' 1$ &RP SXWQJ DQG & ILFXIW

&KXDQ =KDQJ
1DWLRQDO ORELOH &RPPXQLFDWLRQV 5
BRXWKHDVW 8QLYHUVLW\ 1DQMLQJ

3XUSOH ORXQWDLQ /DERUDWRULHYV 1DC

)WIRP 7KHRU \R' 1$ ,P SOP HQBMRQV

20H RI WKH FULWLFDO FKDO @H®J 8K\ R L IR
WUDQVLVWRU VFDOLQJ 7R WHKIOW FHR)E VR B\
KDYH EHHQ UHVHDUFKHG DPRQJ ZKLFK DU
VSLQWURQLF FRPSXWLQJ DQG '1$ FRPSXW

&RPSXWLQJ XVLQJ '1$ PDWHULDOV KDV EH
GHFDGHV 'LITHUHQW IURPEWVBG LARIPEEXINQ
FRPSXWLQJ LV LQKHUHQWO\ PDVVLYHO\ SI
VXLWHG IRU FRPSOH[ FRPSXWLQJ 7KH WK
FRPSXWLQJ XVXDOO\ EXLOGV RQ DQ DEVW
FKHPLFDO UHDFW&RTY HVBZ RWDVHG RQ VX
WKHUH DUH PDSSLQJ PHWKRGYVY WKDW FDQ
&51V WR H[SHULPHQWDOO\ LPSOHP H® WIDE\
HQDEOH WKH FRQVWUXFWLRQ RI PRUH FRF
DOVR EHHQ GHWYH GRBRPHGY IURP WKDW VRP|
WULHG WR HVWDEOLVK LQVWUXFWLR@ VH\
2YHUDOO UHVHDUFKHUY DUH FRQVWUXFW
PDQQHU VLPLODU WR FRQVWUXFWLQJ HDU
LQ WKLY DUHD FDQ EH H[SHFWHG LQ WKH

&51V KDYH EHHQ SURYHQ D W\SH RI HIITHF\
FRPSXWLQBWRF®DVWLF FKHPLFDU 6RSIVFW
FDQ ZHOO PRGHO WKH LQWHUDFWLRQV DP
> @ DQG DUKQGXYH Q@ DDKH UHODWLRQ EHW
PRGHO DQG WKH FRQYHQWLRQDO FRQFHS)
DOUHDG\ EHHQ HV @D ERWU\BRWBEKEW PH VSDF
XQERXQGHG FRPSXWDWLRQV 6&51V DUH F



PDFKLQHV ZLWK WLPH FRPSOH[LW\ XQGHU
DQG HUURU SUREDELOLW\ XQGHU DQ-XSSF
XQLYHUMDOHVKRZY WKH VLPXODWLRQ RI L
DQ H[DP®OH&51V DUH DOVR DEOH WR VWL
XQGHU DQ DV\PSWRWLF XSSHU ERXQG RI \
KDYH VHPLOLQH® U&KIPRK DS UHDFWLRQ F
&51 ZLWK LQLWLDO VHWWLQJV LV WKXV D
5HJDUGLQJ WKH FRPSXWDWLRQ FRUUHFW(C
PHWKRG LQ WKH FRQVWUXFWRIRQHR L \&\WH Y
KDV EHHQ SUBSRWYH®G ¥DOLGDWHM YWKDWD G
SUREDELOLW\ FRPSXWDWLRQ WKH SURE
DQVZHU LV DV WLPH DSSURDFKHV LQILQL
&51V $ PRUH UHF BQD\GBRIBIN VHV WKH FRP S
LQ FRQWLQXRXV &51V $ PHWKRG WR FRQ\
SURSRVHG WR U H-SQRRIH VGK K HHAW EDVFD G |

Reactions Logical Function
Inc:C+8§;— 85 +M+C Inc(i,rj)
Dec: S;+ M, — §; .
Dec:C;+ S, — S, + C; dec(i.rj.k)
(a)

Reactions Catalysts

CJI — C.f—1 A*

C,l_~ —> Clr A

CQ — CS A

Co — Cy A*

Ci—0C; A

(b)

JLIXUH7KHVLP X ODRVRBRH JIWNPB R KL @H6 L P X O DRy
ERXQGHGILWPWHKL EHEORPRG XR®WHER LP X OWH
7XULQJ PDFKLQH

6RXUAH ) IRP 6R®RYH. KL NADO> @5 HSLRGXAHGZ L KWWHSHP L M- RR
6SU. QHJ1 DXUH



'LWK VXFK SRZHUIXO FRPSXWLQJ DELOLWL
EXLOG FRPSOH[ IXQFWLRQDO FRPSXWLQJ
WR UHO\ RQ PDQXDO GHVLJQ ZKHQ EXLOGI
KHQFH WKHUH DUH DWWHPSWV WR EXL® G
ILNH FRPSLOHUV RI PRGHUQ SURJUDPPLQJ
VIQWKHVL]H &51V EDVOIEYRQ DKM WKIBE W LR
6\QWD[ Rl KDUGZDUH GHVFULSWLRQ ODQJ:
XVHG@ ZKHUH XVHUV FDQ XWLOL]JH WKH S
FRQVWUXFW WKHLU VIVWHPV LQ D PDQQH!
GHVLJQ 7KHUH DUH DOVR DWWHPSWV WR
VRIWZDUNH GHVFULSWLRQV 2QH FULWLFD
IORZV OLNH OLQHDU IORZ EUDQFK VWDWEF
>@ $QRWKHU UHFHQW @ SQWSBYVEBE®HWRRD
RSHUDWLRQV OLNH DGGLWLRQV DQG VXEW
FRGHV ZULWWHQHYHWIKIHKEUKSWLRQ ODQ
7KHUH DUH VRPH VLPXODWLRQ UHVXOWYV F
VKRZLQJ WKDW &51V FDQ ZHOO SHUIRUP F
%HVLGHV VIOWKHVL]LQJ &51V IURP PDQXD
IRUPXODWLQJ WKH SUREOHP RI &51 GHVLJ
UHDFWLRQV DQG UHODWIB® IS\DIUD E H@HW\VP
607 SUREOHP DQG VROYLQJ WKLV SUREO}
WRRONLWY &51V WKDW VDWLVI\ XVHU VSt
VIOWKHVI@HEGXUH $SDUW IURP &51 FRPSL!
HW D@ WDUJHWV WKH FRFESHLYO-DOW LIRBQURD 6"
8VLQJ '1$ VHTXHQFHV JHQHUDWHG E\ WKH
EH FRQYHQLHQWO\ EXLOW 6LQFH WKH FRI
VIQWKHVLV HDUFFRXQWWWRKH H[SHULPHQWD
VLPSOLILHG



ri:A+B—2X
ro: A+ X — 2A
B+ X—2B

o)’ Fa &J

JLIXUH6WDWH JUDSK ZLWK VWDWH WUDQV
6RXUAH $ CCBWIGILRP 0 XUBK\ HADO> @

7R VKRZ WKH FDSDELOLW\ RI '1$ PDWHULD
PDQ\ UHVHDUFKHUV EHJLQ ZLWK EXLOGLQ
WKH DIRUHPHQWLRQHG VLPXODWALRDMW R}@
WKHUH LV D XQLYHUVDO PROHFXODUGLXWI
PXWDJHQHYLY¥LDQ HW DO HPISJGR\ P R KWLK/RA
LPSOHPHQW &51V EDVHG RQ ZKLFK WKH D
LUUHYHUVLEOH DQG UHYHU@LE%QHMVVW B ¥ NV
WR EXLOG 7XULQJ PDFKLQHV VRPH UHVHEL
'1$ VWUDQG GLVSODFHPHQW UHDFWLRQV |
'1$ FRPSXWHUV 7KHG6Z®UN'F¥FQQHGH ,QVW
OXOWLSOH$DW® OHYHUDJHV WKH FDVFDG|
GLVSODFHPHQW UHDFWLRQV %\ LQWURG X
WKDW XWLOL]JH GLIIHUHQW DUUDQJHPHQW
FRPSOH[HV WR UHSUHVHQW 3~ DQG 3 ~ GLC
SUHJLVWHUV" PXOWLVWUDQGHG FRPSOHJ[}
'1$ VWUDQGYV WKDW HTXDO WR H[HFXWLQJ
'1$ VWUDQGY FDQ EH DWWDFKHG GLVSODF
FRPSOH[HV KHQFH FKDQJLQJ WKH HQFRGH
SUHJLVWHUV ~ $Q H[DPSOH RI 5XOH)LJIXMW




Mark string "01"

Attached
I I I

Attached
| | | | | I I
I
L
l

Detect a string with at least three consecutive 1's
Initiate state change of internal 1's

Attached

| I | | | | I | | I |
p—— | | | | | | I | | | |
| I | I I | I | | | |
- | | | | | | I | | I
L I_I_I_r. r_r I | _I_r_rl
L ] | | 111y || | | ] ] | ;"
Change state to 0
Attached
I | | I | |
— e | |

: rrrrH-rrrHTn“‘I-rrﬁTn-r'Tnf m-r'vn-"'rrrrﬁ-rrr'

| I I I I I I I | I |
| | |

Complete state change

Attached Attached
| I I I l I I I I I I
| I
ll“” IIIII””lI“lmeTlI”I |“|1[|” IIII:"'

rrptrers et e ot et e -

- rrrptrersth P T e

Displaced

"

" Detached

"

* Detached

Y
Displaced



JLIXUH ,PSOHPHQVRDIXIORQ $XWRPDWRGLIIH
DUUDQJHRIK®SWUQ JTEHV W U [¥Q @NKILDFFKH O/AD LK
'1$ FRSOW[HSDUBWEB/KBGQHWSUHVHDWE
UHVSHFWKMBIMHFXWLA OVWUXVRRREHF L1SF
VWUDDRGM GG HABRV KM\V W BWPR. QL W MCKVBRV W D F |
GHWDFKPHIABLYSODFHRRKXS®HUS VWUDQE!
FRPELQIRWORRKQ VW U X IF KV G IHAHW DRAWUHH O DRM I
UHVXOWLQJ LQ VWDWH WUDQVLWLRQV RI "
LQVWUXFWLRQV

6RXUAH 0 RGLL BIWRP : DQJI HADO>_ @

'LWK WKH FRPSXWLQJ SRZHU RI &51V RQH
LPSOHPHQW VXFK IRUPDO UHDFWLRQV LQ
UHDFWLRQV 6RORYHLFKLN HW DO SURS®
EDVHG RQ ZKLFK WKHRUHWLFDOO\ GHVLJC
UHDFWDQWY FDQ EH UHDGLO\ PDSSHG WR
UHDFWLRQV 7KH NLQHWLF IHDWXUHV RI R
DSSUR[LPDWHO\ UHWDLQHG DV SURYHG E
JRU ELPROHFXODU UHDFWLRQV 4LDQ HW I
VWUDQG GLVSODFHPBOWRURHDF WX RIQVRUPLC
/KH PRGHO FDQ DGGUHVV ERWK UHYHUVLE
UHDFWLRQV XQLPROHFXODU UHDFWLRQV
FDQ EH VLPLODUO\ FRQVWUXFWaH GZK([LE K UL
WKDW ELPROHFXPD@ BEH PPWERQVWR '1$ VV
GLVSODFHPHQW UHDFWLRQ FDVFDGH LV E
JOXRURSKRUH H[SHULPHQWY SURYH WKDW
RYHUDOO VLPXODWH WKH LQLWLDO IRUPD
PDSSLQJ PRGHOV DUHJSURYLGHG LQ



™ ™ pecies | 19t
idariifier
1 g | b ol 234
| i l ,1-' o 5:5—.55: 14 2° 3' 4" 5° 6"
RESE | S Li Hi Bi
M7 7 “Speams |
' i 123 562 4 q 2
L P = N\ 2Z45 8, 56 12 7
| T 345 6 i A
X | o 12 345 6 .
lzess B8t g Hi Qi
Wasletk =g
r Species [
56 12 7 87 5 -
—— — 12 _7:'/ Dmax ~_ 612 7 112 7 8 ‘g_b |
i & 12* 7 > B* 12* 7* 1 X [
Ti Waste 2 __.
(@)
To Fork,
| .tf._a.._‘ b W ror
| A N T
T N
a ﬂ_}_ b ror g fa a tb b r Ig. tror
W b bt B b e B a b bt g
Joing g Join, -2 Join,g—3
[ e ,
Jor, e |- Lok ey
D 1 D 0 " *
dhgeitn b Ky ol peaug or A, e ke lW ke tih
R PP 1.q-'- [ - L (1 i otet ot ottt otgt ittt ettt ortoagt
Forkg Fork—1 Fork.—2 Fork.—3
(b) + +
Ag "Ba

- — - —
A —————— . — - —

™" T T"A T8 T

i gy
| n T *x+ w T
cocsmena —_
X
— e —]
*

X Ap Ba

A B - 4
L G e (B

X T T A TSB TS
— e—-

T T T A TR T

XNy 'Az‘ *B'i‘
LY . - e
L. 5 T N .-A.._T-'..EL.L'
h——_——-——-—————-
ke e P P

— — —

T I A h
A ptualepf I
I A
— — —
LB’
“fo‘tT'YT A B TS
P S L S Sy —
4———.-..—-.-.—
T T oY T AT T B
G .
T I B T B
— L

— e ]

ST *x- Ty T A T8
— e e ae————a——--
—_—

(c) TR Ty TF CAT Tt B T



JLIXUH 'LDJUDRVWKH S LPSOHPHQWDRGLHRIY
ODSSLPRGHRIELPROHEXOBWLLR QYKMVZBEHDF\
D U\M DQLHQ W RVH V WX\PL @/ K H UW MR H D F WR @@H/Y H U
DQRQHUUH Y HD @ BEGAK LLWG H Y HWWD EWWE Q DWW
SURGXFWV Rl WKH IRUPDO UHDFWLROQ

6RXUAH 0 RGLLL BIURP 6R®RYH. KL MADO> @

ES5HDFWIHRQRI® %> & %\FDVFD@HYBGIDAS OD F
U H D F WW RREXW & YW HXIDVZEL\V S O D BISG Q H WD W DU
ZHOO UHVHUYHG

6RXUAH $ CCBWIGIURP &KHQHADO> @

F ,PSOHPHQWDWLRQ RI ELPROHFXODU UF
6RXUAH $CCBWIGILRP 4L QHADO> @

,Q FRQFOXVLRQ IURP WKH SHUVSHFWLYH
FKHPLFDO PDWHULDOV DUH SRZHUIXO FRP
SHUIRUPLQJ XQLYHUVDO FRPSXWLQJ DQG
XWLOL]JHG E\ GHVLJQHUV WR FUHDWH FRP!
IXQFWLRQV 7R IXOO\ H[SORLW WKH FRPS)
PDWHULDOV WKHUH DUH UHVHDUFKHV IRF
RUJDQL]DWLRQ PHWKRGV RI &51V DQG WK
LPSOHPHQWDWLRQ RI VXFK VIVWHPV ORU|
FRPSXWLQJ DUH H[SHFWHG LQ IXWXUH ZRI

$ SSTFDRARQ 6 SFULF' 1$ &UFXIW

,Q RUGHU WR WDNH DGYDQWDJH RI WKH P
UHVHDUFKHUVY GR QRW RQO\ XVH '1$ FRPS
PDFKLQH EXW DOVR WU\ WR HPSOR\ LW IR
WKRVH LQYROYLQJ FRPSOH[ SUREOHPV 7}
DULVLQJ ZKHQ DSSO\LQJ '1$ FRPSXWLQJ II
LV HQFRGLQZRWUOHG WHDQDOV WR WKH LQS X
DQG WKHQ GHFRGLQJ WERB ED VN JQD/OR/ Dt
FRPSXWDWDRH 7KH RWKHU RQH LV KRZ W
UHDFWLRQV IRU VSHFLILF IXQFWLRQV



| b Xo 2
- ——t
Computation b4
X

X |
—_— Encc:u:lerl ; CRNs | vy | Decoder —+

ALIXUH 7KHVA\VWEBMHUIRUPL@QBEBRGIFRP SXWDQ
GHFRGLQJ VLIQDOV LQ &51V
6

RXUAH ) URP 6 DBKLHADO> - @5 HSURGXAHGZ LKWHSHP LM RR $P HL BQ
&KHP L BBBRAL W

,Q RUGHU WR XVH WKH FRQFHQWUDWLRQYV
YDULDEOHV YDOXHV UHVHDUFKHUV KDYH
HQFRGLQJ + WKH GLUHFW UHUIDV Y § SUDHWL
> @ DQG WKH IUDFWLRQEEO UM SWKHV @ QWM
UHSUHVHQWDWLRQ YDOXHV RI DOO YDULL
RI PROHFXODU W\SHBLOQUWMEH H/DXONDWLR
EHWZHHQ FRQFHQWUDWLRQV RI WZR VSHF
YDULDEOH ,Q WKH IUDFWLRQDO UHSUHVH
GHWHUPLQHG E\ UDWLRV RI WZR PROHFXO
7R EH VSHFLILF; HLV WIKH IUDFWLRQDO UH

YDULDEIOMV YDOXKOLV@ > @ ZKHUH > @ GH(
FROFHQWUDWLRQV RI PROHFXODU W\SHV

$IWHU GHILQLQJ WKH YDULRXV LQSXW VLJ
RQH Rl WKH WKUHH W\SHV RI HQFRGLQJ U
WKH VI\VWHP FDQ EH RAR®LYQDEU WE UIRN UKWQ W
2'(V )YRU &51 DQDO\VLVY PDVV DFWLRQ N
SURSHU NLQHWI@& YRKHPHVY DFWLRQ NLQH

FKHPLFDO UHDFWLRQ LV SURSRUWLRQDO
UHDFWDQWYVY )RU LQVWDQFH FRQVLGHU D

X, +X;, = X

6LQFH WKH UHDFWLRQ ILUHV > @& 3@ BRBWHNS
UHDFWINR @@ ZKHNUIHY UDWH FRQVWDQW D\
UHDFWLRQ ZH FDQ PRBEHD (W WDR/OUMHDAW LR C

d[X,]

T —k[ X, 11X;]



d[X, ]

= = —kIX]IX,]
diX;]
d; = k[X,1[X,]

2'( VLPXODWLRQ LV D FRQWLQXRXV GHWHI
NLQHWLFV

$Q DOWHUQDWLYH DSSURDFK WR DFKLHYL
LV UHIHUUHG WR DV VWR BK DRRPISHD V¥ HBBXDLD
GHWHUPLQLVWLF PRGHOLQJ VWRFKDVWLF
VWRFKDVWLF DQG WKH FRPSXWDWLRQ LV

0DQ\ UHVHDUFKHUV KDYH LQYHVWLJDWHG
ORJLF ZLWK PROHFXODU UHDFWLRQV LQF
DQG VHTXHQWLDO FRPSRQHQWYVY )RU FRPE
LQYHUWHU LV WKH VLPSOHVW EXW YHU\ L
PRUH FRPSOLFDWHG VWUXFWXUHV VXFK D
PXOWLSOLHUV ZLOO PDNH XVH RI LW ,Q D
LPSOHPHQWHG E\ LPSOHPHQWLQJ WKH WU
W\SHV UHSUHVHQWLQJ D@G 7KK HALPISPOW LL
PHWKRGV IRU GLILWDO FRPELQDWLRQD@ |

7DNH WKH $1' JDWH DV DQGA$IBRWSORIJILRFUIWD'
LPSOHPHQWHG E\ PROHF®O bXSEBHRNVHW.REB V
JDWH, DDUHGD QG WKH RXWEBXSHEWLYHO\ 7K
RXWSXW VLIQDOV DUH UHSUHVHQWH& R \

DQ& = ,I| WKH Y.DDXH RNKHQ@LD@M@OEH WUDLQQ\
$FFRUGLQJ WR WKH WDUJHW ORJLF IXQFW
GHVLJQHG DV

Xo+ 4, - Xy + 4,

Yo+ 24, = Yy + 4,

X, +Y, = X, +Y,+Z



27! — @
Z' + 7y — Z,

ZKHZHAUHSUHVHQWYV DR LIGIGHHAMGRED Q EH
WUDQVIHUUHG WR DQ H[WHUQDO VLQN LQ¢
DQDO\VLV RI LQYHUWHU DQG $1' JDWH LPES
UHDFWLRQV FDQ EH DSSOLHG WR H[SODLGQ
25 DQG 1$1@ ZKLFK IRUP WKH EDVLF EO
PXOWLSOLHUV DQG GLJLWDO VLJQDO SURI

JRU VHTXHQWLDO FRPSRQHQWY DOO PRG}
FORFN VLJQDOV 6HTXHQWLDO GLJLWDO O
WZR FDWHJRULHV V\QFKURQRXV FLUFXLW
GHSHQGLQJ RQ ZKHWKHU WKH FLUFXLWV I
QRW $ VX¥FWIDRQRILOPDWHRUVI\QFKURQL]D
PHFKDQLVP LV LQWURGXFHG WR LPSOHPH:
PROHFXODU UHDFWLRQV ZKLFK KDYH EHH
ELRORJ\ FRPPXQLW\ $MHE[PHEO®HB*KV RVFLC
> + @ ZKLFK LV ILUVW SURSRVHG E\ > @
DQ RUGHU IRU WKH WUDQVIRUPDWLRQ RI |
FRXQWHU LPSOHPHQWHG E\ PROHFXODU U
DOVR XVHIXO IRU JHQHUDWLQJ D JOREDO
SHDFWLRQV LQ DQ 5*% RVFLOODWRU DUH
FDWHJRULHV + UHG JUHHQ DOQG EOXH 4X
EHWZHHQ FRORU FDWHJRULHY DFFRUGLQJ
WKLUG FDWHJIRUKDV

b+R—=G+b
r+G—=B+r

g+B—-R+g

+HUH 5 * DQG % DUH LQWURGXFHG PROH
WKH *DEVHQFH LQGLFDWRUV~ FRUUHVSRQ!
DQG DUH FRQWLQXDOO\ JHQHUDWHG DV



B —r

R+r—=R

7KH IHDWXUH RI LQGLFDWRUV TXLFNO\ FR
PROHFXOHY DVVXUHV WKDW WKH VXFFHHC
UHDFWLRQV LQ D JLYHQ SKDMHJKDY HL WKP\§
DLG RI VXFK FORFN VLJQDOV DQDORJ FLU
DGGLWLRQ VXEWUDFWLRQ PXOWLSOLFDW
LPSOHPHQWHG ZLWK PROKFXODU UHDFWLI

Ty

8 - B

UL

a0 100 150 200 250 300
{a} (b:]' Time (h)

JLIXUH D6HXHQRIK HD FWRRVW K USKHD ¥ B REDYV
RQ WKH 5*% RVFLOODWRU

6RXUAH $EBWGIWRP . KDIDP HADO> . @

E2'(-EDVMGPXO RN A& HP LR D@HRNWKEHUR S F
1-SKD¥BO RKMUH ZKHWKMHP SOLWRGHH T X HX
RVFLOODWLRQ ZDYHV FDQ EH DGMXVWHG

BRXUH ) LIRP -L QU HADD> @5 HSLRGXAHGZ LKWMHSHP LM RR $P HL BQ
&KHP L BECBRAL W/

$VIQFKURQL]DWLRQ FLUFXLWY DUH LPSOH
FRPSXWDWLRQ RI ELRFKHPLFDO PRGXOHYV
GHVLIJQV LW LV DQDORJRXV WR KDQGVKD
D VSHFLILF PROHFXODU W\SH WKH PRGXO
VHTXHQFH RI UHDFWLRQV LV SUHYHQWHG
XQGHU SURSHU@FRQWURO >

Concentration (nM)
(55 ]




6HYHUDO UHVHDUFKHU\DWBYHQ W XR Q H\GR WK
LPSOHPHQWDWLRQ RI PRUH FRPSOLFDWHC
> + @ 6DOHKL@HWUNVOW SRLQWYV RXW WKD
EH FRQYHUWHG WR PROHFXODU GHVLJQV '
GHVLJQ RI PROHFXODU ILOWHUY DQG FKD(
FRGLQ@® >'1$ FRPSEBDNLIPE YHFWRU PDFKLQF
QHXUDO QHWZRUNV KDYH EHHQ SURSRVHC
FRPSOH[ GHVLJQ LVVXHV UDLVHG E\ QRQO
DUH DSSOLHG WR DSSUR[LPDWH D IX@F$VL
SRO\QRPLDO LV D PDWKHPDWLFDO H[SUHYV
FRHIILFLHQWY LWV RSHUDWLRQV DUH OLF
DGGLWLRQ DQG QRQQHJDWLYH LQWHJHU
QXFOHXV RI GHVLJOLQJ IXQFWLRQV ZLWK
LPSOHPHQW DGGLWLRQ VXEWUDFWLRQ D
UHDFWLRQV

7DNH WKH DGELAPDMRDQ HI[DPSOH 7KH FRUI
FKHPLFDO UHDFWLRQV DUH GHVLJQHG DV

A—=C

B—=C

ZKHUH WKH FRQFHQWUDWLRQV RI PROHFX
WKH YD@EHD RGUHVSHFWLYHO\ $V ERWK V
WUDQVIHUUHG WR & WKH FRQFHQWUDWLR
FRQFHQWUDWLRQV RI $ DQG % DQESPHO\ W

'LJLWDO VLIJQDO6SURRBXOQOHYIVXFK OBMVWO)
JRXULHU WUDDVSRBPHVVRUV DUH RI JRRG
SHUIRUP D ZLGH YDULHW\ RI IXQFWLRQV .
WUDG LS RQIDFDSHRQLF LQWHY$B VW&H GG RLU I
LPSOHPHQW '63 DOJRULWKPV VLQFH WKH\
RI PROHFXODU FRPSXWLQJ OHWKRGV IRU
XVLQJ VIQFKURQRXV 5*% DQG DV\QFKURC
GHPRQVWUDWHG LQ GH@DLOIJRUBQG



JLIXUH $ IROGHGIBRRLQR/XEIDUD QWGHIO® O XH G
SURFHVVRU

6RXUH ) LRP - L QU HADD> @5 HSLRGXAHGZ LKWMHSHP LM RR $P HL BQ
&KHP L BEOBRAL W/

Xy Yy o

xz vz
KE
Xo = Xp+X7p
I
K . Ks K, - ot
xl.,ﬂ _E Y‘I.;:-"_VEJJ Exp - x_z'p XBP — Y."T X 51 _:'51 z
k k L
Kk g 3
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ks ks
2X4.,U —3x8_p X,D_}Y,D

(i (i (i)
JLIXUHOROHFXEGDBWRBOQHOHPRRYWH7 SURFH
LQLIXUH
6RXUH ) LRP - L QI HADD> @5 HSLRGXAHGZ LKWMHSHP LM RR $P HL BQ
&KHP L BEOBRAL W/

,Q WKH ILHOG RI V\QMKMH\XLAWEAKVHREL FFCROJ L F
SOD\HG D FUXFLDO UROH 2QH LQWHUHVW
FROQVWUXFWLRQ WHFKQLTXHYVY DQG VFDOH
ODUJHU PROHFXODU FLUFXL®VWNDW WR QW
EXLOGLQJ EORFNV FDOOHG '1$ JDWH PRWI
DEVWUDFW PRGHO IRU-WHCHO B HY$ Q. BRE XA
DXWKRUV VKRZ WKDW IROORZLQJ WKH SUF



IHHG IRUZDUG GLJLWDO FLUFXLWV FDQ EH
IURP WKLY FRQVWUXFWLRQ PHWIGRSUHKVHBEC
GHVLJQ RI UHODWLYHO\ FRPSOH[ GLJLWDC
VIVWHPV 7KH GHVLJQ-UDLEDVHGS IR @ GDDODC
SVHHVDZ  JDWH_BRWKILEK HQDEOHV ORJLF
$1' 25 DQG 127 WR EH LPSOHPHQWHG E\ '
UHDFWLRQV 6XFK ORJLF JDWHV DUHELWR Y
VTXDUH URRW '1$ FLUFXLW LV FRQVWUXFV
WKH VFDODELOLW\ DQG FRPSXWLQJ FDSDE

Ne) DQ H[SHULPHQWDO PHWKRG WR LPS
FRPSXWDWLRQ ZDV@SURWRVHE GLVSODFHP
WKDW LPSOHPHQW OLQHDU WKUHVKROG 1>
QHXUDO QHWZRUNYV FDQ EH SHUIRUPHG LC
$ VLPSOH EXW LOQOWHUHVWLQJ H[SHULPHQV
PHPRU\ YDOLGDWHV WKH IXQFWLRQDOLW\
SRZHUIXO '1$ UHPSOWMPR@WDWLRQ Rl QHXU
FRPSXWLQJ ZDV S® R%DFHG RW R BQ W F K
> @ FRPSXWDWLRQ LQ QHXUDO QHWZRUN
DQG WKUHVKROGLQJ RI ELQDU\ LOQSXW GD
UHDFWLRQV ZLWK KLJK DFFXUDF\ $Q H[DF
QXPEHUVOR®RPILHG 1DWLRQDO ,QVWLWXWF
7HFKQRORJB7 GDWDEMmM NKRZV WKDW VXFK
FRPSOH[ FRPSXWDWLRQV DUH DEOH WR E}
GLVSODFHPHQW UHDFWLRQV 7KRXJK WUD
SHUIRUPHG LEDVHGLFRPSXWHUV WKH DSS
SRWHQWLDO RI '1$ PDWHULDOV LQ EXLOGI
VIVWHPV ,0Q LPSOHPHQWDWLRQ RI SU
EDVHG RQ '1$ VWUDQG GLVSODFHPHQVW® UK
WKH IDEULFDWHG V\VWHP LQSXW VLJQDO
VLIJQDOV ZLWK SUHGHILQHG SUREDELOLWI
IXQFWLRQDOLW\ RI VXFK '1$ FLUFXLWV

/TR FRQFOXGH WKH GHVLJQV RI PROHFXOL
GHVLJQ KLHUDUFK\ 6WDUWLQJ IURP HPSO
PHWKRGYV VXFK DV IUDFWLRQDO HQFRGLQ.
PROHFXODU FLUFXLW PRGXOHV VXFK DV O
%DVHG RQ WKDW PRUH FRPSOH[ IXQFWLR
FRPSXWDWLRQ FDQ EH UHDOL]J]HG 7KHUH
VLOIFRVHG KDUGZDUH WKDW FDQ EH LPSO



RI FKHPLFDO PDWHULDOV ZKLFK ZLOO EH
UHVHDUEFK

$ FNQRZ GIGI P HQW
KLV UHVHDUFK ZDV VXSSRUWHG LQ SDUW
DQG LQ SDUW E\ WKH -LDQJVX 3URY

<RXQJ 6FKRODUV XQGHU JUDQW %. |
3HDN 3URJUDP RI -LDQJVX 3URY.LEH X QL
SDUW E\ WKH 'LVWLQJXLVKHG 3HUIHFWLRC
S8QLYHUVLW\ LQ SDUW E\ WKH )XQGDPHQW
&HQWUDO 8QLYHUVLWLHVY DQG LQ SDUW E
S8QLYHUVLW\

S5 HHHQFRV

6RORYHLFKLN ' &RRN 0 :LQIUHH LDWD
&RPSXW +

&RRN 0 6RORYHLFKLN ' :LQIUHH ( D

SURJUDPPDELOLW\ RIFKHPLFDO$OHBBWWI
%LRSURFAMDBWEKW DO &RPSXWLQJ 6HULHYV

+DUHO -1 .RN HW DO + %YHUOLQ
&KHQ + 'RW\ ' DQG 6RORYBIWF KARNP S XV
*
&XPPLQJV 5 'RW\ ' DQG 6RORY WL R
*
&KDON & .RUQHUXS 1 5HHYHV D Q (

&RPSRVDE-QB GHDIHRPGHQW FRPSXWDWLRC
FKHPLFDO UHDFWLR Q VQHWZRWNRQDD® &R
&RPSXWDWLRQDO OHWKRGV LQt6\VWSIBWNC

6RORYHLFKLN ' O6HHOLJ * D3R FLQILW
$FDG 6FL 8 6 $ +

&KHQ < 'DOFKDX 1 O6ULQLY¥DW 1DGRW
+



9DVLF 0 B6RORYHLFKLN ' DQG .KXUVKL
PROHFXODU SURJUDPPR®J) OPRSIXEEIHL QJ

+XDQJ -LDQJ - 5 +XDQJ 5 DQG &KF
SURJUDP FRQWURO IORZV LQWR ELRFKHI
((( $&0 ,QWHUQDWLRQDO &RQIHULIGIFH'R
&&S$ +

'DQJ % &KDON & DQG 6RORYHLFKLN
LOQVWUXFWLRQ PXOWLSOH GDWD FRPSX"
GLVSODFHPHQW FODWHDQBWLRQDO &RQIH
&RPSXWLQJ DQG OROHFXODU+3URBSDEPU

OF4XDUULH ' $ $SSO 3URED=E

6KHD $ )HWW % 5LHGHO 0' DQG 3I
FRPSLOLQJ FRGH L QW RYELRFRMHPAW WQAE |
'RUOG 6FLHQWLILF

OXUSK\ 1 3HWHUVHQ 5 3KLOGOL SBRF$
L, QWHUIDFH

7KXEDJHUH $ - 7KDFKXN & 9%HUWMHD Q
&RPPXQ

%HDYHU ' '1$ %DVHG &RPSXW

4LDQ / B6RORYHLFKLN ' DQG :LQIUHH

XQLYHUVDO FRPSXWDWLRQ Z'1W K RIPSS S RI
DQG OROHFXODU 3URJUDPPLQJ /HFWXUF
6FLHQNHRO +

6DOHKL 6 $ 3DUKL .. DQG 5LHGHO ¢
UHDFWLRQ QHWZRUNV IRU FRE6%BWQALWHE S
+ $&6 3XEOLFDWLRQV

&KHQ +/ 'RW\ ' DQG 6RORY¥&L RIRIONH
RQ ,QQRYDWLRQV LQ 7KHRUHWLFDO &RP

+RUQ ) DQG -DFNVRQFK 5DWLRQ OHFK
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&KHQJ % DQG 5LHGHO O 6WRFKD
ELRFKHPLFDO V\VWHPY DQG LWV DSSOLF
ELRFKHPLFDO ORWLRRBEBMGXW L, Q4f

LDQJ + G5LHGHO 0' DQG 3DUKL . .
PROHFXODU UHDFWLKR®¥0 ,@WHUQDWLRGC
&RQIHUHQFH RQ$&EBASXWHWUIQ ,&&$' ,(((

*H /| =KRQJ = :HQ ' HW DODQV ORO
OXO®HDOH &RPPXQ@

.LDQJ + .KDUDP $ 3 G5LHGHO 0' DQ
VIQWKHVLV IORZ IRU GLJLWDO VLJQDO S
UHDFWLRQV,((Q$&0 ,QWHUQDWLRQDO &R
&RPSXWHMHG 'HVLIQ ,&&$' ,(((

.LDQJ + 5LHGHO 0' DQG 3DUKL . .
VHTXHQWLDO FRPSXWDWLRQ ZL V8K RRHOHH
RI WKH WK 'HVLJQ $XWRPDW+RQ &RQIH

-LDQJ + 6DOHKL 6 $ 5LHGHO 0 $&6QC
6\QWK %LR@

_KDUDP $ -LDQJ + B5LHGHO 0 DQG 3
FRXQWLQJ ZLWK FKHPL%DRFRIPSKWILRQN

JL 0 *H / <RX :; DQG =KDQJ &
EDVHG RQ DQDORJ VLJQDO ZLWK PRQKF>
,QWHUQDWLRQDO &RQIHUHQFH RQ*&R,REC

JHWW % DQG 5LHGHO 0 ORGXOF
VIQWKHVLV ,(Q $&0  QWHUQDWLRQDO &R
&RPSXWHWHG 'HVLIQ ,(((

6DOHKL 6 $ /LX ; 5LHGHO 0' BRIG ¢
SHS
/ILX ; DQG 3DUKL . . OROHFXODU

QHXUDO QHWZRUNYV YLD((UDPWORQ Q@ AR
&LUFXLWYV 6\VW =



/ILX ; DQG 3DUKL . . 7UDLQLQJ '1
IUDFWLRQDO FRGIUG $M@ORPDU &RQIHUH
6\WVWHPV DQG &RPEXWHUYV

/ILX ; DQG 3DUKL . . &RPSXWLQJ
VXSSRUW YHFWRU PDFKLQH XVLQJ '"1$ Yl

SURFHHGLQJVY RI WKH WK $QQXDO '"HVL.
+

6DOHKL 6 $ -LDQJ + 5LHGHO 0 ',(DQ
7UDQV ORO %@ RIO KRR P X Qt

6DOHKL 6 $ 5LHGHO 0 DQG 3DUKL
GLVFWHWH VLIQDO SURFHVVLQJ ZLWK PF
WK $VLORPDU FRQIHUHQFH RQ VLJQDO"
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