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$XWRQRPRXV ELRORJLFDO V\VWHPV DUH YHU\
FRPSOH[ LQ WKHLU QDWXUH� 7KHLU VWXG\�
WKURXJK ERWK H[SHULPHQWDWLRQ DQG
FRPSXWDWLRQ� SURYLGHV D PHDQV WR
XQGHUVWDQG WKH XQGHUO\LQJ PHFKDQLVPV LQ
OLYLQJ V\VWHPV ZKLOH LQVSLULQJ WKH
GHYHORSPHQW RI WHFKQRORJLFDO DSSOLFDWLRQV�
([SHULPHQWDWLRQ� FRQVLVWLQJ RI GDWD
JDWKHULQJ� JHQHUDWHV SUHGLFWLRQV WR EH
YDOLGDWHG E\ H[SHULPHQWDWLRQ RQ DUWLILFLDO
V\VWHPV� &RPSXWDWLRQDO PRGHOV SURYLGH WKH
XQGHUVWDQGLQJ IRU WKH XQGHUO\LQJ G\QDPLFV�
DQG VHUYH DV EDVLV IRU VLPXODWLRQ DQG
IXUWKHU H[SHULPHQWDWLRQ� 7KH ZRUN
SUHVHQWHG KHUH LQYROYHV DQDO\]LQJ KRZ
SUHGLFWLYH PRGHOV FDQ EH JHQHUDWHG IURP
ELRORJLFDO V\VWHPV DQG WKHQ EH XVHG WR GULYH
URERWLF H[SHULPHQWV� DQG FRQYHUVHO\� KRZ
FDQ UHVXOWV IURP URERWLF H[SHULPHQWV GULYH
DGGLWLRQDO QHXURHWKRORJLFDO GDWD JDWKHULQJ�
7KLV SURFHVV UHTXLUHV D YDULHW\ RI
YLVXDOL]DWLRQ WHFKQLTXHV LQ PRGHOLQJ DQG
VLPXODWLRQ RI LQFUHDVLQJO\ FRPSOH[ V\VWHPV�

�� ,QWURGXFWLRQ,QWURGXFWLRQ

7KH VWXG\ RI DXWRQRPRXV ELRORJLFDO V\VWHPV
FRPSULVHV D F\FOH RI ELRORJLFDO H[SHULPHQWDWLRQ�
FRPSXWDWLRQDO PRGHOLQJ DQG URERWLFV
H[SHULPHQWDWLRQ� DV GHSLFWHG LQ )LJXUH �� 7KLV F\FOH

�
7KLV UHVHDUFK LV VXSSRUWHG E\ WKH 1DWLRQDO 6FLHQFH

)RXQGDWLRQ LQ WKH 8�6� �JUDQW �,5,��������� DQG
&21$&\7 LQ 0H[LFR �JUDQWV ����������&����$ DQG
����������&����$�

VHUYHV DV IUDPHZRUN IRU WKH VWXG\ RI WKH XQGHUO\LQJ
QHXUDO PHFKDQLVPV UHVSRQVLEOH IRU EHKDYLRU LQ
DQLPDOV DQG WKH LQVSLUDWLRQ IRU GHVLJQLQJ
DXWRQRPRXV URERWLF V\VWHPV�
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)LJXUH �� )UDPHZRUN IRU WKH VWXG\ RI OLYLQJ
RUJDQLVPV WKURXJK F\FOHV RI ELRORJLFDO
H[SHULPHQWDWLRQ� FRPSXWDWLRQDO PRGHOLQJ� DQG
URERWLFV H[SHULPHQWDWLRQ�

:KLOH PXFK ZRUN KDV EHHQ GRQH RQ
H[SHULPHQWDWLRQ RQ OLYLQJ DQLPDOV DQG WKH
GHYHORSPHQW RI ELRORJLFDO DQG DUWLILFLDO QHXUDO
PRGHOV LQ GHYHORSLQJ EHKDYLRUDO PRGHOV IRU URERWLFV�
WKHUH H[LVWV D YHU\ OLPLWHG HIIRUW WR LQWHJUDWH DFURVV
WKH GLIIHUHQW PRGHOLQJ OHYHOV FXUUHQWO\ DSSOLHG WR

WKH VWXG\ ELRORJLFDO V\VWHPV LQ D VLQJOH XQLILHG
DSSURDFK� 7ZR H[LVWLQJ SURMHFWV� �(FRORJLFDO 5RERWV�
$ 6FKHPD�WKHRUHWLF $SSURDFK� >$UNLQ HW DO� ����@
DQG �0XOWL�OHYHO 6LPXODWLRQ 0HWKRGRORJ\� $
&RPSXWDWLRQDO DQG ([SHULPHQWDO $SSURDFK WR
1HXUDO 6\VWHPV� >:HLW]HQIHOG HW DO� ����E@� KDYH WKH
JRDO WR GHYHORS D PXOWL�OHYHO VLPXODWLRQ
PHWKRGRORJ\ WR DQVZHU VRPH RI WKH TXHVWLRQV DULVLQJ
LQ KLJKO\ FRPSOH[ QHXUDO V\VWHPV ZKLFK VLQJOH OHYHO



PRGHOV FDQQRW� 7KHVH ELRORJLFDO QHXUDO V\VWHPV DUH
VWXGLHG SULPDULO\ ZLWK UHVSHFW WR IRXU GLIIHUHQW
OHYHOV RI DQDO\VLV� DXWRQRPRXV URERWLF DJHQWV�
EHKDYLRU� QHXUDO QHWZRUNV� DQG GHWDLOHG QHXURQV� DV
VKRZQ LQ 7DEOH ��

/HYHOV R/HYHOV RI $I $QDO\VLQDO\VLVV 7KHRUHWLFDO $SSURDFK�7KHRUHWLFDO $SSURDFK�
6LPXODWLR6LPXODWLRQQ 7RRO7RRO

�� $XWRQRPRXV URERWLF

DJHQWV

6HQVRUV�$FWXDWRUV�

0LVVLRQ/DE
�*HRUJLD7HFK�

�� %HKDYLRU 6FKHPDV�
$6/ �,7$0��
0LVVLRQ/DE
�*HRUJLD7HFK�

�� 1HXUDO 1HWZRUNV 1HXUDO (OHPHQWV�
16/ �,7$0�86&�

�� 1HXURQV &RPSDUWPHQWDO PRGHOV�
&DEOH 7KHRU\� +RGJNLQ�
+X[OH\� LRQ FKDQQHOV�
*(1(6,6 >%RZHU DQG
%HHPDQ� ����@�
1(8521 >+LQHV� ����@

7DEOH �� 0XOWL�OHYHO DQDO\VLV IRU WKH
XQGHUVWDQGLQJ RI DXWRQRPRXV ELRORJLFDO
V\VWHPV�

• $W WKH KLJKHVW OHYHO� DXWRQRPRXV URERWLF DJHQWV

DUH GHVLJQHG WR LQWHUDFW ZLWK WKH ZRUOG YLD
VHQVRUV DQG DFWXDWRUV� 7KHVH DJHQWV DUH
VLPXODWHG LQ YLUWXDO URERWV DQG LPSOHPHQWHG LQ
UHDO URERWV ZLWK V\VWHPV VXFK DV 0LVVLRQ/DE
>0DF.HQ]LH HW DO� ����@� $XWRQRPRXV URERWLF
DJHQWV DUH H[HPSOLILHG E\ ELRORJLFDOO\ LQVSLUHG
V\VWHPV� VXFK DV WKH FRPSXWDWLRQDO IURJ � UDQD
FRPSXWDWUL[� >$UELE� ����@� WKH FRPSXWDWLRQDO
SUD\LQJ PDQWLV >&HUYDQWHV HW DO� ����D@� WKH

FRPSXWDWLRQDO FRFNURDFK >%HHU� ����@� DQG WKH
FRPSXWDWLRQDO KRYHUIO\ >&OLII� ����@�

• $W WKH EHKDYLRU OHYHO� QHXURHWKRORJLFDO GDWD

IURP OLYLQJ DQLPDOV LV JDWKHUHG WR JHQHUDWH
VLQJOH DQG PXOWL�DJHQW V\VWHPV WR VWXG\ WKH
UHODWLRQVKLS EHWZHHQ DQ DJHQW DQG LWV
HQYLURQPHQW� JLYLQJ HPSKDVLV WR DVSHFWV VXFK DV
FRRSHUDWLRQ DQG FRPSHWLWLRQ EHWZHHQ DJHQWV� ,Q
RXU SURMHFW� DJHQW EHKDYLRU LV GHVFULEHG LQ WHUPV

RI SHUFHSWXDO DQG PRWRU VFKHPDV >$UELE� ����@
GHFRPSRVHG DQG UHILQHG LQ D UHFXUVLYH IDVKLRQ�
%HKDYLRUV� DQG WKHLU FRUUHVSRQGLQJ VFKHPDV� DUH
VLPXODWHG YLD WKH DEVWUDFW VLPXODWLRQ ODQJXDJH
$6/ >:HLW]HQIHOG� ����@� ([DPSOHV RI
EHKDYLRUDO PRGHOV LQFOXGH WKH SUD\LQJ PDQWLV
&KDQWOLWOD[LD �VHDUFK IRU D SURSHU KDELWDW�
>&HUYDQWHV HW DO� ����D@ DQG WKH IURJ DQG WRDG
SUH\ DFTXLVLWLRQ DQG SUHGDWRU DYRLGDQFH PRGHOV
>&REDV DQG $UELE� ����@�

• $W WKH QHXUDO QHWZRUN OHYHO� QHXURDQDWRPLFDO

DQG QHXURQSK\VLRORJLFDO GDWD DUH XVHG WR
JHQHUDWH SHUFHSWXDO DQG PRWRU QHXUDO QHWZRUN
PRGHOV FRUUHVSRQGLQJ WR WKH VFKHPD PRGHOV
GHYHORSHG DW WKH EHKDYLRUDO OHYHO� 7KHVH PRGHOV
WU\ WR H[SODLQ WKH XQGHUO\LQJ PHFKDQLVPV IRU
VHQVRULPRWRU LQWHJUDWLRQ� 1HXUDO QHWZRUNV DUH
VLPXODWHG YLD WKH QHXUDO VLPXODWLRQ ODQJXDJH
16/ >:HLW]HQIHOG DQG $UELE�
����@>:HLW]HQIHOG HW DO� ����D@� 1HXUDO QHWZRUN
PRGHOV DUH H[HPSOLILHG E\ WKH SUH\ DFTXLVLWLRQ
DQG SUHGDWRU DYRLGDQFH QHXUDO PRGHOV
>&HUYDQWHV HW DO� ����E@� 7KHVH PRGHOV KDYH WKH
SDUWLFXODU FKDUDFWHULVWLF RI LQFRUSRUDWLQJ
DGDSWDWLRQ DQG OHDUQLQJ� VXFK DV WKH UHWLQR�
WHFWDO�SUHWHFWDO QHXUDO FLUFXLWU\ PRGXODWHG E\
OHDUQLQJ SURFHVVHV UHVSRQVLEOH IRU KDELWXDWLRQ
>)ORUHV� ����@�

• $W WKH GHWDLOHG QHXUDO OHYHO� HOHFWURFKHPLFDO

QHXUDO PHFKDQLVPV DUH VWXGLHG WR XQGHUVWDQG
GLIIHUHQW QHXUDO SKHQRPHQD� VXFK DV SUHV\QDSWLF
LQKLELWLRQ LQ WKH FRQWURO RI V\QDSWLF VHOHFWLYLW\
>(JXLEDU HW DO� ����@� 7KHVH GHWDLOHG QHXUDO
PRGHO LQWHQGV WR SURYLGH UHILQHG QHXUDO
PHFKDQLVP ZKHUH VLPSOLILHG RQHV DUH QRW
HQRXJK� VXFK DV LQ JDWLQJ QHWZRUNV >-DFREV HW DO�
����@�

:KLOH VLQJOH OHYHO PRGHOLQJ LQYROYHV E\ LWVHOI D JUHDW
FRPSOH[LW\� WKH JUDQG FKDOOHQJH LQ WKLV PXOWL�OHYHO
PHWKRGRORJ\ LV WR LQWHJUDWH DFURVV WKH GLIIHUHQW

PRGHOLQJ OHYHOV LQ RUGHU WR H[SODLQ SKHQRPHQD
ZKLFK VLQJOH OHYHOV FDQQRW� )URP D V\VWHP
V
VWDQGSRLQW� LW LV QHFHVVDU\ WR LQWHJUDWH EHWZHHQ WKH
GLIIHUHQW VLPXODWLRQ DQG H[SHULPHQWDWLRQ WRROV
>:HLW]HQIHOG HW DO� ����F@� )URP D PRGHOHU
V
SHUVSHFWLYH� LW LV HVVHQWLDO WR FRPSUHKHQG WKH
VLPXODWLRQ
V UHVSRQVH� SDUWLFXODUO\ FKDOOHQJLQJ
ZKHQ LQYROYLQJ KLJKO\ FRPSOH[ PRGHOV� 7RROV
FXUUHQWO\ XVHG WR VXSSRUW WKLV SURFHVV LQFOXGH
FRPSLOHG ODQJXDJHV IRU PRGHOLQJ� VFULSWLQJ
ODQJXDJHV IRU VLPXODWLRQ� YLVXDO SURJUDPPLQJ
ODQJXDJHV� JUDSKLFDO LQWHUIDFHV� YLVXDOL]DWLRQ
WHFKQLTXHV� FRQFXUUHQW DQG GLVWULEXWHG SURFHVVLQJ�
QXPHULFDO PHWKRGV� DQDO\VLV WRROV DQG VLPXODWLRQ
PHWKRGRORJLHV� 9LVXDOL]DWLRQ SOD\V D FULWLFDO UROH
ERWK LQ V\QWKHVL]LQJ QHZ PRGHOV� XVLQJ D WRS�GRZQ
DQG ERWWRP�XS DSSURDFK� DQG LQ DQDO\]LQJ WKH
PRGHO
V VLPXODWLRQ UHVXOWV� (DFK DQDO\VLV OHYHO
LQYROYHV LWV RZQ FRPSOH[LW\� UHTXLULQJ DSSURSULDWH
YLVXDOL]DWLRQ WHFKQLTXHV� )XUWKHUPRUH� WKHUH LV WKH
DGGLWLRQDO FRPSOH[LW\ RI LQWHJUDWLQJ DFURVV WKH
GLIIHUHQW PRGHOLQJ OHYHOV�



�� 0RGHOLQJ0RGHOLQJ

��� $XWR��� $XWRQQRPRXRPRXVV 5R5REERWLRWLFF $JHQWV$JHQWV

$XWRQRPRXV URERWLF DJHQWV FDQ EH HLWKHU VLPXODWHG
LQ D YLUWXDO ZRUOG RU H[HFXWHG LQ WKH UHDO ZRUOG� 7KH

MissionLab architecture is specially suited for this
task, since the model built needs only to be bound to
the corresponding environment without any changes
to the model itself. This is achieved by performing
sensors and actuator binding to software or
hardware devices, independent from model
construction. MissionLab, as a simulation and
execution system, incorporates graphical user
interfaces, reusable software libraries, a simulation
facility, and the capability to download executable
robot code for a range of real mobile platforms,
ranging from teams of small robots to human sized
vehicles [Arkin and Balch, 1997], as shown in
Figure 3.

)LJXUH �� 9DULHW\ RI UHDO ZRUOG DXWRQRPRXV
URERWLF DJHQWV VXSSRUWHG E\ WKH 0LVVLRQ/DE
V\VWHP�

In terms of virtual worlds, Figure 4 shows an
example of computational frog (rana computatrix)
pursuing a prey (worm), interposed by a barrier.

)LJXUH �� &RPSXWDWLRQDO IURJ LQ D SUH\ DQG
EDUULHU VHW XS�

��� %HKDYLRUV��� %HKDYLRUV

%HKDYLRUV DUH JHQHUDOO\ GHVFULEHG E\ HWKRJUDP� DV
WKH RQH VKRZQ LQ )LJXUH �� FRUUHVSRQGLQJ WR WKH
SUD\LQJ PDQWLV
 &KDQWOLWOD[LD >&HUYDQWHV HW DO�
����D@� 7KLV FRQGXFW WDNHV SODFH ZKHQ H[SORULQJ WKH

SUD\LQJ PDQWLV H[SORUHV LWV HQYLURQPHQW �ZKHQ QRW
PDWLQJ� KXQWLQJ� HWF���
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 (The action of releasing
the ootheca with the eggs).

)LJXUH �� 3UD\LQJ 0DQWLV
 &KDQWOLWOD[LD

(WKRJUDP�

$QRWKHU H[DPSOH RI EHKDYLRU LV VKRZQ LQ )LJXUH ��
7KHVH WZR ILJXUHV DUH WDNHQ IURP WKH SUH\
DFTXLVLWLRQ ZLWK GHWRXU PRGHO > &RUEDFKR DQG $UELE�
����@� FRUUHVSRQGLQJ WR )LJXUH �� :KHQ WKH EDUULHU
LQ IURQW RI WKH SUH\ LV ZLGH DQG KLJK HQRXJK� WKH
DJHQW �LQ WKLV FDVH WKH WRDG� ZLOO DGYDQFH GLUHFWO\
LQWR WKH EDUULHU LQ DQ DWWHPSW WR FDWFK WKH SUH\�
$IWHU PDQ\ WULDOV OHDUQLQJ WDNHV SODFH DQG WKH DJHQW
LV DEOH WR GHWRXU GLUHFWO\ DURXQG WKH EDUULHU�

)LJXUH �� /HIW� 7RDG DGYDQFHV GLUHFWO\ WR PLGGOH
RI EDUULHU� WU\LQJ UHSHDWHGO\ WR JR WKURXJK RQH RI
WKH JDSV EHWZHHQ DGMDFHQW SRVWV� 7KLV FRQWLQXHV
XQWLO WKH WRDG UHDFKHV WKH HGJH RI WKH EDUULHU
IURP ZKHUH LW DGYDQFHV GLUHFWO\ WR WKH SUH\�
5LJKW� $IWHU OHDUQLQJ� WRDG DGYDQFHV WR EDUULHU
V
HGJH� DYRLGLQJ KLWWLQJ WKH EDUULHU� DQG WKXV�
VXFFHVVIXOO\ FRPSOHWLQJ WKH GHWRXU EHKDYLRU�

��� 6FKHPDV��� 6FKHPDV

6FKHPDV DUH WKH SULPLWLYH HQWLWLHV IRU PRGHOLQJ

EHKDYLRUV LQ DXWRQRPRXV URERWLF DJHQWV� ,Q RUGHU WR
VXSSRUW FRPSOH[ DGDSWLYH EHKDYLRUV� VFKHPDV GHILQH
D KLHUDUFKLFDO GLVWULEXWHG PRGHO IRU DFWLRQ�
SHUFHSWLRQ FRQWURO� ZKHUH HDFK VFKHPD LQFRUSRUDWHV
LWV RZQ VWUXFWXUH DQG FRQWURO PHFKDQLVPV� 6XFK D



VFKHPD PRGHO LV VXSSRUWHG E\ 0LVVLRQ/DE� ZLWK
SDUWLFXODU HPSKDVLV RQ DXWRQRPRXV URERWLF DJHQWV

�YLUWXDO RU UHDO�� DQG WKH PRUH JHQHUDO Abstract
Schema Language�$6/). $6/ SURYLGHV D
PXOWLWKUHDGLQJ GLVWULEXWHG DUFKLWHFWXUH IRU WKH
H[HFXWLRQ RI D ODUJH QXPEHU RI VFKHPDV GHVFULEHG
YLD FRPSLOHG FRGH� DQ LQWHUDFWLYH VKHOO FRQVROH DQG

YLVXDOL]DWLRQ WRROV >&DOGHUDV DQG 0iUPRO� ����@� In
particular, ASL incorporates the DELOLW\ WR LQWHJUDWH
ZLWK QHXUDO QHWZRUNV SURFHVVLQJ WKURXJK LWV
LQWHJUDWLRQ WR WKH 1HXUDO 6LPXODWLRQ /DQJXDJH

16/� Both in MissionLab and ASL, schemas
FRUUHVSRQG PRUH WR D VSHFLILFDWLRQ ODQJXDJH UDWKHU
WKDQ WR DQ H[SOLFLW SURJUDPPLQJ ODQJXDJH� $W WKH
KLJKHU DEVWUDFWLRQ OHYHOV� WKH GHWDLOHG VFKHPD
LPSOHPHQWDWLRQ LV OHIW XQVSHFLILHG� RQO\ VSHFLI\LQJ
ZKDW LV WR EH DFKLHYHG� $W D ORZHU OHYHO� VFKHPD DUH
LPSOHPHQWHG� ZKHUH GLIIHUHQW LPSOHPHQWDWLRQV PD\

FRUUHVSRQG WR D VLQJOH VFKHPD� in particular neural
networks� The schema FRPSXWDWLRQDO model is
shown in Figure 7.

schema
instance

schema
instance

data in

data out

schema
instance

neural schema other process

)LJXUH �� 6FKHPD KLHUDUFKLFDO FRPSXWDWLRQDO PRGHO�

$W WKH WRS� D KLJK OHYHO VFKHPD LV VKRZQ GHFRPSRVHG
LQWR WZR ORZHU OHYHO VFKHPDV� 7KLV KLHUDUFKLFDO

PRGHOLQJ LV WKH EDVLV IRU FRPSRVLWLRQ� NQRZQ DV
VFKHPD DJJUHJDWHV� RU DVVHPEODJHV� :KHQ DW WKH
VDPH OHYHO� VFKHPDV DUH LQWHUFRQQHFWHG �VROLG
DUURZV�� RU ZKHQ DW GLIIHUHQW OHYHOV� KDYH WKHLU WDVN
GHOHJDWHG �GDVKHG DUURZV�� 6FKHPD LQWHUIDFH FRQVLVWV
RI PXOWLSOH XQLGLUHFWLRQDO FRQWURO�GDWD� LQSXW DQG
RXWSXW SRUWV� DQG D ERG\ ZKHUH VFKHPD EHKDYLRU LV
VSHFLILHG� &RPPXQLFDWLRQ LV LQ WKH IRUP RI
DV\QFKURQRXV PHVVDJH SDVVLQJ� KLHUDUFKLFDOO\
PDQDJHG� LQWHUQDOO\� WKURXJK DQRQ\PRXV SRUW
UHDGLQJ DQG ZULWLQJ� DQG H[WHUQDOO\� WKURXJK

G\QDPLF SRUW FRQQHFWLRQV DQG UHODEHOLQJV� When
doing connections, output ports from one schema
are connected to input ports from other schemas,
and ZKHQ GRLQJ UHODEHOLQJV� SRUWV RI VLPLODU W\SH
IURP VFKHPDV DW GLIIHUHQW OHYHOV DUH OLQNHG WR HDFK

RWKHU. 7KH KLHUDUFKLFDO SRUW PDQDJHPHQW

PHWKRGRORJ\ HQDEOHV WKH GHYHORSPHQW RI GLVWULEXWHG
DUFKLWHFWXUHV ZKHUH VFKHPDV PD\ EH GHVLJQHG DQG
LPSOHPHQWHG LQGHSHQGHQWO\ DQG ZLWKRXW SULRU
NQRZOHGJH RI WKH FRPSOHWH PRGHO RU WKHLU ILQDO
H[HFXWLRQ HQYLURQPHQW� HQFRXUDJLQJ FRPSRQHQW
UHXVDELOLW\� 7KLV DSSURDFK VXSSRUWV ERWK WRS�GRZQ
DQG ERWWRP�XS V\VWHP GHVLJQ�
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)LJXUH �� 6FKHPD PRGHO KLHUDUFK\ IRU WKH WRDG
V
SUH\ DFTXLVLWLRQ DQG SUHGDWRU DYRLGDQFH
EHKDYLRUV�

)LJXUH � VKRZV WKH VFKHPD PRGHO KLHUDUFK\
FRUUHVSRQGLQJ WR WKH WRDG
V SUH\ DFTXLVLWLRQV DQG
SUH\ DYRLGDQFH PRGHO >&REDV DQG $UELE� ����@� 7KH
KLJKHVW OHYHO� VFKHPD OHYHO �� GHVFULEHV WKH GLIIHUHQW
EHKDYLRUV EHLQJ PRGHOHG� SUH\ DSSURDFK DQG
SUHGDWRU DYRLG� DQG WKH SHUFHSWXDO DQG PRWRU
VFKHPDV� LQ WKLV FDVH� YLVXDO LQSXW DQG IRXU W\SHV RI
PRWRU DFWLRQ� IRUZDUG� RULHQW� VQDS DQG GXFN �� 7DVNV
DW WKLV OHYHO DUH GHOHJDWHG WR WKH QH[W OHYHO GRZQ�

VFKHPD OHYHO �� ZKHUH VFKHPDV SHUIRUP PRUH UHILQHG
WDVNV� ,Q WKLV PRGHO� ERWK WKH SUH\ DSSURDFK DQG WKH
SUHGDWRU DYRLG VFKHPDV� GHOHJDWH WKHLU WDVNV WR D
VFKHPD DVVHPEODJH FRPSRVHG RI D SUH\�SUHGDWRU
UHFRJQL]HU� D SUH\�SUHGDWRU VHOHFWRU� GHSWK DQG
KHDGLQJ WUDQVODWRUV DQG PDSV� 1H[W OHYHO GRZQ� WKH
GLIIHUHQW QHXUDO QHWZRUNV LPSOHPHQW WKH QHXUDO
WDVNV E\ PHDQV RI QHXUDO SURFHVVLQJ� 6FKHPDV
GHOHJDWLQJ WR QHXUDO SURFHVVHV DUH NQRZQ DV QHXUDO
VFKHPDV� ,Q SDUWLFXODU WKH QHXUDO VFKHPDV LQ WKLV
PRGHO DUH LPSOHPHQWHG E\ D 5HWLQD >7HHWHUV DQG
$UELE� ����@� 7HFWXP >&HUYDQWHV DW DO� ����@�
0D[LPXP 6HOHFWRU >'LGGD\� ����@� DQG &XH
,QWHUDFWLRQ >+RXVH� ����@ QHXUDO PRGHO�

6FKHPD PRGHO FRPSOH[LW\ GHSHQGV PRVW
LPSRUWDQWO\ RQ WKH LQWULQVLF FRPSOH[LW\ RI WKH
V\VWHP EHLQJ PRGHO� 7KLV FRPSOH[LW\ FDQ EH
PDQDJHG E\ PRGXODUL]LQJ WKH PRGHO LQWR DV PDQ\
VFKHPDV DQG DEVWUDFWLRQ OHYHOV DV GHVLUHG� 7KH NH\
FKDOOHQJH IRU WKH PRGHOHU LV WR EH DEOH DW DOO WLPHV WR
FRPSUHKHQG WKH FRPSOHWH PRGHO DQG LWV GHWDLOHG



FRPSRQHQWV E\ EHLQJ DEOH WR LQWHUDFW ZLWK WKHP DV D
JURXS DV ZHOO DV LQGLYLGXDOO\� 7KH IROORZLQJ VHW RI
ILJXUHV LV DQ H[DPSOH RI WKH LQKHUHQW FRPSOH[LW\ RI
VRPH RI WKHVH PRGHOV� 7KH PRGHO GHVFULEHG LQ )LJXUH
� GHVFULEHV WKH KLJKHVW VFKHPD OHYHO FRUUHVSRQGLQJ WR
WKH FRQWURO RI VDFFDGHV LQ SULPDWH RFXORPRWRU
EHKDYLRU >'RPLQH\ DQG $UELE� ����@�
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)LJXUH �� 6FKHPDV FRUUHVSRQGLQJ WR PXOWLSOH
EUDLQ UHJLRQV LQYROYHG LQ VHTXHQWLDO VDFFDGH
JHQHUDWLRQ� UHWLQD� EUDLQ VWHP� YLVXDO FRUWH[�
SRVWHULRU SDULHWDO FRUWH[� IURQW H\H ILHOGV�
VXSHULRU FXOOLFXOXV� PHGLDO WKDODPXV� DQG EDVDO
JDQJOLD�

)LJXUH �� GHVFULEHV PRUH GHWDLOHG VFKHPDV IRU WKH

EUDLQ VWHP VDFFDGH JHQHUDWRU�
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)LJXUH ��� 6FKHPDV FRUUHVSRQGLQJ WR EUDLQ VWHP
VDFFDGH JHQHUDWRU RQH OHYHO GRZQ� PRWRU VFKHPDV
IRU OHIW� ULJKW� XS DQG GRZQ H\H PRYHPHQWV� ORQJ
OHDG EXUVW QHXURQV � OOEQ�� IURQWDO H\H ILHOG JDWHV
�IHIBVZLWFKBJDWH�� DQG WRQLF QHXURQV � H\HBWQ�
WR JHQHUDWH DFWXDO H\H PRYHPHQW�

)LJXUH �� GHVFULEHV PRUH GHWDLOHG VFKHPDV

FRUUHVSRQGLQJ WR WKH PRWRU VFKHPD EHORQJLQJ WR WKH
EUDLQ VWHP VDFFDGH JHQHUDWRU� WZR OHYHOV GRZQ IURP
WKH WRS VFKHPD OHYHO� )LJXUH �� GHVFULEHV VFKHPDV
FRUUHVSRQGLQJ WR WKH PRWRU VFKHPD WULJBSDXVH
EHORQJLQJ WR WKH EUDLQ VWHP VDFFDGH JHQHUDWRU� WKUHH
OHYHOV GRZQ IURP WKH WRS VFKHPD OHYHO�
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)LJXUH ��� 6FKHPDV FRUUHVSRQGLQJ WR HDFK PRWRU
EHORQJLQJ WR WKH EUDLQ VWHP VDFFDGH JHQHUDWRU�
H[FLWDWRU\ EXUVW QHXURQ �HEQ�� PRWRU OHDG EXUVW
QHXURQ �POEQ�� DQG D SDXVH WULJJHU
�WULJBSDXVH�� 7KLV GLDJUDP LV WZR OHYHOV GRZQ
IURP WKH WRS OHYHO�
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1x1

)LJXUH ��� 6FKHPDV FRUUHVSRQGLQJ WR SDXVH
WULJJHU �WULJBSDXVH� LQ PRWRU VFKHPD� 7KLV
GLDJUDP LV WKUHH OHYHOV GRZQ IURP WKH WRS OHYHO�
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)LJXUH ��� 6FKHPDV FRUUHVSRQGLQJ WR EUDLQ VWHP
VDFFDGH JHQHUDWRU WRQLF QHXURQV � H\HBWQ�� WZR
OHYHOV GRZQ IURPPDLQ VFKHPD OHYHO�

)LJXUH �� GHVFULEHV PRUH GHWDLOHG VFKHPDV
FRUUHVSRQGLQJ WR WKH WRQLF QHXURQ VFKHPDV
EHORQJLQJ WR WKH EUDLQ VWHP VDFFDGH JHQHUDWRU� WKUHH
OHYHOV GRZQ IURP WKH WRS VFKHPD OHYHO� )LJXUH ��
GHVFULEHV WKH PDLQ WRQLF QHXURQ � WQBPDLQ� VFKHPDV�
IRXU OHYHOV GRZQ IURP WKH WRS VFKHPD OHYHO�
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)LJXUH ��� 6FKHPDV FRUUHVSRQGLQJ WR EUDLQ VWHP
VDFFDGH JHQHUDWRU PDLQ WRQLF QHXURQV
�WQBPDLQ� IURP H\H WRQLF QHXURQV � H\HBWQ��
IRXU OHYHOV GRZQ IURPPDLQ VFKHPD OHYHO�

)LJXUH �� GHVFULEHV PRUH GHWDLOHG VFKHPDV
FRUUHVSRQGLQJ WR WKH IURQW H\H ILHOG VFKHPD� ZKLOH
)LJXUH �� GHVFULEHV PRUH GHWDLOHG VFKHPDV
FRUUHVSRQGLQJ WR WKH VXSHULRU FXOOLFXOXV�
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)LJXUH ��� 6FKHPDV FRUUHVSRQGLQJ WR WKH
VXSHULRU FXOOLFXOXV �VF�� RQH OHYHO GRZQ IURP
PDLQ VFKHPD OHYHO�

7KH SUHYLRXV GLDJUDPV DUH DQ H[DPSOH RI VRPH RI
WKH LQWULQVLF FRPSOH[LW\ LQ VFKHPD PRGHOLQJ� 7KH
DFWXDO PRGHO IRU WKH FRQWURO RI VDFFDGHV LQ SULPDWHV
LV PRUH FRPSOH[� &RPSOH[LW\ LV PXFK PRUH
VLJQLILFDQW ZKHQ FRQVLGHULQJ PRUH EHKDYLRUV DQG
RWKHU EUDLQ UHJLRQV >$UELE� HW DO� ����@�

��� 1HXUD��� 1HXUDOO 1HWZRUNV1HWZRUNV

Neural schemas delegate their implementation to
neural networks processing, as shown in Figure 17:

schema
instance

data in
data out

schema
instance

neural 
schema
instance

complex simple

neural
network

)LJXUH ��� 1HXUDO VFKHPD KLHUDUFK\ VKRZLQJ
WDVN GHOHJDWLRQ WR QHXUDO QHWZRUNV SURFHVVLQJ�

$W WKLV OHYHO� QHXUDO QHWZRUNV DUH FRPSRVHG RI
LQWHUFRQQHFWHG QHXURQ� HDFK RI ZKLFK FRUUHVSRQGV WR
D VLPSOH SURFHVVLQJ XQLW� KDYLQJ PDQ\ LQSXWV DQG D
VLQJOH RXWSXW� DV VKRZQ LQ )LJXUH ���

)LJXUH ��� 6LPSOH QHXUDO HOHPHQW DV EDVLF
FRPSRQHQW DW WKH QHXUDO QHWZRUN OHYHO�

$Q H[DPSOH RI D QHXUDO QHWZRUN LV VKRZQ LQ )LJXUH
��� FRUUHVSRQGLQJ WR WKH PD[LPXP VHOHFWRU QHWZRUN
>'LGGD\� ����@�

v

V

u u u u1 2 3 n

1U 2U 3U nU

1S 2S 3S nS

1w 2w 3w nw

mw

........
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)LJXUH �� 7KH QHXUDO QHWZRUN VKRZQ
FRUUHVSRQGV WR WKH DUFKLWHFWXUH RI WKH 0D[LPXP

6HOHFWRU PRGHO� ZKHUH XL DQG Y UHSUHVHQW QHXUDO

PHPEUDQH SRWHQWLDOV� 8L DQG 9 UHSUHVHQW QHXUDO

ILULQJ UDWHV� 6L UHSUHVHQW LQSXWV WR WKH QHWZRUN�

DQG ZL UHSUHVHQW FRQQHFWLRQ ZHLJKWV�



$ PRUH FRPSOH[ QHXUDO QHWZRUN LV VKRZQ LQ )LJXUH
��� FRUUHVSRQGLQJ WR WKH FXH LQWHUDFWLRQ PRGHO
>+RXVH� ����@�

A

M

U

S

V

D

)LJXUH ��� 1HXUDO 1HWZRUN IRU FXH LQWHUDFWLRQ
PRGHO� OD\HUV 6 DQG 0 UHSUHVHQW WKH GLVSDULW\
HIIHFWV IURP ELQRFXODU YLVLRQ� DQG OD\HUV
UHSUHVHQW WKH DFFRPPRGDWLRQ HIIHFWV IURP
PRQRFXODU YLVLRQ�

7KH 1HXUDO 6FKHPD /DQJXDJH �16/� SURYLGHV WKH
OLQNDJH WR $6/ E\ HQDEOLQJ WKH LQWHJUDWLRQ RI
QHXUDO QHWZRUNV SURFHVVLQJ� 0RGHOV LQ 16/ DUH
GHVFULEHG YLD D FRPSLOHG ODQJXDJH� ZKHUH JUDSKLFV
GLVSOD\V DQG D VFULSWLQJ ODQJXDJH SURYLGH WKH
LQWHUIDFLQJ PHFKDQLVPV EHWZHHQ WKH PRGHO DQG WKH
XVHU� 7ZR LPSOHPHQWDWLRQV RI WKH V\VWHP FXUUHQWO\
H[LVW� 16/& LQ &�� DQG 16/- LQ -DYD� ZKHUH D

PDMRU FXUUHQW WKUXVW LV WR SURYLGH D OLEUDU\ RI
PRGHOV IRU GLUHFW VLPXODWLRQ IURP WKH ZHE
>:HLW]HQIHOG HW DO� ����D@�

��� 1HXU��� 1HXURRQVQV

7KH QHXUDO VFKHPD PRGHO QRW RQO\ HQDEOHV WKH
LQFRUSRUDWLRQ RI QHXUDO QHWZRUNV SURFHVVLQJ� EXW
DOVR SURYLGHV DQ H[WHQGHG PRGHO ZKHUH QHXURQV
WKHPVHOYHV PD\ KDYH WKHLU WDVN GHOHJDWHG E\ QHXUDO
LPSOHPHQWDWLRQV RI GLIIHUHQW OHYHOV RI GHWDLO� IURP
WKH YHU\ VLPSOH QHXURQ PRGHOV WR WKH YHU\ FRPSOH[
RQHV >:HLW]HQIHOG DQG $UELE� ����@�
1HXURQ PRGHOV YDU\ LQ WKHLU GHWDLO� GHSHQGLQJ RI WKH
SDUWLFXODU PHFKDQLVP VLPXODWHG� $W WKH KLJKHVW
OHYHO D QHXURQ LV D VLQJOH FHOO ZLWK D YHU\ VLPSOH
EHKDYLRU� GHVFULEHG � IRU H[DPSOH E\ WKH OHDN\
LQWHJUDWRU PRGHO >$UELE� ����@� FRPSRVHG RI D VRPD
�QXFOHXV RI WKH QHXURQ�� DQ D[RQ �RXWSXW RI WKH
QHXURQ�� DQG GHQGULWHV �LQSXW WR WKH QHXURQ��
&RQQHFWLRQV EHWZHHQ QHXURQV WDNH SODFH WKURXJK
V\QDSVHV IURP WKH D[RQ RI RQH QHXURQ WR WKH
GHQGULWHV RI DQRWKHU QHXURQ� 6\QDSVHV DUH WKH PDLQ
PHFKDQLVP IRU SODVWLFLW\ LQ QHXURQ� DQG FDQ EH
IXUWKHU UHILQHG LQWR PXFK PRUH GHWDLO� DV VKRZQ LQ
)LJXUH ���
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)LJXUH ��� 1HXUDO PRGHOLQJ DW GLIIHUHQW OHYHOV RI
GHWDLOV�

$ QXPEHU RI PRGHOV DUH XVHG GHSHQGLQJ RI WKH
PHFKDQLVPV VLPXODWHG� VXFK DV WKH FRPSDUWPHQWDO
PRGHO� ZKHUH D VLQJOH D[RQ LV GLYLGHG LQ
FRPSDUWPHQWV >5DOO� ����@� DQG WKH LRQ NLQHWLFV
PRGHO� ZKHUH FKHPLFDO FRQFHQWUDWLRQ UHVSRQVLEOH IRU
HOHFWULF FXUUHQW LV VLPXODWHG >+RGJNLQ DQG +X[OH\
����@�

)LJXUH �� VKRZV D GHWDLO QHXUDO PRGHO IRU WKH
VWXG\ RI SUHV\QDSWLF LQKLELWLRQ LQ WKH VHOHFWLYH
FRQWURO RI QHXUDO SDWKZD\V >5RGULJXH]� ����@�

)LJXUH ��� 'HWDLOHG QHXUDO PRGHO RI SUHV\QDSWLF
LQKLELWLRQ IRU WKH FRQWURO RI QHXUDO SDWKZD\V�

�� 6LPXODWLRQ6LPXODWLRQ

,QWHUSUHWLQJ WKH RXWSXW RI FRPSOH[ PRGHOV
JHQHUDWLQJ YDVW DPRXQWV RI GDWD UHTXLUHV DSSURSULDWH
YLVXDOL]DWLRQ WHFKQLTXHV DSSOLHG WR WKH GLIIHUHQW

PRGHOLQJ OHYHOV DQG DFURVV OHYHOV�

��� %HKDYLRU��� %HKDYLRU

$Q DXWRQRPRXV URERWLF DJHQW� VLPXODWHG RU
HPERGLHG� VHQVHV LWV H[WHUQDO HQYLURQPHQW DQG LWV

LQWHUQDO VWDWH LQ RUGHU WR SURGXFH EHKDYLRU� :KLOH
VHQVRU LQSXW DQG PRWRU RXWSXW FDQ EH VHHQ DV GDWD
GHWDLO� DSSURSULDWH EHKDYLRU LV DQDO\]HG E\



YLVXDOL]LQJ WKH DQLPDWHG DJHQW
V LQWHUDFWLRQ ZLWK LWV
YLUWXDO HQYLURQPHQW RU WKH UHDO URERW ZKHQ LQ WKH
UHDO ZRUOG� 7ZR GLPHQVLRQ ZRUOGV DUH GHVLJQHG IRU
VLPSOHU PRGHOV� DQG WKUHH GLPHQVLRQV IRU WKH PRUH
FRPSOH[ RQHV� 6LPSOH RXWSXW IURP WKH SUH\
DFTXLVLWLRQ ZLWK GHWRXU PRGHO > &RUEDFKR DQG $UELE�
����@ LV VKRZQ LQ )LJXUH �� DV VHHQ IURP
0LVVLRQ/DE
V FRQVROH�

)LJXUH ��� 0LVVLRQ/DE FRQVROH YLHZ RI DJHQW
UHVSRQVH WR GHWRXU EHKDYLRU�

2QH SDUWLFXODU YLVXDOL]DWLRQ WHFKQLTXH IRU
QDYLJDWLRQ SDWKV LV EH PHDQV RI YHFWRU ILHOGV
GHVFULELQJ DWWUDFWLRQ DQG UHSXOVLRQ EHWZHHQ DJHQWV
>$UNLQ� ����@�

��� 6FKHPDV��� 6FKHPDV

$W WKH EHKDYLRU OHYHO� SHUFHSWLRQ DQG DFWLRQ GHILQH
H[WHUQDO LQWHUDFWLRQ� ,Q WU\LQJ WR XQGHUVWDQG ZK\ DQ
DJHQW EHKDYHG LQ D SDUWLFXODU D PDQQHU�
FRUUHVSRQGLQJ VFKHPD EHKDYLRU KDV WR EH DQDO\]HG�
6LQFH VFKHPDV DUH UHFXUVLYH� LQSXW DQG RXWSXW GDWD
DQDO\VLV LV UHTXLUHG IRU HDFK VFKHPD LQ D UHFXUVLYH
IDVKLRQ� WRJHWKHU ZLWK GDWD SDVVHG EHWZHHQ
FRQQHFWHG VFKHPDV DW WKH VDPH OHYHO RU EHWZHHQ
GHOHJDWHG VFKHPDV DW GLIIHUHQW OHYHOV�
6\QFKURQL]DWLRQ SOD\V D NH\ UROH LQ FRQFXUUHQW DQG
GLVWULEXWHG HQYLURQPHQWV� DIIHFWLQJ DOVR
YLVXDOL]DWLRQ RI GDWD SURGXFHG XQGHU GLIIHUHQW WLPH
FRQVWUDLQWV DQG JUDQXODULWLHV�

)LJXUH ��� $6/
V YLHZ RI VDFFDGH
V WKDODPXV
VFKHPD� ZLWK OLQNDJH EHWZHHQ VFKHPD OHYHOV�

)LJXUH �� VKRZV $6/
V YLHZ RI VFKHPD
LQWHUQDOV� WDNHQ IURP WKH VDFFDGH PRGHO > 'RPLQH\
DQG $UELE� ����@�

)LJXUH �� VKRZV 0LVVLRQ/DE
V YLHZ RI VFKHPD
QHWZRUN� WDNHQ IURP WKH SUH\ DFTXLVLWLRQ ZLWK
GHWRXU PRGHO >&RUEDFKR DQG $UELE� ����@�

)LJXUH ��� 0LVVLRQ/DE
V YLHZ RI VFKHPD
QHWZRUN IRU SUH\ DFTXLVLWLRQ ZLWK GHWRXU PRGHO�

��� 1HXUD��� 1HXUDOO 1HWZRUNV1HWZRUNV

$W WKH QHXUDO QHWZRUN OHYHO� YLVXDOL]DWLRQ WDNHV WKH
IRUP RI WHPSRUDO DQG VSDWLDO JUDSKV RI YDULRXV
GLPHQVLRQV DQG IRUPV� FRUUHVSRQGLQJ WR QHXUDO
LQSXW� RXWSXW �ILULQJV� DQG PHPEUDQH SRWHQWLDOV�
7LPH LQWHUYDOV SOD\ D PDMRU LVVXH DFURVV PXOWLSOH

QHXUDO QHWZRUNV�
)LJXUH �� VKRZV VSDWLDO DQG WHPSRUDO RXWSXW

IURP WKH PD[LPXP VHOHFWRU PRGHO > 'LGGD\� ����@�

)LJXUH ��� 16/ VSDWLDO DQG WHPSRUDO GLVSOD\V
IURPPD[LPXP VHOHFWRU PRGHO�

)LJXUH �� VKRZV WZR GLPHQVLRQDO DQG WKUHH
GLPHQVLRQDO VSDWLDO RXWSXW IURP WKH SUH\
DFTXLVLWLRQ ZLWK GHWRXU PRGHO > &RUEDFKR DQG $UELE�
����@�



)LJXUH ��� 16/ WZR DQG WKUHH GLPHQVLRQDO
VSDWLDO GLVSOD\V IURP SUH\ DFTXLVLWLRQ ZLWK
GHWRXU PRGHO�

��� 1HXU��� 1HXURRQVQV

$W WKH GHWDLOHG QHXUDO OHYHO� DQDWRPLFDO DQG
HOHFWULFDO UHVSRQVHV DUH WKH PDLQ YLVXDOL]DWLRQ
FRQFHUQ� 9LVXDOL]DWLRQ WDNHV WKH IRUP RI WHPSRUDO
JUDSKV GLVSOD\LQJ HOHFWULFDO SDUDPHWHUV� VXFK DV
YROWDJH DQG LRQLF FRQFHQWUDWLRQV� 7LPH LQWHUYDOV DUH
HYHQ ILQHU�

)LJXUH �� VKRZV VDPSOH WHPSRUDO RXWSXWV WDNHQ
IURP WKH SUHV\QDSWLF LQKLELWLRQ PRGHO IRU WKH
VHOHFWLYH FRQWURO RI QHXUDO SDWKZD\V >5RGULJXH]�
����@�

)LJXUH ��� *HQHVLV WHPSRUDO RXWSXWV IRU DFWLRQ
SRWHQWLDOV DQG FKHPLFDO FRQFHQWUDWLRQV�

�� 'LVFXV'LVFXVVVLRQLRQ

7KH ZRUN SUHVHQWHG KHUH VKRZV WKH LQWULQVLF
FRPSOH[LW\ LQ PRGHOLQJ ELRORJLFDO V\VWHPV� 7KLV
FRPSOH[LW\ FDQ EH PDQDJHG E\ SURYLGLQJ SRZHUIXO
WRROV IRU PRGHOLQJ DQG VLPXODWLRQ� :KLOH H[LVWLQJ
YLVXDOL]DWLRQ WHFKQLTXHV DUH DSSURSULDWH IRU VLPSOHU
PRGHOV DW GLIIHUHQW PRGHOLQJ OHYHOV� PRUH FRPSOH[
PRGHOV LQFRUSRUDWLQJ GLIIHUHQW VFKHPD DQG QHXUDO
OHYHOV� SUHVHQW D JUHDW FKDOOHQJH� $ FULWLFDO DVSHFW LQ
GHYHORSLQJ FRPSOH[ PRGHOV LV EHLQJ DEOH WR DQDO\]H
WKHLU UHVXOWV LQ D PHDQLQJIXO ZD\� :RUNVWDWLRQ
GLVSOD\V DUH YHU\ OLPLWHG LQ WKH DPRXQW RI
LQIRUPDWLRQ WKDW FDQ EH GLVSOD\HG DW RQFH� 0RUH
VRSKLVWLFDWHG YLVXDOL]DWLRQ WHFKQLTXHV DUH UHTXLUHG
WR GLVSOD\ JUHDWHU DPRXQWV RI GDWD SURGXFHG E\ WKH

VLPXODWLRQ DW HDFK WLPH VWHS� $W WKH PRPHQW� PRGHO
DQG VLPXODWLRQ YLVXDOL]DWLRQ LV UDWKHU OLPLWHG�
OLPLWLQJ WKH VFRSH RI PRGHOV� $ IXWXUH JRDO LV WR
HPSOR\ LPPHUVLRQ V\VWHPV� ZKHUH WKH PRGHOHU FDQ

YLVXDOL]H DQG FRQWURO PRUH DVSHFWV RI D VLPXODWHG
HQYLURQPHQW DW RQFH� )XUWKHUPRUH� D YLUWXDO UHDOLW\
DSSURDFK ZRXOG SURYLGH D ZD\ IRU WKH PRGHOHU WR
WDNH SDUW LQ WKH DFWXDO H[SHULPHQW E\ YLUWXDOO\
LQWHUDFWLQJ ZLWK DOO RWKHU YLUWXDO DXWRQRPRXV
URERWLF DJHQWV LQ WKH VLPXODWHG ZRUOG�
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9HUODJ� �����

>&DOGHUDV DQG 0iUPRO� ����@ &DOGHUDV� &�� DQG
0iUPRO� 6�� 'LVHxR H ,PSOHPHQWDFLyQ GH XQ
6LVWHPD 'LVWULEXLGR +HWHURJpQHR SDUD OD
([WHQVLyQ GHO /HQJXDMH GH 0RGHORV 7HyULFR
(VTXHPiWLFRV $6/� ,7$0 8QGHUJUDGXDWH
7KHVLV� &$11(6�75������� ,7$0� 0p[LFR�
2FWXEUH �����

>&HUYDQWHV HW DO� ����@ &HUYDQWHV�3HUH]� )�� /DUD� 5��
DQG $UELE� 0�$�� $ QHXUDO PRGHO RI LQWHUDFWLRQV
VXEVHUYLQJ SUH\�SUHGDWRU GLVFULPLQDWLRQ DQG
VL]H SUHIHUHQFH LQ DQXUDQ DPSKLELD� -RXUQDO RI
7KHRUHWLFDO %LRORJ\� ���� �������� �����

>&HUYDQWHV HW DO� ����D@ &HUYDQWHV�3HUH]� )�� )UDQFR�
$�� 9HOD]TXH]� 6�� /DUD� 1�� ����� $ 6FKHPD



7KHRUHWLF $SSURDFK WR 6WXG\ WKH 
&KDQWLWOD[LD

%HKDYLRU LQ WKH 3UD\LQJ 0DQWLV� 3URFHHGLQJ RI
WKH )LUVW :RUNVKRS RQ 1HXUDO $UFKLWHFWXUHV
DQG 'LVWULEXWHG $,� )URP 6FKHPD $VVHPEODJHV
WR 1HXUDO 1HWZRUNV� 86&� 2FWREHU ������ �����

>&HUYDQWHV HW DO� ����E@ &HUYDQWHV�3HUH]� )��
+HUUHUD� $�� DQG *DUFtD� 0�� 0RGXODWRU\ HIIHFWV
RQ SUH\�UHFRJQLWLRQ LQ DPSKLELD� D WKHRUHWLFDO

H[SHULPHQWDO VWXG\
� LQ 1HXURVFLHQFH� IURP
QHXUDO QHWZRUNV WR DUWLILFLDO LQWHOOLJHQFH�
(GLWRUV 3� 5XGRPDQ� 0�$� $UELE� )� &HUYDQWHV�
3HUH]� DQG 5� 5RPR� 6SULQJHU 9HUODJ 5HVHDUFK

1RWHV LQ 1HXUDO &RPSXWLQJ YRO �� SS� ��������
�����

>&OLII� ����@ &OLII� '�� 1HXUDO 1HWZRUNV IRU 9LVXDO
7UDFNLQJ LQ DQ $UWLILFLDO )O\� LQ 7RZDUGV D
3UDFWLFH RI $XWRQRPRXV 6\VWHPV� 3URF� RI WKH
)LUVW (XURSHDQ &RQIHUHQFH RQ $UWLILFDO /LIH
�(&$/ ���� (GLWRUV� )�-�� 9DUHOD DQG 3�
%RXUJLQH� 0,7 3UHVV� SS ������ �����

>&REDV DQG $UELE� ����@ &REDV� $�� DQG $UELE� 0�$��
3UH\�FDWFKLQJ DQG 3UHGDWRU�DYRLGDQFH LQ )URJ
DQG 7RDG� 'HILQLQJ WKH 6FKHPDV� -� WKHRU� %LRO
���� �������� �����

>&RUEDFKR DQG $UELE� ����@ &RUEDFKR� )�� DQG $UELE
0� /HDUQLQJ WR 'HWRXU � $GDSWLYH %HKDYLRU�
9ROXPH �� 1XPEHU �� SS �������� �����

>'LGGD\� ����@ 'LGGD\� 5�/�� $ PRGHO RI YLVXRPRWRU
PHFKDQLVPV LQ WKH IURJ RSWLF WHFWXP� 0DWK�
%LRVFL� ����������� �����

>'RPLQH\ DQG $UELE� ����@ 'RPLQH\� 3�� DQG $UELE�
0�$�� $ &RUWLFR�6XEFRUWLFR 0RGHO IRU
*HQHUDWLRQ RI 6SDWLDOO\ $FFXUDWH 6HTXHQWLDO
6DFFDGHV� &HUHEUDO &RUWH[� ���������� �����
�������� 0DU�$SU �����

>(JXLEDU HW DO� ����@ (JXLEDU� -�5�� 4XHYHGR� -��

-LPpQH]� ,�� 5XGRPLQ� 3�� �6HOHFWLYH FRUWLFDO
FRQWURO RI LQIRUPDWLRQ IORZ WKURXJK GLIIHUHQW
LQWUDVSLQDO FROODWHUDOV RI WKH VDPH PXVFOH
DIIHUHQW ILEHU� %UDLQ 5HV� ���� �������� �����

>)ORUHV� ����@ )ORUHV� /�5�� 0RGXODFLyQ GH 7LHPSR
YDULDEOH GH OD (OLFLWDFLyQ GH OD &RQGXFWD GH
&DSWXUD GH 3UHVDV HQ ORV $QILELRV $QXURV�
81$0 0DVWHU 7KHVLV� &$11(6�75�������
,7$0� 0H[LFR� ')� $JRVWR �����

>+LQHV� ����@ +LQHV� 0�� 7KH 1(8521 6LPXODWLRQ
3URJUDP� 1HXUDO 1HWZRUN 6LPXODWLRQ
(QYLURQPHQWV� (G� -RVHI 6NU]\SHN� .OXZHU�
�����

>+RJNLQ DQG +X[OH\� ����@ +RGJNLQ� $�/� DQG
+X[OH\� $�)�� $ TXDQWLWDWLYH GHVFULSWLRQ RI
PHPEUDQH FXUUHQW DQG LWV DSSOLFDWLRQ WR
FRQGXFWLRQ DQG H[FLWDWLRQ LQ QHUYH� -RXUQDO RI
3K\VLRORJ\� ���� �������� �����

>+RXVH� ����@ +RXVH� '�� 'HSWK SHUFHSWLRQ LQ IURJV
DQG WRDGV� $ VWXG\ RI LQ QHXUDO FRPSXWLQJ� LQ
/HFWXUH QRWHV LQ %LRPDWKHPDWLFV� ��� 6SULQJHU�

9HUODJ� �����
>-DFREV HW DO� ����@ -DFREV� 5�$� -RUGDQ� 0��

1RZODQ� 6�-�� +LQWR� *�(�� $GDSWLYH 0L[WXUHV RI
ORFDO H[SHUWV� 1HXUDO &RPSXWDWLRQ� ���� �����

>0DF.HQ]LH HW DO� ����@ 0DF.HQ]LH� '�� $UNLQ� 5�&��
DQG &DPHURQ� 5�� 0XOWLDJHQW 0LVVLRQ
6SHFLILFDWLRQ DQG ([HFXWLRQ� LQ $XWRQRPRXV
5RERWV� ���� SS������� -DQ������ �$OVR DSSHDUV LQ
5RERW &RORQLHV� HG� 5�$UNLQ DQG *�%HNH\�
.OXZHU $FDGHPLF 3XEOLVKHUV� ������

>5DOO� ����@ 5DOO� :�� %UDQFKLQJ GHQGULWLF WUHHV DQG
PRWRQHXURQ PHPEUDQH UHVLVWLYLW\� ([S� 1HXURO��

���������� �����
>5RGULJXH]� ����@ 5RGULJXH]� *�� 0RGHODGR \

$QiOLVLV GHO )HQyPHQR GH ,QKLELFLyQ
3UHVLQiSWLFD� ,7$0 8QGHUJUDGXDWH 7KHVLV�
&$11(6�75� ,7$0� 0p[LFR� ���� �LQ
SUHSDUDWLRQ��

>7HHWHUV DQG $UELE� ����@ 7HHWHUV� -�/�� DQG $UELE�
0�$�� $ PRGHO RI WKH DQXUDQ UHWLQD UHODWLQJ
LQWHUQHXURQV WR JDQJOLRQ FHOO UHVSRQVHV�
%LRORJLFDO &\EHUQHWLFV� ��� �������� �����

>:HLW]HQIHOG� ����@ :HLW]HQIHOG� $�� $6/�
+LHUDUFK\� &RPSRVLWLRQ� +HWHURJHQHLW\� DQG
0XOWL�*UDQXODULW\ LQ &RQFXUUHQW 2EMHFW�
2ULHQWHG 3URJUDPPLQJ� 3URFHHGLQJV RI WKH
:RUNVKRS RQ 1HXUDO $UFKLWHFWXUHV DQG
'LVWULEXWHG $,� )URP 6FKHPD $VVHPEODJHV WR
1HXUDO 1HWZRUNV� 86&� 2FWREHU ������ �����

>:HLW]HQIHOG DQG $UELE� ����@ :HLW]HQIHOG� $��
$UELE� 0�� $ &RQFXUUHQW 2EMHFW�2ULHQWHG
)UDPHZRUN IRU WKH 6LPXODWLRQ RI 1HXUDO
1HWZRUNV� 3URFHHGLQJV RI (&223�2236/$ 
��
:RUNVKRS RQ 2EMHFW�%DVHG &RQFXUUHQW
3URJUDPPLQJ� 2236 0HVVHQJHU� �������������
$SULO �����

>:HLW]HQIHOG DQG $UELE� ����@ :HLW]HQIHOG� $��
$UELE� 0�$�� 16/�1HXUDO 6LPXODWLRQ /DQJXDJH�
LQ 1HXUDO 1HWZRUNV 6LPXODWLRQ (QYLURQPHQWV�
(GLWRU -� 6NU]\SHN� .OXZHU� �����

>:HLW]HQIHOG DW DO� ����D@ :HLW]HQIHOG� $�� $UELE�
0�� $OH[DQGHU� $�� 16/ � 1HXUDO 6LPXODWLRQ
/DQJXDJH� 6\VWHP DQG $SSOLFDWLRQV� 0,7 3UHVV�
���� �LQ SUHSDUDWLRQ��

>:HLW]HQIHOG HW DO� ����E@ :HLW]HQIHOG� $�� $UELE�
0�� &HUYDQWHV� )�� 5XGRPLQ� 3�� 0XOWL�OHYHO
6LPXODWLRQ 0HWKRGRORJ\� $ &RPSXWDWLRQDO DQG
([SHULPHQWDO $SSURDFK WR 1HXUDO 6\VWHPV�
3URFHHGLQJV RI 16) 'HVLJQ DQG 0DQXIDFWXULQJ
*UDQWHHV &RQIHUHQFH� 0RQWHUUH\� 0H[LFR� ���$�
���$� �����

>:HLW]HQIHOG HW DO� ����F@ :HLW]HQIHOG� $�� $UNLQ�
5�� &HUYDQWHV� )�� 2OLYDUHV� 5�� DQG &RUEDFKR� )��
$ 1HXUDO 6FKHPD $UFKLWHFWXUH IRU $XWRQRPRXV
5RERWV� ,EHUDPHULFDQ &RQIHUHQFH RQ $UWLILFLDO
,QWHOOLJHQFH ,%(5$0,$� /LVERQ� 3RUWXJDO�
���� �VXEPLWWHG��


