
$OJRULWKP#
(IILFLHQF\
+&DUUDQR/#&KDSWHU#<,

0HDVXULQJ#WKH#(IILFLHQF\#RI#
$OJRULWKPV
◆ &RQVLGHU#WZR#DOJRULWKPV#WKDW#SHUIRUP#
WKH#VDPH#WDVN

◆ :KDW#GRHV#LW#PHDQ#WR#FRPSDUH#WKH#
DOJRULWKPV"

◆ +RZ#FDQ#ZH#FRQFOXGH#RQH#LV#EHWWHU/#
VD\/#PRUH#HIILFLHQW WKDQ#WKH#RWKHU"

◆ :KDW#DUH#WKH#IDFWRUV#WKDW#DIIHFW#WKH#
HIILFLHQF\#RI#DQ#DOJRULWKP"



$QDO\VLV#RI#$OJRULWKPV
◆ $OJRULWKP#DQDO\VLV#WHFKQLTXHV#DOORZV#XV#
WR#FRQWUDVW#WKH#HIILFLHQF\#RI#GLIIHUHQW#
VROXWLRQV#IRU#D#SUREOHP

◆ $OJRULWKPV#PXVW#HIILFLHQWO\#XVH#WLPH DQG#
PHPRU\

◆ $OJRULWKP#DQDO\VLV#WHFKQLTXHV#IRFXVHV#
RQ#JURVV#GLIIHUHQFHV#LQ#DOJRULWKP#
HIILFLHQF\#

◆ :H#ZLOO#IRFXV#RQ#WLPH#HIILFLHQF\

:K\#QRW#MXVW#PHDVXUH SURJUDP#
H[HFXWLRQ#WLPH"

◆ ZK\#GRQ¶W#ZH#VLPSO\#UXQ#WKH#SURJUDP#DQG#PHDVXUH#
WKH#WLPH#LW#WDNHV#WR#UXQ"

◆ H[HFXWLRQ#WLPH#GHSHQGV#XSRQ#D#QXPEHU#RI#
GLIIHUHQW#IDFWRUV#VXFK#DV=
± SURJUDPPLQJ#WHFKQLTXHV
± SURJUDPPLQJ#ODQJXDJH#+ODQJXDJH#IHDWXUHV,
± FRPSLOHU
± RSHUDWLQJ#V\VWHP
± FRPSXWHU#DUFKLWHFWXUH#
± LQSXW#GDWD

◆ PHDVXULQJ#LPSOHPHQWDWLRQV GRHV#QRW#WHOO#XV#PXFK#
DERXW#WKH#IXQGDPHQWDO#QDWXUH#RI#WKH#SURJUDP



,VVXHV
◆ ,Q#DQDO\]LQJ#DOJRULWKPV/#ZH#ZRXOG#OLNH#WR#GHYHORS#
IXQGDPHQWDOV#³ODZV´#WKDW#DUH#LQGHSHQGHQW RI#VXFK#
FRQVLGHUDWLRQV#DV
± SURJUDPPLQJ#WHFKQLTXHV
± SURJUDPPLQJ#ODQJXDJH#+ODQJXDJH#IHDWXUHV,
± FRPSLOHU
± RSHUDWLQJ#V\VWHP
± FRPSXWHU#DUFKLWHFWXUH#
± LQSXW#GDWD

◆ )RU#WKLV#FRXUVH/#ZH#DUH#DVVXPLQJ#WKH##YRQ#1HXPDQQ#
DUFKLWHFWXUH1#0RVW#FRPSXWHUV#DUH#EDVHG#RQ#WKLV#
DUFKLWHFWXUH1##,Q#WKHRU\/#EHWWHU#SHUIRUPDQFH#FDQ#
VRPHWLPHV#EH#REWDLQHG#XVLQJ#PXOWLSURFHVVRU#
DUFKLWHFWXUHV/#EXW#WKDW#LV#RXWVLGH#WKH#VFRSH#RI#WKLV#FRXUVH

◆ &RQVLGHU#OLQNHG0OLVW#WUDYHUVDO=
SWU\7SH &XU# #+HDG> +4 DVVLJQPHQW,
ZKLOH#+&XU#$ #18//,#^ +1.4 FRPSDULVRQV,
FRXW ??#&XU0!,WHP#??#HQGO> +1 ZULWHV,
&XU# #&XU0!1H[W> +1 DVVLJQPHQWV,

`
◆ ,I#DVVLJQPHQWV/#FRPSDULVRQV/#DQG#ZULWH#RSHUDWLRQV#WDNH#D/#F/#DQG#Z
WLPH#XQLWV/#UHVSHFWLYHO\/#WKHQ=
± OLVW#WUDYHUVDO#WDNHV=#+1.4,#-#+D.F,#.#1#-#Z WLPH#XQLWV
± 7KDW#LV/#WLPH#UHTXLUHG#WR#ZULWH#1 QRGHV#LV#SURSRUWLRQDO#WR#1

◆ &RQVLGHU#RXU#VROXWLRQ#WR#7RZHUV#RI#+DQRL=
± )RU#D#SUREOHP#ZLWK#1 GLVNV/#ZH#UHTXLUH#51 0 4 PRYHV
± ,I#HDFK#PRYH#UHTXLUHV#WKH#VDPH#WLPH#P/#WKH#VROXWLRQ#WDNHV#+51 0
4,#-#P WLPH#XQLWV



◆ &RQVLGHU#WKH#FRGH#VHJPHQW=
IRU#+,# #4#WR#1,
IRU#+-# #4#WR#,,
IRU#+.# #4#WR#8,

VWDWHPHQW#[> +W WLPH#XQLWV,

◆ 7RWDO#WLPH=#
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$OJRULWKP#*URZWK#5DWHV
◆ $Q#DOJRULWKP¶V#+L1H1/#D#VROXWLRQ¶V,#WLPH#UHTXLUHPHQW#
FDQ#EH#H[SUHVVHG#DV#D#IXQFWLRQ#RI#WKH#SUREOHP#VL]H

◆ 3UREOHP#VL]H#GHSHQGV#RQ#WKH#SDUWLFXODU#SUREOHP1#
([DPSOHV=
± QXPEHU#RI#QRGHV#LQ#D#OLQNHG0OLVW
± QXPEHU#RI#GLVNV#LQ#WKH#7RZHU#RI#+DQRL#SUREOHP
± VL]H#RI#DQ#DUUD\
± QXPEHU#RI#HOHPHQWV#LQ#D#VWDFN#HWF1

◆ 7KH#LPSRUWDQW#WKLQJ#LV#WR#ILQG#RXW#KRZ#TXLFNO\#WKH#
WLPH#RI#DQ#DOJRULWKP#JURZV#DV#D#IXQFWLRQ#RI#WKH#
SUREOHP#VL]H

◆ 7KLV#LV#FDOOHG#DQ#DOJRULWKP¶V#JURZWK#UDWH



1

/RJ#1##+DOJRULWKP#$,

1##+DOJRULWKP#%,

1#-#/RJ#1##+DOJRULWKP#&,

15##+DOJRULWKP#',1651

9DOXH#RI
JURZWK0UDWH#
IXQFWLRQ

2QFH#ZH#NQRZ#WKH#JURZWK#UDWH#RI#DOJRULWKPV/#
ZH#FDQ#GR#FRPSDULVRQ¶V=

.HHSLQJ#RXU#SHUVSHFWLYH
◆ 6XSSRVH#ZH#WDNH#D#SURJUDP#DQG#
UXQ#LW#RQ#VHYHUDO#PDFKLQHV

◆ )RU#HDFK#PDFKLQH/#ZH#PHDVXUH#WKH#H[HFXWLRQ#
WLPH#IRU#VHYHUDO#YDOXHV#RI#Q

◆ 6XSSRVH#ZH#QRWLFH#WKDW#QR#PDWWHU#ZKLFK#+YRQ#
1HXPDQQ,#PDFKLQH#ZH#XVH/#
WKH#H[HFXWLRQ#WLPH#DSSHDUV#WR#EH#D#TXDGUDWLF#
IXQFWLRQ#RI#Q +L1H1/###########################,

◆ :H#ZLOO#FRQVLGHU#WKLV#WR#EH#D#IXQGDPHQWDO#
SURSHUW\#RI#WKDW#SURJUDP#RU#DOJRULWKP

T n an bn c( ) = + +2



◆ 6XSSRVH#WKDW#WKH#H[HFXWLRQ#WLPH#IRU#
DOJRULWKP#$#LV#D#TXDGUDWLF IXQFWLRQ#RI#Q

◆ 6XSSRVH#WKDW#WKH#H[HFXWLRQ#WLPH#IRU#
DOJRULWKP#%#LV#D#OLQHDU IXQFWLRQ#RI#Q

◆ 6XSSRVH#WKDW#WKH#H[HFXWLRQ#WLPH#IRU#
DOJRULWKP#&#LV#DQ#H[SRQHQWLDO IXQFWLRQ#
RI#Q

◆ :H#VD\#WKDW#WKHVH#6#DOJRULWKPV#EHORQJ#
WR#6#GLIIHUHQW#FRPSOH[LW\#FODVVHV
+EDVHG#RQ#SDUWLFXODU#IXQFWLRQV#RI#Q,

◆ )RU#ODUJH#SUREOHPV#+L1H1/#DV#Q EHFRPHV#YHU\#
ODUJH,/#KLJKHU0RUGHU#WHUPV#ZLOO#GRPLQDWH#DOO#RI#
WKH#UHVW

◆ ([DPSOH=

:H#PLJKW#ILUVW#WKLQN#WKDW#ZH#FDQ#LJQRUH#WKH#Q0
VTXDUHG#WHUP#EHFDXVH#LWV#FRHIILFLHQW#LV#VR#
VPDOO# EXW#HYHQWXDOO\/#WKLV#WHUP#ZLOO#EH#PXFK#
ODUJHU#WKDQ#WKH#RWKHUV

◆ :H*G#OLNH#WR#FKDUDFWHUL]H#DQ#DOJRULWKP#ZLWK#D#
VWDWHPHQW#VXFK#DV#
%$ UHTXLUHV#WLPH#SURSRUWLRQDO#WR#####%

T n n n( ) . . .= + +0 0001724 0 4 2132
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20QRWDWLRQ
◆ :H#XVH#D#FRQYHQWLRQ#FDOOHG#20QRWDWLRQ#
+RU#³ELJ020QRWDWLRQ´,#WR#UHSUHVHQW#GLIIHUHQW#
FRPSOH[LW\#FODVVHV

◆ ([DPSOH=
ª:H#VD\#WKDW#7+Q,#LV##########/#RU#ZH#VD\#
WKDW#7 LV#RI#TXDGUDWLF#FRPSOH[LW\

◆ ([DPSOH=
ª:H#VD\#WKDW#7+Q,#LV#

◆ ([DPSOH=
ª:H#VD\#WKDW#7+Q,#LV

O( )n2
T n an bn c( ) = + +2

T n an b( ) = +
O( )n

T n a cn( ) = +2
O( )2n

'HILQLWLRQ#RI#20QRWDWLRQ
◆ /HW#Q DQG#0 EH#SRVLWLYH#LQWHJHUV/#DQG#
OHW#. EH#D#SRVLWLYH#UHDO#QXPEHU

◆ :H#VD\#WKDW#K+Q,#LV#2+I+Q,,#LI#WKHUH#H[LVWV#
SRVLWLYH#FRQVWDQWV#. DQG#0 VXFK#WKDW=

◆ ,I#ZH#VD\#WKDW#DQ#DOJRULWKP#UXQV#WR#
FRPSOHWLRQ#LQ#2+I+Q,,#VWHSV/#WKLV#PHDQV#WKDW#
WKH#DFWXDO#QXPEHU#RI#VWHSV#LV#QR#PRUH#WKDQ#
D#FRQVWDQW#WLPHV#_I+Q,_/#SURYLGHG#Q LV#ODUJH#
HQRXJK

( ) ( ) ,h n K f n n M≤ ∀ ≥



0DQLSXODWLQJ#20QRWDWLRQ
◆ 8VXDOO\/#ZH#FDQ#GR#WKLV#TXLFNO\=
± LGHQWLI\#WKH#GRPLQDQW#WHUP
± LJQRUH#OHVVHU#WHUPV
± LJQRUH#DQ\#FRHIILFLHQW#WKDW#WKH#GRPLQDQW#WHUP#
PD\#KDYH

◆ ([DPSOH= 3
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6RPH#FRPPRQ#FRPSOH[LW\ FODVVHV

◆ FRQVWDQW 2+4,

◆ ORJDULWKPLF 2+ORJ#Q,
◆ OLQHDU 2+Q,
◆ Q ORJ#Q 2+Q ORJ#Q,
◆ TXDGUDWLF

◆ FXELF

◆ H[SRQHQWLDO

◆ H[SRQHQWLDO

O( )n2

O( )n3

O( )2n

O( )10n



&RQVLGHU#VHTXHQWLDO#VHDUFK
◆ *LYHQ#DQ#DUUD\#RI#1 LWHPV
◆ :H#ORRN#DW#HDFK#LWHP#VWDUWLQJ#IURP#WKH#
EHJLQQLQJ/#XQWLO#ZH#ILQG#WKH#GHVLUHG#
LWHP#RU#ZH#UHDFK#WKH#HQG

◆ %HVW#FDVH= WKH#GHVLUHG#LWHP#LV#WKH#ILUVW#
LWHP#+D#VLQJOH#FRPSDULVRQ>#KHQFH#2+4,,

◆ :RUVW0FDVH=#WKH#GHVLUHG#LWHP#LV#WKH#ODVW#
RQH#+1 FRPSDULVRQV/#KHQFH#2+1,,

◆ $YHUDJH0FDVH=#WKH#GHVLUHG#LWHP#LV#LQ#WKH#
PLGGOH#+125 FRPSDULVRQV>#KHQFH#2+1,,

&RQVLGHU#ELQDU\#VHDUFK#+4,
◆ *LYHQ#DQ#DUUD\#RI#1 LWHPV
◆ ,QVSHFW#WKH#PLGGOH#LWHP#RI#DQ#DUUD\#RI#VL]H#1
◆ ,QVSHFW#PLGGOH#LWHP#RI#DQ#DUUD\#RI#VL]H#125
◆ ,QVSHFW#PLGGOH#LWHP#RI#DQ#DUUD\#RI#VL]H#1255/#
DQG#VR#RQ

◆ :KDW#LV#WKH#ZRUVW0FDVH#FRPSOH[LW\"
± +RZ#PDQ\#LQVSHFWLRQV#ZLOO#ZH#SHUIRUP"
± /HW¶V#VD\#1# #5N/#IRU#VRPH#N
± :RUVW0FDVH=#N#GLYLVLRQV2FRPSDULVRQV#
± 7KXV/#WKH#FRPSOH[LW\#LV#2+N,# #2+ORJ5 1,



&RPSOH[LW\#RI#ELQDU\#VHDUFK#+5,
◆ :KDW#LI#1 LV#QRW#D#SRZHU#RI#5"
± :H#FDQ#ILQG=#5N04 ?#1#?#5N

± 7KH#DOJRULWKP#ZRXOG#VWLOO#UHTXLUH#DW#PRVW N
GLYLVLRQV1#,W#IROORZV#WKDW=
N#0 4#?#ORJ5 1#?#N
N#?#4#.#ORJ5#1##?#N#.#4
N# #4#.#ORJ5#1#URXQGHG#GRZQ

±7KXV/#WKH#FRPSOH[LW\#LV#VWLOO#2+ORJ5 1,
◆ ,Q#JHQHUDO/#WKH#DOJRULWKP#LV#2+ORJ5 1,#LQ#
WKH#ZRUVW0FDVH#IRU#DQ\ 1

◆ :H#KDYH#ORRNHG#DW#VHYHUDO#DOJRULWKPV#
DOUHDG\=
ªVHTXHQWLDO#VHDUFK= 2+Q,
ªELQDU\#VHDUFK= 2+ORJ#Q,
ªVHOHFWLRQ#VRUW=
ª7RZHUV#RI#+DQRL=
+)RU#WKH#7RZHUV#RI#+DQRL#VROXWLRQ/#
QRWLFH#WKDW#WKH#³VL]H#RI#WKH#SUREOHP´#LV#
QRW#WKH#OHQJWK#RI#DQ#DUUD\,

O( )2n
O( )n2



:K\#DUH#ZH#VR#REVHVVHG#ZLWK#OHDUQLQJ#
WKH#FRPSOH[LW\#FODVV#RI#DQ#DOJRULWKP"

◆ 6XSSRVH#DQ#DOJRULWKP#WDNHV#H[DFWO\#
7+Q,#PLFURVHFRQGV#WR#FRPSOHWH
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:RUVW0FDVH#DQG#DYHUDJH0FDVH#
DQDO\VLV

◆ 8VXDOO\#ZH#DQDO\]H#DQ#DOJRULWKP*V#
ZRUVW0FDVH#EHKDYLRU#+LW#LV#HDVLHU#WR#
GHWHUPLQH,

◆ ,Q#VRPH#FDVHV/#DYHUDJH0FDVH#EHKDYLRU#LV#
PRUH#XVHIXO#
+EXW#LW#LV#XVXDOO\#PXFK#PRUH#GLIILFXOW#WR#
HYDOXDWH,



6XPPDU\
◆ 7KH#HIILFLHQF\#RI#DQ#DOJRULWKP#LV#GHWHUPLQHG#LQ#
WHUPV#RI#LWV#JURZWK0UDWH

◆ 7KH#JURZWK0UDWH#RI#DQ#DOJRULWKP#WHOOV#XV#KRZ#
TXLFNO\#WKH#DOJRULWKP#JURZV#DV#D#IXQFWLRQ#RI#
WKH#³VL]H#RI#WKH#SUREOHP´

◆ &RPSXWDWLRQDO#FRPSOH[LW\#RI#DQ#DOJRULWKP#LV#
UHSUHVHQWHG#XVLQJ#WKH#20QRWDWLRQ

◆ 8VLQJ#20QRWDWLRQ/#ZH#FDQ#FODVVLI\#DOJRULWKPV#
WR#EHORQJ#WR#GLIIHUHQW#³FRPSOH[LW\#FODVVHV´

◆ :H#ZRXOG#OLNH#WR#DYRLG#DOJRULWKPV#WKDW#DUH#RI#
H[SRQHQWLDO#FRPSOH[LW\


