3 UREDE LQVWF * UDP P DUV DQG WKHLU $ SSAFDWRQV

6 WCDUW * HP DQ DQG 0 DUN - RKQVRQ

% URZ Q 8 QLYHUVLW

- DQXDU\

$ EVWUDFW

) RUP DOJUDP P DUV DUH Z LGHO XVHG LQ VS HHFK UHFRJQLWMRQ OQJXDJH
WUDQ VOIDWLRQ DQG MQJIJXDJH XQGHUVWOQGLQJ V\ VWHP V * UDP P DUV ULFK
HQRXJK WR DFFRP P RGDWH QDWXUDOMQJXDJH JHQHUDWH P X OMS CH LQWHUS UH
WOWRQV RI W SLFDO VHQWHQFHV 7 KHVH DP ELIXLWHV DUH D IXQGDP HQWDO
FKDOHQJH WR SUDFWFDO DS SAFDWRQ * UDP P DUV FDQ EH HTXLSSHG Z LW
SUREDELOW GLVWLE XWRQV DQG WKH YDULRXV SDUDP HWHUV RI WK HVH GLVWL
EXWRQV FDQ EH HVWP DWHG IURP GDW HJ DFRX VWF UHS UHVHQWDWLRQV RI
VS RNHQ Z RUGV RU D FRUSXV RI KDQG SDUVHG VHQWHQFHV 7 KH UHVX OMQJ
SUREDELOVWF JUDP P DUV KHGB WR LQWHUS UHW VS RNHQ RU Z ULWWHQ OOQJXDJH
XQDP ELIXRXVO : HUHYLHZ WKHP DLQ FODVVHV RI SUREDELAVWF JUDP P DUV

DQG SRLQWWR VRP H DFWYH DUHDV RI UHVHDUFK

, QWUR G X FWLR Q

1 DWXUDO @QJXDJH SURFHVVLQJ LV WKH XVH RI FRP SXWHUV IRU SURFHVVLQJ QDWXUDO
MQJIJXDJH WH[ W RU VS HHFK 0 DFKLQH WDQVMWRQ WH DXWRP DWF WDQVMWRQ RI
WH[ W RU VS HHFK I1URP RQH MDQJXDJH WR DQRWKHU EHIJDQ Z LWK WKH YHU\ HDUQHVW
FRP SXWUV . D\ HWDO 1 DWXUDOMQJXDJH LQWHUIDFHV S HUP LWFRP S XWHUV
WR LOQOWHUDFW Z LWK KXP DQV XVLQJ QDWXUDO OQJXDJH HJ WR TXHU\ GDWEDVHV
& RXSMHG Z LWK VS HHFK UHFRJQLWRQ DQG VS HHFK V\ QWK HVLY WK HVH FDSDE LOWHV Z LOO
EHFRP H P RUH LP SRUWDQW Z IWK WKH JURZ LQJ SRSXOMUW RI SRUWEO FRP S XWHUV
WKDW CODFN NH\ ERDUGY DQG MUJH GLVS @M\ VFUHHQV 2 WKHU DSSAFDWRQV LQFOXGH
VS HOO DQG JUDP P DU FKHFNLQJ DQG GRFXP HQW VXP P DUL] DWRQ $ SSAFDWRQV
RXWLGH RI QDWXUDO ADQJXDJH LQFOXGH FRP SLAHUV Z KLFK WDQVMOMW VRXUFH FRGH

LOWR RZ HU HYHOP DFKLQH FRGH DQG FRP SXWHU YLVLRQ ) X



0 RVWQDWXUDOMQJXDJH SURFHVVLQJ V\ VWHP V DUH EDVHG RQ IRUP DOJUDP P DUV
7 KH GHYHORSP HQWDQG VWX G\ RI IRUP DOJUDP P DUV LV NQRZ Q DV FRP SXWDWRQDO
AQJXLVWFV $ JUDP P DU LV D GHVFULSWRQ RI D QJXDJH XVXDO LW LGHQWnN HV
WKH VHQWHQFHV RI WKH (DQJXDJH DQG SURYLGHV GHVFULS WRQV RI WK HP HJ E\
GHN QLQJ WKH SKUDVHV RI D VHQWHQFH WK HLU LQWHU UHCDWLRQVK LSV DQG S HUKDSV DOVR
DVS HFW RI WKHLU P HDQLQJV 3 DUVLQJ LV WKH SURFHVV RI UHFRYHULQJ D VHQWHQFH V
GHVFULS WRQ IURP LW Z RUGV Z KLGH JHQHUDWRQ LV WKH SURFHVV RI WUDQVMDWQJ D
P HDQLQJ RU VRP H RWKHU SDUW RI D VHQWHQFH V GHVFULSWRQ LQWR D JUDP P DWFDO
RU Z HOO IRUP HG VHQWHQFH 3 DUVLQJ DQG JHQHUDWRQ DUH P DMU UHVHDUFK WRSLFV
LQ WKHLU RZ Q ULJKW ( YLGHQWO KXP DQ XVH RI GDQJXDJH LQYRO'HV VRP H NLQG
Rl SDUVLQJ DQG JHQHUDWRQ SURFHVV DV GR P DQ\ QDWXUDO GDQJXDJH SURFHVVLQJ
DSSOFDWRQV ) RU H[DP SGH D P DFKLQH WUDQVMWRQ SURJUDP P D\ SDUVH DQ
LQSXW (DQJXDJH VHQWHQFH LQWR D SDUWDO UHSUHVHQWDWRQ RI LW P HDQLQJ DQG
WK HQ JHQHUDWH DQ RXWSXW QJXDJH VHQWHQFH IURP WK DW UHS UHVHQ WD WLR Q

0 RGHUQ FRP SXWDWRQDO AQJXLVWFV EHIDQ Z LWK & KRP VN\ DQG Z DV
LQLWMDO} GRP LQDWHG E\ WKH VWXG\ RI KLV ?WDQVIRUP DWMRQDO JUDP P DUV 7 KHVH
JUDP P DUV LQYROYHG WZ R CHYHO/ Rl DQDO VHV D ?GHHS VWUXFWXUH P HDQWWR FDS
WX UH P RUH RU CHVV VLP SO WKH P HDQLQJ RI D VHQWHQFH DQG D ? VXUIDFH VWX FWX UH
Z KLFK UHo HFW WKH DFWXDO Z D\ LQ Z KLFK WKH VHQWHQFH Z DV FRQVWUX FWHG 7 KH
GHHS VWUXFWXUH P LJKW EH D FDXVH LQ WKH DFWYH YRLFH ?6DQG\ VDZ 6DP
Z KHUHDV WK H VX UIDFH VWXFWXUH P LJKWLQYRO'H WKH P RUH FRP SCH[ SDVVLYH YRLFH
?6DP Z DV VHHQ E\ 6DQG\

7 UDQVIRUP DWLRQDO JUDP P DUV DUH FRP SXWDWRQDG FRP SCH[ DQG LQ WKH

V VHYHUDO AQJXLVW FDP H WR WKH FRQFOXVLRQ WKDW P XFK VLP SCHU NLQGV RI
JUDP P DUV FRXOG GHVFULEH P RVW V\ QWDFWF SKHQRP HQD GHYHORSLQJ * HQHUDO
L] HG 3 KUDVH 6 WUX FWX UH * UDP P DUV * D] GDUHWDO DQG 8 QLn FDWRQ EDVHG
* UDP P DUV . DSOQ DQG % UHVQDQ 3 RODUG DQG 6 DJ 6 KLHE HU
7 KHVH JUDP P DUV JHQHUDWH VXUIDFH VWUXFWX UHV GLUHFWO  WKHUH LV QR VHS DUDWH
GHHS VWUXFWXUH DQG WK HUHIRUH QR WUDQVIRUP DWRQV 7 KHVH NLQGV RI JUDP P DUV
FDQ SURYLGH YHU\ GHWDLGHG V\ QWDFWF DQG VHP DQWF DQDO VHV Rl VHQWHQFHV EXW
HYHQ WRGD\ WKHUH DUH QR FRP SUHKHQVLYH JUDP P DUV RI WKLV NLQG WKDW IXQ DF
FRP P RGDWH ( QJAVK RU DQ\ RWKHU QDWXUDO CQJXDJH

1 DWXUDO DQJXDJH SURFHVVLQJ XVLQJ KDQG FUDIWHG JUDP P DUV VXmHUV IURP
W R P DMRU GUDZ EDFNV ) LUYW WKH V\ QWDFWF FRYHUDJH RmHUHG E\ DQ\ DYDLDE CH
JUDP P DU LV LQFRP SCHWH UHo HFWLQJ ERWK RXU OFN RI XQGHUVWDQGLQJ RI HYHQ
UHCDWLY HO IUHT X HQWO RFFXULQJ V\ QWDFWF FRQVWUX FWRQV DQG WKH RUIJDQL] DWMRQDO
GLp FXOM RI P DQXDOD FRQVWIXFWQJ DQ\ DUWIDFWDV FRP SCH[ DV D JUDP P DU RI

D QDWXUDO (DQJXDJH 6 HFRQG VXFK JUDP P DUV DCP RVW D@ D\ V SHUP LW D OUJH



QXP EHU RI VSXULRXV DP ELIXLWHV LH SDUVHV Z KLFK DUH S HUP LWAHG E\ WKH UX CHV
RI VI QWD[ EXWKDYH XQXVXDORU XQANHO VHP DQWF LQWHUS UHWDWLRQV ) RUH[ DP S cH
LQ WKH VHQWHQFH , VDZ WKH ERDWZ LWK WKH WHGHVFRSH WKH SUHS RVLIWLRQDOS K UDVH Z LWK
WKH WHCHVFRSH LV P RVWHDVLO LQWHUS UHWHG DV WK H LQVWUX P HQW X VHG LQ VHHLQJ Z KLGH
LQ , VDZ WKH SRQFHP DQ Z LWK WKH ULo H WKH SUHS RVIWRQDOSKUDVH XVXDQ3 UHFHLYHV
D GLMHUHQW LQWHUS UHWDWLRQ LQ Z KLFK WKH SROFHP DQ KDV WKH UloH 1 RWH WK DW WK H
FRUUHVS RQGLQJ DOMUQDWYH LQWHUS UHWDWRQ LV P DUJLQDG DFFHVVLEGH IRU HDFK RI
WK HVH VHQWHQFHV LQ WKH n UVW VHQWHQFH RQH FDQ LP DJLQH WKDW WKH WHCQHVFRS H LV
RQ WKH ERDW DQG LQ WKH VHFRQG WKDWMWKH UloH VD\ Z LWK D YLHZ LQJ VFRSH Z DV
XVHG WR YLHZ WKH SRQFHP DQ

,Q HMHFW WKHUH LV D GLGHP P D RI FRYHUDJH $ JUDP P DU ULFK HQRXJK WR DF
FRP P RGDWH QDWXUDO CDQJXDJH LQFOXGLQJ UDUH DQG VRP HWP HV HYHQ ?XQJUDP
P DWFDO FRQVWIXFWRQV IDLO/ WR GLVWQJ X LVK QDWXUDOIURP X QQDWX UDO LQWHUS UH
WDWRQV % XW D JUDP P DU VXp FLHQWO UHVWILFWHG VR DV WR H[ FOXGH Z KDW LV X Q
QDWX UDOIDLOV WR DFFRP P RGDWH WKH VFRSH RI UHDOMQJXDJH 7 KHVH REVHUYDWRQV
HDG LQ WKH V WR D JURZ LQJ LQWHUHVW LQ VWRFKDVWF DSSURDFKHV WR QDWX
UDO DQJXDJH SDUWMFXMUO WR VS HHFK 6 WRFKDVWF JUDP P DUV EHFDP H WKH EDVLV
Rl VS HHFK UHFRJQLWRQ V\ VWHP V E\ RXWSHUIRUP LQJ WKH EHVW RI WKH V\ VWHP V
EDVHG RQ GHWHUP LQLVWF KDQG FUDIWHG JUDP P DUV / DUJHO LQVSLUHG E\ WKHVH
VX FFHVVHV FRP SXWDWRQDO AQJXLVW EHIJDQ DSSO LQJ VWRFKDVWF DS SURDFKHV WR
RWK HU QDWXUDO (DQJ XDJH SURFHVVLQJ DSSAFDWRQYV 8 VXDO) WKH DUFKLWHFWX UH RI
VXFK D VWRFKDVWF P RGHOLV VSHFLnHG P DQXDO) Z KLGH WKH P RGHOV SDUDP HWHUV
DUH HVWLP DWHG IURP D WWDLQLQJ FRUSXV LH D CUJH UHS UHVHQWDWLYH VDP S CH RI
VHQWHQ FHV

$ V H[ SADLQHG LQ WKH ERG\ RI WKLV HQWU\ VWRFKDVWF DS SURDFKHV UHS CDFH WK H
ELQDU\ GLVWQFWRQV JUDP P DWFDO YHUVXV XQJUDP P DWFDO RI QRQ VWRFKDVWF
DSSURDFKHV Z LWK SUREDELOW GLVWILEXWRQV 7 KLV SURYLGHV D Z D\ RI GHDAQJ
ZIWK WKH W R GUDZ EDFNV RI QRQ VWRFKDVWF DSSURDFKHV ,GIRUP HG DOMUQD
WYHV FDQ EH FKDUDFWHUL] HG DV H[ WUHP HO ORZ SUREDELOW UDWKHU WKDQ UXCHG
RXW DV LP SRVVLEGH VR HYHQ XQJUDP P DWFDO VWLQJYV FDQ EH SURYLGHG Z LWK DQ
LQWHUS UHWDWLRQ 6 LP LODUO D VWRFKDVWF P RGHORI SRVVLE GH LQWHUS UHWDWLRQV RI D
VHQWHQFH SURYLGHV D P HWKRG IRU GLVWLQJ XLVKLQJ P RUH S DX VLE CH LQWHUS UHWD WLRQ V
IURP CHVV S@XVLEH RQHV

7 KH QH[ WVHFWRQ [ LQWURG X FHV IRUP DOO YDULRXV FCDVVHV RI JUDP P DUV DQG
M@QJXDJHV 3 UREDELAVWF JUDP P DUV DUH LQWURG X FHG LQ | DRQJ Z LWK WKH EDVLF

LVVX HV RI SDUDP HWJLF UHS UHVHQWODWRQ LQIHUHQFH DQG FRP SXWWRQ



* UDP P DUV DQG ODQJXDJHYV

7 KHIRUP DOIUDP HZ RUN Z KHWKHU XVHG LQ D WDQVIRUP DWRQDOJUDP P DU D JHQHU
DA] HG SKUDVH VWXFWXUH JUDP P DU RUD P RUH WIDGLWRQDO VW CHG FRQWH[ W IUHH
JUDP P DU LVGXHW & KRP VN\ DQG KLV FR Z RUNHUV 7 KLV VHFWRQ S UHVHQW
D EULHI LOQWRGXFWRQ WR WKLV IUDP HZ RUN % XWIRU D WKRURXJK DQG YHU\ UHDG

DEMH SUHVHQWODWRQ Z H KLIKO UHFRP P HQG WKH ERRN E\ + RSFURIWDQG 8 QP DQ

7 KHFRQFHSWDQG QRWOWRQ RI D IRUP DOJUDP P DULV SHUKDSV EHVWLQWRGX FHG

E\ DQ H[ DP SCH

([ DP s OH ‘' HnQH D JUDP P DU * E\ * 7 1 6 5 Z KHUH 7 I JURZ V
ULFH Z KHDW LV D VHWRI Z RUGV D ? (H[ LFRQ 1 16 13 9 3J LVD VHWRI VI P ERO/

UHS UHVHQW.QJ JUDP P DWFDOO P HDQLQJIXOVWIILQJV RI Z RUGV VXFK DV FODXVHV RU SDUW RI

VS HHFK HJ 6 IRU?6 HQWHQFH 1 3 IRU?1 RXQ 3 KUDVH 9 3 IRU?9 HUE 3 KUDVH DQG
5 1 6 1393 13 ULFH 1 3 Z KHDW 9 3 JURZ VJ LV D FROHFWRQ RI UXCHV
IRU UHZ ULWLQJ RU LQ VWD QWLDWLQ J WKH VI P ERO/V LQ 1 ,QIRUP DOO WKH QRQWHUP LQDO 6

UHZ ULWHV WR VHQWHQFHV RU FADXVHV 1 3 UHZ ULWHV WR QRXQ SKUDVHV DQG 9 3 UHZ ULWHV WR

YHUE S K UDVHV 7 KH ®DQJXDJH / JHQHUDWHG E\ * LV WKH VHW RI VWLQJV RI Z RUGV
WK DW DUH UHDFKDEOH IURP 6 WKURXJK WKH UHZ ULWH UXOHV LQ 5 ,Q WKLV H[ DP SOH /

I ULFH JURZ V Z KHDW JURZ VJ GHULYHG E\ 6 13 93 ULFH 9 3 ULFH JURZ V
DQG 6 13 93 Z KHDW9 3 Z KHDWJURZ V

0 RUH JHQHUDGO L7 LV D nQLWH VHW RI VI P ERO/ CHW 7 EH WH VHW RI DQO
VWJILQJV L H n QLWH VHT XHQFHV RI VI P ERO/ RI 7 LQFOXGLQJ WKH HP SW VWLQJ
DQG HW 7 EH WKH VHW Rl DGO QRQHP SW VWLQJV RI VI P ERO/ RI 7 $ @DQJIJXDJIH
LV D VXEVHW RI 7 $ UHZ ULWH JUDP P DU * LV D TXDGUXSH * 7 1 6 5
Z KHUH 7 DQG 1 DUH GLVMRLQW n QLWH VHW RI V\ P ERO FDOHG WKH WHUP LQDODQG
QRQ WHUP LQDOV\ P ERO/ UHVS HFWY HO 6 1 LV D GLVWQJ XLVKHG QRQ WHUP LQDO
FDOHG WKH VWUWRU VHQWQFH VI P ERO DQG 5 LV D nQLWH VHWRI SURGXFWRQV $
SURGXFWRQ LV D SDLU m n Z KHUH m 1 DQG n 1 > 7 SURGXFWRQV
DUH XVX DO Z ULWMQ m n 3 URGXFWRQV RI WKH IRUP m g Z KHUH q LV WKH
HP SW VWLQJ DUH FDOHG HSVLARQ SURGXFWRQV 7 KLV HQWJ\ UHVWLFW DWMQWRQ WR
JUDP P DUV Z IWKRXW HSVL(RQ SURGXFWRQV LH n 1 > 7 DV WKLV VLP S dn HV

WKH P DWKHP DWFV FRQVLGHUDE O

$ UHZ ULMWH JUDP P DU * GHn QHV D UHZ ULWQJ UHMWRQ t 1 > 7 d
1 > 7 RYHU SDLUV RI VWLQJV FRQVLVWQJ RI WHUP LQDO/ DQG QRQWHUP LQDO/ DV
IRCRZ V ns$ o nmo Lm $ m 5 DQG n o 1 > 7 WKH VXEVFULSW

* LV GURSSHG Z KHQ FCHDU IURP WKH FRQWH[ W 7 KH UHo H[ LYH WUDQVLWLYH FORVX UH

R LV GHQRWHG 7 KXV LV WKH UHZ ULWQJ UHMWRQ XVLQJ DUE LWIDU\



nQLWH VHT XHQFHV RI SURGXFWRQV , WLV FDOHG ? UHo H[ LYH EHFDXVH WKH LGHQWW
UHZ UMWH m m LV LQFOX GHG 7 KH ®DQJXDJH JHQHUDWG E\ * GHQRWHG / Lv
WKH VHW RI DO VWLQJV Z 7 VXFK WKDW 6 z

5 HZ ULWH JUDP P DUV DUH WWDGIWRQDO FOOVVLn HG E\ WKH VKDS HV RI WKHLU S UR
GXFWRQV * 7 1 6 5 LV D FRQW[ WVHQVLWYH JUDP P DU Lm IRU D SURGXF
WLRQV m n 5 Mn M > MM LH WH UJKWKDQG VLGH RI HDFK SURGXFWRQ LV
QRW VKRUWHU WKDQ LW HIWKDQG VLGH * LV D FRQWH[ WIUHH JUDP P DU Lm MnM
LH WH HIWKDQG VLGH RI HDFK SURGXFWRQ FRQVLVW RI D VLQJOH QRQ WHUP LQDO

* LVv. D HIWAQQHDU JUDP P DU Lm * LV FRQWH[ WIUHH DQG n WKH ULJKWKDQG VLGH

Rl WKH SURGXFWRQ LV HLIWK HU RI WKH IRUP $ Z RU RI WKH IRUP Z Z KHUH $ 1
DQG z 7 LQ D ULJKWQQHDU JUDP P DUNn D& D\ V LV RI WKH IRUP Z $ RU Z $
ULJ KWRU CHIWAQAQHDU JUDP P DU LV FDOHG D UHJX®U JUDP P DU * LQ ( [ DP S

LV FRQWH[ W VHQVLWYH DQG FRQWH[ W IUHH

, WLV VWUDLI KW IRUZ DUG WR VKRZ WDWWH FAOVVHV RI ®DQJXDJHV JHQHUDWHG E\
WK HVH FOVVHV RI JUDP P DUV VWODQG LQ VWLFW HTXDAW RU VXEVHW UHODWRQVKLSV
6 S HFLh FDQO WKH FADVV RI @DQJXDJHV JHQHUDWHG E\ ULJKW QQHDU JUDP P DUV LV WKH
VDP H DV WKH FOODVV JHQHUDWHG E\ OIW QQHDU JUDP P DUV WKLV FODVV LV FDOHG WK H
UHIX DU ®QJIJXDJHV DQG LV D VWLFW VXEVHW RI WKH FODVV RI (ODQJXDJHV JHQHUDWHG
E\ FRQWH[ WIUHH JUDP P DUV Z KLFK LV D VWLFW VXEVHW RI WKH FOOVV RI OQJXDJHV
JHQHUDWHG E\ FRQWH[ W VHQVLWYH JUDP P DUV Z KLFK LQ WXUQ LV D VWLFW VX E VHW RI
WH FODVV RI @®OQJXDJHV JHQHUDWHG E\ UHZ ULWH JUDP P DUV

,2 WWXUQV RXWWKDWFRQWH[ W VHQVLWYH JUDP P DUV Z KHUH D SURGXFWRQ UHZ ULWHV
P RUH WKDQ RQH QRQWHUP LQDO KDYH QRW KDG P DQ\ DSSAFDWRQV LQ QDWXUDO
MDQJXDJH SURFHVVLQJ VR IURP KHUH RQ ZH Z LOO FRQFHQWDWH RQ FRQWH[ W IUHH
JUDP P DUV Z KHUH DO SURGXFWRQV WONH WKH IRUP $ n Z KHUH $ 1 DQG
n 1 > 7

$ Q DSSHDOAQJ SURSHUW RI JUDP P DUV Z IWK SURGXFWRQV LQ WKLV IRUP LV WKDW
WK H\ LQGXFH WUHH VWX FWX UHV RQ WKH VWULQJV WKDWWK H\ JHQHUDWH $ QG DV 6 HFWRQ

VKRZ V WKLV LV WKH EDVLV IRU EULQJLQJ LQ SUREDELOW GLVWLEXWRQV DQG WKH

WK HRU\ RI LQIHUHQFH : H VD\ WKDWWH FRQWH[ WIUHH JUDP P DU * 7 1 6 5
JHQHUDWHY WKH EHOHG RUGHUHG WJHH , Lm WKH URRW QRGH RI , LV ODE HOHG 6
DQG IRU HDFK QRGH Q LQ , HIWKHU Q KDV QR FKLOGUHQ DQG LW MEHOLV D P HP EHU

RI 7 LH LW LV (DE HOOHG Z LWK D WHUP LQDO RU HO/VH WKHUH LV D SURGXFWRQ $

n 5 Z KHUH WKH ODEHORI Q LV $ DQG WKH CHIWW ULJKW VHT XHQFH RI (EHO/ RI
Q VLP P HGLDWH FKLGGUHQ LV n , WLV VWIDLIKWIRUZ DUG WR VKRZ WKDWZ LV LQ / Lm
* JHQHUDWHYV D WUHH , Z KRVH \ LHGG L H WKH CHIWWR ULJ KW VHT XHQFH RI WHUP LQDO
VI P ERO/ DEHOOAQJ , V HDI QRGHV LV Z s LV FDOHG D SDUVH WHH RI Z Z LWK

UHVS HFW WR * ,Q Z KDWIROGRZ V Z H GHnQH k W EH WKH VHW RI SDUVH WJHHV



JHQHUDWHG E\ * DQG < ¢ WR EH WKHIXQFWRQ WKDWP DSV WHHV WR WK HLU \ LHGGV

([ DP S OH FRQWLQ X HG 7 KH JUDP P DU * GHNn QHG DERYH JHQHUDWHV WKH IRORZ
LQJ WZ R WUHHV DQG ,
6 6
13 9 3 13 9 3
ULFH JURZ V Z KHDW JURZ V
,Q WKLV Hf DP SO < s ULFH JURZ V DQG < , Z KHDWJURZ V

$ VWLQJ RI WHUP LQDOV Z LV FDOHG DP ELIJXRXV Lm Z KDV W R RUP RUH SDUVH WJHHV
/ LQJXLVYWFDO HDFK SDUVH WHH RI DQ DP ELIXRXV VWLQJ XVXDO FRUUHVSRQGV WR

D GLVWQFW LQWHUS UHWDWLR Q

([ DP s OH & RQVLGHU * 7 1 6 5 Z KHUH 7 I, vDz WKH P DQ Z LW
WHCOHVFR S HJ 1 16 13 1 ' HW 9 3 9 33 3J DQG 5 1 6 13 93 13

, 1.3 ' HW1 ' HW WKH 1 1 33 1 P DQ 1 WHCHVFRS H 9 3 9 13 93

9 3 33 33 3 13 9 vbDz 3 Z WK J ,QIRUP DO 1 UHZ ULWHV WR QRXQV ' HW

WR GHWHUP LQHUV 9 WR YHUEV 3 WR SUHS RVIWLRQV DQG 3 3 WR SUHSRVLWRQDO SKUDVHV , W

LV HDV\ WR FKHFN WKDW WKH WZ R WUHHV , DQG , Z IWK WKH \ LHGV < <

, VDZ WKH P DQ Z LW WKH WHMHVFRSH DUH ERWK JHQHUDWHG E\ * / LQJ X LVWLFD QO WK HVH
W R SDUVH WJHHV UHS UHVHQW W R GLmHUHQW V\ QWDFWF DQDO VHV RI WKH VHQWHQFH 7 KH
nUVW DQDQO VLV FRUUHVS RQGV WR WKH LQWHUS UHWDWLRQ Z KHUH WKH VHHLQJ LV E\ P HDQV RI D
WHOHVFRSH Z KLOH WKH VHFRQG FRUUHVSRQGV WR WKH LQWHUS UHWODWRQ Z KHUH WKH P DQ KDV

D WHOHVFRS H

13 9 3
/\
9 3 33
/\ /\
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/\ /\
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s vDZ WK H P DQ Z WK WK H WHCOHVFRS H
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vDZzZ WK H P DQ Z WK WK H WHOHVFRS H

3 UREDE LOW DQG VWD WLVWLFYV

2 EYLRXVO EURDG FRYHUDJH LV GHVLUDEGH_ QDWXUDOMMQJXDJH LV ULFK DQG GLYHUVH
DQG QRW HDVLO KHGOG WR D VP DOO VHW RI UXOHV % XW LW LV KDUG WR DFKLHYH EURDG
FRYHUDJH Z LMKRXWP DVVLYH DP E LJ X LW D VHQWHQFH P D\ KDYH WHQV RI WKRXVDQGV
R1 S DUVHV DQG WKLV RI FRXUVH FRP SAQFDWHYV DSSOAOFDWRQV GQNH ®QJXDJH LQWHUS UH
WOWRQ MQJXDJH WDQVMOMWRQ DQG VS HHFK UHFRJQLWRQ 7 KLV LV WKH GLOHP P D
Rl FRYHUDJH WKDW Z H UHIHUUHG WR HDUGQHU DQG LW VHW XS D FRP SHO1QJ UROH IRU
SUREDE LOVWMF DQG VWODWVWFDOP HWRGV

H EULHo\ UHYLHZ WKH P DLQ SUREDELOVWF JUDP P DUV DQG WKHLU DVVRFLDWHG

WK HRULHV Rl LQIHUHQFH : H EHJLQ LQ [ Z LIWK SUREDE LAVWF UHJ XU JUDP P DUV
DO/R NQRZ Q DV KLGGHQ 0 DUNRY P RGHO/ + 0 O Z KLFK DUH WKH IRXQGDWRQ RI
P RGHUQ VS HHFK UHFRJQLWRQ V\ VWHP V_ VHH - HQQHN IRU D VX UYH\ DQG VHH

) DFWRU DQDQ VLV DQG MDWHQWVWXFWUH KLGGHQ 0 DUNRY P RGHO/ QHXUDOQHW RUNV
DQG P L[ WKUHV Rl H[ SHUW LQ WKLV HQF\ FCRS HG LD
Q[ Z H GLVFXVV SUREDE LAVWF FRQWH[ W IUHH JUDP P DUV Z KLFK WXUQ RXW WR
EH HYWHQWDGO3 WKH VDP H WKLQJ DV EUDQFKLQJ SURFHVVHV ) LQDO LQ [ Z H WDONH
D P RUH JHQHUDODS SURDFK WR S (DFLQJ S UREDE LAWHYV RQ JUDP P DUV Z KLFK CHDGV WR
* LEEV GLVWULE X WRQV D URCH IRU % HVDJ V SVHXGRQNHQKRRG P HWRG % HVDJ
YDULRXV FRP SXWDWRQDOLVVXHV DQG DOLQ DO DQ DFWYH DUHD RI UHVHDUFK

LQ FRP SXWOWRQDO AQJ X LVWFV



5 HJXObU JUDP P DUV

HZ LOIRFXV RQ ULJKWAOQHDU JUDP P DUV EXWWH WHDW HQWRI CHIWAQQHDU JUDP
P DUV LV P RUH RU (HVV LGHQWFDO ,WLV FRQYHQLHQWW Z RUN Z LWK D QRUP DO IRUP
DO UXHV DUH HIWK HU RI WKH IRUP $ E% RU $ E Z KHUH $ % 1 DQG
E 7 , WLV HDV\ WR VKRZ WKDWHYHU\ ULJKWQQHDU JUDP P DU KDV DQ HT XLYDCHQW
QRUP DOIRUP LQ WKH VHQVH WKDWWKH W R JUDP P DUV SURGXFH WKH VDP H DQJXDJH

( VVHQWMLDOO QRWKLQJ LV CRVW

3 URE DE LOLWLHV

7 KH JUDP P DU * FDQ EH P DGH LQWR D SUREDELOQVWF JUDP P DU E\ DVVLIQLQJ WR

HDFK QRQWHUP LQDOS$ 1 D SUREDE LOW GLVWLEXWRQ S RYHU SURGXFWRQV RI WKH
IRUP $ m 5 IRU HYHU\ $ 1

S 3 m
5 HFDOO WK DW k LV WKH VHW RI SDUVH WJHHV JHQHUDWIG E\ * VHH [ o Lv
AQHDU WKHQ , k LV FKDUDFWHUL] HG E\ D VHTXHQFH RI SURGXFWRQV VWDUWQJ
IURP 6 , WLV WKHQ VWDLIKWRUZ DUG WR XVH S WR GHn QH D SUREDELAOW 3 RQ k
MX VW WDNH 3 s IRU , k WR EH WKH SURGXFWRI WKH DVVRFLDWHG S URGXFWRQ

S UREDE LOWHYV

([ DP SOH & RQVLGHU WKH ULJKW QQHDU JUDP P DU * 7 1 6 5 Z LIWK 7
ID EJ 1 16 $J DQG WKH SURGXFWRQV 5 DQG SURGXFWRQ SUREDELAWHYV s
6 D6 S
6 E6 S
6 ES$ S
$ ES$ S
$ E S

7 KH ODQJXDJH LV WKH VHW RI VWLQJV HQGLQJ Z IWK D VHTXHQFH RI DW CHDVW WZ R E V
7 KH JUDP P DU LV DP ELIXRXV LQ JHQHUDO D VHTXHQFH RI WHUP LQDO VWDWHV GRHV QRW

XQLTXHO LGHQWI\ D VHTXHQFH RI SURGXFWRQV 7 KH VHQWHQFH DDEEEE KDV WK UHH S DUVHV

GHWHUP LQHG E\ WKH SMFHP HQW RI WKH SURGXFWRQ 6 ES$ EXW WH P RVW GNHO
SDUVH E\ IDU LV 6 D6 6 D6 6 ES$ $ ES$ $ ES$ $ E 3
c c c c Z KLFK KDV D SRVWHULRU SUREDELAOW RI QHDUQG 7 KH FRUUHVS RQGLQJ

SDUVH WUHH LV VKRZ Q EHRZ



D/E\
D/G\
E/$\

,QIHUHQFH

7 KH SUREMHP LV WR HVWP DWH VHH ( VWP DWRQ SRLQWDQG LQWHUYDO WKH WJUDQVL

WRQ SUREDELOWHY S ¢ HLWKHU IURP SDUVHG GDWD H[ DP SCHV IURP k RU MX VW
IURP VHQWHQFHV H[ DP SCHV IURP / & RQVLGHU nUVW WKH FDVH RI SDUVHG GDWD
?2 VX S HUY LVHG CHDUQLQJ DQG CHW , , , k EH D VHTXHQFH WDNHQ LLG
DFFRUGLQJ WR 3 s m LV WKH FRXQWQJ IXQFWRQ FRXQWQJ WKH QXP

EHU RI WP HV WUDQVLWRQ $ m 5 RFFXUV LQ , WKHQ WKH ONHAKRRG IXQFWRQ

VHH / LNHAGAKRRG LV

/ /s s S $ E%

7 KHP D[ LP XP QNHOGKRRG HVWP DWH LV VHQVLEQ WKH UHOWYH IUHT XHQF\ HVWP D

WR U

7 KH SURE HP Rl HVYWLP DWQJ S IURP VHQWHQFHYV ?XQVXS HUYLVHG DUQLQJ

LV P RUH LOQWHUHVWLQJ DQG P RUH LP SRUWDQW IRU DSSAOFDWRQV 5 HFDOO WDW <

LV WKH \ LHOG RI , LH WKH VHTXHQFH RI WHUP LQDOV LQ , * LYHQ D VHQWHQFH
z 7 CHW k EH WKH VHW RI SDUVHV Z KLFK \ LHOGG Z k I, k <,

z ,P DJLQH D VHTXHQFH , ) LLG DFFRUGLQJ WR 3 IRU Z KLFK RQO WKH
FRUUHVS RQGLQJ \ LHGGV Z <, > L > Q DUH RE VHUYHG 7 KH GAONHAKRRG

IXQFWRQ LV



$ VLV XVXDOZ LWK KLGGHQ GDWD WKHUH LV DQ ( O W SH LWHUDWRQ IRU FAP ELQJ WKH

AONHAKRRG VXUIDFH_ VHH % DXP DQG ' HP SVWHU HWDO

( > % n o, M k @

1 HHGAHVV WR VD\ QRWKLQJ FDQ EH GRQH Z LWK WKLV XQOHVV Z HFDQ DFWXDGO3 HYDO
XDWH LQ D FRP SXWWRQDO3 IHDVLEOH Z D\ H[ SUHVVLRQV QNH ( > 8 m M
k @ 7 KLV LV RQH RI VHYHUDO FRVHO UHMWHG FRP SXWDWRQDO SURECHP V WKDW DUH

SDUWRI WKH P HFKDQLFV RI Z RUNLQJ Z LWK UHJX U JUDP P DUV

& RP S X WDWLRQ

$ VHQWHQFH Z 7 LV SDUVHG E\ nQGLQJ D VHTXHQFH RI SURGXFWRQV $ E%

5 Z KLFK \ LHGG Z ' HSHQGLQJ RQ WKH JUDP P DU WKLV FRUUHVS RQGV P RUH RU CHVV
WR DQ LQWUSUHWWRQ RI Z 2 IWHQ WKHUH DUH P DQ\ SDUVHV DQG Z H VD\ WKDW Z
LV DP ELJXRXV ,Q VXFK FDVHV LI WKHUH LV D SUREDELAOW S RQ 5 WKHQ WKHUH LV D
SUREDELOW 3 RQ k DQG D UHDVRQDEO FRP SHOALQJ FKRLFH RI SDUVH LV WKH P RVW
GNHO S DUVH

DUJ P D[ 3

7 KLV LV WKH P D[ LP XP D SRVWHULRUL 0 $ 3 HVWP DWH RI , _ REYLRXVO LWP LQL
P L] HY WKH SUREDELOW RI HUURU XQGHU WKH GLVWILE XWRQ 3 2 1 FRXUVH LQ WKRVH
FDVHV LQ Z KLFK LV VP DOO 3 GRHV AOWMH WR P DNH Z XQDP ELIXRXV

KDW LV WKH SUREDELaOW RI Z " + RZ DUH LW SDUVHV FRP SXWHG" + RZ LV

WKH P RVWANHO SDUVH FRP SXWHG" 7 KHVH FRP SXWWRQDO LVVXHV WX UQ RXW WR E H
P RUH RU GHVV WKH VDP H DV WKH LVVXH RI FRP SXWQJ ( > $ m ., M kK @
WKDW FDP H XS LQ RXU GLVFXVVLRQ RI LQIHUHQFH 7 KH EDVLF VWIXFWXUH DQG FRVW
RI WKH FRP SXWDWRQDODQ RULMMKP LV WKH VDP H IRU HDFK RI WKH IRXU SURE GHP V_

FRP SXWH WKH SUREDELAW RI Z FRP SXWH WKH VHW Rl SDUVHV FRP SXWH WKH E HVW
SDUVH FRP SXWH ( ,Q SDUWMFX U WKHUH LV D VLP SCH G\ QDP LF SURJUDP P LQJ
VROXWLRQ WR HDFK RI WKHVH SURECHP V DQG LQ HDFK FDVH WKH FRP SCH[ LW LV RI WKH
RUGHU QcM M Z KHUH Q LV WKH CHQJWK RI Z DQG M MLV WKH QXP EHURI SURGXFWRQV
LQ * _ VHH - HOQHN * HP DQ DQG - RKQVRQ 7 KH H[ LYWHQFH RI D
G\ QDP LF SURJUDP P LQJ SULQFLSCH IRU UHJ XU JUDP P DUV LV D SULP DU\ UHDVRQ

IRU WKHLU FHQWUDO UROH LQ VWDWH RI WKH DUW VS HHFK UHFRJ QLWRQ V\ VWHP V



& RQWH[ W IUHH JUDP P DUV

HVS LlWH WK H VX FFHVVHV Rl UHJ XU JUDP P DUV LQ VS HHFK UHFRJQIWRQ WH SURECHP V
RI MDQJXDJH XQGHUVWQGLQJ DQG WIDQVMDWRQ DUH JHQHUDOO E HWWU DG GUHVVHG Z LW
WKHP RUH VWXFWXUHG DQG P RUH SRZ HUIXOFRQWH[ WIUHH JUDP P DUV ) ROQRZ LQJ RXU
GHYHORSP HQWRI SUREDE LOVWF UHJ XU JUDP P DUV LQ WKH SUHYLRXV VHFWRQ Z H Z LOO
DGGUHVV KHUH WKH LQWHU UHDWHG LVVXHV Rl nWMQJ FRQWH[ WIUHH JUDP P DUV Z LW
SUREDE LOW GLVWLE XWRQV HVWP DWQJ WKH SDUDP HWHUV Rl WKHVH GLVWLE XWRQV
DQG FRP SXWQJ YDULRXV IXQFWRQDO/ RI WKHVH GLVWLE XWRQV

7 KH FRQWH[ WIUHH JUDP P DUV * 7 1 6 5 KDYH UXCHV RI WKH IRUP
m m 1 > 7 DV GLVFX VVHG S UHYLRXVQO LQ [ 7 KHUH LV DJDLQ D QRUP DOIRUP
NQRZ Q DV WKH & KRP VN\ QRUP DO IRUP Z KLFK LV SDUWMFXOMDUO FRQYHQLHQW Z KHQ
GHYHORSLQJ SUREDE LOVWF YHUVLRQV 6 SHFLnFDOO RQH FDQ DX D\'V nQG D FRQWH[ W
IUHH JUDP P DU * Z LIW\K DO SURGXFWRQV RI WKH IRUP $ % & RU $ D
$ % & 1 D 7 Z KLFK SURGXFHV WKH VDP H (DQJXDJH DV * ! /
+ HQFHIRUWK Z H Z LOODVVXP H WKDW FRQWH[ WIUHH JUDP P DUV DUH LQ WKH & KRP VN\

QRUP DOIRUP

3 URE DE LOLWLHV

7 KHJRDOLVW SXWD SUREDELOW GLVWLE XWRQ RQ WKH VHWRI S DUVH WUHHV J HQ HUDWHG
E\ D FRQWH[ WIUHH JUDP P DULQ & KRP VN\ QRUP DOIRUP ,GHDOO WKH GLVWILE X WLRQ
Z LOOKDYH D FRQYHQLHQWSDUDP HWLF IRUP W DWDQORZ V IRU Hp FLHQWLQIHUHQFH DQG
FRP SXWWRQ

5 HFDOQIURP [ WK DWFRQWH[ W IUHH JUDP P DUV JHQHUDWH DE HOHG RUGHUHG WJHHV
* LYHQ VHW RI QRQWHUP LQDOV 1 DQG WHUP LQDOV 7 HWk EH WKH VHWRI n QLWH WUHHV

Z LWK

D URRWQRGH DE HOHG 6

E CHDI QRGHV MDE HAHG Z LWK HCHP HQW RI 7

F LQWHULRU QRGHV MDE HHG Z LWK HCHP HQW RI 1

G HYHU\ QRQWHUP LQDO LQWHULRU QRGH KDYLQJ HLIWKHU W R FKLOGUHQ DE HHG Z LWK

QRQWHUP LQDO/ RU RQH FKLOG (DE HMHG Z IWK D WHUP LQDO

( YHU\ | k GHn QHV D VHQWHQFH Z 7 UHDG WKH CDEHO/ Rm RI WKH WHUP LQDO
QRGHV RI , IURP HIWWR ULJKW & RQVLVWHQW Z LWK WKH QRWDWLRQ RI [ Z H Z ULWH

< ., z & RQYHUVHQO HYHU\ VHQWHQFH Z 7 GHn QHV D VX EVHWRI k Z KLFK



Z H GHQRWH E\ k FRQVLVWLQJ RI DM, Z LWK \ LHGG z < z $ FRQWH[ W
IUHH JUDP P DU * GHnQHV D VXEVHW RI k K Z KRVH FROHFWRQ RI \ LHOGV LV
WKH GDQJXDJH / RI * : H VHHN D SUREDELOW GLVWILEXWRQ 3 RQ k Z KLFK
FRQFHQWUDWHV RQ k

7 KH WP H KRQRUHG DSSURDFK WR SUREDELOVWF FRQWH[ WIUHH JUDP P DUV LV

WURXJK WKH SURGXFWRQ SUREDELAOWHYV S 5 > @ Z LWK
S 3 m
) RORZ LQJ WKH GHYHCRSP HQW LQ [ Z HLQWRGXFH D FRXQWQJ IXQFWRQ | $
m Z KLFK FRXQW WKH QXP EHU RI LQVWDQFHV RI WKH UXCH $ m LQ WKH WJIHH

LH WH QXP EHU RI QRQWHUP LQDO QRGHV $ Z KRVH GDXJKWHU QRGHV GHnQH

CHIWWR ULJKW WKH VWILQJ m 7 KURXJK | S LQGXFHV D SUREDELAOW 3 RQ k
<
3 s S $ m
, WLV FHDU HQRXJK WKDW 3 FRQFHQWIDWHV RQ k DQG Z H VKDO VHH VKRUWD WK DW

WKLY SDUDP HWHUL] DWMRQ LQ WHUP V RI SURGXFW RI SUREDELAOWHY S LV SDUWFX D UO
Z RUNDEMH DQG FRQYHQLHQW 7 KH SDLU * DQG 3 LV NQRZ Q DV D SUREDE LAVWF
FRQWH[ WIUHH JUDP P DU RU3 &) * IRU VKRUW 1 RWFH WKH FRQQHFWRQ WR EUDQFK
LQJ S URFHVVHV_ + DUULV 6 WDUWMQJ DW6 XVH 5 DQG WKH DVVRFLDWHG S URE
DE LOAWHY S ¢ WR H[ SDQG QRGHV LQWR GDXJKWHU QRGHV XQWO DO CHDI QRGHV DUH

MEHMHG Z IWK WHUP LQDO/_ LH Z LWK HCHP HQW RI 7

,QIHUHQFH

$ V Z IWK SUREDELAVWF UHJXOU JUDP P DUV WKH SURGXFWRQ SUREDELAOWHV RI D
FRQWH[ WIUHH JUDP P DU Z KLFK DP RXQWWR D SDUDP HWHUL] DWMRQ RI WKH GLVWLE X
WRQ 3 RQ k FDQ EH HVWP DWHG IURP H[ DP S CHV ,Q RQH VFHQDULR Z H KDYH
DFFHVV WR D VHT XHQFH , s IURP k XQGHU 3 7 KLV LV ? VXS HUY LVHG GHDUQ
LQJ LQ WKH VHQVH WKDWVHQWHQFHV FRP H HT XLSSHG Z LIWK SDUVHV 0 RUH SUDFWFDOLV
WKH SUREGP RI ?XQVXS HUYLVHG HDUQLQJ Z KHUHLQ Z H REVHUYH RQO WKH \ LHGV
<, <,

,Q HIWKHU FDVH WKH WJUHDW HQWRI P D[ LP XP OQNHOGKRRG HVWP DWRQ LV HVVHQ
WDO LGHQWFDO WR WKH WJHDWP HQW IRU UHJX U JUDP P DUV ,Q SDUWMFX MU WKH

AONHAKRRG IRU IX0O REVHUYHG GDWD LV DJDLQ DQG WKH P D[ LP XP QNHOQKRRG



HVWLP DWRU LV DJDLQ WKH UHODWYH IUHT X HQF\ HVWLP DWRU $ QG LQ WKH XQVXSHU
YLVHG FDVH WKH GQNHAQKRRG LV DJDLQ DQG WKLV HDGV WR WKH VDP H ( 0 W S H

LWHUDWLRQ JLYHQ LQ

& RP S X WDWLRQ

7 KHUH DUH DJDLQ IRXU EDVLF FRP SXWWRQV nQG WKH SUREDELAOW RI D VHQWHQFH
z 7 nQG D , k RUNnQG DOO, k VDWLVI\ LQJ < s z ? S DUVLQJ
nQG

DUJ P D[ 3

?P D[ LP XP D SRVWULRUL RU?RSWP DO SDUVLQJ FRP SXWH H[ SHFWDWRQV RI WK H
IRUP ( > 8 m M k @WK DWDULVH LQ LWHUDWLYH HVWLP DWRQ VFKHP HV QNH

7 KHIRXUFRP SXWOWRQV WXUQ RXWWR EH P RUH RU (HVV WKH VDP H DV Z DV WKH

FDVH IRU UHJ XU JUDP P DUV | DQG WKHUH LV DJDLQ D FRP P RQ G\ QDP LF
SURJUDP P LQJ GQNH VROXWRQ_ VHH / DUL DQG < RXQJ * HP DQ DQG
- RKQVRQ

* LEEV GLVWULE X WLRQ V

7 KHUH DUH P DQ\ Z D\ V WR JHQHUDAQ] H 7 KH FRYHUDJH RI D FRQWH[ WIUHH JUDP
P DU P D\ EH LQDGHTXDWH DQG ZH P D\ KRSH WHUHIRUH WR nQG D Z RUNDE
VFKHP H IRU SFLQJ SUREDELAOWHY RQ FRQWH[ WVHQVLWYH JUDP P DUV RU SHUKDSV
HYHQ P RUH JHQHUDOJUDP P DUV 2 U LWP D\ EH SUHIHUDEO WR P DLQWDLQ WKH VWIXF
WXUH RI D FRQWH[ WIUHH JUDP P DU HVSHFLDOO EHFDXVH RI LW G\ QDP LF SURJUDP
P LQJ SULQFLSH DQG LQVWHDG JHQHUDO]H WKH FODVV RI SUREDE LOW GLVWLE XWRQV
DZ D\ IURP WKRVH LQGXFHG SDUDP HWHUL] HG E\ SURGXFWRQ SUREDELOWHV % XW
QRWKLQJ FRP HV IRUIUHH 0 RVWHMRUW WR JHQHUDQ]H UXQ LQWR QHDUO LQWDFWDE CH
FRP SXWWRQDOSUREM™P V Z KHQ LWFRP HV WP H WR SDUVH RU WR HVWP DWH SDUDP
HWHUV

0 DQ\ FRP SXWDWRQDOOQJXLVW KDYH H[ SHULP HQWHG Z LWK XVLQJ * LEEV GLVWL
EXWRQV SRSXOMU LQ VWDWVWFDOSK\ VLFV WR JR EH\ RQG SURGXFWRQ EDVHG SURE
DE LOAWHYV Z KLOH QHYHUWK HCHVV S UHVHUY LQJ WKH EDVLF FRQWH[ W IUHH VWX FWX UH 1 H[ W
Z H WNH D EULHI (RRN DWW LV SDUMFX MU IRUP X(DWRQ LQ RUGHU WR LOX VWUDWH WK H
YDULRXV FKDOHQJHV WKDW DFFRP SDQ\ HmRUW WR JHQHUDA]H WKH P RUH VWDQGDUG

SUREDE LOVWF JUDP P DUV



3 URE DE LOLWLHV

7 KH VDP SOH VSDFH LV k WKH VHW Rl WUHHV JHQHUDWHG E\ D FRQWH[ WIUHH JUDP

P DU * * LEEV P HDVXUHV DUH EXLOWN IURP VXP V RI P RUH RU CHVV VLP SO IXQF
WRQV NQRZ Q DV ?S RWHQWDOO LQ VWDWVWFDO SK\ VLFV GHn QHG RQ WKH VDP S
VSDFH ,Q AQJXLVWFV LW LV P RUH QDWKXUDO WR FDOO WKHVH IHDWUHV UDWK HU WK DQ

S RWHQWLD oV 6 XSSRVH WKHQ WDW2ZH KDYH LGHQWnHG 0 AQJ X LVWFDOO VDQAHQW

IHDWX UHV | | Z KHUH | k 5 WKURXJK Z KLFK Z H Z LOO FKDUDFWHUL] H
WKH nWHVV RUDSSURSULDWHQHVV RI D VWIXFWXUH , k 0 RUH VS HFLn FDQOO Z H
Z LOO FRQVWXFW D FOVV RI SUREDELAOWHYV RQ k Z KLFK GHSHQG RQ , k RQOQ
WK URXJK | s | s ( [ DP SCHV RI IHDWX UHVY DUH WKH QXP EHU RI WP HV D

SDUWMFX DU SURGXFWRQ RFFXUV WKH QXP EHURI Z RUGV LQ WKH \ LHGG YDULRXV P HD
VX UHV RI VXE MHFW YHUE DJ UHHP HQW DQG WKHQXP EHURI HP EHGGHG RULQGHS HQGHQW
FO X VHV

* LEEV GLVWLE XWRQV KDYH WKH IRUP

3, — H[ S| tr,

Z KHUH t t DUH SDUDP HWHUV WR EH DGMKXVWHG ?E\ KDQG RU LQIHUUHG IURP
GDWD t t t DQG Z KHUH = =t NQRZ Q DV WKH ?SDUWMWRQ IXQF
WLR Q QRUP DQA] HV VR WKDW3 Kk ( YLGHQWO Z H QHHG WR DVVXP H RU HQVX UH
\NKDWg H[S|3 tr, ) RULQVWDQFH Z H KDG E HWAHU UHT X LUH WK DW
t L o DQG | M ., M WKH QXP EHU RI Z RUGV LQ D VHQWHQFH

XQQOHVV RI FRX UVH M M

5 HODWLRQ WR 3 URE DE LOLVWLF & RQWH[ W ) UHH * UDP P DUV * LEEV GLVWILE X

WLRQV DUH P XFK P RUH JHQHUDOWKDQ SUREDELOAVWF FRQWH[ WIUHH JUDP P DUV ,Q RU

GHU WR UHFRYHU 3 & ) * V FRQVLGHU WKH VS HFLDOIHDWX UH VHWI | $ m o, J
7 KH * LEEV GLVWILE X WRQ WDNHV RQ WKH IRUP
3 — H[ S t s m o, J

( YLGHQWO WK HQ ZH JHW WKH SUREDE LOVWF FRQWH[ WIUHH JUDP P DUV E\ WDNLQJ

t RI S $ m Z KHUH S LV D V\ VWHP Rl SURGXFWRQ SUREDELAOWHV
FRQVLVWHQW Z LWK LQ Z KLFK FDVH = % X W LV P RUH JHQHUDO $ UH
WK HUH SUREDELAOWHV RQ k RI WKLV IRUP WKDW DUH QRW 3 & ) * V" 7 KH DQVZ HU
WXUQV RXWWR EH QR DV Z DV VKRZ Q E\ & KL DQG $ EQH\ HWDO

* LYHQ D SUREDELOW GLVWLEXWRQ 3 RQ k Rl WKH IRUP RI WK HUH D D\ V

H[ LVW D V\ VWHP RI SURGXFWRQ SUREDELOWHY S XQGHU Z KLFK 3 LV D 3 &) *



,QIHUHQFH

7 KH ITHDWXUH VHW 11 J FDQ EH DFFRP P RGDWH DUE LWJDU\ aQJ XLVWF DW
WULE XWHV DQG FRQVWIDLQW DQG WKH * LEEV P RGHO WK HUHI R UH KDV JUHDW
SURP LVH DV DQ DFFXUDWH P HDVXUH RI QQJXLVWF n WHVV % XW WKH P RGHO GH

SHQGV FUMWFDO RQ WKH SDUDP HWHUV It J DQG WKH DVVRFLDWHG HVWLP DWRQ
S URE CHP LV XQIRUWX QDWHO YHU\ KDUG ,QGHHG WKH SURECCHP RI X QVXS HUY LVHG

HDUQLQJ DSSHDUV WVR EH DOEXWLQWDFWE CH

/I HW XV VXSSRVH WHQ WKDW Z H REVHUYH , s k ? VX S HU
YLVHG DUQLQJ LLG DFFRUGLQJ WR 3 ,Q JHQHUDO WKH ANHAQKRRG IXQFWRQ
4

3 s LV P RUH RU CHVV LP SRVVLEH WR P D[ LP LJH % XWL WH SULP DU\ JRDO

LV VR VHAHFW JRRG SDUVHV WKHQ SHUKDSV WKH AGANHAQKRRG IXQFWRQ DVNV IRU WRR

P XFK RU HYHQ WKH Z URQJ WK LQJ , WP LJKWEH P RUH UHHYDQW WR P D[ LP L] H WKH

ONHAKRRG RI WKH REVHUYHG SDUVHV JLYHQ WKH \ LHGV < , < .,
<
3 " S
0 D[ LP L] DWMRQ RI LV DQ LQVWDQFH RI % HVDJ V UHP DUNDEQO HMmMHFWYH SVHXGR
ANHAQAKRRG P HWRG % HVDJ Z KLFK LV FRP P RQO XVHG IRU HVWP DWQJ

SDUDP HWHUV RI * LEEV GLVWILEXWRQV 7 KH FRP SXWWRQV LQYROrHG DUH JHQHUDOQO
P XFK HDVLHUWKDQ Z KDWLV LQYRO'HG LQ P D[ LP L] LQJ WKH RUGLQDU\ ONHAKRRG IXQF
WRQ 7 DNH D (RRN DWWKH JUDGLHQWRI WKH GRJDULWP RI WK H t FRP SRQHQW

LV SURS RUWMRQDO WR

- | ) b — ( >l B M, < @

Q Q
DQG ( > ) [\ S @FDQ EH FRP SXWG GLUHFWO [IURP WKH VHW RI SDUVHV RI WKH
VHQWHQFH <, ,Q SUDFW.FH WKHUH LV RIWHQ P DVVLYH DP ELIXLW DQG WKH QXP EHU

RI SDUVHV P D\ EH WRR (DUJH WR IHDVLEG FRQVLGHU 6 XFK FDVHV UHT X LUH VRP H IRUP
Rl SUXQLQJ RU DSSUR[ LP DWRQ

7 KXV JUDGLHQW DVFHQW RI WKH SVHXGRONHAKRRG IXQFWRQ LV DW CGHDVW DS
SUR[ LP DWHO FRP SXWDWRQDGOD IHDVLECH 7 KLV LV SDUWMFX@UQ XVHIXO VLQFH WK H
+ HVVLDQ RI WKH C(RIJDULWKP RI WKH SVHXGRANHAKRRG IXQFWRQ LV QRQ SRVLWYH DQG
WK HUHIRUH WK HUH DUH QR CRFDOP D[LP D : KDWV P RUH XQGHU P LOG FRQGLWMRQV

SVHXGRAQNHAQKRRG HVWP DWRUV LH P D[ LP L] HUV RI DUH FRQVLVWHQW & KL



5 HIHUHQFHV

$ EQH\ 6 WHY HQ ' DYLG 0 F$ GHVWHU DQG ) HUQDQGR 3 HUHLUD 5 HOWQJ
S UREDELAVWF JUDP P DUV DQG DXWRP DWD ,Q 3 URFHHGLQJV RI WKH W $ QQXDO
0 HHWQJ RI WKH $ VVRFLDWRQ IRU & RP SXWWRQDO/ LQJXLVWFV SDJHV n

6DQ ) UDQFLVFR 0 RUJDQ . DXIP DQQ

%DXP [ ( $ Q LQHTXDAW DQG DVVRFLDWHG P D[ LP L] DWMRQ WHFK QLT X HV LQ

VWDWVWFDO HYWLP DWRQ RI SUREDELAOVWF IXQFWRQV RI 0 DUNRY S URFHVVHV , Q

HT X D AQWHV "
% HVDJ - 6 SDWMDO LQWHUDFWRQ DQG WKH VWODWVWFDO DQDO VLV RI CDOWMFH
VI VWHP V Z LWK GLVFXVVLRQ - RXUQDORI WKH 5 R\ DO 6 WDW.WVWFDO 6 RFLHW 6 HULHV
. A
% HVDJ - 6 WDWLVWMFDODQDO VLV RI QRQ DWWMFH GDWD 7 KH 6 WDW.VWFLDQ
A
& KL =KL L 3 UREDELAW 0 RGHO/ IRU & RP SMH[ 6\ VWHP V 3 K' WK HVLV

% URZ Q 8 QLYHUVLW

& KL =KL L 6 WDWLWWFDO SURS HUWMHV RI SUREDE LOVWF FRQWH[ WIUHH JUDP
P DUV & RP SXWWRQDO/ LQJXLVWFV n

& KRP VN\ 1 RDP 6\ QWFWF 6 WWXFWUHV 0 RXWRQ 7 KH + DJXH
HP SVWHU §$ 1 / DLUG DQG ' 5 XELQ 0 D[ LP XP AONHAKRRG IURP
LQFRP SCHWH GDWD YLD WKH (0 D Q) RULWK P - RXUQDO RI WKH 5 R\ DO 6 WDWVWFDO
6 RFLHW 6 HULHV % n

) X . 6 6\ QWWFWF 0 HWRGV LQ 3 DWMHUQ 5 HFRJQLWRQ $ FDGHP LF 3 UHVV

)y X . 6 6\ QWWDFWF 3 DWMHUQ 5 HFRJQLWRQ DQG $ SSAFDWRQV 3 UHQWFH
+ DQO

* D]GDU * HUDOG ( Z DQ . CGHLQ * HRmMUH\ 3 XOGXP DQG ,YDQ 6DJ * HQHU

DQA]HG 3 KUDVH 6 WWXFWUH * UDP P DU % DVLO % CODFNZ HGO 2 [ IRUG

* HP DQ 6 WXDUWDQG 0 DUN - RKQVRQ 3 UREDELOW DQG VWDWVWLFV LQ FRP SX
WOWRQDOAQJ XLVWFV D EULHI UHYLHZ , QWHUQDOS XE AFDWRQ ' LYLVLRQ RI $ SSQHG

0 DWKHP DWFV % URZ Q 8 QLYHUVLW



+ DUULV 7 ( 7 KH 7 KHRU\ RI % UDQFKLQJ 3 URFHVVHV 6 SULQJHU % HUQQ

+ RSFURIW - RKQ ( DQG - HmUH\ 8 OGP DQ , QWRGXFWRQ W $ XWRP DW
7 KHRU\ / DQJXDJHV DQG & RP SXWWRQ $ GGLVRQ : HVC\
- HOQHN ) UHGHULFN 6 WWOWWVWFDO 0 HWRGV IRU 6 SHHFK 5 HFRJQLWRQ 7 KH

0 ,7 3 UHVV & DP EULGJH 0 DVVDFKXVHWW

DSMQ 5 RQDG 0 DQG - RDQ % UHVQDQ / HL LFDO) XQFWRQDO* UDP P DU

$ IRUP DOV\ VWVHP |RU JUDP P DWFDOUHS UHVHQWDWRQ ,Q - RDQ % UHVQDQ HGLWRU

7 KH 0 HQWO 5 HSUHVHQWWRQ RI * UDP P DWFDO 5 HOWRQV FKDS WU SDJHV
" 7 KH O ,7 3 UHVV
D\ 0 DUWQ -HDQ O DUN * DYURQ DQG 3 HWHU 1 RUYLJ 9 HUEP RELO D

WDQVMDWRQ V\ VWVHP |IRU IDFH W IDFH GLD®RJ & 6/ , 3 UHVV 6 WOQIRUG & DQIRUQLD

/ DUL . DQG 6 - < RXQJ 7 KH HVYWLP DWRQ RI 6 WRFKDVWF & RQWH[ W) UHH
* UDP P DUV XVLQJ WKH ,QVLGH 2 XWLGH DQ RULW P & RP SXWU 6 SHHFK DQG / DQ

JXDJH

/ DuUL . DQG 6 - < RXQJ $ SSAFDWRQV RI 6 WRFKDVWF & RQWH[ W) UHH

* UDP P DUV XVLQJ WKH ,QVLGH 2 XWLGH DQ) RULW P & RP SXWU 6 SHHFK DQG / DQ

JXDJH A
3 RODUG & DUODQG ,YDQ $ 6DJ ,QIRUP DWRQ EDVHG 6\ QW[ DQG 6 HP DQ
WFV 1 XP EHU LQ & 6/ , /| HFWKUH 1 RWHV 6 HULHV & KLFDJR 8 QLYHUVLW 3 UHVV
& KLFDJR
6 KLHE HU 6 WX DUW 0 $ Q ,QWRGXFWRQ WR 8 QLn FDWRQ EDVHG $ SSURDFKHV WR

* UDP P DU & 6/ , /| HFWXUH 1 RWHV 6 HULHV & KLFDJR 8 QLYHUVLW 3 UHVV & KLFDJR



