ 5DGLDWLRQ "HWHFWRUYV

TUDQVLWLRQSDGLDWLRQUHIHUVWRWKHHOHFWURPDJQHW
SDUWLFOHWUDYHUVHV WKHERXQGDU\EHWZHHQWZR PHGL
HUWLH W

S3K\VLFDO 3ULQFLSOH

ORYLQJHOHFWULF FKDUJHVY FDXVH HOHFWULF DRG PDJQHW
QDUG\:LHFKHUW:XR\QMXMVBIONVHOGY FKDQJH HQHUJ\LQ WKH
PDJOQHWLF UDGLDWLRQPXVWEHHPLWWHG &DXVDO IRU WKF
WLRQ 75 LVIRUPDOO\WKH FKD QuH'O RV KAFKKWHV X DB /X @ 8 ILQJ
PHGLXPBH@ 7KLV DOWHUDWLRQLQ WKHGLHOHFWULF SURS
SDUWLFOH DOVR FKDQJH¥& WY §KDIMMKIHORFE@WY)RU
PDOO\ WKH ILHOG RI D SDUWLFOH HQWHULQJ D PHGLXP ZLW
FKDQJHV WR HQVXUH FRQWLQXLW\RIWKHHOHFWURPDJQHMW
IDFH 7KLV UHTXLUHPHQW LV GLFWDWHG E\OD[ZHOO 'V HTXD
LQJ*DXVVLDQ ER[RQD 6WRNHV VXUIDFH

SDGLDWLRQ &KDUDFWHULVWLFV

JRU D UHODWLYLVWLF SDUWLFOH X HW K DIARUEHHFW/]U D F WRRUUW
75FDQEH GHULYHG DV JiY H® BOI®/ 83 OMKG LLDS LDWLRQ FKDL
WHULVWLF SHUUDRODWREZRQID QVFMOLQGULFDO V\PPHWULF
SDWWHUQLV FRQHVKDSHG ZLWK D PRMW S UBRED&OH UDGLD
JRUXOWUD UHODWLYLVWLF SDUWLFOHV KDYLQJDODUJHI/R
LV VWURQJO\ GLUHFWHG IRUZDUG DQG WKXV DOPRVW SDUD
PDNHV LW HDV\WR PDWFK WKH GHWHFWHG 7UDQVLWLRQ 5DC
)XUWKHUPRUH WKH HQWLUH UDGLDWHG HQHUJ\ LV ULVLQJ ¢
WKHUHODWLY L2VEW LF SD@ W LFOH
7KLVLVDQDGYDQWDJHRYHUPDQ\RWKHU SK\WVLFDO HITHFW\
UDGLDWLRQ ZKLFKDUHULVLQJZLWKWKHVSHHGRIDSDUWL
LWHG LGHQWLILFDWLRQ SRVVLELOLWLHX @R UKLLG K @AKHLQD W
VSHHG LVFORVHWR WKHVSHHG RIOLJKWDQG KDUGO\FKDQ.
XHV WR LQFUHDVH ZLWK KLIJKHU HQHUJLHV

+RZHYHU WKHPHDQ HPLWWHG SKRWRQ QXPEHU LV LQ WKH
ILQH VWUXFW XU H 15 D@QGMWDIQHW HIRUH Y@U\ OR Z >

7KH WUDQVEWERI@RFOWUR® RQ D SRO\HWK\OHQH IRLO IRU H



"HWHFWRU 3ULQFLSOH

OHDGV WR D PHDQ SKRWRQ:@WX%PEHI RR LQFUHDVH WKLV QXP
PXOWLSOHWUDQVLWLRQV ZKRVHUDGLDWLRQV FRQVWUXFV

OXOWLSOH ,QWHSURBHFYSOH PRUH WUDQVLWLRQV DORQJ D S
PRUH 7TUDQVLWLRQ 5DGLDWLRQ ,QVWHDG RIDFKLHYLQJ W
VWDFN RI WKLQ IRLOV RIWHQ IRDP RU ILEHU PDWHULDOV DU
PHQWYV IRUWKH VHTXHQFH RI LQWHUIDFHV ZLWKLQ WKH DY
XVH Rl SRO\HWK\OHQH IRDP ILOPV KDYLQJORWYV RILQWHUI
EXEEOHV SURYHG WREH'WK® EHVW RSWLRQ >

'"HWHFWRU ,PSOHPHQWDWLRQ

7KH SKRWRQV IURP WKH UDGLDWRU FDQ DIWHU WKHLU FUH
FKDUJHG SDUWLFOH EHGHWHFWHG *DV ILOOHG GHWHFWR
JDVHV VXFKDV[HQRQ RUNU\SWRQ DUH VXLWDEOH IRU WKLV
GHWHFWLRQ SUREDELOLW\ IRU 7UDQVLWLRQ 5DGLDWLRQ S
WR WKH VPDOO DQJOH RI WK Hs;7.U B Q YD LWELDRNL DOIDGV_HDSADLLRIDW L R ¢
WZHHQ WKH SDUWLFOH WUDFNDQG WKHWUDQVLWLRQUDGL
DQGLWLVRQO\GHWHFWHGDVDQDGGL@WLRQDO FKDUJH GH¢
+RZHYHU WKLV FRPELQHG GHWHFWLRQRISDUWLFOH WUDFN
XVHGIRUHOHFWURQLGHQWLILFDWLRQE\PRPHQWXP GHWH
DQG QHIJDWLYH SLRQV ZLWK WKH VDPHHQHUJLHV DUH KDUG
WRUV EHFDXVH Rl WKHLU VDPH FKDUJH +REBHMHXEKFDXV F
OLJKWHU WKDQWKKH BEDREW YDVWO\ GLITHUHQW /RUHQW] IL
HOQHUJ\ )RU LSMEXQERQDW LWK37 JHQHUDWH DOPRVW QHJC
EOH7UDQVLWLRQ5DGLDWLRQ(e2K HU FS\RIGE A AW X RQW Z QWK |
DPRXQWV RI LW

7R GHWHFW DV PXFK 75 IURP HOHFWURQV DV SRVVLEOH LW
OHQJWK UDGLDWRULQWR VHYHUDO UHDGRXW XQLWV LQ OD)\
7KH 75 GHWHFWRULQ WKH &% 0 H[SHULPHQW FRQVLVLWV IRX
HUDO PRGXOHV RIDUDGLDWRUDQG D UHDG RXW FKDPEHU I
FLHQF\RI ZLWKDSLRQVXSSUHVVLRQAIBF@RURI LV HQY|

(OHFWUR®Q.PHOB11BELKA ¥KR S @
3LRQPBIV\W=1396 BERA YKR S @



"HWHFWRU 3ULQFLSOH

TUDQVLWLRQ S5SDGLDWLRQ "HWHFWLRQ

7KH 7UDQVLWLRQ 5DGLDWLRQ GHWHFWRU LQ WKH &%0 H[SFH
SDUWV )LUVW LW 130 ARPSLEWHE®RBLDWRU PDGH IURP SRO\HW
ILOPV 6HFRQGLWIHDWXUHVWKH5HDG 2XW &KDPEHUDV DO
EHUZLWKDQDGGLWLRQDO GULIWUHJLRQ $VFKHPDWLFLO
LQLJIXUH

JLIXUH6FKHPDWLF RIGHSLFWLRQ WKH &%0 75" 2Q WKH OHIW
IRUWKH SDVVDJHRID SLRQDQGDQHOHFWURQ ZLWK JHQHUL
RIWKHLQGLYLGXDO SDUWYV WKHLU GLPHBQ@LRRGDIQE®SSO
I[URP RULJLQDO

7KHJDV PL[WXUHLQ WKH52& FRQVLVWV RI [HQRQEHFDXV
JDVHV D KLJK JDV JDLQ DW FRPSDUDWLYH ORZ YROWDJHV D
VHFWLRQ LQ WKH ; UD\GRPDLQ IRUWKH 75 SKRWRQV $VDT
GLR[LGHLVDGGHG 7KLVPL[WXUHOHDGVWRDQDEVRUSWLR
UHJLRQ GLUHFWO\EHKLQG WKH HQWUDQFH ZLQGRZ

7KHLQSXW ZLQGR 2FRWOWKIVW. Y RWRQ IRLO SODWHG ZLWK DO X
LV VWDELOL]HG E\D FDUERQ ODWWLFH B00§ERWDWBSOLBGS$ GU
WR LW PDNLQJWKHLQSXWZLGGRD REHGDWWRBEHRI WKH
7KHLQWHJUDWLRQ RI WKH GULIW JRQH ZLWKLQ WKH 52& VHL
RIWKHJDV YROXPH WKHUHE\HQKDQFLQJWKH SUREDELOLW
8QOLNHDQH[SDQVLRQRIWKHDPSOLILFDWLRQUHJLRQ DQR
GLWLRQ GRHV QRW UHVXOW LQ ODUJHU FKDUJH FOXVWHUV L
VL]H RI WKHVH FOXVWHUV DV GHWHUPLQHG E\ WKH 3DG 5HV
JHQW XSRQWKHDQRGH EDW@®RKR GGV WIDIDAHIFDQFH ZLWK L (
RFFXSDQF\UHJLR® R &%0 >

'"HVSLWH WKH GULIW D WLPH UHVROXWLRQ EHWZHHQ SDUW!|
DFKLHYHG 5DWKHUWKHSUHVHQFHRI75LVRQO\GHWHFWHC
FKDUJH



"HWHFWRU 3ULQFLSOH

7TKHHQWUDQFH ZLQGRZHQYHORSV WKHJDV YROXPH WRZDU
WKHFDWKRGH SDG SODQH HQFORVHV WKHIGHKWHBWRU WRZ]I
FURVV VHFWLRQRIRQHS52& PRGXOHLOOXVWUDWHY WKLYV F|

JLIXUH+RUL]JRQWDO FURVYV VHFWLRQ RI D 52& PRGXOH ZLWt
PLOOLPHWH®YV >

7R WKH VLGHV WKH GHWHFWRU YROXPH LV HQFORVHG E\ WK
FRLOHG DQG WKH GLVWDQFHOHGJHV IRUWKHVSDFLQJ 6LP
EHVW DUUDQJHPHQW RIWKH ZLUHVLQ WHUPV RIWKHHOHFW
PHQW ZLWK D GA5WWEBWH RHQ WZR LG HQ¥BIWBRIR0O YSDAM DQG
EHWZHHQ WKH DQRGH DQG FDWKRGH ZLUH SODQHV ZKLFK D
UHJLRO®RDV VKRZQILQ H

,QDGGLWLRQ WKH Z 12560 WRHVRKH/RWKH U ZLUH SODQH WKX
LV DOZD\VH[DFWO\LQWKHPLGGOHRIWZRRIWKHRWKHU ZL
ILFDWLRQ UHJLRQ DSSOLHG EHWZHES0WKH DQRGHDQG FDW|

JLIXUH6FKHPDWLF YLHZ RIWKHGLVWULEXWLRQ RIWKH FKD
WLFOHIJRLQIJWKURXIJKWKHGHWHFWRU'BQA®D VHFWLRQ RI W



"HWHFWRU 3ULQFLSOH

$V SUHYLRXVO\ H[SODLQHG RQO\ WKH LQGXFHG FKDUJHV DV
DVWKHVLIJQDO 7KHSDG SODQHOD\RXWLQFRUSRUDWHYV UF
DORQJD SDG URZ DUH GLEWDWHG E\ WKH GLVWDQFH EHW?Z
DQRGH ZLUH JULG ,Q DGGLWLRQ WR WKH KHLJKWV Rl WKH
YDOXHV DUH RSWLPL]HG WR HQVXUH DQ RSWLPDO FKDUJH
SDGYV WKHUHE\ DFKLHYLQJ VXSHULRU HQHUJ\ DQ
WLRQ 7KH SDGV DUH RULHQMWHELDVKVWRAQHFLGWK LQ WKH
WLRQ DORQJWKH ZLUHV DQG WKHLU KHLJKWV ZKLFK DUH D
ZLUH SL2RK RIQ WKH GLUHFWLRQ UHFWDQJXODU WR WKH ZL
5HVSRQVH )XQFWLRQ WK HOR i) WRMHGB R Y RWDRQMRHLHYHG DORC
WKH FROXPQV RIWKH SDGY ,Q RUGHU WR DFKLHYH D KLJK V.
UHFWLRQV WKH 75' OD\8DUNDAKHI URWDWHG E\

&RPSRVLWLRQ RIWKH  75"6 WDWLRQ

$VLQGLFDWHG DERYH RQH 75' OD\HU FRQVLVWV RI VHYHUD
UDWHJHWV KLJKHU WKH FORVHU WR WKHFHQWHU WKH PRG.
RUGHU WRDFKLHYH XQLIRUP ORZGHWHFWRURFFXSDQFLHV
$ WRWDO RIIRXUGLIITHUHQW PRGXOH W\SHV DUH SODQQHG
LOLIXUH

JLIXUH/HIW 7KH &%075'VWDWLRQ ZLWKIRXUOD\HUV RI GHW
IURQW 5LJKW 7KHDUUDQJHPHQWRIWKHGLAITHUBH QW PRG X



"HWHFWRU 3ULQFLSOH

(DFKPRGXOHKDVDGLIITHUHQW SDGVL]H EXWWKHUHDUHRQ
VLRQV RIWKHPRGXOHYVY 7KHGLITHUHQW PRGXOH W\SHV DQ (
WDEOH

7TDEOH6XPPDU\RIWKHGLPHQVLRQVDQG TXDQWLW\RIWKHC
PRGXOHVDQG FDWKRGH SDGWZLWKLQ WKHP >

ORGXOH W\SH
1XPEHU SHU|OD\HU
2XWHU 'LPHQVLY@O 57A0 99 A0 99A0

$FWLYHDUHB4060O 54000 9600606 9600660

$YHUDJH ZLUH QXPE
SHU SODQH 216 384
3DG VL]H
KHLJKW [ ZLGXBK 6:8 | 675 68| 40 67 | 120 67
ERWK®&Q

3DG QXPEH
FROXPV [UF

U
Q28\9 32 80 8 |144 24| 144 8

)XUWKHUPRUH LW KDV EHHQ SURSRVHG VSOLWWLQJ XS WKH
W\SHLQWR WZR UHFWDQJOHVLQ RUGHU WR DFKLHYH D XQLI|
PHQVLROV@

‘LWKWKHGLITHUHQW SDGDQG PRGXOH VL]HV WKLV UHVXOW
XOHV SHU O8M3VUSDIGNWKUHDG RXW SHU OD\HU 7KXV WKH HQV
FRQVLVWLQJRIIRXU OD\HUV UHTXLUHV WKH SURGXFWLRQ
DOPBMWUHDGDEOH FKDQQHOV

7KH SUHFHGLQJ GLVFXVVLRQ KLIJKOLJKWY WKH YDULRXV ID!
JDUG WR WKH 75' VWDWLRQ LQ WKH &% 0 H[SHULPHQW DQG VK
WLRQV WKDW DUH FUXFLDOIRULWVY RSWLPDO IXQFWLRQLQJ
RQHVSHFLILFDVSHFW WKHZLUHWHQVLRQ DQG GHVFULEF
FDQEHHQVXUHGLQ SURGXFWLRQ



‘LUH 7HQVLROQ

(OHFWULF)LHOG

7KHHOHFWULFILHOGLQWKH5HDG 2XW &KDPEHUV 52&V FU
LW\DQG WKH SRVLWLRQ RI WKH DQRGH DQG FDWKRGH ZLUH
PDWHG E\LQILQLWHO\H[WHQGHG OLQH FKDUJHV 7KH SRWH
PHQW DV VKRZQUHDQ RQO\EH GHWHUPLQHG QXPHULFDOO\ |
DUHDSSUR[LPDWHG DVDQLQILQLWH QXPEHU RI OLQH FKDU
L® GLUHFW lyRGL VIWBIO FIA LV VHW WR WKH NQRZQ ZLUH SLWEK
ORDG SHU OHQJWK RQ WK¥HOL@G WKB HBIWFWULFPO ILHOG F

WKH SRWHQWLDD IROORZV DV >
s !

. x Y 22
)= —A+2 &+ = + &a4sb—
o(y; 2) 2 D D
$W OWKLV SRWHQWLDO JHW YO LRI WKHHOREHOQM RISODWH FD ¢
IRUPLQJHTXLSRWHQWADAXXEUYPONMY¥Y LW SRVVLEOHWRSODFI

DX hZLWKp 7KLVOHDGVWRDQDSSUR[LPDWHG WRWDO SR
" S I#

h h y z
12) = )+ ——= — — fi+2 &+ + A4ip—
(iD= oD+ 5o 5 . :
2QWKHRWKHU KDQG | RUD\QFRED YOIMOYXH/ERBHRLRGLFLW\ RI WKH ¢
pn=0; 1::: WKHSRWHQWLDOLVF\OLQGUAFDOO\V\PPHWULF
h 2 Y
(y;2)! (r):—? ﬁ+Fr ZLWrK= (y+n p)2+ z2
0
7KLV PHDQV WKDW WKHVXUIDFHRIWKHZLUHVY FDQ EHFRQVL
' LWKWKLVDSSUR[LPDWLRQWKHDQRGHZLUHRPMBGEHDVVXI

FDQEHLQWHUSUHWHGDV D VXUIDFHFKDUJH SHU OHQJWK




'LUH7HQVLRQ

7KLY DSSUR[LPDWLRQ LV WKHUHIRUH VXIILFLHQW LQ WKH E
UDQJHPHQW LQ WKH52&V 7KHHOHFWULFILHOG FORVH WR
UHFWLRQRIWKHURAOLQO® XKIQWNKHOWRBREWDLQHG DV

@(r)_ _ 1

@ T2 ot

7KH Y+ GHSHQGHQF\VKRZV WKDW WKHFORVHUWKHILHOG L'
EHFRPHYVY 7KLVDOVRPHDQV WKDWWKHVPDOOHUWKHGLDF
WKHHOHFWULFILHOG VWUHQIJWK JHWV LQ WKHLU LPPHGLD
VXIILFLHQW JDV DPSOLILFDWLRQ YHU\WKLQDQRGHZLUHV |

E(r) =

JLIXUH/HIW 7\SLFDO SRWHQWLDO EOXH DQGILH®DG OLQHV
7KLV GHSLFWLRQ VKRZV WKDW WKH SRWHQWLDO EHFRPHV
ZLUH DQG L QG HSHHIBHWWHREDWKR G HV

5LJKW $QRGH ZLUHV DOWHUQDWHO\ GLVSODFHG LQ RSSR\
VWDWLE.IRUBHV >

LUH 6DJ

$V LGHQWLFDO FKDUJHVY UHSHO HDFK RWKHU DFFRUGLQJ W
IRUFH DOVR DFWV RQ WKH ZLUHV LQ D SODQH ,I QR IRUFH FR
WKHZLUHV ZLOO GLVSODFH ZLWK UHVSHFW WR WKHLU ILHO
FDOO\VWDEOH FRQILJIXIUDXWLHRWQLUK WK RZAKHUP QHLIJKERULQJ
DUHDOWHUQDWHO\GHIOHFWHG @ RSSRVLWH GLUHFWLRQ\

JLIXUH6FKHPDWLFDO YLHZ RI WKH ZLUMDB WHE QX \RHCDEA IDUIR U
VWUHWFKHG ZLWK WKH WHQVLRQ

7KH RQO\ UHPDLQLQJ IRUFH WKDW RSSRVHV WKH GHIOHFW |
VXOWLQJIURP WKH WHQVLRQ ZLWK DW WKH ZLUHV DUH VWU
VWUHWFKHG RQ ERWK VLGHV ZLOO VDI KQ MKHSHG&GIATH DV V



'LUH7HQVLRQ

RQKRZVWURQJWKHIRUFHRIWKLVY WHQVLEQRFWMQRQIHQHU
WKH ZLUH SHU RQUW\OHOQMMQKI LQ WKH VLPSOH UHODWLRQ

Ec= Q
ZLWKD SURSRUWLRQDWKRQVMINTIOHNVW FDVH RIWKHGHIOHFW

ZHLIJKWEGRYBHRI D VHFWLRQ ZL @KW & WKHVHQKEW KR Q
QHFWLRQ LV WRO@RZLQJ >

Co= O g= ¢ g= A Qg ) = gA
'LWK WKH JUDYLW D W g PQI50FD RVH/AVBAGEIWWRRIO G R QW KW \
ZLUH
7KH GHIOHFVEL.@XMWEH FRPSHQVDWHG E\ WKH YHUWLFDO F
ZLUH WHR WMWK RZIQ DQUHRQ HYHUXSRKQWUHVWRULQJ IRUFF
HTXDOWRWKHKRUL]JRQWDOTS X&QE R ¥ VRWH W RKHVHDKH. RIQU H
FKDPEHU ZDOOV PXOWLSOLHG ZLW KzWDKWH \8 K H BMZHRQHFIGRV RVIK
WKHLQ®WHUYDO

E= T [2%x+ @ z(X)]
7KHFRPSHQWHSWLR®Z OHDGV WR

X+ ) X)),
T Q '
,QWKHOLPLWWKLVUHVXOWVLQWKHVHFRQG GHULYDWLYH

2% — =0 ZLWK=C= Ay=+

T f=c= Ay

7ZRWLPHV LQWHJUDWLQJJLYHVWKHVROXWLRQ
z(x) = %x2+ ax + b:

'LWK WKH ERXQGDU\ FRQGLWLRQ WKDW WKHUHWXIQR VDJ D'
WZR FROQ¥/QFWY EH GHWHUPLQHG DV

CI?
a=0 DQG b= —-—:
Q 24
7TKLVUHVXOWV LQWKHIROORZLQJVRDOXWLRQUHJDUGLQJ W
2 2
z=2z(X) = Ex2+CI = | x2

27 247 2T 4
$W=0 WKH ZLUHVDJLVDWLWYV PD[LPXP
| 2 Agl 2.

Zs2 = 2(0)28—T DQG IRRY= G4z ) z(0) = aT

7KHz Yt GHSHQGHQF\ VKRZV WKDW WKH JUHDWHU WKH PHFK
ZLUHV LV WKHVPDOOHULV WKHZLUH VDJ

7KHZLUH ZLWKIWK HLOHM®@ DWK z 5 =0



'LUH7HQVLRQ

SHIDUGLQIJWKHDQRGHDQG FDWKRGHZLUHVLQDELJ&%O0 7°¢
WKHPLGGOHRIWKHFKDPEHUDFFRUGLQJWRWKLVIRUPXOD
IRUFHDFWLQJRQWKHZLUHV ZRXOG EH

~yCE  2s:=13:63W9=0:68 d,
2 pYCE  zs:.=41:24W5=0:55 d,
7KHVDJJLWD DUHDOVR UHSUHVHQWHG DV D BEXOWLSOH RIW

JWKHZLUHOHQJWKDQGLWYPDWHULDODUHVSHFLILHG DV
WR NHHS WKH VDJ VXIILFLHQWO\ORZ +RZHYHU WKH WHQVL
WUDULO\IRUWZR UHDVRQV )LUVW WKH FKDPEHU PXVW EH
WKH WHQVLRQV IURP DOO WKH ZLUHV 7KH OHVV ULJLG WKH
EHQGV OHDGLQJWR VKRUWHUDQG OHVV WHQVH ZLUHV WRZI
7KHVHFRQGOLPLWLQJIDFWRULV WKDW.DBRDDU WD FLOKIRIX
PDWLRQV FDQ RFF X UDB\5 R QW DL UBAMORFRQVWDQW DQG RIW
FDOOHG \LROG\®RDLQWA LQ RUGHU WR NHHS WKH VDJDV PLQLP
IRUFH RI WHQVLRQ LV FOR\GH WRLWK LW QKPPWWHULDOV ZLW
\LHOG SRLQW PXVW EH FKRVHQ

, QWRWDO WKUHHIRUFHVDFWRQHDFKZLUHUHVXOWLQJLQI
FSUX @

T z2%x)+ fe(2)+ Ag =0

7KH FRQWULEXWLRQV RI WKH UHVWRULQJ IRUFH UHVXOWLC
JUDYLWDWLRQDO IRUFHDUHNQRZQ IURP WKH SUHYLRXV FR
WKH HOHFW U RZMDVLW RFEEHFHR QVLGHUH G
7KHJUDYLWDWLRQDO DQG HOHFWULF ILHOG FRPSRQHQW G
GLUHFWLRQ 'HSHQGLQJRQWKHRULHQWDWLRQRIWKH ZLUHI
FDQ VWUHQJWKHQ RUZHDNHQ WKH HOHFWURVWDWLF FRQW
WKH PRGXOHYV D96l B RWIOWBRKEOD\HU LQ RUGHU WR DEKLHY|
UHVROXWDRGEQUHFWLRQ 7KHZLUHVRIHYHU\VHFRQG OHY
WLFDOO\ ZKLFK PHDQV WKDW JUDYLW\DFWV LQ WKH GLUHF
PDNHV QR FRQWULEXWLRQ WR WKH VDJ

7KH SUHFLVH FRQVLGHUDWLRQV Rl WKH HO®HF& DRGWDW L F
%5 @ PXVW WDNHLQWRDFFRXQW YDULRXV GHSHQGHQFLH\



'LUH7HQVLRQ

JLIXUH(OHFWULFILHOG OLQHVDQG SRWHQWLDO OLQHV ZLW
DURXQG WKHDQRGHYV 2QHZLUHLV GLY SSOPGEHE® HFWSRQNFHQ
ZLWK UHVSHFW WR WKH RULM@QDO ZLUH VSDFLQJ >

$ GLVSODFHPHQW RI WKH ZLUH SRVLWLRQ FKDQJHV WKH VK
VKRZQULIXXUHWMWQG WKHUHIRUHDOWHUV WKHDPSOLILFDWLRQ ¢
DWLRQVLQDPSOLILFDWLRQDPRQJGLITHUHQW ZLUHYV

,@AOSSHQWIRRFH VLPXODWLRIQ® IXY\RHPGIRU WKHVH FRQVLGHUD
JDUGLQJWKH75'"PRGXOHV RIWKH $/,&( H[SHULPHQW FDQ EH
JRUWKH &%0 75" PRGXOHV HYDOXDWLRQV RIWKHGHWHFWL
PDWHULDODVSHFWVY OHG WR WKHIROORZLQJFKRLFHRIZLU

7DEOH6XPPDU\RIWKH ZLUH GDWD XVHG WR FDOFXODWH WKH
WLRQ IUHTXHQF\ 1RPLQDO YDBOX® YD DM R X WOINDPBIG L[ Q6>

'"HQVLWLDPHWHRWRVV VAFWHRQWK HQVILRQ
L ®Aas L Qow L@ & L@o L@

$QRGHV193 20 3142 10 | 960 REAO| 05

&DWKR G BA5 75 4418 10 ° | 960 R&AO 1

'LUHG6HOHFWLRQ

TKHYDOXHVIRUWKHGLITHUHQW TXDQWLWLHY FKDUDFWHUI
WKHLU GHWDLOB&SVHRAB Y/ WRH UHOHYDQW YDOXHV DUH V.
WDEOH

$QRGHM UHIJDUG WR WKHDQRGH ZLUHV WKHIRFXV LV RQW
GLDPHWHULQ RUGHUWR JHQHUDWHD KLJKILHOG VWUHQJW
GLDPHWHU UHVXOWY IURP WKH WXQLQJRI WKH 3)5 WR DFKL
EXWLRQ RQ WeH 20ODWYV | RUGHU WR VWUHWFK D ZLUH ZLWK
GLDPHWHUD YHU\VWURQJPDWHULDO KDVWREHFKRVHQ 7K
VHQLVDWXQJVWHQ WKIFEHLW R DWORV:R SURYLGHV DJRRG FR
DQG KDV D YHU\ KLJKRLH@6399RE QW RIUGHU WR KDYH D VPRR
VXUIDFHIJHQHUDWLQJD XQLIRUPHOHFWULFILHOG WKHDQR



'LUH7HQVLRQ

ZLWK JROG 7KHWHQVLRGDY EKNRVKQWREH.Q D PHFKDQLF \
RI 1575962 YHU\ FORVH WR WKH\LHOG SRLQW

&DWKRGHWH FDWKRGHZLUHVGR QRWKDYHWRKDYHDVPDOO
wubDU\ DVPDOO GLDPHWHU ZRXOG HYHQ EH XQIDYRUDEOH |
ILHOG VKRXOG EHDV SODQDU DV SRVVLEOH $QG ZLUHV ZLV
EHWWHU EDODQFH WKH HOHFWURVWDWLFIRUFHEHWZHHQ \
LQ WKH EDkKM> 7KH SUHIHUUHG GLDPHWd 8 71RwW WEKKHW DWKRG
VLQFHODUJHU ZLUHV DOVR LPSO\D ODUJHU JUDYLWDWLRQ|
EHPDGHRXWRIDOLJKWPDWHULDO $Q FRSSHUDOOR\ ZLW|
WKLV EXW KDV WR EH VWUHWFKHSG ZC\G K HD \@ R W WAWJJIIRRRJD-W HR
ZHLIKW

'LUH/HQIJWKGHIDXOW WKHOHGJHV WR ZKLFK WKH ZLUHV DL
WKH IUDPH RI WKH VXSSERUMGHU LIKBWHQIWK RI WKH ZLUHV |
IRUH HIDFWO\ WZLFH WKLV ZLGWK VKRUWHW MMKDHQ WKH RXW
+RZHYHU WKHZLGWKRIWKHOHGJIH2BDIROWKHEHNPBGRHAMG
FKDPEHUV W\SH LQRUGHUWRHQODUJH WKHDFWLYHDU

'"HWHUPLQDWLRQRIWKH :LUH 7HQVLRC

TRPHDVXUH WKHWHQVLRQRIWKHZLUHV PXOWLSOHDSSUR
OHP RIPHDVXULQJWKHWHQVLRQPHFKDQLFDOO\E\VWUHW I
WRWKHLUGLUHFWLRQLVWKDWWKH\DUHUHDOO\VHQVLWL
WLRQ )XUWKHUPRUHD SK\VLFDO FRQWDFW WR WKH ZLUHYV F
SUHIHUDEO\ WKH GHWHUPLQDWLRQ RI WKH ZLUH WHQVLRQ |
WRXFKOHVYV 7KHUHIRUHWKHZLUHPXVWEHGHWHFWHGILU)\
WKHH[DFWSRVLWLRQLQJRIWKHZLUHVY FDQDOVRFKHFNHG
DSSURDFK IRU WKLV LV WR XVHWKH QDWXUDO RVFLOODWLF
SHQGV RQ WKHLU WHQVLRQ DVZLOOEHGHULYHG EHORZ )l
ZDYHWUDYHOOLQJWKURXJKD SOXFNH® Z@UHLV GHGXFWHC

$VEHIRUHD VPDOO GHRIWKHAOHRMHHYWR EHFRQVLGHUHG )R
DFRQVWDQWGECHQYWLIHU EBQ BMKGHILQHG DV
_m |V: A

|
7TKH OHQIWK@HOKRMNEWY D @D¥V R )RU D WDXW ZLUH DW Ul

HTXLOLEULXP WKHWHQVLRQRQERWKVLGHVRIDOHQJIJWK



'LUH7HQVLRQ

WDXWZLUHLVQRZSOXFNHG SHUSHQGLFXODU WKHPDVV HC
WLRQEHFDXVHRIDUHVWRULQJIRUFHUHVXOWLQJIURP WKH
PRYHVLQWKHGLUHFWLRQ RIWKHZLUH

J)LIXUH G6FKHPDW
LFDOO\ YLHZ RI D ZLUH
HOHPHQW ZKLOH D WUDC
YHUVH ZDYH LV WUDYHO(
DORQJLW

, WKH GHIOHFWLRQ LV VPDOO WKHWHQVLRQ FDQ EH VWLO
JROQWDOO\DQG WKHKRUL]JRQWDO GLN ®IOFHEELEWEKHQ WKH
DGHIOHFWHG OHQJWK HOHPHQW LM ¥ B KHPWD W WAOHO\OR VB 8 Z ¢
DQJOH DSSUR[LPDWLRQ WKH WDQJHQW RI WKH DQJOH EHWZ
WKH SRLODWIEHFRPHY WKH VORSH WKHUH

@Z I:1 @Z F2
— = —= DQOG — = =
@xx1 T Q @xx2 T
TKHFRPSRQHQWYVY RI WKHIRUFH FDQFHO HDFK RWKHU DQG W

WKHZLUHHOHPHQW HTZ(}/DIOR/%IRIQH]@#VVR/I WKH

@z @z
F.e= Fi+ Fo= T = e
R @x,, @x,
$FFRUGLQJWR QHZWRQV VHFRQG ODZ WKLV LVHTXDO WR
@z
F;": a:
@z @z
@x  @xx - @2 .
) Q T @ DQGLQWK%“TL%%'

&RPSDUHG WR WKH OLQHDU ZDYH HTXKOVBLRQ LQ RQH GLPHQ\
@u(xt) _ 1 @u(xt),

@%x vz @
WKHVSHHG RIWKHZDYHRQ WKHVWUHWFKHG ZLUH FDQ EH G
S __ S S
- T T 4T
B B A d 2

,QRUGHUWRQRWKDYHWKHZDYHFDQFHO LWIVRHION KMKU R X JK
ZLUHPXVWEHDPXOWLSOHRIKOOIGWKHZDYHOHQJWK
v 2

l=n = ) i ZLWKn=0;1,2;::::



'LUH7HQVLRQ

+HUH WKH GHILQLWLRQ RIWKBDY DBISOHRGWK WK WKH VSHHC
HTXDWLR@WKH IXQGDPHQWDBG® 1lURTWHOGMLEUDWLQJ ZLUH IR

DV
S

T

B

foz |

HZLUH WHQVLRQFDQEHFDOFXODW

A o

2Q WKH RWKHU KDQG W
T= f 2%

'LWK MXVW WKH NQRZQ ZL U H S QR/ B MUEVGLLHDPTHIGMHIWK K | X Q
GDPHQWDO Ify WIKAHHWHRQVLRQ FDQ EH GHWHUPLQHG 7KH H[SF
IRUWKHFRUUHFW ZLUH WHMDEQRQV DUH OLVWHG LQ

7TDEOH([SHFWHG IUHTXHQF\ RI WKH IXQGDPHQWDO RVFLOOLTI
UHVSHFWLYH ZLUH OHQJWK DQ  GWHLOH@AROXDIWNKRWKH GDWD

ORGXOH|W\SH
f2+)'/(;E 266,‘ 150,‘
fAz PYCE 154,‘ 87,'

JUHTXHQF\$QDO\VLV

TRGHWHUPLQH WKHIXQGDPHQWDO IUHTXHQF\RI WKH RVFL(
YROWDJH VLIJQDO GDWD ILWWLQJPHWKRGYVY PD\ODFN IUHT)>
GXFWLRQ ZKLOHVWLOO UHTXLULQJPDQ\FRPSXWDWLRQDO
\VLV RIWKHIUHTXHQF\FRPSRQHQWYV LQ WKH VLJQDO RIIHU\
QHHG IRU D VSHFLILF PRGHO ODWKHPDWLFDOO\ WKLV FDQ
WKHIUHTXHQF\VSHFWUXP XVLQJD )RXULHU WUDQVIRUPDW
WLQXRXV EXWFRQVLVWV RIGLVFUHWH GDWD SRLQWYV D )DV
IRUPHG
7KH))7 DOJRULWKP LVEDVHGRQWKH'LVFUHWH )RXULHU 7U/
SRVHV D VHTXHQFH RI FRPSOH[ QXPEHUV LQWR D VHULHV R
ZLWK GLITHUHQW ITUHT XHQ F Xg; ¥1; x5, Y Q1D WHHXKHQV¥H
FRPSXWHGDV

y(l

X, = X, Eizkn/N.

n=0
ZLWWKHLPDIJLQDM\WRHW RREHU RI VDPSOHV LQ WKHWLPH G
BUH@ 7KHIUHTXHQUDQOHGWIWNRP1 DQG HDFK YKDRRUHURII
VSRQGV WR D VSHFLILF IUH,TX® OK\HIRMHTKAWEWG RPDLQ
(TXDWLRQUHTXNUPMXOWLSOLFDWLRQV EXW YLD WKH))7 DOJI



'LUH7HQVLRQ

UHGXFHG WR DN REE)VWPRNLQJ LW VXLWDEOH IRUUHDO WLI
FHVVLQJIDHENV >

7KHPD[LPXP IUHTXHQF\WKDW FDQ EH DFFXUDWHO\UHSUHYV
WKH I\TXLVW IUHTXHQF\ JLYHQ DV KDIQ{ WKH VDKPHSWDH. Q J IUH”
f =Y tLVFRQQHFWHG GLUHFWO\WR WKHGLIIHUHQFH EHWZH
7KMDPSOLQJ WHKHRVUHWY WKDW RQO\VLIJQDOMERPBILWK OLP
EHFRPSOHWHO\UHFRQVWUXFWI®G E\WKHLU VDPSOHYV >
7KH))7 VSHFWUXP URQJWWRIULFRG LV VIPPHWULF IRUUHDO Y
VLIJQDOV DV LQ WKLV FDVH 7KH SUHVHQFH RI QHJDWLYH IL
DULVHV GXH WR WKH QDWXUH RI WKH %N F D XWHW R X WLHRE HUWLI
RIWKHVDPSOHV LQ WKHWLPHGRPDLQ DQG WKH QXPEHURI I
ERWK HTXDWKWMR UHTXHQF\ ihl,VROXRARB® >

ZLWEWKH WRWDO GXUDWLRQ RIWKHPHDVXUHPHQW 7KHUHI
WKH RVFLOODWLQJ ZLUH D IUHTXHQF\ Dy@P ®LVLFZQWK D UH\
EHDFKLHYHG

YXUWKHUPRUH LWLVLPSRUWDQW WR QRWH WKDW IUHTXHQ
H[FHHG WKH I\TXLVW IUHTXHQF\DUHQRW GHWHUPLQHGFRU
FRPSRQHQWY IROG EDFN LQWR WKH ORZHU IUHTXHQF\ UDC
WLRQ 7KLV HIIHFWLVNQRZQDVDOLDVLQJEHFDXVH WKH FR
IUHTXHQF\ ZLWKLQ WKH IN\TXLVW IUHTXHQF\UDQJH 'XH WR\
VLIJQDO FRPSRQHQWY DSSHDU DW VHYHUDO SRLQWV LQ WKF
BUH@

fornaerc (Fec a ] Ty aga-fic- 4):
7KHVH SHDNV IXUWKHUPRUHGRDSSHDU BHULRGLFDOO\ ZLW
7TRUHGXFHDOLDVLQJ WKHVDPSOLQJIUHTXHQF\VKRXOG EH
GDWD KDYHWR EHORZSDVV ILOWHUHG EHIRUH WKH ))7 LV F
ZLUH WHQVLRQ ILUVW WKHVYJFL EWREBOW KB Q WHG ZXYEDPHQ'

IUHTXHQF\LV SLFNHG DV WKH ORZHVW IUHTXHQF\ ZLWK D SH
WKH'& FRPSRQMRQWE\ZVWIKODO ILQGBSHDNYV

SBRVLWLYHIUHTXHQFLHYUHSUHVHQWLQJFRPSRQHQWYV WKDW RVFLOOI
QHIDWLYHIUHTXHQFLHVUHSUHVHQWLQJFRPSRQHQWV WKDW RVFLOC
FRPSOH[VLI®POY . 9BWHSUHVHQWYVY WKH '& FRPSRQHQW RUWKHDYHU
VLIQDWB=)RMR N2 WKH SRVLWLYHfIHHTXHQF DHM IKRW2+1 WR

k=N 1WKHRSSRVLQIJQHIJDWLYHIUHTXHQFLHVDUHFDOFXODWHG



([SHULPHQWDO 6HWXS

7KHSURGXFWLRQ SURFHVV RIWKH &%075'5HDG 2XW &KDPEF

FOHDQURRP ZKHUHRQHW\SHRIZLUH ZLOO LQLWLDOO\EH
7KLV LV GRQH ZLWK D VSHFLDO PDFKLQH WKDW LV GHVLJQHC
FRQVWDQW DV SRVVLEOH 7KH ZLQGLQJIUDPHPXVWDOVR P
WHUPV RIULJLGLW\ 7KHZLQGLQJFUHDWHY WZR SODQHV RI
IUDPH )LUVW ERWKZLUHOD\HUVDUHJOXHGRQERWKVLGH
LQWR WKHWZR KDO YHY @ LUHWKMNHODA WZR OD\HUV RIRQH W
IRUWZR FKDPEHUV DUH ZRXQG DW WKH VDPH WLPH 2QFHTC
XS WRWKHOHGJHVRQ ZKLFK WKHDQRGH ZLUHV UHVW WKH
DQRGH SODQHLY SODFHGRQ WRS 1RDGGLWLRQDO IRUFH V|
VRWKDWWKHLUWHQVLRQ GRHV QRW FKDQJH 2QFHWKHDQF
VROGHUHG WKH\DUHFXW RIIl WKH WUDQVIHU IUDPHDQG DQ
FDWKRGH ZLUH SODQHIROORZV LQ WKH VDPH ZD\

JLIXUH6FKHPDWLFDO YLHZ RIWKH :77"RQWRS RID FKD

YHWZHHQ WKHPRXQWLQJRIWKHWZR SODQHV WKHWHQVLR
PHDVXUHG 7KHUHIRUH WKH:LUH7HQVLRQ 7HVWLQJ'HYLFH
WHURQWRSRIWKHFKDPEHUDYF WKHYVIHDRVRULVPRYHG FUR
WRWKHZLUHYV +RZHYHU SULRUWRWKLYV WKHWHQVLRQ VK
WKHWUDQVIHUIUDPH ,QWKLVZD\ WKHZLUHWHQVLRQIRU"
EHPHDVXUHGHDFKRQFHEHIRUHDQG DIWHU WKH\DUH DWW



([SHULPHQWDO 6HWXS

'RUNLQJ3ULQFLSOH

7TKH RSWLFDO VHQVRU HTXLSSHG IRUERWKOLJKW WUDQVP
UHIOHFWLRQV IURP VXUIDFHV DQG FRQYHUWYV WKHP LQWR |
ORJXHYROWDJHVLIQDOVFRQYH\LQIRUPDWLRQ DERXW WKt
IRFDO SODQHRIWKHVHQVRU

JLIXUH6FKHPDWLF YLHZ R1 W KHARMQ® RORSUL LIOHFE SWRIP>RULJL Q
7KH PHDVXUHPHQW PHWKRG RSHUDWHY E\ SODFLQJ WKH IR
DFWO\LQ WKH ZLUH SODRMX IDMD G 8 SUKMHBRYL QJ WKH VHQVR
SHUSHQGLFXODU WR WKH ZLUH GLUHFWLRQ DFURVV WKH FK

'LUH SRVLWKHR@QWKH VHQVRUPRYHVDFURVV WKHZLUHV WKH!
WKHIRFDO SRLQWOHDGLQJWRDSHDNLQ WKHIYRIGWDJIHRXW
7KH GHWHUPLQDWLRQ RI WKH ZLUH SRVLWLRQ LV GRQH E\F
LQIRUPDWLRQ ZLWK WKHVH SHDNV

'LUHWHQVQPQHFRQG UXQ WKHVHQVRULV VXFFHVVLYHO\
WHFWHG ZLUH SRVLWLRQV $W HDFK ORFDWLRQ WKH ZLUH |
DYDOYHPRXQWHG QH[W WR WKH VHQVRU $V WKH ZLUH QRZ
IREXV SRLQW WKH YROWDJHDW WKHVHQVRU RXWSXW FKDQ
RVFLOODWLRQ IUHTXHQF\RI WKH ZLUH %\ UHDGLQJRXW Wi
IXQGDPHQWDO IUHTXHQHFK DERRWE& HZLWIRWHQVLRQ FDQ EH F
ODWHGHKWLW LR Q



([SHULPHQWDO 6HWXS

&RPSRQHQWYV

,QRUGHUWRPHDVXUHWKHWHQVLRQ YDULRXVFRPSRQHQW
DUH VKRIZQ X QH

g ORXQWLQJ DQG VWKH GHILY]DFHLIRQSRVLWLRQHG SUHFLVHO\
OHO UHSURGXFLEO\DQG VHFXUHG DJDLQVW PRYHPHQW DE
IUDPH XVLQJDOXPLQLXP PRXQWV
g/LOQHDUTKHKRUL]JRQWDO SRVLWLRQLQJRIWKHPHDVXULQ
EHULV DFKLHYHG ZLWK D OLQHDU GULYH 7KLV XVHV WKH U
XQGHUDFRYHU VWULS WR PRYHWKHFDUULDJH PDNLQJLW
DFWXDOPHDVXULQJXQLWLVSRVLWLRQHGKRUL]JRQWDOO\ |
RSHUDWHG ILQH GULYHRQ WKHWUDYHUVLQJFDUULDJH

g ORWRRIPRYHWKHOLQHDUGULYH DURWDWLQJ'& PRWRU ZL
WURO HOHFWURQLFV LV XVHG ,WLVFRQQHFWHG WRWKH W
YLDD JHDUDQGDQ HODVWRPHUH FRXSOLQJWR FRUUHFW P
g OHDVXUHPHTKHRSWLFDO VHQVRU LV DWWDFKHG WR WKH F
GULYH SRLQWLQJ GRZQZDUGY WRJHWKHU ZLWK D VHQVRU
WKHFRPPXQLFDWLRQ QHWZRUNDVDQ $'& $QDORJ'LILWDC
g$LUYIRMZLUHV DUHGHIOHFWHGE\DQDLUEODVW )RU WKL
DLUOLQHZLWK D VROHQRLG YDOYHLVDWWDFKHG QH[W WR
g:LULDKH FRQQHFWLRQRIWKHHOHFWURQLFFRPSRQHQWYV L
$UHD 1HWZRUN &$1 ,QSDUWLFXODU WKHVLPXOWDQHRX\
WKHPHDVXULQJ XQLW ZLWK WKH VLJQDO IURP WKH VHQVRU
g3URFHV\KIHQISRVLWLRQDQG ZLUHWHQVLRQ GHWHUPLQDWLR
DVWDQG DORQHFRPSXWHU WKDW FRPPDQGYV WKH PRYHPH
IURP WKH VHQVRU

gODQXDO FRBILVRIRQDOO\ WKHTXDOLW\RIWKHZLUHVDQG"
7KHUHIRUHWKHPHDVXUHPHQW XQLWRQWKHOLQHDUGULY
WLFDO PLFURVFRSHDQG WKH GULYHLVRSHUDWHG ZLWK D |
g 6HFXURWSWUHYHQW DFFLGHQWY WKH VHWXS LV HTXLSSHG .
VZLWFKDQG OLPLW VZLWFKHV 7ZRRIWKHVHDUH SHUPDQF
WKHOLQHDUGULYHDQG WZRUHPDLQ PRYDEOHLQRUGHU W
FKDPEHU VL]H
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7KH HQWLUH :77'LV FRQWUROOHG E\D /LQX[ RSHUDWHG FRI
WKH QHWZRUN YLD D 3% $&%& DIGDRPBWLDFWY DV WKH PDVWHU
D SDUWLFXODULW\LQ WKH &$1 QHWZRUN HYHU\GHYLFH LV
PDVWHU ,QVWHDG WKHUHLVRQH&$1OLQHFRQVLVWLQJRI
DQG&$1 /RZ ZKLFKDUH WHUPLQIDRW HIHNVW\ER RAKVH QIBFVKZS BMKW
LSDQWLVFRQQHFWHG WRWKHPDLQ OLQHYLDDMXQFWLRQ
WR DV D QRGH

JLIXUH6FKHPDWLF OD\RXWRIWKHZLUHWHQVLRQ PHDYV X

,QDGGLWLRQWRWKH3& DV WKHPDVWHU WKHWZRRWKHU S
WKHORWLRQ &RQWUROOHUDQG WKH $'& $VFKHPDWLF UHSL
FRPSRQHQWV LMVYKREQ LQ

"KLOH WKBI$F&R&RGWPVRO PRGXOH W&$1 DL MXBMNGLYROWD
LWDOL]JHVY WKH YROWDJH YD3QDOGBI<WKMWKHQREMULRQ &R Q
WUROOHU KDV D ZLGHU IXQPWKR®DBHW6 &KILW \@ KN EFH
WUDO FRQWURO XQLW IRUWKH OLQHDU GULYH EHFDXVH LW
PRWRUDQG SURFHVVHV WKH SRVLWLRQ 7KHUMIROH LW LV
KDEHU+ %6 LWVHOIDQG WKHHQFRBEKE EKHM ODWWH U
EUHDNVGRZQHDFKUHYROXWLRQRIWKHPRWRULQWR LQ
ORWLRQ &RQWUROOHUKDVDQDORJIJXHDQG GLJLWDOLQSXW
WKHRQHKDQGIRUWKHOLPLWVZLWFKHY WKHFRQWURO SD
HPHUJHQF\VWRS DQG RQ WKHRWKHUKDQG WRRSHQDQG FO
(DFKUHYROXWLRQ RIWKHPRWRULV FRQYHUWHG YLD D JHD!
WKH WKUHDGHG VSLQGOH,: 7IKB OB QH DIUQGAKLYHK WKH VSLQ
GOH LV PRXQWHG KBYABDOI® DWHKHG F REQ\WW DRYBVFKILHY H D
SURSXOYAR®RHPRWRUPXVW WKHUHIRUH SHUIRUP VL[ UHY

7KH FRPSOHWH DUWLUFOya@ XPRHYWyaYAKEEKLLQFOXGHY DOO VSHFLILFDW



(I(SHULPHQWDO 6HWXS

1RW DOO RI WKHILQDO FRPSRQHQWY DUH DOUHDG\ SUHVHC
FROQVWUXFWLRQ +RZHYHU DOOHVVHQWLDO SDUWYV IRU WK
FRQQHFWHG YLD WKH &%$1 QHWZRUN

JLIXUH7KH FXUUHQW VHWXS IRUZLUHWHQVLRQPHDV

,Q WKHUHDO VHWXXVKREIDP &L OLQH SXU

SOH LVWHUPLQDWHGDWWKH' VXEFRQQHFWRURQ WKH3& ¢
DGDSWHUDQG DW WKH $'& EHFDXVH WKLV LV WKH ODUJHVW
WDQFHLQWKHSK\WVLFDOQHWZRUN 7KHVWXEVJRLQJWR WK
FRPSRQHQWY EHIRUH WKH UHVLVWRUV DUH WKHUHIRUH QH.
EOH 7KH OLQH WR WKH ORWLRQ &RQWUROOHU RQ WKH RV
KDQG EUDQFKHVRAEVBERXWQQHFWLRQ LV

PDGH ZLWK WKHLQ KRXRSPBORLMFWXUHG

SURKHUHD SRZHU OLQHIRUWKHVHQVRULVIHGLQDV ZHOO
&RQYHQLHQWO\ WKH &% B @I\ H RXYIHFGY% XH\3 3

&$1KDV WZR SDLUV RI FDEOHV RQH RI ZKLFK LV XVHG IRU
&$1 +LIJKDQG &%$1 /IRZDQGWKHRWKHUIRUWKHSRZHUVXS
SOMzia % C

7KH$'& UHTXLUHV D VX9 § 0 QRODWNRDYILHGRIIV
DQRXWBXWARILFKLV VXIILFLHQW WR SRZHU WKH VHQ

VRU )XUWKHUPRWRHqBXRWWIB SMRYLGHG IRU

WKHORWLRQ &RQWUROOHU ZKLFKDOVRVXSSOLHVWKHHQF
DQGDQDGGIWWRROWXH DFWXDO PRWRU

2Q WKH FDUULDJH RIWKH OLQHDU GIUIXUHH B IWAZ EFDIHWDKRHV KR Z
ILJIXUHLV PRXQWHG ZKLFK FDQ EH P PHHPY XU\ R V&KW | KQIHW R
GULYH 9LD WKLV WKH IRFXV SRLOWEMPEQRURE ER ¥R §RYY

DFWO\DGMXVWHG WR WKHZLUH SODQH YHUWLFDOO\
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