DTU DTU Health Tech
Department of Health Technology

i

Coded Ultrasound Imaging
Mudabbir Tufail Bhatti

PhD Thesis







Preface

This thesis has been prepared at the Centre for Fast Ultrasound Imaging, Department
of Health Technology, Technical University of Denmark (DTU) in partial fulfillment for the
degree of PhD in Biomedical Engineering. The research for this thesis was conducted

over a span of three years, from January 1st, 2022 to April 1st, 2025.

Mudabbir Tufail Bhatti
|

Signature

April 4, 2025

Coded Ultrasound Imaging



Abstract

Coded excitation (CE) imaging is a technique that can significantly enhance image quality
and penetration depth by improving the signal-to-noise ratio (SNR). Despite its proven
benefits in various studies, its practical application in clinical settings remains limited.
One challenge is that the ability of a scanner to produce these signals can impact its pulse
compression capabilities. For instance, research scanners like the Verasonics Vantage
256 use bi-polar transmitters that only generate two voltage levels, leading to inefficiencies
in chirp generation and, consequently, higher axial side lobes. Additionally, the use of CE
can be limited due to safety concerns, as emitting long signals can cause the probe to
overheat.

Experiments were conducted using 5 and 11 MHz Lead Zirconate Titanate (PZT) probes to
compare chirp and Barker-coded excitations with the Verasonics Vantage 256 research
scanner. Phantom experiments were performed to measure resolution, contrast, and
SNR. SARUS research scanner was utilized to show the effect of having a linear trans-
mitter when using chirps. Additionally, intensity and temperature measurements were
taken with the 5 MHz PZT probe and compared to a geometrically identical capacitive
micromachined ultrasonic transducer (CMUT) to assess the potential of the two probe
technologies for CE imaging.

Phantom experiments with the 11 MHz probe and 65-bit Barker-coded excitation on the
Vantage scanner resulted in a 7 dB better contrast-to-tissue ratio (CTR), 10-15 dB higher
SNR, 40% improvement in axial resolution, and 25 mm deeper penetration compared to
chirp excitation. However, similar experiments using the 5 MHz probe showed compa-
rable results for chirp and Barker codes, with a slight improvement of 4-5 dB in CTR for
chirps.

One reason for the reduced performance of chirps at higher frequencies was the Van-
tage’s chirp transmission capabilities. The tri-state pulser of the Vantage system led to
inefficient chirp generation, resulting in a root mean squared error of -19 dB between the
expected and generated signals. Comparing the Vantage’s tri-state transmitter with the
linear transmitter of the SARUS scanner showed a difference in CTR of 7.2 dB for the 5
MHz probe and 11.1 dB for the 11 MHz probe, favoring the SARUS scanner.

Intensity measurements showed that coded ultrasound imaging is not limited by the FDA’s
acoustic intensity and pressure limits. When using 15 s chirp with a 5 MHz CMUT, the
derated spatial peak temporal averaged intensity (Ispta:3) Was found to be 175 mW/cm?
which is more than 4 times less than the FDA limit of 720 mW/cm?. The Ml and Tl were
also below the FDA limits.

Temperature measurements showed that surface heating of the probe is the first limit
reached when CE imaging is used. These limits are set by the International Electrotech-
nical Commission (IEC). When measuring in still air, the PZT probe showed an increase
of 27 °C, reaching the safety limit within 3 minutes of acquisition when excited with 8 s
long chirp at 60 Volts and 4 kHz pulse repetition frequency (f,r£). To keep the imaging
sequence within the safety limit, the voltage and signal duration was reduced to 40 V and
2 s. Resulting in no significant gain in SNR and penetration depth.

In contrast, the same imaging sequence with the CMUT probe (8 s, 60 V, and 4 kHz
fore) showed an increase of only 4-5 °C after 30 minutes of acquisition. It was able to
transmit 15 s chirp at 60 V. This resulted in up to 14 dB gain in SNR and 30 mm deeper
penetration, highlighting the huge benefits of CMUT for CE imaging. Additionally, while
staying within the IEC temperature limits, the CMUT probe provided better SNR than the
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PZT probe despite lower transmit pressure.

In conclusion, the CMUT probe has shown superior thermal efficiency compared to the
PZT probe, making it an excellent candidate for CE imaging. Additionally, Barker-coded
excitations are more effective with high-frequency probes when using a tri-state pulser.
Conversely, chirps are better suited for low-frequency probes when using a tri-state sys-
tem, and they are ideal for systems with linear transmitters.
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Resume

Kodet excitation (CE) er en teknik, der markant kan forbedre billedkvalitet og penetra-
tionsevne ved at gge signal-stgj-forholdet (SNR). Pa trods af paviste fordele i adskillige
studier er den praktiske anvendelse i kliniske sammenhaenge fortsat begreenset. En ud-
fordring er, at scannernes evne til at generere disse signaler kan pavirke deres evne il
pulskompression. Eksempelvis bruger forskningsscannere som Verasonics Vantage 256
bipolaere transmittere, der kun genererer to spaendingsniveauer, hvilket farer til ineffek-
tiv generering af chirps og dermed hgjere aksiale sideslgjfer. Desuden kan sikkerhed-
shensyn begraense anvendelsen af CE, da lange signaler kan medfare overophedning af
proben.

Eksperimenter blev udfgrt med 5 MHz og 11 MHz blyzirconattitanat (PZT)-prober for at
sammenligne chirp- og Barker-kodede excitationer med forskningsscanneren Verasonics
Vantage 256. Fantomforsgg blev udfgrt for at male oplgsning, kontrast og SNR. SARUS-
forskningsscanneren blev anvendt til at vise effekten af at bruge en lineaer transmitter
med chirp-excitation. Derudover blev der foretaget intensitets- og temperaturmalinger
med 5 MHz PZT-proben, som blev sammenlignet med en geometrisk identisk Capaci-
tative Micromachined Ultrasonic Transducer (CMUT) for at vurdere potentialet af de to
probeteknologier til CE-billeddannelse.

Fantomfors@g med 11 MHz proben og 65-bit Barker-kodet excitation pa Vantage-scanner-
en resulterede i 7 dB bedre kontrast-til-veev-forhold (CTR), 10-15 dB hgjere SNR, 40%
forbedret aksial oplgsning og 25 mm dybere penetration sammenlignet med chirp exci-
tation. Tilsvarende forssg med 5 MHz proben viste dog sammenlignelige resultater for
chirp og Barker-koder med en lille forbedring pa 4-5 dB i CTR for chirps.

En arsag til chirps reducerede billedkvalitet ved hgjere frekvenser var Vantage-scannerens
evne til chirp-transmission. Scannerens tri-state impulsgenerator medfgrte ineffektiv gene-
rering af chirps, hvilket gav en kvadratrod af gennemsnitlig kvadratafgivelse (RMS) pa
-19 dB mellem forventede og genererede signaler. Sammenligning af Vantages "tri-state”
transmitter med SARUS-scannerens linezere transmitter viste en forskel i CTR pa 7,2
dB for 5 MHz proben og 11,1 dB for 11 MHz proben for SARUS-scanneren i forhold til
Vantage-scanneren.

Intensitetsmalinger viste, at kodet ultralydsbilleddannelse ikke begraenses af FDAs greens-
er for akustisk intensitet og tryk. Ved brug afen 15 s chirp med en 5 MHz CMUT blev den
"deratede spatial peak temporal averaged intensitet” (Ispta:3) malt til 175 mW/cm?, hvilket
er mere end 4 gange lavere end FDA-graensen pa 720 mW/cm?. Ml og TI 14 ligeledes
under FDA-greenserne.

Temperaturmalinger viste, at overfladeopvarmning af proben er den farste greense, der
nas ved brug af CE. Disse graenser er fastsat af International Electrotechnical Commission
(IEC). Ved malinger i stillestaende Iuft viste PZT-proben en temperaturstigning pa 27 °C
og naede sikkerhedsgraensen inden for 3 minutters optagelse ved excitation med 8 s
chirp ved 60 volt og 4 kHz pulsrepetitionsfrekvens (f,¢). For at holde billedsekvensen
inden for sikkerhedsgraensen matte spaendingen og signallaengden reduceres til 40 V og
2 s, hvilket resulterede i ingen vaesentlig forbedring i SNR eller penetrationsevne.

Til sammenligning viste samme billedsekvens med CMUT-proben (8 s, 60 V og 4 kHz
fore) kun en temperaturstigning pa 4-5 °C efter 30 minutters optagelse og var i stand til
at sende en 15 s chirp ved 60 V. Dette resulterede i op til 14 dB forbedring i SNR og 30
mm dybere penetration. Dette illustrerer de store fordele ved CMUT til CE-billeddannelse.
Mens CMUT-proben holdt sig inden for IEC’s temperaturgreenser, leverede den desuden
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bedre SNR end PZT-proben trods lavere sendetryk.

Samlet set har CMUT-proben vist en overlegen termisk effektivitet sammenlignet med
PZT-proben, hvilket gar den ideel til CE-billeddannelse. Desuden er Barker-kodede exci-
tationer mere effektive ved hgjfrekvente prober, nar der anvendes en tri-state impulsgen-
erator. Omvendt er chirps bedre egnet til lavfrekvente prober med et tri-state system, og
de er ideelle til systemer med lineaere transmittere.
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FDQW LVVXHV 2QH SURPLVLQJ DGESLRDARRBHRKBOWDQILRQ & |
WHFKQLTXHV $OWKRXJK WKHVH WHFKQLTXHV KDYH GHPRQVWU
TXDOLW\ WKHLU DGRSWLRQ LQ FOLQLFDO SUDFWLFH KDV EHHQ
IRURSWLPL]DWLRQ WRPHHW KDUGZDUH FRQVWUDLQWVY DQG FRF
UHJXODWRU\ ERGLHV $V D UHVXOW GHVSLWH WKH ILUVW FOLQ
FRQGXFWHG GHF® GIHW BPDR »HW WR EH ZLGHO\ FRPPHUFLDOL]HG

7KLVUHVHDUFKDLPVWREULGJHWKHJDS B\(MGHXWLMK & JRUKHCPL
LFDODSSOLFDWLRQV %\&AMD\CGKONWDYHGIRHWKRMU SHUIRUPDQTF
FRPSDWLELOLW\ DQG DGKHUHQFH WR VDIHW\ VWDQGDUGV WK
VROXWIBRQRRULQJIJ DQG VXSSRUW LWV FRPPHUFLDOL]DWLRQ ,W
WUDQVGXFHU W\SHIRULPSOHPHQWLQJFRGHG XOWUDVRXQGLP
DQG SDWLHQW FDUH XOWLPDWHO\

WDFNJURXQG

615LV D FULWLFDO GHWHUPLQDQW Rl XOWUDVRXQG LPDJH TXD
WLF DFFXUDF\ E\ HQKDQFLQJLPDJH FODULW\DQG HQDEOLQJ WK
IURP QRUPDO WLVV¥X5HVQWXKUHYK PRUH HIILFLHQW GDWD SURFHVV
WKHUHOLDELOLW\RIDGYDQFHG LPDJLQJWHFKQLTXHV VXFKDV
ZKLFK DUH KLJKO\VHQVLWLYHWR QRLVHDQG UHTXLUH@ REXVW "
YXUWKHUPRUH6 DFVWHRQHQWLDO IRUPDLQWDLQLQJ LPDJH TXDC
ZKHUH VLJQDO VWUHQJWK GLPLQLVKHVY DQG QRLVH EHFRPHV PF
WLPLBUGKDYV EHFRPH D FHQWUDO IRFXV LQ XOWUDVRXQG UHVHD
GHGLFDWHG WR GHYHORSLQJWHFKQLTXHV WKDO@ HQKDQFH LPD

&(LPDJLQJ KDV HPHUJHG DV D SRZHUIXOBMBERXIOWHDREXA®S WR\
WHPV ,QLWLDOO\GHYHORSHG IRU UDGD & WAHPRKQRORIDBDISW H
IRUXOWUDVRXQG LPDJLQJ E\@DBHXFKIWIKMQ LWV HIITHFWLYHQE
HIWHQVLYHO\GRFXPHQWHG LQ WKH VFLH Q@& HEKDLQWFHHWDW X U H :
E\LQFUHDVLQJ WKH GXUDWLRQ Rl WKH WUDQVPLWWHG VLJQDO
HUHG WR WKH WLVVXH ZKLOH PDLQWDLQLQJEDQGZLGWK WKUR
3XOVH FRPSUHVVLRQ WHFKQLTXHV VXFKPRLVPDWFKHG@LOWHUL
DQG LQYHUVH ILOWHWH @KXHQ HPSOR\HG WR GHFRGH WKH UHFHL
D[LDO UHVROXWLRQ 9DULRXV FR@ HAR QBFMQEL @D BKHWSFRGH YV
@ KDYHEHHQ HES(ORDFIGRRHMULQJ XQLTXH DGYDQWDJHV DQG C
615LPSURYHPHQWY DUH ZHOO HVWDEOLVKH G& (V8 K SRULPPIDQK HR F ;
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OLHVLQRSWLPL]LQIJFRQWUDVWDQG UHVROXWLRQ ZKLFKDUHKHD
WKHSXOVHFRPSUHVVLRQ SURFHVVDQG WKHWUDQVPLWWHUYV DEL
HITLFLHQWO\

7KH LPSOHPHQ&OLWLFFORRHO\ WLHG WR WKH DUFKLWHFWXUH Rl WKt
2YHU WKH \HDUV UHVHDUFK ODERUDWRULHV DQG FRPPHUFLDO PD
VSHFLDOL]JHG VFDQQHUV WR PHHW VSHFLILF LPDJLQ@ QBBGV 7KHV
6$586 >@ E\ -HQWH (BO$ 23 E\ TRUWR@® 8$53 E\ 6AMWWEKA® DQ

8OWUDIDVW PXOWLFK D Q GO B8 WDHPGEW RIHQOW B W D J H UHVHDUFK V
QHU 9HUDVRQLFV .LUNODQG :$ 86$% 7KHVHVFDQQHUV RIIHU YDU\
LPDJLQJ SDUDPHWHUV 7KH9HUDVRQLFV 9DQWDJH RQHRIWKH PI
FLDO XOWUDVRXQG UHVHDUFK VFDQQHUV XWLOL]JHV D WUL VWDWH
JHQHUDWLRQ WR WKUHH YROWDJHOHYHOV 9 DQG 9 7KLV FRQVW
WKDW ELQDU\ FRGHG VLIJQDOV DUH EHWWHU VXLWHG IRU VXFK V\VV
OLPLWHG YROWD & WRDMMU> WKH HITHEFWV RI VXEK VIVWHPV RQ FR
LPDJLQJ DQG WKH SHUIRUPDQFH RI WKHVH VLJQDOV LQ WHUPV RI V
LPSDFW RQ LPDJH TXDOLW\UHPDLQ XQGHUH[SORUHG $UELWUDU\ Z
DSSUR[LPDWHG DV WUL OHYHO VLIJQDOV RQ WKH 9DQWDJH VI\VWHP
FLHV DQG UHVXOW LQ KLJKHU D[LDO VLGHOREHV GXULQJ SXOVH FRP
TXHVWLRQV DERXW WKH VXLWDELOLW\RIGLIIHUHQW FRGHV IRU VSt
KLIJKOLJKWYV WKH QHHG IRUD FRPSUHKHQVLYH HYDOXDWLRQ RI WKF

ORUHRYHU WKHHQHUJ\GHOLYHUHG WR WKHWLVVXHLV FRQVWUDLC
B8QLWHG §RPDGVBIYG 'UXJ $GPLQLVWKDAKLRKJIRBIOWH PHWULFV VXFK D
WLDO SHDN WHPSRUDO DgyHVKHUFP DQWR GHMQ@AFKDQLFDO ,QGH]

0, lspa DQG,DUH DVVRFLDWHG ZLWK WKHUPDO ELR HIITHFWV RI WKH X
LQJWKH XVH RI KLIK LOWHQ VLW \LQIGICADAOWH \0 WIXGIZKILNMDHHOLKRR G RI1 F
DQGPHFKDQLFDO GDPDIJHWR WKHWLVVXH 7KHVHOLPLWV DUH GHV
IHYHUWKHOHVV WKHVH OLPLWYV DUH UHODWLY&OLNAKDLIKQDIQG DOOR
WR LPSURYH WKH'$ 1GL F KN RV P: PPDQG D W\SLFDO XOWUDVRX!
VHTXHQFH OLHV ZHO O &EHRRINW IEL V. QFE B BPLVWR U RXKXKIHK ORQJIJHU VLI
QDO GXUDWLRQV ZLWKRXW H[FHHGLQJ YROWDJH OLPLWV WKHUHE
GHSWK@ +RZHYHU WKH HIWHQ@GWIGIQRONWDRQORIDG WR VLIJQLILFD:
JHQHUDWLRQ ZLWKLQ WKH WUDQVGXFHU SRVLQJULVNV WR ERWK W

7KLV KHDWLQJLVVXHLVY H[DFHUEDWHG E\ WKHORZHOHFWURPHFKD:"
GLWURIQGOC-LUFRQDWH 7 WMDDQDMEK F3HYV ZKLFK FRQYHUW RQO\ D 11U
HOHFWULFDO HQHUJ\ LQWR DFRXVWLF ZDYHV @O HBGHWHIUWRH UHPDL
WLRQDO (OHFWURWHFKQLB GG &RWPWPHVWRLY LMY XH E\OLPLWLQJ SU
WHPSHUDWXUH 7KLV FRPSOLFDWHAY WX HDUIDDNH HDEHOWZIHH ®/\ 2 Q'
PHWKRG WR SUHYHQW H[FHVVLYH KHDWLQJ LV WR URVWULFW WKH
KRZHYHU WKLV FDQ UHVXOW LQ VLJQLILFDQWO\ORZHU IUDPH UDW |
FKDOOHQJLQJ RUHYHQ XQIHDVLEOH $QRWKHU DSSURDFK LV WR U
ZKLFK KHOSV PLQLPL]H KHDW JHQHUDWLRQ BXYW FRPHUOHMNWONKH FRV
WKH WKHUPDO HIILFLHQF\RI D WUDQVGXFHU KDV EHFRPHD NH\OLPL
HWUDWLRQ GHSWRIZAMKO\ RWKHU LPDJLQJ WHFKQLTXHV VXFK DV
SODQH ZDYH LPDJLQJ DUH DOVR FRQVWUDLQHG E\ WKH KHDW SURC
DPSOH LQDVWXEBWERP@WMURRWK WKH IUDPH UDWHDQG WKH YROWDJF
GXULQJSODQH ZDYH LPDJLQJWR PLWLIJDWH SUREH KHDWLQJ

&DSDFLWLYH OLFUR PDFKLQHG 80OWUDNRBRQRH HU DQWVEOOFW UV Q &R VK
KHDWLQJSUREOHP )LUVWLQWURGXFHG XVLQJWKHVDFULILFLDO U
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<DNXE®&087KDYH HPHUJHG DV D SRWHQWLDO DOWHUQDWLYH W
DUH QRZ SURGXFHG XVLQJ VHYHUDO GLIIHARO@ WRP HNKRGY\ >
DGYDQWDJHV VXFK DV GHVLJQ IOH[LELOLW\ ZLGHU EDQGZLGWV
> @ 1RW&OBEBOY DUH RIWHQ FODLPHG WR HIKLELW ORZHU K
WR WKHLU GHVLJQ +RZHYHU WKHLU FOLQLFDO DGRSWLRQ KD
SUHVVXUH ZKLFK UHGXFHVY SHQHWUDWLR&OG AR RBG 'HVE B IWWHW
IR (LPDJIJLQJ DVWKHLUWKHUPDOHIILFLHQF\PD\DOORZIRUORQ
I[IUDPH UDWHV ZLWKRXW H[FHHGLQJ VDIHW\ OLPLWV 7KLV XQGF
LQYHVWLIDWLRQV WR IXOO\ XQGHUVWDQG&WEHS HREMELOLWK H \
UHJDUS WHRDJLQJ

7KLV VWXG\ K\SRWKHVL]HV WKDW FKLUSV DUH EHWWHU VXLWHG
FRGHG VLJQDOV SHUIRUP PRUH HIITHFWLYHO\ ZLWK WUL VWDWH
HINTLFLHQEGES®RIPDNHV WKHP PRUH DG Y¥JQ WDIHRXARIRB>UKM G WR
DOORZLQJ WKHP WR FRPSHQVDWH IRU WKHLU ORZBY7TROQWSXW S
LPDJLQIJSHUIRUPDQFH 7KLVVWXG\SURYLGHWYWOXEROQHXXKWLJ
E\H[SHULPHQWDOO\HYDOXDWLQJWKH SHUIRUPDQFH RI FKLUSYV
I[IUHTXHQFLHVDQG WUDQVPLWWHU W\SHV '"LITHUHQW WUDQVGXF
IR’(LPDIJLQS 7HPSHUDWXUH H[SHULPHQWY ZHUH FRQGXFWHG "
RSHUDWLRQD Q8B WH)EBWISIJREHYV LQ WHUPV R #J QDG @ ROV LR
DJH 7KHVHSDUDPHWHUV ZHUH WKHQ XVHGIRULQWHQVLW\PHD)\
ZLW'K VDIHW\ OLPLWV )LQDOO\ SKDQWRP PHDVXUHPHQWY ZHU
SUREHVYT S&MWEIQMWQAWD BQ G H U&G VWHIDHNHN L H V

ORWLYDWLRQ

JLPLWDWLRQV LQ UHVRO ¥WALRIQVHR 6 RQ\DW WD IDR & KH HITHFWLY
VRXQG LPDJLQJ :KLOH KLJKHU UHVROXWLRQ FDQ EH DFKLHYHCG
WKLV FRPHV DW WKH FRVW Rl UHGXFHG SHQHWUDWLRQ GHSWK ¢
XDWLR@QPDJLQJ FDQ KHOS RYHUFRPH WKLV LVVXH E\ LQFUHDVL
ZKLOH PDLQWDLQLQJJRRG LPDJH TXDOLW\ +RZHYHU RQH PDMR
WKDW LW JHQHUDWHY H[FHVVLYH KHDW LQ WKH XOWUDVRXQG S|
EHQHILWV RIFRGHG LPDJLQJ

$ SURPLVLQJDSSURDFKWR RYHUFRPLQG&WNKEVY RE FNWDRNER® UW)
PDGH XVLQJ VLOLFRQ WHFKQRORJ\ &DE DS UREH ¥ HBRLERW MKILUE
VLIQLILFDQW KHDWLQJ FRP S3-USIGRE R V¥ R DKYLHVQSMLHRRQDON Y DQ RS
WR OHYHUDJH FRGHG H[FLWDWLRQ LQ KLJK IUHTXHQF\ XOWUDVF
DQG VXIILFLHQW SHQHWUDWLRQ GHSWK

'"HVSLWH EHLQJ VWXGLHG IRURYHU \HDUV FRGHG H[FLWDWLR
WLQJVGXHWRKDUGZDUHOLPLWDWLRQVDQG VDIHW\FRQFHUQV
WKHVH FKDOOHQJHVDQGILQG ZD\VWRPDNHFRGHG XOWUDVRXC
LFDO XVH 7KH SURMHFW ZLOO LQYHVWLJDWH WKH NH\ KXUGOH\
VROXWLRQV WR RSWLPL]JH LWV SHUIRUPDQFH

7KLV UHVHDUFK LV SDUW RI WKH EURDGHU 685( 68SHU 5HVROXYV
(UWWKURF\WHV SURMHFW ZKLFK IRFXVHV RQ GHWHFWLQJDQG
VXSHU UHVROXWLRQ LPDJHV Rl WKH YDVFXODWXUH %\ LQWHJL
VHHNV WR HELKDMHFBIGLQJ WR LPSURYHG UHG EORRG FHOO GHWH
HWUDWLRQ GHSWK PDNLQJLW HDVLHU WR YLVXDOL]H GHHS EO
SUHVVXUH DQG LQWHQWAOYWKR@MW 7D D@W ¥ L) $HH URXERIP 6 7$
SDUHG WR FRQYHQWLRQDO PHWKRGYV FRGHG LPDJLQJ KDV WKH
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JDLQV &RPELQLQJ FRGH®ZGEFEWREHRQ DALAMMKHU D YLDEOH SDWKZL
RYHUFRPLQJFXUUHQW OLPLWDWLRQV SDYLQJWKH ZD\IRU HQKDQF

2XWOLQH
&KDSWHU LOQOWURGXFHV WKHWKHVLY SURYLGLQJDQRYHUYLHZRI\
JURXQG DQG PRWLYDWLRQ &KDSWHU FRYHUV WKH WKHRUHWLEFD
RXWOLQHVY WKHPHWKRGY DQG PDWHULDOV GHWDLOLQJWKH KDUG.
PHDVXUHPHQW VHWXSVY ,WDOVR GHILQHVY WKH PHWKRGV IRU TXDQ
VFULEHVWKHSURFHGXUHVIRUFRQGXFWLQJVDIHWA\DVVHVVPHQWYV
IURP VLPXODWLRQVDQG SKDQWRP H[SHULPHQWY &KDSWHU GLVEF>
WKHLPSOLFDWLRQVDQG OLPLWDWLRQV RIWKHVWXG\ )LQDOO\ &K

-RXUQDODUWLFOHVDQG FRQIHUHQFH SDSHUVDFFHSWHG GXULQJ W
ZKLOH ZULWLQJ WKLV WKHVLY DUH OLVWHG EHORZ (DFK DUWLFOH®
KHUH ZLWK WKH FRPSOHWH SDSHUV DWWDFKHG LQ WKH DSSHQGLF
EHORZ DV "3DSHU "DQG "3DSHU "DUH FLWHGWKUBXJKRXW WKLV W

-RXUQDO SDSHUV
3DSHU 7KHUPDO $QDO\VLVDQG 615 &RPSDULVRQRI&087DQG 3
HUV XVLQJ &RGHG ([FLWDWLRQ

$XWKRIXGDEELU 7XIDRARWAKDMWWEXHRUJXLHY 7ZRPRY 6jUHQ (O
VHQ ODWWKLDV %R 6WXDUW (ULN 9LODLQ 7KRPVHQ DQG -jU.

SXEOLVKHBOWQDVRQLFV

&RQWULE$WIMRKH PDLQ DXWKRU OHG WKH ZULWLQJ DQG RU
PDQXVFULSW 'HVLJQHG DQG FRQGXFWHG H[SHULPHQWYV XV
XDWH 615 $GGLWLRQDOO\ GHYHORSHG WKH KDUGZDUH DQG
DWXUH PHDVXUHPHQW V\VWHP IROORZLQJ ,(& VWDQGDUGV V
PHDVXUHPHQWY $QDO\JHG WKH H[SHULPHQWDO GDWD WR GF

3DSHU &RPSDULVRQRI/LQHDUDQG %LSRODU 7UDQVPLWWHUYV
,PDJLQJ

$XWKRINGDEELU 7XIDARWAKDWWEXHRUJXLHY 7RPRY %LOO\ <D
DQG -{UJHQ $UHQGW -HQVHQ

,QSUHSDUDWLRQ

&RQWULE$WMWRKH PDLQ DXWKRU OHG WKH ZULWLQJ DQG RU
PDOXVFULSW 3HUIRUPHG VLPXODWLRQV DQG FRQGXFWHG F
WRPV WRHYDOXDWH SHUIRUPDQFH PHWULFV $QDO\]HG WKH
ULYHUHVXOWYV

&RQIHUHQFH SDSHUV
3DSHU &RPSDUDWLYH $QODO\WLV RI &087DQG 3=7 7UDQVGXFHU'
FLWDWLRQ

$XWKROXGDEELU 7XIDW® YHIKDODW L*XHRUJXLHY 7RPRY 6ijUHQ
'LHGULFKVHQ ODWWKLDV %R 6WXDUW (ULN9LODLQ7KRPVHQ

SXEOLVKRBGRBHHGLQJV RI ,(((,86

&RQWULE$WIMRKH PDLQ DXWKRU OHG WKH ZULWLQJ DQG RU
PDQXVFULSW 'HVLJQHG DQG FRQGXFWHG H[SHULPHQWYV XV
XDWH 615 $QDO\]HG WKH H[SHULPHQWDO GDWD WR GHULYH U

&RGHG 8OWUDVRXQG ,PDJLQJ



3DSHU &RGHG ([FLWDWLRQLQ "80OWUDVRXQG ,PDJLQJZLWE
$UUD\

$XWKRBUL 6DODUL OXGDEELOp OOI@ILID $oKDRLWL % RULVOD
RUJXLHY 7TRPRY %LOO\<DW 6KXQ <LX (ULNO9LODLQ 7KRPV

3XEOLVKHG,(Q

ERQWULEERQWQLEXWHG WR GHVLIQLQJ FRGHG H[FLWDW
GXFWHGDQLQWHUQDO UHYLHZ RI WKH SDSHU

3DSHU 7TUDQVGXFHU JHRPHWU\ LPSHUIHFWLRQ FRPSHQVD\V

$XWKRBRULVODY *XHRUJXLHY 7RPRY 0 %G DO <D WX6 B XQ ¢
<LX -{UJHQ $SUHQGW -HQVHQ

SXEOLVKHG,(Q

&RQWULERWQRQLEXWHG WR GHVLJQLQJ WKH H[SHULPHC
LOQWHUQDO UHYLHZ RI WKH SDSHU

&RGHG 80OWUDVRXQG ,PDJLQJ
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/KHRU\

&RGHG HIFLWDWLRQ VLIJQDOV

,QXOWUDVRXQGLPDJLQJ DVLQJOH F\FOHVLQXVRLGDO H[FLWD
GXUDWLRQ LW KDV D ZLGHEDQGZLGWKDQG SURYLGHV JRRG UH
SRZHULVPLQLPDO UHVX®WRDULQ DFRIRZ 6Q 5 USED .1 MKHID VL Q J

WKH VSDWLDO SHDN WHPSRUR® D¥HIUWDLUWG RQW HEQMPWWWLQJ D Y
H[FLWDWLRQ SXOVH ZLWKRXW LQFUHDVLQJ WKH YROWDJH 7KH
VLIJQDOV LV SURSRUWLRQDO WR WKH LQFUHDVHLQ WKH VLJQDO
ZLOO LQFUHDVH WKH 615 LW ZLOO DOVR GHFUHDVH WKH UHVRO:
EH HLWKHU IUHTXHQF\ RU SKDVH PRGXODWHG WR PDLQWDLQ Ut
H[FLWDWLRQ LPDJLQJDOZD\VIROORZV D SXOVH FRPSUHVVLRQ \

&(KDVEHHQ XVHG LQ XOWUDVRXQG LPDJLQJIRUPDQ\\HDUV 6L
E\ 7DNHXKRKLVHYHUDO UHVHDUFKHUVY KDYH HPSORABS WKLV PHW

@ 7KLV SURMHFW QRHEXYV HVHR@HQF\ O R GWXIOIMW BE DJ0G % DUNF
FRGHV ZKLFKDUHWKH RRWVSHGBIQGXMHXLUH D VLQJOHHPLVVL

/LQHDU )0 VLIJQDOV

/)0 VLIQDOV RUFKLUSV DUH WKH VLPSOHVW IRUP RITUHTXHQF
VLIQDO IUHTXHQF\LQFUHDVHV XS FKLUS RUGHFUHDVHV GRZ(
KDYHEHHQ HIWHQVLYHO\XVHGLQUDGDUPDLQO\IRUWZR UHDVF
V\VWHPVDQG WKHLU VIPPHWU\ SURSHUWLHV $FFR@GQLQJ WR OL"
VLIQDOV DUH WKHRPRWWKIREHXHWVHG LQ XOWUDVRXQG 7KH\ DL
IOH[LEOHLQ OHQJWK DQG OHVV VHQVLWLYHWRDWWEBQRXDWLRQ
WHFKQLTXHYV

$OLQHDUIUHTXHQF\ PRGXODWHG FKLUS FDQ EHGHILQHG DQDO

0= (O HIB2 (fot+ ) 5 <t< o

ZKHUHY WKH VLJQDG,DLPSWWKW XEBWHB LWHWKHQRWDOLEWQGZLG
WKH LQVWDQWDQHRXWW HPHL JIXDP® GXUDWLRQ 7KH VLJQDO VWI
fo B/2 DQG OLQHDUOT#REHY XS WR
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J)LIXUH (INTHFW RIWLPHWDSHULQJRQUDQJH VLGN ORBHYV 7KH WR
FKLUS ZLWK DQG ZLWKRXW WLPH WDSHULQJ 7KH DPSOLWXGH VSH|
VKRZV KRZ WKH WLPH WDSHULQJ UHGXFHV WKH )UHVQHO ULSSOHV

UDQJH VLGH VXSSUHVVLRQ LV VKRZQ LQ WKHERWWRP ULJKW JUDSK

3XOVH FRPSUHVVLRQ LV UHTXLUHG WR PDLQWDLQ WKH V\VWHPTV UL
FLWDWLRQVY 6HYHUDO GLIIHUHQW PHWKRGY KDYH EHHQ VXJJHVWH
DVLQYHUVH ILGAVHWDMWRKH DOYGC PLVPDWHRKEB®HULQJ )RUOLQHDU FK
SXOVH FRPSUHVVLRQ FDQ VLPSO\EHDFKLHYHG ENMILQGLQJ WKH DXW
vVLIQDO 7KLVLVFDOOHGWKHPDWFKHGILOWHU ZKLFKLV WKHWLPH
SOHPDWFKHGILOWHUDOORZVIRUD UHVROXWLRQ VLPLODU WR D Yt
WKHUDQJH VLGH OREHVY VLGHOREHV LQ WKHD[LDO GLUHFWLRQ Dl
FRQWUDVW 7R UHGXFH WKH UDQJH VLGH (@RENKYJHVYWDDJWEZRVVWDHES- |
VROXWLRQ RQHDSSOLHG DW WKH WUDQVPLVVLRQ VWDJIJHDQG WKH

$W WKH WUDQVPLVVLRQ VWDJH DPSOLWXGH WDSHULQJ LV DSSOLF
OREHV 6LQFHWIE®DO LV ILQLWH LQ WLPH WKH VWHHS ULVH LQ VL.
WKH DPSOLWXGH VSHFWUXP NQRZQ DV JUHVQHO ULSSOHV ZKLFK F
)LJ VKRZV KRZ WKH )UHVQHO ULSSOHV DUH UHGXFHG ZKHQ D 7XNH
IUDFWLRQ RI LV DSSOLHG WR WKH FKLUS FRGHG H[FLWDWLRQ
UHGXFWLRQ LQ WKH UDQJH VLGH OREHV LV PDGH E\ DSSO\LQJ D WLI
ILOWHU PDNLQJLWDPLVPDWFKHGILOWHU 7KLV SURMHFW XVHG D'
G% UHODWLYH VLGH OREH DWWHQXDWLRQVWKR®K K RZLE HI ZHHUWH QWL Q.
ZLQGRZ W\SHV UHGXFH WKH UDQJH VLGH OREH OHYHOV 7KH PLVPDW
DQDO\WLF@OO\DV >

m®) = (1) w(t);
ZKHW#H LV WKH WLPH ZLQiF RY WRHB H[FLWDWLRQ VLIQDO IOLSSHG LQ
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YLIXUH &RPSDULVRQ RI PDWFKHG DQG PLVPDWFKHG ILOWHU
XVLQJD +DPPLQJZLQGRZ WRS DQG D 'ROSK &KHE\VKHY ZLQGR!
WDNHQ IURP >

%DUNHU FRGHV

%DUNHU FRGHV DUH D W\SH RI SKDVH PRGXODWHG VLJQDO 7KH\
ELWVRI VDQG V ,Q XOWUDVRXQG LPDJLQJ HDFKELWUHSUHV
ZLWK WKH FHQWHU IUHTXHQF\ RI WKH WUDQVGXFHU 7KH SRVLW
WR D SKDVH RI f DQG f %DUNHU FRGHV KDYH LGHDO DXWRFF
NQRZQ IRUWKHLU ORZNVESB B ORWHKWY PWLQ SNHDWWAKKHQXPEHU RI
ELWV +RZHYHU WKH\DUH VHQVLWLYH WR IUHTXHQF\ VKLIWV

7TKHUH DUH QLQH NQRZQ %DUNHU FRGHVY ZLWK WKH ORQJHVW EF
%DUNHU FRGHV XVLQJD .URQHFNHU SURGXFW FDQ JHQHUDWH D
H[DPSOH D %DUNHU FRGH RI OHQJWK DQG FDQ SURGXFH D [
GRQHE\UHSHDWLQJRQH %DUNHU FRGH E\ WKH QXPEHU RI WLPH
FRGH DQG FKDQJLQJ WKH SKDVH DFFRUGLQJ WR WKH VLJQ 7KH
FDOOHG %DUNHU FRGHV ZLWKLQ WKH %DUNHU FRGNXRIUWRPSR’
D ELW ELW DQG ELWORQJ»%DUNHU FRGHDQGD ELW FRPS
WKH . .URQHFNHU SURGXFW RI ELWDQG ELWFRGHYV

,Q WKLV SURMHFW D ELW FRPSRXQG %DUNHU FRGH ZDV XVHG
W ZDV JHQHUDWHG E\ FRPELQLQJ WKH ELW DQG ELW %DUNTE
SURGXFW 7KH ELWHH DLWNHY HR &M

Ciz:[1211111 111 11 11f
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D ELW %DUNHU FRGHG VHTXHQFHLW %DUNHU FRGHG VHTXHQFH

F ELW %DUNHU FRGHG VHTXHQFH

G ELW &RPSRXQG %DUNHU FRGHG VHTXHQFH

J)LIXUH ,OOXVWUDWLRQ RI ELW ELW DQG ELW %DUNHU FR(
SRXQG %DUNHU FRGH FUHDWHG E\ FRPELQLQJ ELWDQG ELW VHTX

7KH ELW %DUCG{HUWRGH

Cs:[111 11f

7KH ELWFRPSRXQGCPUMMKHRGHQHUDWHG E\WDNLQJWKH .URQH
RC13 DQG > @

Ces= C13 GCs

7KH GHYHORSPHQW Rl WKH FRGHG H[FLWDWLRQ ZDYHIRUP LV EDVH (
9ILHQQHDX DQG %\ UDKHLRDMW FKH G | L O)W & UWN HRESSZKIDWB 5HVSRQVH ),5
ILOWHU GHVLJQHG E\FRPELQLQJDQLQYHUVH ILOWHU IRUGHFRGLQ
ILOWHU IRU WKH H[FLWDWLRQ VLIGD @I WKH PRXQURHWDRRGHQVIRUP

N ELWV ZDV ILUVW FDOBXODWHG DV >

Xt
C(f)= c(ne 1° ="
n=0

fs |
2 2

ZKHUHD Qi DUH WKH IUHTXHQF\DQG WKH VDPSOLQJIUHTXHQF\LQ D[
VSHFWUXP LV HMD O KD WHH@GFD WRLQ W2 HHWGZ2HH&QH LQYHUVH RI WKH
VSHFWUXP EQQ WKHUHIRUH EHJLYHQ DV

D(f) = L e fso g fs

. f
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TKH/ WBSLOWHU LQ WLPH GRPDLQ KDYLQJ WKH VS32DPAWVUKIRQ KD
FDOFXODWHG E\WDNLQJWKHLQYHU¥@® )RXULHU WUDQVIRUP RI

M(l i Im
h(|)=Mi D(f)é?2 w:l2[0;L 1 m2[O;M 1]

m=0

7TKHILQDO GHFRGLQJ ILOWHU ZDV WKHQ FDOFXODWHG E\ FRQYR
VLIQDODQG WKHLQYHUVHILOWHU LQ (T

615DQG UHVROXWLRQ WUDGH RI1I

,Q XOWUDVRXQG LPDIJLQJ WKHUHLV D ZHOO NQRZQ WUDGH RIII
D[LDO UHVROXWLRQ RIDQ XOWUDVRXQG V\VWHP LVD IXQFWLRQ
WDWLRQ SXOVHDQG FDQ EH HVWLPDWHG E\

ax—@
ZKHUHY WKH VSHHGFRLVRMXMG/LIQDO FHQW MULNJWRKXHIXREBIQGR |
F\FOHV XVHG LQ H[FLWDWLRQ

6LPLODUO\ WKH ODWHUDO UHVROXWLRQ FDQ DOVR EH HVWLPDYV
DQG WKH ) GFXPE HQJ

Riat = F
ZKHUH
D
F = —:
W

+HUMHGHQRWHV WKH GHSWK RI WWHLIVPW K H@IL SRLKQ R DMKE DSHU W |

DQG VKRZ WKDW WKH VKRUWHU WKH ZDYHOHQJWK RI WKH"
ZLOOEH 7KHUHIRUH KLJKHU SUREHIUHTXHQFLHV\LHOG EHWW
DW WKH FRVW RI 615 DV KLIJKHUIUHTXHQFLHVY DOVR UHVXOW LQ

7KH DFRXVWLF DWWHQXDWLRQ LQ WKH KXPDQ NLRP@H\ JRUDSSU
H[DPSOH ZKHQ XVLQJD SUREH ZLWKD O0+] FHQWHU IUHTXHQF\ "
WKH SURER ZL® Q7TEH G% 6ZLWFKLQJWR D SUREH ZLWK D FHQWH
0+] ZLOO UHVXOW LQ DQ DWWHQXDWLRQRI G% DW WKHVDPH GF
DQG WKH UHVROXWLRQ ZLOO EH LPSURYHG E\D IDFWRU RI

7R VRPH H[WHQW BMEBXGHRRULIQHTXHQF\ GHSHQGHQW DWWHQXD
HUHG E\ @\ MQHFKQLTXHDL QKB 615 *BKHQ XV(GHSHQGV RQ WKH
OHQJWK RI WKH VLJQDO )RUFKLUSV LWLV SURSRUWLRQDO WR
LWV EDQGZLGWK DQG FDQ E@ FDOFXODWHG IURP >

GSNR =10 O R(TB):
JRU %DUNHU FRGHG HEEWD WY RQPWWHG DV
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7TDEOH )’$ VDIHWN OLPLWV IRU GLITHUHQW WLVVXH W\S

I spta
P: FB 0.
LQZDWHU GHUDWHG

2SKWKDOPLF

JHWDO LPDJLQJ
&DUGLDF
3HULSKHUDO YHVVHO

GSNR =10 O R(N);

ZKHNHYVY WKH QXPEHU RIELWYV LQ WKH %DUNHU FRGH

)’$ VDIHW\N OLPLWYV

+RZHYHU XVLQJ&(WRLQFUHDVH WKH615JLYHV ULVH WR VDIHW\ FR
VRXQG EHDPYV LQWHQVLW\ DQG WKH KHDWLQJ JHQHUDWHG DV D UH
YRU VDIHW\ UHPVRQXODWHY WKH DPRXQW RI DFRXVWLF HQHUJ\ WKD
PDQ WLVVXH XVLQJ VWDQGDUGYV G H LDMICRIQD O K & HGRNF X PFHEBROVODEAX |
HUV $VVRFLDW DRQBPHUOSFDQ ,QVWLWXWH RI 8OWUDY¥RXQGLQ OHGLFI

@ 7KHVH VWDQGDUGY DUH UHTXLUHG WR EH PHW IRU KXPDQ
FOHDUDQFH RI XOWUDVRXQG V\VWHPV

7TKHWKUHHPHWULFVFRQVWUDLQLQJ WKH H[$RV XBHDWRRMINUD VR XC(
IRUWKHDWWHQXDWLRQLQVRIWWLVVXHV WHKHWPH YIKH¥YHHY DUH GHU
PHWULFV DUH EULHIO\GHVFULEHG EHORZ DQG WKH PD[LPXP OLPLW

6SDWLDO SHDN WHPSRUDO DypHIUVLNDWHGE POW AP YO XH RIWKHWLPH |
LQWHQVLW\DW DQ\SRLQW LQ WKHDFRXVWLFILHOG

OHFKDQLFDO,QGEPB[XQLW OHVV SDUDPHWHU WKDW SUHGLFWYV WKH S
WLVVXH &DYLWDWLRQ FDQ EH FDXVHG LI WKH SHDN UDUH IDFW
ZDYH LV WRR KLJK

7TKHUPDO ,QRGHSUHVHQWV WKHH[SHFWHG WHPSHUDWXUHULVHRI Wtk
WKHUDWLR EHWZHHQ WKH WRWDO DFRXVWLF SRZHUDQG WKH DI
WKH WLVVXH WHPSHUDWXUH E\ f&

7,LV OLQNHG WR WKH KHDWLQJ RI WKH WLVVXH DW RU XQGHU WKH
HQHUJ\EXW GRHV QRW FRQVLGHU W&GHIUR BN MMWWHIG CKIHOWIIRQUJOL P |
SUREHKHDWLQJDQG PHWKRGVIRUHYDOXDWLRQ 7ZRLNIKIDCGMRIRF XP |
VDIHW\ WHVWYV QDPHO\VWLOODLU WHVWDQG VLPXODWHG XVH WH)\
KXPDQ VWXGLHV RKDNE@MWIHQHY WKH PD[LPXP WHPSHUDWXUH OLPLWYV
VXUIDFHIRU GLITHUHQW WHVWV DQG SUREH W\SHV

6\QWKHWLFDSHUWXUH XOWUDVRXQG
7KLV SURMH BWOXWKIHOLJABSHUWXUH 8RW UPNROQUIG/ H&BBH Q FH V
KDV EHHQ HPSOR\HG LQ XOWUDVRXQG IRU VHYHUDO GHFDGHV GDYV
)ODKHUWDO@ LQ DQG %XHWNBKO®@ G\Y , Q BWE D\OHOG D
VLQJOH HOHPHQW WR WU D QNREZLIH VZRKQ X W ER @ DRBHIBAE I H
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7TDEOH , (& VDIHW\ OLPLWV IRU SUREH KHDWLQJ

(IWHUQDO XVH ,QWHUQDO XVH
$EVROXWH

6LPXODWHG X\NH-HFV%H-H\IU\NWXJI% f&
7HPSHUDWXUI];|& fa

ULVH

HUDWXUH

VH ré&

6WLOODLU WﬁH\/WL

ZHUH JHQHUDWHG XVLQJ GLITHUHQW HOHPHQWYV LQ WKHKWUDQV (
5HVROXWLRQ ,PHPOM KHEXIJK WKLV WHFKQLTXH UHVXOWHG LQ KLJ
LPSURYBIWYHQFH RQO\D VLQJOH HOHPHQW ZDV ILULQJ DW D WLF

21'RQQHOODQG WBPWWHY JURXSHG VHYHUDO 18 D5LRHIMXOMR. L P S
HOHPHQW VXE DSHUWXUHWHFKQLTXH 6LQFHWKHQ PDQ\UHVH
QLTXH WR LPISURY H @ ..DUDPW® 0@ VKRZHG WKDW FRPELC
HOHPHQWYV FDQ LEIBEMNDVE FVKRU RKHMH V WKH QXPEHU RI HOHPH
XVHG LQ WKH WUDQVPLW VXE DSHUWXUH &RPSDUHG WR FRQYH
HOHP®H$BNOORZV IRUKLIJKHUIUDPHUDWHVDQGEHWWHY LPDJH T,
/IDWHU -HQWB@>@ VKRZHG WKDW XVLQJRQO\ HPLVVLRQVFDQS
UHVXOWV IRUERWK IXQFWLRQDO DQG DQDWRPLFDO LPDJLQJ

6$8HPSOR\V GLYHUJLQJ ZDYHV ZKLFK PHDQV WKDW WKH HQHUJ
UHVXOWLQJLQ ORZHU LO¥BNEVXKWQHM UHW DELG\D DHBOIOQBAHHOR Z W K
VLW\ OLPLWY DQG WKH U HO0RNGBWKHHXOIOQUIDH X W R@ L |H® & H

RQO\D SRUWLRQ RI WKH DSHUWXUH LV DFWLYDWHG GXULQJ HDF
YXUWKHUPRUH WKHDSHUWXUH LV VKLIWHG ZLWK HDFK HPLV VLI
WKH VDPH DSHUWXUH LV DFWLYDWHG LQ WKH QH[W IUDPH 7KL
WKHUPDO ORDG HQVXULQJWKDW WKH SUREH UHPDLQV ZLWKLQ

,PDIJLQJ VHTXHQFH

,Q WKLY SURMHFW HOHPHQWY ZHUH XVHG DV WKH DFWLYH D
ZHUH PDGH WR FOHDAKHFK ZHUH WKHQ VXPPHGSYRE FUHWWBOQRQE
VRXUFH EHKLQG WKH WUDQVGXFHU ZDV DVVXPHG WR SURGXFH
HDFK HPLVVLRQ $@) @RXPEHADV XVHG IRUWKH YLUWXD®Y VRXUF|
WKHUDWLREHWZHHQWKHYLUWXDO VRXUFHIVGHSWKDQG WKH\
LQGLFDWHY WKDW WKH YLUWXDO VRXUFHV ZHUH ORFDWHG EHK
SDUDPHWHUV ZHUH IRXQG WR BHI®HDU RSWLPDO LQ >

7KH WKHUPDO FRROBUDYREOTRUREHY @QX¥HG GLIIHUHQW FKLUS ¢
YJRUWKHH[SHULPHQWY FRPSDULQJFKLUSV D@G BOUNKUURGHG
DQGD ELW %DUNHU FRGH ZDV XVHG 7KHVH FRGH OHQJWKV W
*615 8VLQJ DQG WKEL5ZKHQ XVLQJ WKH ELW %DUNHU FRG*H
V FKLUS KDYLQJD FHQWHU IUHTXHQF\RI 0+]DQG D EDQGZLGW
EH G%
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OHWKRGV DQG PDWHULDOV

7KLV FKDSWHU SURYLGHV D FRPSUHKHQVLYH RYHUYLHZ RI WKH |
WKLY SURMHFWRIBHEWDR®HVFULSWLRQ Rl WKH WZR UHVHDUFK V
6HF LQWURGXFHV WKH XOWUDVRXQG SUREHV 7KH SKDQWRPV
PDQFH PHWULFV DUH GLVFXKHMHG UQRBHMD QFH PHWULFV DQG WKH
PHWKRGVY DUH SUHVHQ WHPBWLREH¥FULEHY WKH VLPXODWLRQ SU
PHWKRG IRUFRPSHQVDWLQJWKH JHRPHWULF LPSHUIHFWLRQV L
LV GHILQHG LQ)BMM OO\ WKH FKDSWHU FRQFOXGHV ZLWK GLVFX
WXUH PHDVXUHPHQW VHWXS DQG WKH LQWHQVR®GPHBYXUHPHC
FKDSWHU LV EDVHG RQ W&H DUWLFOHV >

6FDQQHUV

9HUDVRQLFV 9DQWDJH VFDQQHU

7KH 9DQWDJH UHVHDUFK VFDQQHU 9HUDVRQLFV .LUNODQG
IRUWKH H[SHULPHQWYV LQ W& H VMR RRQIBWSDS AUWK WKLY SURMHF
YHUVDWLOHDQG SRZHUIXO SODWIRUP FRPPRQO\XVHGLQ XOWUL

WUDQVPLW DQG UHFHLYH FKDQQHOV DQG SDRY RG H W TUXHD®F W L
5) GDWD ,W KDV D FORFNIUHTXHQF\RI 0+]DQGFDQVDPSOH YV
0+] 7KHWUDQVPLWWHU XVHG LQ WKLV VI\VWHP LVDEL SRODU W
RQO\WKUHH YROWDJH OHYHOV 9 DQG 9 7KHO9DQWDJH VRIW?Z
RI SDUDPHWHUV VXFK DV QXPEHU RI F\FOHV WUDQVPLW IUHTXF
OHYHO H[FLWDWLRQ ZDYHIRUP

7KHUHIRUH DQ\DUELWUDU\VLJQDO JLYHQ WR WKH V\VWHP PXV
VHQWDWLRQ IRUWUDQVPLVVLRQ $OLPLWDWLRQRIWKH 9DQWD
SOHWHO\ EHWZHHQ 9DQG 9 UHTXLUHV DW OHDVW WKUHH FORF
OLPLWHG FORFN F\FOH RI 0+] UHVWULFWYV WKH V\VWHPTV HI|
WKLV LVVXH$STIEW KW WK\ :DYHIRUP *HYRBRDWR® 2 KLFK FUHDWH V
DWUL OHYHO VLJQDO DSSUR[LPDW&ROWKH WKILCRG®XOOOWQRQ >
WHEKQLTXHV +RZIBYWHFW®LVXH IDFHV OLPLWDWLRQV DW KLJKI
DVLQJOH FORFN F\FOH RI WKH 9DQWDJH VIVWHP FRQVWLWXWHYV
GXFHUYV KDOI F\FOH $V D UHVXOW WKH SHUIRUPDQFH Rl WKH
IUHTXHQFLHV 7KHVFDQQHURV VKRZQLQ )LJ

$:* WRRONLW
7KH $:* WRRONLW ZDV XVHG WR FRQYHUW WKH FKLUS VLJQDO L

9DQWDJHVFDQQHU ,WUHTXLUHV WKHLPSXOVHUHVSRQVHRI WK
WR EH JHQHUDWHG )RU WKLV SXUSRVH WKH PHDVXUHG LPSXC
XVHG '$& VIQWKHVLV ZDV VHOHFWHG DV WKH HQFRGHU PRGHO Z
HQDEOHG MKRZV DQV FKLUS FUHDWHG D QDB M\ \BISSL&ROL AEMELIRQV
JHQHUDWHG SVLORWE@NLW

65586
TKB\QWKHWLF $SHUWXUH 5HDO WLPH 8 OGHNHORRSHG VERVAH KR HoG !
DG @ LVDUHVHDUFKVFDQQHUHPSOR\HG LQ WIDHKDPSAKLY HQ W
KLIKO\IOH[LEOH VA\VWHP XVHV 0$7/$% 7KHODWK:RUNV ,QF 1DW
DVLWY SURJUDPPLQJLQWHUIDFHDQG FDQ WUDQVPLW DQG UHF
VLPXOWDQHRXVO\ $6M888HDUXMILHFRODUO\ UHOHYDQW WR WKLYV
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J)LIXUH $@Y ORQJ FKLUS VLIJQDO WRS DQG LWV 3:0 DSSUR[LPDWL
DWHG E\ SUELWUDU\ ZDYHIRUP JHQHUDWRU WRRONLW SURYLGHG E\

WUDQVPLWWHU ZKLFK FDQ SURGXFH DUELWUDU\ ZDYHIRUPV ZLWK |
OLQHDU WUDQVPLW DPSOLILHUV DQG ELW GLJLWDO WR DQDORJ
RSHUDWLQJDWH VIVWHP VXSSRUWY LQGHSHQGHQW WUDQVPLVVLF
IRUPV DFURVYV FKDQQHOVDQGRIIHUV D VBBS®UGNVUHDWHKR| 0+]
VFDQQHU LV VKRZB LQ )LJ

SUREHYV

TKURXJKRXW WKH SURMHFW WKUHH GLIIRBEHW BHWRBIQWG AU XWL
&087SUREH IIKBUREHV LQFOXGHG 0+] %. DQG 0+] %. ER
FRPPHUFLDOO\DYDLODEOH SUREHV GHYHORSHG E\ %. OHGLFDO %. |
7TKKK&O087SUREH D O0+] '78 ZDV DQ H[SHULPHQWDO WUDQVGXFHL
WKH 0(06 $SSOLHG 6HQVRUV JURXS DW WKH 7THFKQLFBDWBOQQNEUVLW
SDUDPHWHUV IRUWKHVH SUREHV FDQ EHIRXQG LQ 7DE

7KH 0+3=7SUREH %. DQG WK 7OWREH '78 ZHUH JHRPHW
ULFDOO\LGHQWLFDO +RZHYHU WKH SUREHVY WUDQVPLW LPSXOV
WRS JUDSK LSYHVHQWY WKH WUDQVPLW VHQVLWLYLW\RIWKH WUD
91Vv2 7KB=7SUREH SURGXFHG QHDUO\ WZLFH W&I8 RXWMREHN SUHVV XL
ZLWK SHDN YDOXMWBRI9 V2 DQG 10®° 3D 98 V2 UHVSHFW@YHO\ >
+RZHYHW 0MRHY UHGXFHG WUDQVPLW VHQVLWLYLW\ZDV EDODQFHG |
VHQVLWLYLW\ 7KLV LV UHIOHFWHG LQ WKH SXOVH HFKR LPSXOVH I
JUDSKRI)LZKHUH VHQVLWLYLW\LYVY H[SUHVVHG DV WKH UDWLR RI W
WKHH[SHFWHG YROWDJH %RWK SUREHV H[KLELWHG D SHDN VHQVL)
VKRZV DQ LPDJHRIWKH WKUHH SUREHV

3KDQWRPV

7KLY VHFWLRQ GHVFULEHVY WKH SKDQWRPV XVHG LQ WKH SURMHFW
PHWULFV TXDQWLILFDWLRQ 7KH\DUHDOVR VKRZQ LQ )LJ
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D 9HUDVRQLFV 9DQWDJH VFDQQHUKRXVHG
LQDZKHHOHG FDUW IRU SRUWDELOLW\DQG HDVH RI

XV H E 6$586 UHVHDUFK VFDQQHU
YLIXUH BOWUDVRXQG VFDQQHUV
YLIXUH 7UDQVPLW LPSXOVHUHVSRQVH WRS DQG SXOVH HFK

&087 GDVKHG DQG3=7 VROLG WUDQVGXFHUVLQ WKHWLPH GRF
WKH WUDQVPLWDQG UHFHLYH VHQVLWLYLWLHYVY R@WKH SUREHV
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YLIXUH

7TDEOH SUREH 3DUDPHWHUV
% . '78 % . 8QLW

7\SH /ILQHDU /ILQHDU /ILQHDU
ODWHULDO 3=7 &087 3=7
1R HOHPHQWYV
SLWFK PP
&HQWHU IUHTXHQF\ 0+]
+HLIJKW PP
(OHYDWLRQ IRFXYV PP
%DQGZLGWK
D %. E '78 F %.

S8OWUDVRXQG SUREHYV
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7TDEOH 7TKHUPDO 7THVW SKDQWRP SURSHUWLHYV

773 ,(&VWDQGDUGV

8QLW
6SHFLILF KHDW FDSDFLW\ - NJ
7KHUPDO FRQGXFWLYLW\ . P
$WWHQXDWLRQ DW 0+] G% FP

‘LUH SKDQWRP
7KH ZLUH SKDQWRP FRQVLVWHG RI VL[ ZLUHV LPPHUVHG LQ ZDV
UHODWLYH WR WKH WUDQVGXFHU DQG XQLIRUPO\VSDFHG DORQ
SUHVHQW DW WKH ERWWRP Rl WKH SKDQWRP WR UHGXFH UHIOH
RI PP 7KLV SKDQWRP ZDV XVHG BRU @W DB\EXJUHDEGE W RIFWLRQ
LQFOXGLQJUHVROXWLRQ DQG FRQWUDVW

7LVVXH PLPLFNLQJ F\VW SKDQWRP
$ WLVVXH PLPLFNLQJ SKDQWRP ZLWK KROORZ F\VWV ZDV DOVR
615 7TKH SKDQWRP H[KLELWHG DIUHTXHQF\ GHSHQGR @W WW W H(
f& +tROORZ F\VWV ZLWK GLDPHWHUYV RI DQG PP ZHUH GLEC
WKH WLVVXH PLPLFENLEASPBWWHIWBOHQRW WKHVSHFNOH SDWWFE
LQWKHVLGHUHJLRQ RI WKH SKDQWRP ZKHUH QR F\VWV ZHUH SU

7KHUPDO WHVW SKDQWRP
7KAHKHUPDO 7THVW 3K ZQWRBHFA3D OO0\ GHVLIJQHG E\WKH 1DWLRQD
WRU\IRUWKHUPDO WHVWLQJ ,WZDV XVHG IRUSHUIRUPLQJ WKH
ZLOO EH H[SODLQHG LQ GKWBKOQ@WRHAKDG WKHUPDO DQG DFRX\
WKDW PLPLFNHG UHDO WLV VXI&VIWD QIEDLGN G7TEHWKIBURSHUWL
OLVWHG LQ 7DE

SHUIRUPDQFH OHWULFV

5HVROXWLRQ
7KH ODWi4{H UDQ@G DRbW:D@WHVROXWLRQV ZHUH FDXEXOO:D W& R WL-QD
OD[LPXP ):+®PHWKRG )AOHPHWKRG GHWHUPLQHYV 3KBEWLGWK RI
G% EHORZ WKH SHDN ,PDJHV IURP WKH ZLUH SKDQWRP ZHUH XVt

&RQWUDVW
7TZRW\SHVRIFRQWUDVW PHDV XUHPNQWFN &R Q WIBEGHRA\R BRHDE W
WR 7LVVXHS5DWLR &75

&\VWWLF FRQWY B\HWHUPLQHG E\ FDOFXODWLQJ WKH UDWLR RI' W
WR WKHHQHUJ\RXWVLGH LW XVLQJWKHIROORZLQJIRUI

E.
CR=10 ORJ " .

total

ZKHBH) UHSUHVHQWY WKH HQHUJ\ LQY EG I WK H HG DD W RH S
RI WK6) D E@w UHSUHVHQWY WKH WRWDO HQHUJ\IPLWKLQ D U
DERYHDQG EHORZ WKH SHDN 7KHVH FDOFXODWLRQV ZHUH L
SKDQWRP
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