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Abstract

In recent years, the big data era has produced an increasing volume and complexity of data that re-
quires processing. To analyze and process these large amounts of data, applications are being scaled
on large clusters using distributed data processing frameworks. A more recent trend utilizes hardware
accelerators to offload computationally intensive tasks and reduce compute time and energy consump-
tion. As a result, a rapid growth of data center deployment containing heterogeneous compute infras-
tructures is observed. Alternative to the more commonly used general-purpose GPUs (GPGPUS), the
field programmable gate array (FPGA) is becoming an increasingly popular choice of accelerator. Its
effectiveness to accelerate highly parallel applications in combination with the flexibility due to its recon-
figurable nature make it well suited for a wide range of applications. As a spatial compute resource, the
problem size a single FPGA can process is bounded by the available programmable logic and mem-
ory. However, applications that do not require the full resources of an FPGA can be vertically scaled
by instantiating multiple instances of the hardware design on a single node. A barrier in the adoption
of FPGAs is formed by the complexity of hardware design which requires in depth hardware-specific
expertise. Additionally, integrating FPGAs in distributed data processing frameworks is a challenge on
itself.

These challenges are being addressed in two directions. High level synthesis (HLS) tools and com-
pilers are being developed to decrease the complexity of hardware design by allowing users to develop
FPGA designs in high level languages. Additionally, there is an increased availability of ready-to-use
FPGA designs for common applications in hardware libraries such as Vitis libraries [1].

To aid the adoption of FPGAs and improve their accessibility, this work presents OctoRay: a python
framework with a focus on ease-of-use that allows users to flexibly and transparently scale applications
both vertically and horizontally on FPGA clusters. Scaling a binarized convolutional neural network
(CNN) with OctoRay resulted in performance improvements linear to the number of nodes, or copied
instances applied. The framework was also used to analyze the cost-efficiency of a cluster of low-end
PYNQ-Z1 FPGAs compared to a data center class Alveo U280 FPGA. A partly in hardware acceler-
ated implementation of Full Waveform Inversion (FWI), a seismic imaging algorithm, was developed
and used to conduct the investigation. It was concluded that 32 PYNQ-Z1s are required to match the
performance of a single Alveo U280 FPGA. An important bottleneck in the performance of the PYNQ-
Z1s was the low-performance host processor on which a significant portion of FWI was executed. The
small number of resources available on a PYNQ-Z1 limited the attainable accuracy of FWI to a bare
minimum. The FWI hardware design with the same specifications made for the high-end FPGA only
utilized a fraction of its resources, far from harnessing its full potential. It was concluded that, unlike
FWI, applications that do not require the abundance of resources a high-end FPGA offers, but do ben-
efit from rapid development cycles and low energy consumption are suited for a distributed low-end
FPGA composition.
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&ERQWHI[W
‘LWKWKHJURZLQJGHSOR\PHQWRIGDWD FHQWHUV DQG KHMWHURIHRHRXV FR
JUDPPDEOH *DW3+$UUWDEHFRPLQJD VHULRXV FRQWULEXWRU WR WKH %LJ'DW
7KLV KDV EHHQ HPSKDVL]HG LQ UHFHQW \HDUV DV OHDGLQJ FKLS PDNHUYV ,C
DFTXLBHBEYHQGRUV $OWHUD DQG ;LOLQ[ &ORXG FRPSXWLQJ JLDQWV VXFK
$]XUH DQG *RRJOH &ORXG3KBYHPBR SWKHGU LQIUDVWUXFWXUHV ULJKW QH|
WLY&38/ DQ@G8V OLFURVRIW IRU H[DPSOH H[SORLWYV )3*$V IRU LWV ORZ O
'HHS 1HXUDO HMWDDORXWDWLRQV DQG HYHQ %L@JfV VHDUFK UDQNLQJ >

)3*$V KDYH VKRZQ LQ WKH SDVW WKDW WKH\DUH D SURPLVLQJDOWHUQDYV
WLRQV HVSHFLDOO\KLJKO\SDUDOOHOL]DEOHRQHV )RUH[DPSOH LQUHVE
DUHXVHGWRDFFHOHUDWH NH\DOJRULWKPV WKDW QHH@ VYR ERRRHULWLQFU
WULEXWHG %LJ 'DWD DSSOLFDWLRQV )3*$V KDYH VKRZQ WKHLU ZRUWK IRU I
DQG GHFRPSUHVVLRQ DOJRULWKPV WKDW UHGXFH GDWD VWRWJIH VSDFH D
8QIRUWXQDWHO\ GXH WR WKHKEHN FRERSGHQW\HRISORLWDWLRQ RI1)3*$V XV
VHUYHG IRUWKHUHODWLYHO\VPDOO JURXS RIHQJLQHHUV ZLWK LQ GHSWK
DV $0'DQG ,QWHO KDYH EHHQ UHOHDVLQJ VRIWZDUH WRROV DQG IUDPHZRU
WR QR KDUGZDUH NQRZOHGJH WR XVH )3*$V $GGLWLRQDOO\ LQ WKH DFDGH
WR IXUWKHU LQWHJUDWH )3*$V LQWR KHWHURJHQHRXYVY FRPSXWH LQIUDVWU
RYHUYLHZ RI WKH FXUUHQW RSSRUWXQLWLHY FKDOOHQJHV DQG WKHLU S
DFFHOHUDWLRQ ZLGWVK )3*$V LQ >

'"HVSLWHWKHVHLQLWLDWLYHV WKHUHLVVWLOODORWWREHGRQHWR OF
ELOLW\ &RPSDUHG WR &38VDQG *38V WKH)3*$ HFRV\VWHP LV VWLOO YHU\P
VXFK DV ,Q$®FPOBH SURSULHWDU\DQG GHVLIQHG WR VXSSRUW H[SHQVLYH |
VKRXOG EH QRWHG WKDW KLVWRULFDOO\ WKH HOHFWULFDO HQJLQHHULQJ
6: FRPPXQLW\ KDVEHHQDYHUVH WR WKH FR@QFHARBWIRI RESARDDWRWHKEM RRHN"
DQGJURZ WKH )3*$ HFRV\VWHP LQ D KHDOWK\ZD\ WKHUH LV D QHHG IRU PRU
KHOS D EURDGHU SXEOLF VFDOHDQG DFFHOHUDWH DSSOLFDWLRQV RQ )3*$)!

,Q WKH ODUJHVW VKDUH RI WKH )3*$ PDUNHW ZD V@ HXG& ¥ WORZQKBQE® D F
SUHGLFWHG WR FRQWLQXH GXHWR GLITHUHQW EHQHILWYV VXFK DV ORZ FRVYV
FRPSOH[LW\ ZKHQ XVLQJ ORZ HQG )3*$V FRPSDUHG WR WKHLU GDWD FHQWH
SOLFDWLRQ FODVVHV XVHG LQ VHFWRUV OLNH WKHDXWRPRWLYHEXVLQHYV
)3*$VIRUWKH SUHYLRXVO\PHQWLRQHG EHQHILWY 2WKHU FODVVHV UHTXLL
HQG )3*$V KDYH WR RIIHU

$FRPPRQDVSHFW WKHHQWLUHUDQJHIURPORZWRKLJK HQG)3*$V KDYH
KLIJIKO\ SDUDOOHO DSSOLFDWLRQV 7KH VL]H DQG SDUDOOHOLVP DYDLODE
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RIWHQ H[FHHG WKH FRPSXWLQJ SRZHU RI D VLQJOH )3*$ QRGH %\ VFDO
)3*$ QRGHV WKH SDUDOOHOLVP FDQ EH IXUWKHU H[SORLWHG UHVXOW
EHQHILWY 7KLV ZRUN ZDV SHUIRUPHG LQ FROODERUDWLRQ ZLWK $/7(1
'DWD 6\VWHPV $%6 JURXS IURP 78 'HOIW $/7(1 SURYLGHG D FRPSXWDW
ZLWK KLJKO\ SDUD O O }O0I® DDAYHU RV A PERGAHER GRKEW WKH LQYHVWLJIDWLR:

&KDOOHQJIHYV

7ZR RIWKHPDLQ FKDOOHQJHVLQ VFDOLQJGDWD DQDO\WLFV DSSOLFDW
HITLFLHQF\

$FFHVVLELOLW\
7KH )3*$ PDUNHW KDV NQRZQ LWV FKDOOHQJHV VLQFH WKHLQYHQWLRQ
ILUVW GHFDGHVRIGHYHORSPHQW FXVWRPHUGHPDQG GLFWDWHG WK
ILWWKHLU GHVLJQV 9HQGRUV UHDFWHG WR WKLV GHPDQG E\ GHYHORS
WKDW RIIHU VXIILELHQW FDSDFLW\ IR@WWKH PDMRULW\ RI DSSOLFDWLRC

'XHWR WKHVH WHFKQRORJLFDO GHYHORSPHQWYV WKHFKDOOHQJHV K
DQG ODUJH VFDOHLQWHJUDWLRQLQ WKHGDWD SURFHVVLQJSDUDGLJP
SOH[LW\DQG VWHHS OHDUQLQJ FXUYH RI)3*$ GHVLJQ LW LV UHVHUYH(
,Q DGGLWLRQ WKHUH LV DQ DEVHQFH RI VXSSRUW LQ WKH IRUP RI RSH
DGRSWLRQ RIDSSOLFDWLRQ VFDOLQJRQ )3*$V 'HYHORSHUV DQG HQJL
HGJH VKRXOG EH DEOH WR WUDQVSDUHQWO\DQG VHDPOHVVO\VFDOH C
RI)3*$V

7TKHUH DUH FXUUHQW LQLWLDWLYHV WRLQFUHDVH WKHDFFHVVLELOL
VXFKHBMK/HYHO 6 \QQWK HVM/IBVWHQDEOHYVY GHYHORSHUV WR VIQWKHVL]H )3*$
FRGH $OWKRXJK D VWHS LQ WKHULJKW GLUHFWLRQ GHVLJQV JHQHUD
WDWLRQV DQG VWLOO UHTXLUH LQ GHSWK KDUGZDUH NQRZOHGJH WR |
$OQORWKHU LQLWLDWLYH LV WKH FRQFHSW RI EXLOG RQFH UH XVH RIWFE
PRQ DSSOLFDWLRQV VXFK DV 1HXUDO 1HWZRUNV DUH GHYHORSHG E\ H]
PDGH DYDLODEOH IRUWKH JHQHUDO SXEOLF :KLOH WKLV FRQFHSW RI|
WKHUH UHPDLQV D QHHG IRU IUDPHZRUNV DQG VXSSRUW LQ WKH GDWD
UHDG\ WR XVH KDUGZDUH GHVLJQV LQ D VFDODEOH ZD\

&RVW HIILFLHQF\
ORGHUQ GD\ GbDWD FHQWHU FODVV DFFHOHUDWRU FDUGYV OLNH WKH $C
XVHG FRUUHFWO\ FDQ DWWDLQ HQRUPRXV SHUIRUPDQFH WKURXJKSXYV
> @ $WILUVW VLIKW WKHVH KLJK HQG DFFHOHUDWRUYV PD\ VHHP DGHT
WKHUHLVY QRIUHH OXQFKLQHQJIJLQHHULQJDQG WKHEHQHILWY FRPHDW
FRVWO\PDQXIDFWXULQJ DQG H[SHQVLYH GHYHORSPHQW F\FOHYV

&RVWO\PDQXIDFWXULQJ

ODQXIDFWXULQJ YHU\ ODUJH LOWHJUDWHG FLUFXLWV LV LQKHUHQWO\
GXHWR WKHODUJHU DPRXQW RI VLOLFRQ ZDIHU DQG RWKHU PDWHULD
FKDQFHRIGHIHFWV DQG\LHOG SUREOHPVLQ ODUJHU FLUFXLWYV

([SHQVLYH GHYHORSPHQW F\FOH

1RW RQO\ GRHV WKH FRVW RI PDQXIDFWXULQJ L@ ESM [EKKVZRW KHAR UW DQ
Rl WKH GHYHORSPHQW F\FOH DOVR EHFRPH PRUH H[SHQVLYH 7KH )3*:
GLVFXVVHG LQ ERDYWWWYV RlI PDLQ SKDVHV GHVLJQ HQWU\ VIQWKHVL)
JUDPPLQJ ,Q WKH ILUVW SKDVH D KD U GHZDUWGZG H WL HY E V LZSM WRIDH/® Q O
WKH V\QWKHVLV SKDVH WKLV GHVLJQ LV WUDQVODWHG WR D QHWOLVW
UHVRXUFHV DQG RWKHU FRPSRQHQWY QHFHVVDU\ WR EXLOG WKH GHYV
DQG URXWHV WKHHOHPHQWYV IURP WKH QHWOLVW RQ WKH )3*$ UHVRXUF
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VXFKDVDQ$OYHRS8 KDYHDPD[LPXPWRWBYBR2BHBRGDWD FHQWHU FODYV
WKH $OYHR 8 KDV D PD[LPXP WRWDO SRZHU RI : ZKLFK LV VLJQLILFDQW
PDJQLWXGH ODUJHU WKDQ WKH :PD[LPXP WRWDO SRZHU RI D @RZ HQG DFF

SUREOHP VWDWHPHQW UHVHDUFK TXHVWLRQV

,Q WKLV ZRUN WZRFKDOOHQJHVLQWKHDGRSWLRQRI)3*$VLQ WKHGDWD SL
7KHUH LV D ODFNRIWRROV IUDPHZRUNV DQG VXSSRUW IRUXVHUV WR HDVL(
DSSOLFDWLRQVRQ)3*$V %\VROYLQJWKLVFKDOOHQJHDQGHQDEOLQJVHD!
QRGHV LW EHFRPHV SRVVLEOH WR FRQVLGHU DQ DOWHUQDWLYH FRVW HIII
)3*$VLQVWHDGRIDVLQJOHKLJK HQG)3*$ 7KLVSURMHFWDLPV WR SURYLGH
WR WKHVH FKDOOHQJHV E\ XVLQJ ):, DV WKH SULPDU\ XVH FDVH ORUH SUH
TXHVWLRQ DUHDQVZHUHG LQ WKLV WKHVLYV

+RZ FDQ )3*$V EH XVHG WR VFDOH GDWD DQDO\WLFVY DSSOLFDWLRQV LQ
ZD\"

&DQ):, EHDFFHOHUDWHG DQG VFDOHG RQ )3*$V"

,VDFRPSRVLWLRQ3R$WVOB Z HEODH DOWHUQDWLYH)ARDGWWDFWHRWHU FC
SHUIRUPDQFH SRZHU HIILFLHQF\ DQG FRVW ZKHQ DFFHOHUDWLQJ):,"

+RZ GRHV YHUWLFDO DQG KRUL]JRQWDO VFDOLQJ DIIHFW WKH SHUIRUPD
WLRQV"

BROXWLRQV DQG FRQWULEXWLRQV

7TRDQVZHU WKHDERYH VWDWHG UHVHDUFK TXHVWLRQV VHYHUDO VROXWLR:
)3*$ DFFHVVLELOLW\DQG DGRSWLRQ ZDV DGGUHVVHG E\GHYHORSLQJ 2FWHF
WKDWHQDEOHVY XVHUVWRWUDQVSDUHQWO\VFDOHDSSOLFDWLRQVRQ)3*$
XVHFDVHZDV GHYHORSHGDQG XVHGLQ FRPELQDWLRQ ZLWK 2FWR5D\WRDF
RQ PXOWLSOH )3*$V 6XEVHTXHQWO\LW ZDV SRVVLEOHWR LQYHVWLJDWH W
)3*$V DOWHUQDWLYH WR D KLJK HQG )3*$IRU ):, DFFHOHUDWLRQ 7KH HIIHF\
LQJ ZDV LQYHVWLIJDWHG IRU ):, $Q DSSOLFDWLRQ ZLWK GLIIHUHQW VFDOD!|
1HXUDO 1HWZRUN &11 IRULPDJH FODVVLILFDWLRQ ZDVLQWURGXFHG WR |

,Q VXPPDU\ WKHFRQWULEXWLRQV RI WKLV ZRUN DUH

2FWR5D\ DIOH[LEOHIUDPHZRUN WKDW HQDEOHV XVHUV WR VFDOH DSSQO
ZLWKDIRFXVRQHDVH RI XVH

'"HVLJQ LPSOHPHQWDWLRQDQG HYDOXDWLRQ RIWKH ):, DOJRULWKP IRU
$OYHR 8 )3*$V

$QDQDO\WLV RIWKHHIIHFW RI KRUL]IRQWDO DQG YHUWLFDO VFDOLQJIRL
FKDUDFWHULVWLFV &11DQG ):,

$QHYDOXDWLRQ RIWKHYLDELOLW\RIDPXOWLSOHORZ HQG )3*$ FRPSR\
)3*$IRU ):, DFFHOHUDWLRQ



T QWURGXFWLRC

TKHVLV RXWOLQH

,Q &KDSWWMKH FRQFHSWV WRROV DQG FRPSOHPHQWDU\VXEMHFWYV WK
GHUVWDQGLQJRI WKH FKRLFHV VROXWLRQV DQG LPSOHPHQWDWLRQV
&KDSWMIWKH WZR DSSOLFDWLRQV WKDW ZHUH XVHG WR EHQFKPDUN DQG
7KLV FKDSWHU DOVR GLVFXVVHVY WKH FKDUDFWHULVWLFV RI WKHVH DS
SUHVHQWY WKH VROXWLRQV VSDFH FRQVLGHUHG VXFFHVVLYHO\ WKH
PHQWDWLRQV DUH H[SODLIQH B[S & KPISQWVYHWXSV DQG WKH JDWKHUHG
DQG GLVFXVVHG LQ @ RKDEWMIKH ILQDO FKDSWHU RI WKLV ZRUN WKH FI
GLVFXVVHG DQG UHFRPPHQGDWLRQV IRUIXWXUH ZRUN DUH SURSRVHG



WDFNJURXQ

7KLV FKDSWHU H[SODLQV WKH FRQFHSWYVY WRROV DQG RWKHU VXEMHFWYV W
VWDWHG LQ HKQIISSWREXLOG WKH SURSRVHG VR OXQWULIRREGYX F)H Y WK H6 H. FHW IGR3U
JUDPPDEOH *DWH $UUD\IROORZHG E\D GHVFULSWLRQ RIWKH GHVLJQ IORZ I
SODWIRUPV LQ WKLV ZRUN 6HFRQGO\ WKH WRROV IURP $0' XVHG WR LPSOC
DUH GLVFXVVHG LQ 6BFMWQLIRHHVWDEOLVKHG WKH SODWIRUPY DQG WRROV UH
LPSOHPHQWDWLRQ FRQFHSWV WR DSSO\ VFDODE Y &/IONV \ ZRJHN LWQHNODRNGHEKEG MVAR L
DGRSWLRQRI)3*$V ZLWK VLPLODU DSSURDFKHV DV DSSOLHG LQ WKLV ZRUN

J)LHOG SURJUDPPDEOH JDWH DUUD\V

)LHOG 3URJUDPPDE OH HDMAH. ®YBIRWHG LQ WKH HDU O\ V ZLWK WKH JRDO W
VLIQ SURBISSORFDWLRQ 6SHFLILWN, @8V, &J UIK\WM HGASRIHRXDLEOHG HQJLQHHUV WF
GHVLJQ SURJUDP YDOLGDWHDQG YHULI\KDUGZDUH GHV,Q\QN ALDWKIREW KD
&LUNXLW

$V)3*$ GHYHORSPHQW PDWXUHG RYHU WKH \HDUV WKH\ DSSHDUHG WR E}
VLPSO\ DFFH$BHEEMHWLQQ ,Q PRGHUQ GD\V WKHUH DUH XVH FDVHV LQ PDQ\ G|
)3*$V 'DWD FHQWHUV QRZDGD\V DUH PDGH XS RI KHWHURJHQHRXV FRPSXWL
PDNHRSWLPDO XVH RI WKH GLITHUHQW D Y T80 [DEBG], & DVGY FRP RKSWLRQV /L
PHQW &38 FOXVWHUV LQ WKLV LQIUDVWUXFWXUH E\ SURFHY¥1$YJ FRPSXWD W
GLIIHUHQWLDWH WEX6{BVIHDPESOURPWLRQV WKDW UHTXLUH UDSLG GHYHOR
*38V LQ DSSOLFDWLRQV WKDW UHTXLUH ORZ ODWaH Q,/) WK DX W B RMDIHYU L E
GXVW3M$V KDYH WDNHQ WKH X $8 H¥ KDHE RYHPGR BIQFHG 'ULYHU $VVLVWDQ]
6\WWHRMWSHFLDOO\ GXH WR WKH UHFRQILJXU D & 53 LHD\J E. QDI WL FWWHR) H\DW L B \W
EXLOG RQ SUHYLRXV GHVLJQV DQG UHGXFH WK®&® WL\WPW KAHRI R B ¥ W IR WW\KU K PZHRQJ
LV QRW RQ WKH R9BM$PEHNVWI@ QRRIO\ D KLJK OHYHO RYHUYBH®ZIRUMKH LQWH L
SUHVHQWHG WKH GHVLJQ IORZDSSURDFK DQG | )LR3® O\K DM LZW Ul RG/XFEH W
GXULQJH[SHULPHQWYV

$)LHOG3URJUDPPDEQMNM DDVYDH S XN HEMSBIVR LV P DERHXISIKIUDEOH YRIJLF %ORFEN
&/% DQG, 2 FHOOV ZKLFK DUH DOO FRQQHFWHG LQ D PDWUL[IRUP WKURXJ
DOLIJHG LQ )LIPRUHUHDWH IXQFWLRQDOLW\ WKH SUHYLRXVO\ PHQWLRQHG FF
EORFNVRIORJLFDQG GDWD ,Q VRIWZDUH GHVLJQ IXQFWLRQV DQG FODVVH
LW\ ,Q KDUGZDUH GHVLJQ WKH VDPH DSSOLHVY WR LQFUHDVH WKH UHXVDE
RIORJLFDQG GDWD DUH E X QE/OHHCOHIPWRX B BRI IEWHVH FRUHVY VKRXOG Z
FRUUHFWO\GHVLIJQHG RIIHU SRUWDELOLW\LQD YHQGRU DJQRVWLFPDQQH
DOQ\GHVLIQ PHWKRGRORJ\ %HVLGHRGHY DIUHWIWHXWRD EXOEMWRHQWDO LQ HQDE
ZLWK OLWWOH WR QR KDUGZDUH ¢63HW%LXQ H\WIHRWDQIHDIAMWR XWLOL]H



%DFNJURXQG

JLIXUH 6LPSOLILHG YLVXDOL]DWLRQ RI WKHFRPSRQ®QWV RIDQ )3*$ ILIXUHDOWHUHC

'HVLIQ IORZ

'LIlHUHQW KDUGZDUH SODWIRUPV DGKHUH WR GLIIHUHQW GHVLJQ IORZ
VOLJKWO\GLIIHUHQW IURP *38V EXW ERWK GHVLJQ IORZV KDYH LQ FRPF
LQVWUXFWLRQV WKDW DUH H[HEXWHG E\ WKH GHVLJQDWHG KDUGZDUH
)3*$V DUH GLIIHUHQW LQ WKDW VHQVH EHFDXVH WKH\ UHVXOW LQ DQ ,.
)3*$V LV WKDW WKH IRUPHU GUDZV WKH UHVXOWLQJ FLUFXLW GLUHFW
FLUFXLW E\ FR Q&R IVQ Q RWKH U FRPSRQHQWYV

7KH PDLQ SKDVHV LQ )3*$ GHVLJQ IORZ D UKH KRZWLSKDVKUGHVLIQ HC
VLVWV RI GHILQLQJ WKH UHTXLUHPHQWYV RI WKH VI\VWHP 7KLV FDQ EH G
LV GUDZQ ZLWK JDWHV DQG ZLUH RUWKH PRUH FRPPRQ D SDWRZMKU HE\ G
'"HVFULSWLRQ /OSHKDILFDOO\DQG XQDPELJXRXVO\ GH¥IFWQRMQD QKB \R\H
WDVN +LVWRULFDOO\ SHRSOH VWDUWHG GHVFULELQJWKHP RQD FRPS
,Q WKH +'fV VXFKIBY DQG 9HULORJ ZHUH LQWURGXFHG 7KHVH ODQJXD
WR H[SOLFLWO\GHVFULEH, 8K D DBKDKH RS KRRODADHL W\ WR VLPXODWH D
7KH ODWWHU VLIJQLILFDQWO\ UHGXFHVY WKH FRVW RI GHYHORSPHQW EH
WHVWHG RQ SHUIRUPDQFH EHIRUH EHLQJ SK\VLFDOO\ FUHDWHG

4XLFNO\DIWHU WKHAL QW UWHRGXRWHRY RWDUWHG ZRUNLQJ RQ WRROV V
DZD\IURP ORZ OHYHO KDUGZDUH GHMIKIH YH® 6 LEMWKBHRVBOUANHY D KLJK Ol
VSHFLILFDWLRQ RI WKH KDUGZDUH GHVLJQLQD & OLNH SURIILIVRWPHLYJ O
7TUDQVIHWZHYWHWOHG LQDK /HYHO 6 \QWKWVYO®Y D KRW WRSLF WKDW LV FRQ
RSHG ZLWK WKH JRDO WR HQDEOH VRIWZDUHHQJLQHHUV WRENW DEOH W
DWWKH VDPH UDWHDV H[SHULHQFHG KD@GZDUH GHVLIJQHUV ZRXOG >

7KH QH[W SKDVH LQ )3*$ GHVLJQ IORZ LV VIQWKHVLV ZKHUH WKH GH\
VFKHPDWALFVYRWR D QHWOLVW $ QHWOLVWLVY WKHFROOHFWLRQ RIORJ!
DQG RWKHU FRPSRQHQWY QHFHVVDU\WR EXLOG \RXU GHVLJQ



J)LHOG SURJUDPPDEOH JDWH DUUD\V

JLIXUH )3*$ GHVLIJQ IORZ SKDVHV

,Q WKH IROORZLQJ SKDVH WKH FRPSRQHQWY IURP WKH QHWOLVW DUH SC
)3*$ UHVRXUFHV ,Q WKLV VWHS WKH FRQVWUDLQWY D GHVLJQHU PD\ KDYH
SODFHPHQWV DUHWDNHQ LQWR DFFRXQW %RWK WKH ,PSOHPHQWDWLRQ DC
WHFKQLTXHVWR XVHWKHUHVRXUFHVDVHIILFLHQWO\DV SRVVLEOH 7KHWL
QHFHVVDU\WR FRPSOHWH WKHVH SKDVHVLQFUHDVH ZLWK WKHFRPSOH[LW\
DV ZLWK WKH WRWDO DPRXQW RI )3*$ UHVRXUFHV DYDLODEOH :LWK FRPSO
)3*$V WKH VIQWKHVLV DQG LPSOHPHQWDWLRQ SKDVHFDQ WDNH PDQ\ KRXU

7KH ILQDO SKDVH LQ WKH )3*$ GHVLJQ IORZ LV WR JHQHUDWH D ELWVWUH
GHVLJQ DQG LPSOHPHQW LW RQWR DQ )3*$ $W WKLV SRLQW WKH )3*$ LV UHI

(DFK SKDVH RI WKH )3*$ GHVLJQ IORZ LV SURQH WR FRQWDLQ HUURUV DQC
WLRQHG EHIRUH WKH HQWLUH GHVLJQ IORZ FDQ WDNH D ORW RI WLPH DQG
IODzV DQG RWKHU HUURUVY DW DQ HDUO\ VWDJH YHULILFDWLRQ DQG VLPXOC
$IWHU WKH 'HVLJQ (QWU\ SKDVH EHKDYLRUDO VLPXODWLRQLY SHUIRUPHG !
GHVLIJQDJQRVWLFRIWKHW\SHRI)3*$ WKHGHVLJQLVPHDQWIRU ,Q WKLV YV
IXQFWLRQDO RUORJLFDO HUURUV LQ WKH FRGHDQG IL[ WKHP

$IWHU VIQWKHVLY DQRWKHU IXQFWLRQDO VLPXODWLRQ LV XVHG WR RQF
QHWOLVW EXW ZLWKRXW WDNLQJWKH GHVLJQ FRQVWUDLQWY LQWR DFFRX
WKH ,PSOHPHQWDWLRQ SKDVH $ KLJKO\GHWDLOHG VLPXODWLRQ LV SHUIR!
+DUGZDUH GHVLJQLVDFRPSOLFDWHG SURFHVV LQ ZKLFKPLVWDNHV DQG HL
VLPXODWLRQV KHOS GHVLJQHUV WR RYHUFRPH WKHVH EDUULHUV ZKHQ GHYV

BR&3*$V

/LN$6,& )3*$V DUH RIWHQ XVHG LQ D KHWHURJHQHRXV HQYLURQPHQW ZKHU
KDQGOLQJ FULWLFDO SDUWV RI DQ DSSOLFDWLRQ DQG ZRUN LQ KDUPRQ\ ZI
PXQLFDWLRQ)BHWPHRRU\ DQG SURFHVVRU LV GHWULPHQWDO WR SHUIRUF
)3*$ PDQXIDFWXUHUV LGHQWLILHG WK VWIHPVR®E) 8KEW\ $QWWRIGK ZKE U H

WKH SURFHY¥#V DQ8 FORVHO\ LQWHJUDWHG FRQVLGHUDEO\GHFUHDVLQJ
DQG H[WHUQDO LQV@H UMRRAHFWOMWSDPELIXLW\ WKH )3*$ SDUW RI D 6R& )3*$
JUDPPDEOH /RJLF 3/ DQG WKH &38 SDUW LQFOXGLQJ WKH PDLQ PHPRU\ LV |
36 ,Q WKLV ZRUN WKH SURSRVHG VR O XMREIIH\D K 6 bl N HFRURISW I6H RURI0O V D (
PHWKRGRORJLHV GLVFXVVHG ZLOO DSSO\ WR $0' ERDUGY LW VKRXOG EH QF
RORJLHV H[LVW IRU ,QWHO DQG RWKHU )3*$ YHQGRUV ,Q VSHFLILF WKH H[S
ORZ HQG 3<14 = DQG KLJK HQG $OYHR 8 )3*$V



%DFNJURXQG

SODWIRUP UHVRXUFHYV
$V SUHYLRXVO\PHQWLRQHG WKHJHQHUDO DUFKLWHFWXUH RIDQ )3*$ |
FROQOQHFWLRQV UHVRXUFHY 7KHIXQGDPHQWDO FRPSRQHQWY WKDW DU
/87 DQGIOLS IORSV )) 7KHVHFRPSRQHQWV FDQ EHXVHG WRVWRUHG
HIDPSOHEH XVHGWRGHILQHDQRSHUDWLRQ RUFRPSXWDWLRQE\LPSO
*$V LQFRUSRUDWH GLIITHUHQW WASHV RIPHPRU\LQ WKH 3/ 7KH 3<14 = )z
W\SHV EORFN UDQGRP DFFHVV PHPRU\ %5%$0 DQG ORRN XS WDEOH UD
WKH ODWWHU LV PHPRU\ EXLOW IURP UHJXODU /87V 7KH $OYHR 8 )3+
FRPSRQHQW XOWUDUDQGRP DFFHVVPHPRU\ 85%0 %5%$0DQG 85%0DUH
VWUXFWXUHRIODUJHUPHPRUVEORFNV RI .EIRUWKHZ3<14= DQGWZR
8 > @ /875%0 FRQVLVWV RIDPRUHILQH JUDLQHG VWUXFWXUH ERWK
IRUP GLITHUHQW VL]HPHPRU\EORFNVUDQJLQJIURP WR ELWV 7KHS
SRQHQWYV DUH LQ WKH 3/ RI WKH )3*$ 7KH 3<14 = 6R& DOVR FRQWDLQV
36 ZKLFKVWDQGV IRU ' 'RXEOH 'DWD 5DWH 6\QFKURQRXV '\QDPLF5%0 6'5
8 KDV *EVRIRQ ERDUG ''5 PHPRU\ DV ZHOO DV *E RI +LJK %DQGZL(
+%0 7TDEOGLVSOD\V WKH UHVRXUFHVY DYDLODEOH RQ WKH 3<14 = DQG

. "5 WRWPDO +%0 WR/WDO
/187 )) . 5 £
[ [ 63 %5%$0 85%0 <o EDQGZLG)(\{)O EDQGZLGWK
0%SV *0p V

3<14 = .E
$OYHR 8 .E .E
Y)DFWRU
7DEOH $QRYHUYLHZRIWKHDYDLODEOH UHVRXUFHV IRU WKH 3<14 = DQG $OYHR 8 )3

RI3<14 = WR $OYHR 8 XV@LgE I DWLRQ >

7KH SHUIRUPDQFH RIDQDSSOLFDWLRQRQDG6R&)3*$LVQRWHQWLUH
WKH KRVW SURFHVVRU FROWULEXWHYVY PRUHRUOHVV GHSHQGLQJ RQ WK
FXWHG RXWVLGH RI WKH )3*$ 7KH 3<14 = SODWIRUP LV DG6R&)3*$ ZLWK
&RUWH[ $ WKH $OYHR 8 LVDVWDQGDORQH )3*$ 7KH H[SHULPHQWYV |
WKH +HWHURJHQHRXVY $FFHOHUDWHG &RPSXWH &0XVWHU +$&& DW W

ODQG ZKHUHDQ ,QWHO ;HRQ *ROG SURFHVVRULV FRQQHFWHG WR W
LQWHUIDFHV GILVBE@HD\V WKH VSHFLILFDWLRQV IRU WKH KRVW SURFHVVR
)3*$ &38 OOD+[]LPXP'UHTWH&%FJ+V'5 0OE | ''5 *E
| 3<14 = | $50 &RUWH][ $ | | | | |

| $SOYHR 8/ ,QWHO ;HRQ *ROG | | | |

7DEOH $QRYHUYLHZ RIWKHDYDLODEOH UHVRXUFHV IRU WKH 3<14@>®QG $OYHR 8 )3

'LUHFW PHPRU\DFFHVYV

'LUHFW OHPRU\ $FFHVV '0$ LV D FRPSXWHU DUFKLWHFWXUH FRPSRQH¢
EHWZHHQ WKH 36 DQG WKH 3/ $0' SURYLGHV XVHUV ZLWK SUH JHQHUDW
DQG ZULWH RSHUDWLRQV WR DQG IURP GLIIHUHQW FRPSRQHQWYV '0$ R
GDWD WKURXJK WKH DGYDQFHG H;WHQVLEOH ,QWHUIDFH $:, LQWHL
NHUQHOV LQ WKH 3/ 7KH $OYHR 8 XWLOL]HV '0$ IRU VHYHUDO SXUSR
EHWZHHQ WKH )3*$V ''5 RU +%0 DQG WKH KRVW ''5 WKURXJK D 3HULSKH L
([SUHVV 3&,H *HQ [ LQWHUIDFH $GGLWLRQDOO\ WKH '0$V KDQGOH ¢
"5 DQG +%0DQG WKH NHUQHOV LQ WKH 3/

JUDPHZRUNV DQG WRROFKDLQV
,Q WKH IROORZLQJ VHFWLRQV WKH GLIITHUHQW IUDPHZRUNV DQG WRRO
GLVFXVVHG $0'SURYLGHV WKH XVHU ZLWK VHYHUDO GHVLJQ WRROV DQ
WRROV FDQ EH XVHG LQ FRPELQDWLRQ RUVWDQGDORQH



6FDODELOLW\

9LYDGR GHVLJQ VXLWH

,Q $0' UHOHDVHG WKH 9LYDGR VHVLJQ VXLWH D VRIWZDUH WRRO WKDW
DQG VIQWKHVL]H KDUGZD UH+GHWXBR \D ¥ 9 HWINMBIRI,IBOD G GLWLRQ WR LWV SUH
FHVVRU $0' ,6( 9LYDGR LQWURGXFH V/IHDQ\GRWEE M YWHCOIR/S PIQQE OB Q LPSRUWD!
FKDUDFWHULVWLF RI9LYDGR LV WKDW LWV SXUSRVH LV WR FUHDWH KDUGZC
WKDW LQWHUDFWYV ZLWK WKH )3*$ $0' GHYHORSHG D GLIIHUHQW GHVLJQ VXI
XQLILHG VRIWZDUH SODWIRUP

9LWLV XQLILHG VRIWZDUH SODWIRUP

9LWLV LV D FROOHFWLRQ RI VRIWZDUH WRROV WKDW WRIJHWKHU HQDEOH X
)3*$ DSSOLFDWLRQV IURP D VRIWZDUH RULHQWHG SHUVSHFWLYH 7KH SOD
YHORSPHQW NLW D JURZLQJ HFRV\VWHP RI KDUGZDUH DFFHOHUDWHG OLE!
UHODWHG WRROV 8QGHU WKH KRRG 9LWLV XVHV WKH 9LYDGR '"HVLJQ VXLV
WLYHO\QHZ EXW NH\ IHDWXUH RI WKH SODWIRUP LV WKHDELOLW\WR VHDP (
DKDUGZDUH GHVLJQ

6FDODELOLW)\

6FDODELOLW\ FDQ EH GHILQHG E\ D VIVWHP RUDSSOLFDWLRQYV DELOLW\ W
DQGFRVWLQUHVSRQVHWRFKDQJHV LQaW K® BWR AM\Z\RILEGVG KRZZEYO FDQ D
KDQGOHDQ LQFUHDVLQJZRUN GHPDQG E\DGGLQJ UHVRXUFHV WR WKH V\VW
ELOLW\RIDQDSSOLFDWLRQ LV WKH W\SHDQG DPRXQW RI SDUDOOHOLVP WK
PDQ\FRQFXUUHQW SDUWV FDQ DQ DSSOLFDWLRQ EH GLYLGHG VXFK WKDW W
QRGHV DW WKHVDPHWLPH 7KHUHDUHWZRJHQHUDO W\SHV RIVRIWZDUH SD
7KLV VHFWLRQ LOOXVWUDWHY ERWK W\SHV RI SDUDOOHOLVP ZLWK WKH KH!
WDVNV WKDW HDFK WDNH VHFRQG WR H[HFXWH 7KH GHSHQGHQF\JUDSK R
LQ)LIXUH

JLIXUH '"HSHQGHQF\JUDSK RI SDUDOOHOLVP HI[DPSOHDSSOLFDWLRQ

7KH GHSHQGHQF\JUDSK VKRZVY WKDW WDVN DQG DUHGHSHQGHQW RQ W
WKDW WDVN LVGHSHQGHQW RIWKHRXWSXWY RIWDVN DQG , I WKLV DSSO
VI\IVWHP ZKHUH RQO\RQH WDVN FDQ EH SURFHVVHG DW D WLPH LW ZRXOG WI

7TDVN SDUDOOHOLVP

7TDVN SDUDOOHOLVP FRQVLVWV RIGLYLGLQJIXQFWLRQDO FRPSRQHQWYV RITI
WKDW WKH\ FDQ EH SURFHVVHG FRQFXUUHQWO\ 7KH OHYHO RI SDUDOOHO
UHODWHG WR WKHLQWHU GHSHQGHQFLHV RI WKH WDVNV 7DVN SDUDOOHO
DQG YLVXDOL]JHG LQ )LJIJXUH



%DFNJURXQG

JLIXUH +LJKOHYHO VFKHPDWLF RIWDVN SDUDOOHOLVP

$OWKRXJKWKHH[DPSOHDSSOLFDWLRQ FRQVLVWV RIIRXUWDVNV LW
EHFDXVH RI WKH GHSHQGHQFLHV ([HFXWLQJHDFK WDVN RQ D VHSDUD
ZDLWLQJ IRU WDVN WR ILQLVK DQG WDVN RQ LWV WXUQ ZDLWLQJ IR
UHGXFLQJWKH SHUIRUPDQFH GXH WR WKHRYHUKHDG RI GDWD WUDQVI}
FRVW E\ XVLQJ H[WUD QRGHV )URP WKH GHSHQGHQF\JUDSK LW FDQ EH
WZR WDVNV WKDW FDQ EH SURFHVVHG LQ SDUDOOH 6D QPEIFDX\OHE W B 2/ KK
WKHWKHRUHWLFDOO\DWWDLQDEOH VSHHGXS ZKHQ SDUD RN OKHQJ SI
SURSRUWLRQ RI WKH DSSOLFDWLRQ WKDWVADHSEH 3DQ W& WHOH VH5¢ B Q%
SDUDOOHOL]DEOH SURSRUWLRQ

Xnddcsp——m

]
¢n 5

(TXDWLRQ $ IRUPXODWLRQ@! $PGDKOfV ODZ >

,Q WKH H[DPSOH DSSOLFDWLRQ WZR Rl WKH IRXU WDVNV DUH FRQFX
Dssowxgl DQG LQ$PGDKOTV ODZ VKRZQWEHTWRWRR@FKLHYHG VS

DWWKHFRVW RIRQH H[WUD QRGH UHVXOWLQJLQDQ H[HFXWLRQ WLF
VHFRQGV

Xnddcsn—oé(”)
é i

(TXDWLRQ $PGDKOfVY ODZDSSOLHG WR WDVN SDUDOOHOLVP RQ WKH H[DPSOH DSSOLFI

‘DWD SDUDOOHOLVP

,QGDWD SDUDOOHOLVP WKHVDPHVHWRILQVWUXFWLRQV RUWDVNV DU
LVDSSOLHG EA\VSOLWWLQJ XS WKHLQSXW GDWD LQ VHYHUDO VHWV SU
WKH UHVXOWY EDFN WRGHMWKHWWUDWHN KRZ WKLV LVDSSOLHG WR WKH



5HODWHG ZRUN

JLIXUH +LJKOHYHO VFKHPDWLF RIGDWD SDUDOOHOLVP

$VVXPLQJ WKH QRGHV H[HFXWH WKH DSSOLFDWLRQ LQ D VHTXHQWLDO PI
DSSOLFDWLRQ WDNHV VHFRQGY 7KH DSSOLFDWLRQ RI GDWD SDUDOOHOL
SHUIRUPDQFH RI WKH DSSOLFDWLRQ EXW UDWKHU DOORZV WKH WKURXJKS
SOLFDWLRQ PXOWLSOH WLPHV 7ZR QRGHV FDQ QRZ SURFHVV GRXEOH WKH L
$PGDKOYV ODZ LV DSSOLHG RQ WKL VS IVKSHOHOWQLUMK D®SBRQFDWLRQ LV SDUEL
WZR QRGEHWQG UHVXOWLQJLQDVSHHGXSRI IRUGRXEOH WKHLQSXW VL

Xnddcspr—

¢ _1/4

(TXDWLRQ $PGDKOfY ODZDSSOLHG WR GDWD SDUDOOHOLVP RQ WKHH[DPSOHDSSOLFDWLR

%\LQFUHDVLQJWKHLQSXW VLIHDQG DGGLQJPRUH QRGHWPWKRWSHHG X¢
WKH VDPND@QFRJHDVHV L H QRGHV ZLOO SURFHVV DQ LQSXW RI WLPHYV
LQ VHFRQGV DW WKH FRVW RI HIWUD QRGHYV

7TDVNDQG GDWD SDUDOOHOLVP DUHWZR FRQVWUXFWY WKDW FDQ EH XVH(
OHOLVP LV RIWHQ PRUHFRPSOH[WR LPSOHPHQW EHFDXVHLW QHHGV WR PD
WKH GDWD 'DWD SDUDOOHOLVP LV VLPSOHUFRQFHSWWRDSSO\ EXW LW UF
FDQ EHVSOLWLQWR GLITHUHQW SDUWV DQG SURFHVVHG LQGHSHQGHQWO\
WKDW GDWD SDUDOOHOLVP FDQ WKHRUHWLFDOO\EHDSSOLHG LQILQLWHO\
RIQRGHYVY 7DVN SDUDOOHOLVP FDQ LQFUHDVH WKH SHUIRUPDQFH RI DQ DS
E\WKHGHSHQGHQFLHV RI WKHWDVNV ,Q SUDFWLFH ERWK W\SHV RI SDUDO
GLITHUHQW OHYHOV WR VFDOH DSSOLFDWLRQV

SHODWHG ZRUN

‘LWK WKH LQWURGXFWLRQ RI VWDQGDUGL]HG DFFHOHUDWRUV VXFK DV WKH
LQ SRSXODULW\ /HDGLQJ FKLS PDNHUV DQG FORXG FRPSXWLQJ FRPSDQLH'
H[SORLWLQJ)3*$V DW DQ LQFUHDVLQJ VFDOH ,Q DGGLWLRQ WR WKH FRPPF
RSHUDWLRQDO FOXVW H @VDWXF B YDDL-OHRROH WR WKH SXEOLF 7KHEDUULHU RI
FLUFXPYHQWHG E\WKHLQWURGXFWLRQ RIRSHQ VRXUFH UHDG\ WR XVH KDL
GRZQ ZLWK WKH KHOS RI +/6 SURI@DPPLQJ WRROV >



%DFNJURXQG

$GGLWLRQDOO\ IUDPHZRUNV DUHEHLQJGHYHORSHG WRKHOSLQWHJ
HFRV\VWHPV 2QH LQLWLDWLYHLQ WKLV GLUHFWLRQ LV 3<14 DEEUHYL
DQ RSHQ VRXUFH SURMHFW IURP $0' WKDW PDNHV@. W/ KB VYUB B NZR XN H I/
RULJLQDOO\ GHVLJQHG IRUWKH ORZ HQG =<14 6R& )3*$ IDPLO\ EXW QR
$:6 ) LQVWDQFHV 7KH LQWHJUDWLRQ RI)3*$V DQG KLJK OHYHO ODQJ
HIILFLHQW )RULQVWDQFH 3HOWHQEXUJHW DO LGHQWLILHG WKDW W
ZRUNV LVDQ RUGHU RIPDJQLWXGH ORZHU WKDQ PRGHUQ )3*$ LQWHUIDF
DIUDPHZRUN WR HIILFLHQWO\LQWHJUDWH )3*$®FFHOHUDWRUV ZLWK $

2WKHU LQLWLDWLYHY GHYHORSHG WR LQFUHDVH WKH DGRSWLRQ RI)
ORZLQJWKHDFFHOHUDWRUV WR EH H[SORLWHG E\ P R@ON@L SCHRRYVFHB W L (
DOUHDG\ZLGHO\DSSOLHG IRU &38V DQG *38V

‘KHUH YLUWXDOL]DWLRQ DOORZV PXOWLSOH XVHUV WR VKDUH )3*$V
DLPHG DW XVLQJ PXOWLSOH )3*$V IRU D VLQJOH WDVN )OHHW D IUDP
> @ HQDEOHV XVHUV WR DSSO\ PDVVLYH SDUDOOHOL]DWLRQ E\ GXSOLTF
LQGHSHQGHQW GDWD VWUHDPVY $ QHZO\GHYHORSHG +/6 UHVHPEOLQJ
IRXQGDWLRQ RI WKH IUDPHZRUN $ OHVV VRSKLVWLFDWHG EXW PXFK P
)3*$ LPSOHPHQWDWLRQV LV LQFRUSRUDWHG E\ $0@L.Q WKH 9LWLV DQG 9

'XHWR LWV KLIK FRPSXWDWLRQDO DQG PHPRU\ GHPDQG )XOO :DYHIF
FRPLQJD YLDEOH VHLVPLF LPDJLQJ WHFKQRORJ\ /DUJH FRUSRUDWLRC
ZLWK UHVHDUFKJURXSVYVWRDFFHOHUDWH DQG LPSU R HaL RBS/CCHIR HIKW B W
SDUDOOHOL]DEOHDOJRULWKP UHVHDUFKHIIRUWY VKRZ WKDW )3*$V DC
LPSURYHPHQWY FRPSDUHG WRAW@DGLWLRQDO &38V >



$SSOLFDWLRQ GR

7KLYV FKDSWHU LQWURGXFHV WKHDSSOLFDWLRQV XVHG WRDQVZHU WKH UH
IRUP ,QYHUVLRQ DQG &RQYROXWLRQDO 1HXQUED O SBIRWARINW BH FUMIDREHW Z L W
EDFNJURXQG LQIRUPDWLRQ DERXW WKH DSSOLFDWLRQV DQG WKH LPSOHPF
WLRQV FRQFOXGH E\ FKDUDFWHUL]LQJ WKH DSSOLFDWDR®Y LQ WHUPV RI VF

)XOO :DYHIRUP ,QYHUVLRQ

)XOO :DYHIRUP ,QYHUVLRQ ):, LVDGDWD ILWWLQJPHWKRG WKDW DLPV WR
VXUIDFH JULGY E\ LWHUDWLYHO\ VROYLQJ D QRQ OLQHDU LQYHUVLRQ SURE
DVVXPHG WR UHGXFH FRPSOH[LW\ WKH GHWDLOV RI WKH OLQHHJ DSSURDF/|
QRQ GHVWUXFWLYHDQG KLIJK UHVROXWLRQ QDWXUH RI):, PDNHV LW VXLW
PRGHOLQJDQG PHGLFDO XOWUDVRQLF 8QWLO UHFHQW \HDUV ):, ZDV VFDU|
SXWDWLRQDO SRZHU UHTXLUHG WKH GLIILFXOW\ WR HVWLPDWH D JRRG LC
WKH VROXWLRKLY VHFWLRQ VWDUWY E\ SURYLGLQJ EDFNJURXQG LQIRUPD
GLVFXVVHVY VRPH LPSOHPHQWDWLRQ VSHFLILF DVSHFWV /DVWO\ WKH DS
VFDODELOLW\DUH SUHVHQWHG

%DFNJURXQG LPSOHPHQWDWLRQ

2YHU WKH\HDUV PDQ\):,DSSURDFKHV KDYHEHHQ VWXGLHG WRLPSURYHLP
WDWLRQDO FRPSOH[LW\ $SSURDFKHV PRVWO\GLIIHULQ WKH QXPEHU RI SK\
WKH W\SH RI ZDYHV PHDVXUHG DQG DVVXPSWLRQV RQ WKH EDFNJURXQG RI W
GHYHORSHG E\ 3HWHU +DIILQJHU LQ K@V IKH WESVRDEK XVHGHPHQWYV ):, X\
DFRXVWLF ZDYHV LQ D 'PRGHO ZKHUH D KRPRJHQHRXV EDFNJURXQG RI WK
LV DVVXPHG )LMKRHV D VLPSOLILHG GLDJUDP RI WKH DSSURDFK 7KUHH VW
LQSXW WKHLWHUDWLYHLQYHUVLRQDQG WKHRXWSXW 7KHLQSXW FRQVLYV
GDWD DQG PDNLQJDQ LQLWLDO HYWLPDWH RI WKH VXEVXUIDFH JULG YHORF
SUDFWLFH REWDLQHG E\ SK\VLFDOO\UHFRUGLQJLWLQD VXEVXUIDFHJULG
LV E\ XVLQJ VRXUFHV VXFK DV VPDOO H[SORVLRQV WR JHQHUDWH DERXVWL
DGHILQHG UDQJHRIIUHTXHQFLHY WKH SUHVVXUHILHOG RI WKH UHIOHFWH
DVPLFURSKRQHV DQG VHUYHV DV WKH REVHMY HGHID®S KW\VGDRID' L, QY HIUMLIR Q
VKRZQ



$SSOLFDWLRQ GRPDI

JLIXUH $ KLJK OHYHO RYHUYLHZ RI WKH ):, DOJRULWKP

, QWKHILIXUH WKHVXUIDFHLVYFRYHUHGLQDPDWUL[RIVRXUFHV DQ
JOHV 7KH VXEVXUIDFHLY GLVFUHWL]JHG LQWR DJULG ZKHUH HDFK FHO
LQ WKLY ZRUN LV EDVHG RQ VHYHUDO DVVXPSWLRQV )LUVW WKHLQS:
UHFHLYHUV FDOOHG WKH REVHUYHG GDWD LV VIQWKHWLFDOO\JHQHU
QHRXV EDFNJURXQG ZLWK D FRQVWD QWID § RXVDWIMXPHCGRFKW\VRQWKHW L
UHSUHVHQWY OD\HUV RI WKH VXEVXUIDFH VWUXFWXUH ZLWK GLIITHUHQ
7TKH FRQWUDVW IXQFWLRQ RI WKH DFRXVWLF YHORFLWLHV LV LQ SUDFW
WKH VHLVPLF GDWD ,Q WKLV ZRUN WKH FR§\WUDY WDIVYHEF WIZKBNXUBH/Q 8 B (
b WUHSUHVHQWY WKH KRPRJHQHRXV BOW K HUWREYX ¥ HDOFRIFQ BAHUQ/® YHOF

. b W

u (;Y—b u/b
$Q H[DPSOH RI D VIQWKHWLF PRGHO L\Z GH Y 8GRI MK H@OHIIX WHH RULJL
PRGHO LV VKRZQ WKH FHQWHU UHSUHVHQWY WKH PRGHO UHFRQVWUXF
WKH GLITHUHQFH LQ FKL EHWZHHQ WKH RULJLQDO DQG UHFRQVWUXFW F

UHSUHVHQW WKH VXEVXUIDFHJULG DJULG OHQJWK RI LQ WKHILJXUH

JLIXUH 7KH VIQWKHWLFDOO\ JHQHUDWHG DFRXVWLF PR.GH @ ZPWKHP KRG 8 BIKEQLHORW X HE D
EDFNJURXQG DUH IRXU OD\HUV ZLWK FRQVWDQW YHORFLWLHV IURP WRS WR ERWWRP RI |
GLIIHUHQFHV DUH GLVSOD\HG E\ PHDQV RI WKH FRQWUDVW IXQFWLRQ DQG UHSUHVHQW F|
WKH ILJXUH UHSUHVHQWY PHWHUV

7KH VIQWKHWLF QDWXUH RI WKLY DSSURDFK PHDQV WKH RULJLQDO D
XUH UHSUHVHQWYV WKH WUXH YHORFLW\PRGHO 7R FUHDWH WKH VIQWK



)XOO :DYHIRUP ,QYHUVLRQ

SUHVVXUH ILHOG GDWD WKDW LV QRUPDOO\ PHDVXUHG LV FDOFXODWHG E\\
ZDYHV JHQHUDWHG DQG UHFHLYHG IURP UHVSHFWLYHO\ WKH VRXUFHV DQ(
TXHQFLHV 7KLV SURFHVV LV XVHG HIWHQVLYHO\GXULQJ WKHLWHUDWLYH"
PRGHO 7KH UHVXOWLQJ SUHVVXUH ILHOG GDWD LV D VIQWKHWLF HTXLYDOI
WKH FDVHRIDUHDO LPSOHPHQWDWLRQ %HFDXVH WKHDSSURDFK DVVXPH\
LQLWLDO HVWLPDWLRQ RI WKH VXEVXUIDFH YHORFLW\H[SUHVVHG WKURXJ}
,Q RWKHU ZRUGYV WKHLQLWLDO HVWLPDWLRQ RI WKH VXEVXUIDFH JULGTV Y
QHRXV EDFNJURXQG DW PV

7KH VHFRQG VWDJHRI):, FRQVLVWV RIDQ LWHUDWLYH DSSURDFK WR LPSL
XQWLO DQ DFFHSWDEOH GLIIHUHQFH LQ FKL LV DWWDLQHG VRKREVXUHG E\ D
WKH PDLQ VWHSY WKDW RFFXU LQ WKH LWHUDWLYH LQYHUVLRQ SKDVH 7KH
WR WKH HVWLPDWHG YHORFLW\ PRGHO WR UHWULHYH SUHVVXUH ILHOG GD
VIQWKHWLFDOO\JHQHUDWHG SUHVVXUHILHOG GDWD 7KH GLIITHUHQFH EHW
VXUH ILHOG GDWD FDOOHG WKH UHVLGXDO GHWHUPLQHV WKH TXDOLW\ RI
WKH UHVLGXDO LV ODUJHU WKDQ D SUHGHILQHG WROHUDQFH WKH TXDOLW!
$ FRVW IXQFWLRQ DV SDUW RI DQ RSWLPL]DWLRQ WHFKQLTXH LV XVHG WR F
HVWLPDWHG YHORFLW\PRGHO WKLV SURFHVV LV UHIHUUHG WR DV WKHLQY
UHSHDWHG XQWLO WKH UHVLGXDO LV VPDOOHU WKDQ WKH SUHGHILQHG WR(
VXEVXUIDFH JULG YHORFLW\ 7KH RXWSXW Rl WKH PRGHO LV D UHFRQVWU XF
JULG H[SUHVVHG ZLWK WKH FRQWUDVW IXQFWLRQ FKL $Q H[DFASOH LV GLVS
LPSOHPHQWDWLRQRI):, LQWKLVY UHVHDUFK XVHVD)LQLWH 'LIIHUHQFH)RU
EDVHG RQ WKH &RQMXJDWH *UDGLHQW 'HVFHQW FRVW IXQFWLRQ 7KHVHLPS
WKH\ DUH OHVV FRPSXWDWLRQDOO\LQWHQVLYHDQG KLJKO\ SDUDOOHOL]D
LV WKH LQWHJUDO PRGHO $OWHUQDWLYHV IRUWKHLQYHUVLRQ PRGHO DL
DQG JUDGLHQW GHVFHQW LQYHUVLRQ $PRUHLQ GHSWK RYHUYLHZ RI WKH
SHQGL[

JLIXUH $ KLJK OHYHO RYHUYLHZ RI WKH ):, DOJRULWKP



$SSOLFDWLRQ GRPDI

6FDODELOLW\ FKDUDFWHULVWLFV

,QUHDO DSSOLFDWLRQV):, QHHGV WR SURFHVV LQFUHGLEOH DPRXQWYV
RQDNHUQHO IXUWKHU UHIHUUHG WR DV NDSSD .DSSD LV EXLOW IURP D
VRXUFHV DQG UHFHLYHUV WKH WLPH PHDVXUHG DQG WKH QXPEHU RI X
RI VLPSOLFLW\ LQ WKLV ZRUN WKH WLPH GLPHQVLRQ LV RPLWWHG %}!
H[SODQDWLRQ LV JLYHQ RI WKH OLQHDUDQG QRQ OLQHDU SURSHUWLH)\

,Q):, HDFK VRXUFH SURGXFHV D ZDYH ILHOG WKDW LQWHUDFWV ZLW|
JULG (YHU\JULG SRLQW WKDW LV QRW HTXDO WR WKH KRPRJHQHRXV EC
IRUHYHU\ VRXUFH RULJLQDWLQJ ILHOG HIIHFWLYHO\ FUHDWLQJ H[WUI
ZDYH ILHOGV IURP WKH RULJLQDO VRXUFHV EXW DOVR IURP DOO WKH \
WKH VHFRQGDU\ VRXUFHV FDXVHV D QRQ OLQHDU UHODWLRQVKLS EHW
IDFH OD\HUV DQG WKH PHDVXUHG GDWD 7KH NDSSD PDWUL[ UHSUHVHC
GDWD IRUDOO WKH VFDWWHUHG DQG RULJLQDO ZDYH ILHOGV IRU HDFK
SRLQWY 7KH GLPHQVLRQY RS MoK R D WiHLgtD P A BRIV D DG IGKH QXPEHU
JULG SRLQWV DV FROXPQV

7KLV QRQ OLQHDU SURSHUW\ IRUFHV ):, WR XVH WKH HQWLUH LQSXW
UHDOLVWLFLQYHUVLRQ ,QDUHDODSSOLFDWLRQ WKLV LQSXW VSDFH L
PRGHO LQ )LLX¥UKRZQ LQ 7TODK®H[DPSOH LV ERPWHG R®*PGRPDLQ ZKHUH
HDFK FHO® LV k* WKLV PHDQV WKHXNQRZQ YHORFLW\ YDOXHV LQ WK
DVVXPLQJDVDPSOHVL]HRI ELWVAKHENDESMNRHOROWWHTXLUHPHQWYV
HYHQ ODUJHU LI WKH WLPH GLPHQVLRQ LV WDNHQ LQWR DFFRXQW 7KH !
LQ WKH HQWLUH NDSSD PDWUL[ QHHGHG IRU WKH FRPSXWDWLRQV SHU
TXDQWXP FRPSXWHUV RU PXFK PRUH SRZHUIXO FRPSXWLQJ FOXVWHUYV
'"DSSOLFDWLRQV DW WKLV PRPHQW LQ WLPH

[ RIVRXUFHV
[ ) RI UHFHLYHUV
[ A A RI XQNRZQV
A > VDPSOHVLQNHUQHO
[ ELWV SHU VDPSOH

A ¥*E WRWDO NHUQHO VL]H

7DEOH OHPRU\ UHTXLUHPHQWYVY IRU NDSSD NHUQHO LQ D UHDO DSSOLFDWLRQ ZLWK
cqeq¥s £ ALIULG ZLWK D FHQ@ Y EHRBYVXPLQJ ELWV SHU VDPSOH ([DRBBOH DGDSWHG IUR

7KH):, XVHG LQ WKLV ZRUN EDVHG RQ 3HWHU +DIILQJHUYV WKHVLV FF
GXFLQJWKHNHUQHO VLIH $QRWKHU VROXWLRQ KH SURSRVHG WR UHG}
RI WKH JULG (VVHQWLDOO\LJQRULQJ WKH QRQ OLQHDULW\ RI WKH HQ
DQG RQO\DSSO\LQJLW DIWHU DOO WKH ORFDO GRPDLQV KDYH EHHQ LQ
GRPDLQ GHFRPSRVLWLRQLV DSSOLHG WR VKRZ):, FDQ EHVFDOHG )RU
FRQYHUVLRQDIWHULQYHUWLQJWKHORFDO GRPDLQV LV QRW DSSOLHG
WR ZDYH ILHOG VFDWWHULQJLQVLGH WKH ORFDO JULGV LV WDNHQ LQW

7KLV ZRUN DGGUHVVHV WKH VEDODELOLW\ Rl ):, E\ GHFRPSRVLQJ WK
PDLQV $GGLWLRQDOO\ WKHHIIHFW RI D KLJKHU UHVROXWLRQ GHILQH
PHDVXUHG IUHTXHQFLHV LVDQDO\]JHG %\LJQRULQJWKH QRQ OLQHDU
GDWD SDUDOOHOLVP FDQEHDSSOLHG E\DSSO\LQJ):,LQGHSHQGHQWO\
RULJLQDO VXEVXUIDFHJULG 7KH SDUDPHWHUV WKDW KDYHDQ HIITHFW F
QHFHVVDU\WR LQYHUW D ORFDO JULG DUH WKH JULG VL]H DQG WKH UH\
EHXVHG DV D PHWULF RI FRPSOH[LW\IRU ):, 7KH SDUDPHWHU GHFRPSR
VL]H ZKLFK LV RQO\RQH GLPHQVLRQ RI WKH NDSSD PDWUL[ WKH RWKH
UHVXOWVLQDQLQWHUHVWLQJFKDUDFWHULVWLF ZKHQ VFDOLQJ):, %k
GHSHQGHQW RIWKH JULG VL]H GHFRPSRVHG E\GDWD SDUDOOHOLVP DQf
DVDPXOWL LQSXW GHSHQGHQW DSSOLFDWLRQ &RQVHTXHQFHV RI WK



&RQYROXWLRQDO 1HXUDO 1HWZRUN

ODUJH VXEVXUIDFHJULGFDQEH SURFHVVHG E\DSSO\LQJGDWD SDUDOOHOL
IDFWRU RIHDFK QRGHV FRPSXWDWLRQDO DQG PHPRWHULHY & HSMAHDODO \\QL &
RIGRPDLQ GHFRPSRVLWLRQDQG):, VFDODELOLW\LY SUHVHQWHG

&RQYROXWLRQDO 1HXUDO 1HWZRUN

$FRQYROXWLRQDO QHXUDO QHWZRUN &11 LVDW\SHRIGHHS OHDUQLQJDO
QLWLRQDQG FODVVLILFDWLRQ SXUSRVHV ,QUHFHQW\HDUV WKH TXDOLW\F
WLPHY HYHQ RXWSHUIRUPLQJaK XtFiD@Q DHNMAWAK>HITRUWY ZHUH DLPHG DW P
WR )3*$V DQG $6,&V RI ZKLFK D VXUYH\ ZDV SXEO L& KHAHIGHE\, 0LYUDMHYR DK D >
GHYHORSHG E\$0'HQDEOHV XVHUV WR EXLOG IOH[LEOHDQG IDVW TXDQWL]H
GHVLIQV 7KH &11 GLVFXVVHG LQ WKLV VHFWLRQ LV DELQDU\11 %11 EXLO\

%DFNJURXQG LPSOHPHQWDWLRQ

&111DOOLQ WKHFDWHJRU\RI VXSHUYLVHG GHHS OHDUQLQJDOJRULWKPYV
ZRUN WKH WHUPLQRORJ\ XVHG LY EDVHG RQ WKHVDPH FRQFHSWY SUHVHQ
OHDUQLQJHQWDLOV WKDW WKHDOJRULWKPLVWUDLQHGRQDODEHOHG GD)
DQLQSXWFRUUHODWH WR DVSHFLILFODEHO 2QFH WKH WUDLQLQJ SKDVH I
RIWKH11 KDYHEHHQDVVLIQHG LWFDQEH XVHG WR FODVVLIV\QHZ XQODEH
SUHGLFWLRQV LQ WKHFDVHRID &11 FODVVLILFDWLRQ LVFDOOHG WKHLQ
LVDWUDLQHG DOJRULWKP WKDW SHUIRUPV WKHLQIHUHQFH SURFHVV DFFH

$&11LVDVR FDOOHG PXOWL OD\HU SHUFHSWURQ QHWZRUN ZKHUH WKH Q
LQ OD\HUV 7KHQHXURQVIURP HDFK OD\HU WDNHDV LQSXW WKH RXWSXW RI
ZKHQ IXOO\ FRQQHFWHG 7KH GDWD VWUHDPV IURP QHXURQ WR QHXURQ D
WKH FLUFXLW IRXQG LQ WKH KXPDQ EUDLQ 'XULQJWUDLQLQJ ZHLJKWYV DU
LOQSXWV RI D QHXURQ DQG D ELDV LV GHWHUPLQHG WKDW LV DGGHG WR WKF
QHXURQ DQ DFWLYDWLRQ IXQFWLRQ SHUIRUPV D FDOFXODWLRQ RQ WKH ZI
&11 GLVFXVVHG LQ WKLV ZRUNLV FDOOHGELQDU\&11 EHFDXVH WKH ZHLJKW
DUHUHSUHVHQWHG LQ VLQJOH RUGRXEOHELWV IRUPDW LQVWHDG RIIORD\
PDWLRQ KHOG LQ IORDWLQJ SRLQW QXPEHUV LV UHGXQGDQW %11V DUH VW
GHFUHDVLQJ WKH FRPSOH@W\ VLIJQLILFDQWO\ >

$&11 WRSRORJ\W\SLFDOO\ FRQVLVWY RI WKUHH W\SHV RI OD\HUV D FRQ
QHFWHG OD\HU 7KH FRQYROXWLRQ DQG SRROLQJ OD\HUV RIWHQ FDOOHG
IHDWXUHH[WUDFWLRQ ZKLOH WKH IXOO\FRQQHFWHG OD\HU XVHV WKLV LQI
UHODWLRQVKLS EHWZHHQ WKHVH ODSHIRUWHVLQKEAQW R HISXOWHDWLRQ RI WK
FHSWV DSSOLHG WR ELQV FDQ EHIR®QG LQ WKH ),11 SDSHU >

JLIXUH 9LVXDOL]DWLRQ RI WKH RXWO®QH RID &11 DOWHUHG IURP >

7KH),11 IUDPHZRUURP $0' ZDV XVHG WR EXLOG D ELQDU\ &11 7KH QHWZRU
WR FODVVLI\ [ 5*% LPDJHV )RUWKLY SDUWLFXODU QHWZRUN DRQH ELWI
ZHUH XVHG



$SSOLFDWLRQ GRPDI

6FDODELOLW\ FKDUDFWHULVWLFV
$&11 FODVVLILHVLPDJHY RQHDW D WLPHLQD VHTXHQWLDO PDQQHU $
WKH &11 WDNHV DSSUR[LPDWHO\ WKH VDPH WLPH WR SURFHVYVY HDFK LPI
WR VFDOHD &11 WKLV PHDQV RQO\RQH SDUDPHWHU LV GHFRPSRVHG Q
):, &11 FDQ EH FKDUDFWHUL]HG DV D VLQJOH LQSXW GHSHQGHQW DSS(
HDFK QRGH LV IL[HG



SOWHUQDWLYH VI

6FDOLQJ GDWD DQDO\WWLFV DSSOLFDWLRQV RQ )3*$V UHTXLUH VROXWLRQV
XUH GHSLFWV DQ DEVWUDFW UHSUHVHQWDWLRQ RI WKH IRXU OD\HUV FRQ\
OXWLRQV 7KLV FKDSWHU FRQVLVWY RI IRXUVHFWLRQV WKDW GLVFXVV WK
WR WKH WRS OD\HU $W WKHHQG RIHDFK VHFWLRQ WKH SURSRVHG DOWHL
WDEOHDQG WKHQ GLVFXVVHG 7KH ODVW VHFWLRQ RI WKHFKDSWHU GLVFX'
DOWHUQDWLYHV DQG FRQFOXGHV ZLWK WKH FKRVHQ VROXWLRQV 7KHIROO
WKHVROXWLRQVDUHLQFRUSRUDWHG LQWR WKH VROXWLRQ DUFKLWHFWXU
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