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'HDU UHDGHU�

, SUHVHQW P\ WKHVLV WLWOHG ³7UDMHFWRU\ RSWLPL]DWLRQ WR PLQLPL]H WKH HQYLURQPHQWDO LPSDFW RI GHSDUWLQJ
DQG DUULYLQJ DLUFUDIW´� 0\ UHVHDUFK HQWDLOV LPSOHPHQWLQJ D JHQHWLF DOJRULWKP WR UHGXFH WKH FOLPDWH DQG
DLU TXDOLW\ FRVWV RI DQ DLUFUDIW¶V FOLPE DQG GHVFHQW IOLJKW SKDVHV� , KDYH FKRVHQ WKLV WKHVLV WRSLF EHFDXVH
LW FRPELQHV RSWLPL]DWLRQ ZLWK VXVWDLQDELOLW\ LQ WKH DYLDWLRQ LQGXVWU\� $GGLWLRQDOO\� LW UHTXLUHG PH WR XVH
WKH NQRZOHGJH DQG H[SHULHQFH REWDLQHG GXULQJ WKH EDFKHORU DQG PDVWHU FRXUVHV DQG SURMHFWV�

, VLQFHUHO\ KRSH DQRWKHU VWXGHQW RU UHVHDUFKHU LV LQVSLUHG WR EXLOG RQ WKLV UHVHDUFK� $ ORW LV WR EH
H[SORUHG EHIRUH WKH RSWLPL]DWLRQ FDQ EH LPSOHPHQWHG LQ UHDO OLIH� 2QH FRXOG� IRU LQVWDQFH� LQFOXGH WKH
FUXLVH SKDVH RU DLUFUDIW VHSDUDWLRQ LQ WKH HVWDEOLVKHG RSWLPL]DWLRQ SURJUDP� , HQFRXUDJH RWKHUV WR IROORZ
DQ\ RI P\ UHFRPPHQGDWLRQV VXFK WKDW WKH KLJK�SRWHQWLDO VWUDWHJ\ RI RSWLPL]LQJ DLUFUDIW WUDMHFWRULHV IRU
DQ HQYLURQPHQWDO REMHFWLYH FDQ RQH GD\ EH LPSOHPHQWHG�

, KDYH JURZQ WUHPHQGRXVO\ GXULQJ WKH SDVW VL[ \HDUV DW WKH 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\� , YLYLGO\
UHPHPEHU ZDONLQJ LQWR WKH ILUVW OHFWXUH RI WKH )DFXOW\ RI $HURVSDFH (QJLQHHULQJ DV DQ XQNQRZLQJ ���
\HDU�ROG� , DP JODG , KDYH GHYHORSHG P\VHOI H[WHQVLYHO\ EHVLGHV WKH FKDOOHQJLQJ EDFKHORU¶V DQG PDV�
WHU¶V SURJUDPV� 7KH LFLQJ RQ WKH FDNH RI P\ H[WUDFXUULFXODU DFWLYLWLHV LV P\ IXOO�WLPH ERDUG \HDU DW WKH
969 ¶/HRQDUGR GD 9LQFL¶� , KDYH KDG WKH SULYLOHJH WR FRQQHFW ZLWK DQG OHDUQ IURP PDQ\ LQVSLULQJ SHRSOH�
DQG , JRW DQ LQVLJKW LQWR ZKDW WKH DHURVSDFH LQGXVWU\ RIIHUV� 1RZ� IXOO RI NQRZOHGJH DQG H[SHULHQFH� ,
ORRN IRUZDUG WR SURXGO\ FDOO P\VHOI D 'HOIW $HURVSDFH (QJLQHHU�

$OO RI WKLV ZDV RQO\ SRVVLEOH ZLWK WKH SUHVHQFH DQG KHOS RI RWKHUV� , ZDQW WR WKDQN P\ IULHQGV� IDPLO\
DQG SHHUV JHQHURXVO\� 7KLV WKHVLV KDV FKDOOHQJHG PH LQ PDQ\ ZD\V� DQG DW WLPHV� , GRXEWHG LI , FRXOG
ILQLVK LW DOO LQ WLPH� , DP JODG WR EH VXUURXQGHG E\ SHRSOH WKDW VXSSRUW DQG HQFRXUDJH PH WR NHHS
VWULYLQJ�

0\ VXSHUYLVRU 'U� -XQ]L 6XQ GHVHUYHV D PDVVLYH WKDQN \RX� DV ZHOO� , HQMR\HG RXU PHHWLQJV IXOO
RI GLVFXVVLRQV� DQG -XQ]L KDSSLO\ DQVZHUHG DOO P\ TXHVWLRQV� , KDYH OHDUQHG D ORW DERXW SURJUDPPLQJ
DQG RSWLPL]DWLRQ WHFKQLTXHV IURP -XQ]L� +H VKDUHG HQWKXVLDVP DERXW WKH WRSLF� ZKLFK KDV PRWLYDWHG
PH LPPHQVHO\ WKURXJKRXW WKH SDVW WHQ PRQWKV� $OVR� , ZRXOG OLNH WR WKDQN 3URI� GU� LU� -DFFR +RHNVWUD
IRU KLV IHHGEDFN DQG FULWLFDO TXHVWLRQV GXULQJ WKH PLOHVWRQH PHHWLQJV�

/DVWO\� , ZDQW WR WKDQN \RX� WKH UHDGHU� HQMR\ UHDGLQJ DERXW WKLV H[FLWLQJ WRSLF�
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����� 0XWDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� (OLPLQDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ,WHUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &RQVWUDLQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 9HULILFDWLRQ DQG 9DOLGDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 3UHOLPLQDU\ 5HVXOWV ��
��� 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'LVFXVVLRQ DQG 9HULILFDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $GGLWLRQDO &RQVWUDLQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0XWDWLRQ 6FKHPH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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XUH ���� XVHG IRU WUDMHFWRU\ RSWLPL]DWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $ FRQYHQWLRQDO GHVFHQW �EODFN OLQH� DQG D &'2 �EOXH OLQH� IOLJKW SDWK DUH YLVXDOL]HG� 7KH
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��� 5HVHDUFK IUDPHZRUN RI WKH WKHVLV SURMHFW� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ �' JULG PHWKRG WR IRUPXODWH VROXWLRQV WR WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP� 7KH
GDVKHG� EOXH OLQH UHSUHVHQWV WKH RULJLQDO SDWK� ,Q WKH ODWHUDO GLUHFWLRQ� WZR SDWKV DUH
DGGHG LQ SDUDOOHO� ,Q WKH YHUWLFDO GLUHFWLRQ� PXOWLSOH SDWKV DUH VWDFNHG RQ WRS RI HDFK
RWKHU� 7KH LPDJH LV WDNHQ IURP >��� S� ���@� � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH FRQWURO SRLQW PHWKRGRORJ\ WR IRUPXODWH D VROXWLRQ WR WKH WUDMHFWRU\ RSWLPL]DWLRQ SURE�
OHP� 7KH KRUL]RQWDO SODQH RI DQ H[HPSODU\ URXWH LV YLVXDOL]HG� 7KH ILOOHG GRWV DUH WKH
FRQWURO SRLQWV� HDFK PDGH XS RI WZR YDOXHV� WKH ORQJLWXGH DQG WKH ODWLWXGH� 7KH YDOXHV
FDQ YDU\ ZLWKLQ WKH GDVKHG UHFWDQJOH DURXQG LW� 7KHVH UHFWDQJOHV DUH VSDFHG HTXDOO\
DORQJ WKH JUHDW FLUFOH URXWH� VKRZQ DV WKH WKLQ OLQH� 7KH WKLFNHU OLQH LOOXVWUDWHV WKH VROX�
WLRQ� ZKLFK LV D %�VSOLQH FUHDWHG EHWZHHQ WKH &3V� 7KLV LPDJH LV WDNHQ IURP >��� S� ����@� ��

��� 7KH FRQWURO SRLQW PHWKRGRORJ\ WR IRUPXODWH D VROXWLRQ WR WKH WUDMHFWRU\ RSWLPL]DWLRQ SURE�
OHP� 7KH YHUWLFDO SODQH RI DQ H[HPSODU\ URXWH LV YLVXDOL]HG� $V LQ )LJXUH ���� WKH ILOOHG
GRWV DUH WKH FRQWURO SRLQWV� ,Q WKH YHUWLFDO SODQH� HDFK LV PDGH XS RI RQH YDOXH� WKH DO�
WLWXGH� 7KH YDOXHV FDQ YDU\ EHWZHHQ WKH GDVKHG OLQHV� 7KH WKLFNHU OLQH LOOXVWUDWHV WKH
VROXWLRQ� ZKLFK LV D %�VSOLQH FUHDWHG EHWZHHQ WKH &3V� 7KLV LPDJH LV WDNHQ IURP >���
S� ����@� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH VROXWLRQ IRUPXODWLRQ LV YLVXDOL]HG IRU D WUDMHFWRU\ ZLWK � QRGHV� 7KH RULJLQ RI WKH URXWH
LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH EDVH DQG � UDQGRPO\ JHQHUDWHG LQGLYLGXDOV DUH YLVXDOL]HG IRU D WUDMHFWRU\ ZLWK �
QRGHV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� � � � � � � � � � ��

��� $ SDUHQW SDLU DQG LWV RIIVSULQJ DUH SUHVHQWHG� 2Q WKH OHIW� WKH SDUHQWV FDQ EH VHHQ� 7KH
ULJKW ILJXUH VKRZV WKH RIIVSULQJ� 7KH VROXWLRQV FRQVLVW RI � QRGHV� 7KH SDUHQWV DUH VSOLW
DW QRGH �� WKH PLGGOH� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� � ��

��� 7KH SURFHVV RI PXWDWLRQ LV YLVXDOL]HG� 2Q WKH OHIW� WKH LQGLYLGXDOV FDQ EH VHHQ EHIRUH
PXWDWLRQ� 7KH ULJKW ILJXUH VKRZV WKH VDPH LQGLYLGXDOV DIWHU PXWDWLRQ� 7KH VROXWLRQV
FRQVLVW RI � QRGHV� 7KH PXWDWLRQ LV DFFRUGLQJ WR D QRUPDO GLVWULEXWLRQ ZLWK D VWDQGDUG
GHYLDWLRQ RI ��� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� � � � � ��

��� )ORZ GLDJUDP RI WKH FXUUHQW JHQHWLF DOJRULWKP� 7KH UHFWDQJXODU EORFNV UHSUHVHQW IXQF�
WLRQV LQ WKH PRGHO� 7KH RYDO EORFNV UHSUHVHQW WKH LWHUDWLRQ FRQGLWLRQV� � � � � � � � � � � ��

��� 7KH RSWLPDO VROXWLRQ RI WKH URXWH� 7KH VROXWLRQ FRQVLVWV RI � QRGHV� 7KH RULJLQ RI WKH URXWH
LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH ILWQHVV RI WKH RSWLPDO VROXWLRQ� Ce = $762.806� ��

��� 7KH RSWLPDO �RUDQJH� DQG EHVW �EOXH� VROXWLRQV RI WKH ILQDO JHQHUDWLRQ ������ DUH SUH�
VHQWHG� 7KH VROXWLRQV FRQVLVW RI � QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH
RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ RI
WKH PXWDWLRQ LV VHW WR ���7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $762.831 � � � � � � � � � ��
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��� 7KH RSWLPDO �RUDQJH� DQG EHVW �EOXH� VROXWLRQV RI WKH ILQDO JHQHUDWLRQ ������ DUH SUH�
VHQWHG� 7KH VROXWLRQV FRQVLVW RI �� QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV�
7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ
RI WKH PXWDWLRQ LV VHW WR ��� 7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $767.806� � � � � � � � ��

��� 7KH RSWLPDO �RUDQJH� DQG EHVW �EOXH� VROXWLRQV RI WKH ILQDO JHQHUDWLRQ ������ DUH SUH�
VHQWHG� 7KH VROXWLRQV FRQVLVW RI �� QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV�
7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLD�
WLRQ RI WKH PXWDWLRQ LQ WKH �� RSWLPL]DWLRQV LV VHW WR �� 7KH ILWQHVV RI WKH EHVW VROXWLRQ�
Ce = $2314.289 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH IRXU EHVW LQGLYLGXDOV RI WKH ILUVW DQG WHQWK JHQHUDWLRQV DUH SUHVHQWHG� 7KH VROXWLRQV
FRQVLVW RI � QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV DW
(0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LV VHW WR ��� ��

��� 7KH WUDMHFWRULHV RI DQ RSWLPL]DWLRQ DW JHQHUDWLRQ �� ZLWK ��� LQGLYLGXDOV� 7KH VROXWLRQV
FRQVLVW RI �� QRGHV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)�
7KH VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LQ WKH �� RSWLPL]DWLRQV LV VHW WR ��� 7KH ILWQHVV
RI WKH EHVW VROXWLRQ� Ce = $27153.932� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH EHVW VROXWLRQV RI �� RSWLPL]DWLRQV DIWHU ��� JHQHUDWLRQV DUH SUHVHQWHG� 7KH VROXWLRQV
FRQVLVW RI � QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV
DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LQ WKH ��
RSWLPL]DWLRQV LV VHW WR ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH RSWLPDO DQG EHVW VROXWLRQ DIWHU DQ RSWLPL]DWLRQ ZLWK WKH EHVW VROXWLRQV RI �� RSWLPL]D�
WLRQV� 7KH �� EHVW VROXWLRQV DUH IRXQG LQ )LJXUH ���� 7KH EHVW VROXWLRQ LV IRXQG DIWHU ���
JHQHUDWLRQV� 7KH VROXWLRQV FRQVLVW RI � QRGHV� $ JHQHUDWLRQ FRQVLVWV RI �� LQGLYLGXDOV�
7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ
RI WKH PXWDWLRQ LQ WKH ILQDO RSWLPL]DWLRQ LV VHW WR ���� 7KH ILWQHVV RI WKH EHVW VROXWLRQ�
Ce = $762.809� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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Abstract—The aviation industry faces the challenge of reducing
its climate e�ects. This paper aims to determine whether
optimizing flight trajectories can reduce the environmental impact
of aircraft during the climb and descent phases. It addresses
the research gap in sustainable flight trajectory optimization by
combining state-of-the-art research on optimization techniques
with research on aviation’s climate e�ects. A genetic algorithm is
created for the climb and descent phases to minimize the impact
of gaseous emissions; the objective function entails the climate
and air quality costs of the emission of carbon dioxide, carbon
monoxide, nitrogen oxides, sulfur oxides, and water vapor. OpenAP
is used to evaluate the emissions of aircraft. The optimization
includes variable mass and speed, wind, departure and arrival
procedures, and airspace constraints. The optimization considers
both the vertical and horizontal flight paths simultaneously. The
model was tested for more than 22,000 flights in June 2018 at
Amsterdam Schiphol Airport. It has been found that an average
reduction in environmental costs of 8.6% and 18.6% is achievable
for departing and arriving flights, respectively. The reduction
depends on the aircraft type, weather conditions, and whether
the aircraft departs or arrives. The open-source optimization
model can be used for further research, for instance, evaluating
the reduction possibilities at di�erent locations. The research
shows that the aviation industry can reduce its environmental
impact considerably by optimizing departing and arriving tra�c
trajectories.

I. I�����������

Researchers expect that the global number of flights will
increase in the coming years [1], while simultaneously, the
aviation climate e�ects should be reduced [2]. The aviation
industry negatively a�ects the global climate and the health
of people and wildlife; aviation a�ects the environment in the
broadest sense [3].

The industry’s environmental impact can be reduced in
several ways. Teoh and Khoo [4] suggest a few: aircraft
itself could be designed more sustainably; a greener form
of propulsion could be used; policies and regulations could be
altered, such as introducing the Emission Trading Scheme [5];
and current aircraft operations can be improved. This paper
explores the latter strategy through rerouting flights.

The topic of sustainability in the aviation industry has been
on the rise in recent years. The research on sustainable flight
trajectory optimization follows the same trend [6]. However,
gaps in the research area still need to be addressed.

One of these gaps is the optimization of climb and descent
operations for environmental impact. Many studies have been
conducted on optimizing flight trajectories in the terminal
maneuvering area (TMA), such as a study by Ma et al. [7].

However, most focus on minimizing the number of conflicts or
delays in the TMA; only a few studies optimize the trajectories
for an environmental objective [6]. Besides, procedures and
regulations of air tra�c control (ATC) complicate the opti-
mization of the flight trajectories in the TMA. E�orts have
been made to reduce the impact of aviation during climb and
descent, employing so-called continuous climb and descent
operations (CCO and CDO). These operations should have a
limited impact on the conflicts and sequencing problems in the
TMA [8]. However, these operations do not focus primarily
on minimizing environmental e�ects. CDOs, for instance, are
focused on maintaining an idle thrust setting [9].

Aircraft emit various gasses that a�ect the environment.
These include carbon oxides (COx), nitrogen oxides (NOx),
sulfur oxides (SOx), water vapor (H2O), hydrocarbons (HC),
soot particles, and others in smaller quantities [5, 10]. The
sum of these emissions results in positive radiative forcing,
meaning the emissions are warming the atmosphere [11].

The emission location is one factor that a�ects the amount
and impact of the emitted gasses [12]. The di�erent types have
varying e�ects throughout a flight [13]. For example, CO has
an e�ect primarily at low altitudes, whereas contrails form at
cruise altitudes. Contrails have little impact during the climb
and descent phases and, thus, are not further considered in this
paper [14]. Rerouting aircraft does not mitigate the negative
e�ect of soot particles; using greener fuels can achieve this
[1]. Therefore, the analysis excludes soot particles.

Another climate e�ect is noise production. Even though it is
considered a threat to human health [15], this study excludes
it. The reason is that the noise modeling for the optimization
is complex and beyond the scope of this research [6].

The focus of the proposed research is the environmental
impact of emissions. Hammad et al. [6] found that the
minimization of gaseous emissions was the objective in 20% of
the studies regarding sustainable flight trajectory optimization.

Climate metrics are employed to evaluate the impact of the
emissions. Climate metrics can be purely physical, for instance,
through the weight of the emitted gasses or obtaining the
global temperature change potential (GTP) [6, 16]. Monetary
metrics can also be used for quantifying emissions. Grobler
et al. [1] determined the environmental cost of aviation by
translating GTP values into a currency. This metric is chosen
because it reflects emissions’ social and environmental e�ects;
the cost established by the researchers combines health, welfare,
and ecology. It should be noted that considerable uncertainty
is present in quantifying aircraft emissions due to a lack of
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knowledge of atmospheric processes [11, 17].
There are several numerical methods to choose from concern-

ing the trajectory optimization problem. The techniques can be
divided into optimal (such as direct methods and dynamic
programming) and non-optimal (such as meta-heuristics).
According to Simorgh et al. [17], the choice for one of the two
categories is equally divided in the climate optimal trajectory
planning studies scrutinized in their review paper. The best
method for the problem at hand depends on the objective,
constraints, and other variables one wishes to include [17].

According to Hammad et al. [6], a direct method and a
genetic algorithm (GA) are frequently used solution techniques
in sustainable trajectory optimization for aircraft. A direct
method often provides a more accurate solution to the problem
at hand than a GA. A direct method’s complexity is a
drawback, leading to time-consuming and computationally
heavy optimization programs. Besides, a GA is considered
a global search technique [18], whereas direct methods have a
chance of getting trapped in the local optimum [17]. Because of
these findings and the popularity of the GA as a meta-heuristic,
this study adopts this solution technique.

Several studies employ a GA: Yamashita et al. [19] create
one in AirTraf 2.0 to optimize for various objectives, and Patrón
and Botez [20] also employ a GA, minimizing the operating
costs. Both papers optimize the cruise phase in lateral and
vertical directions considering the wind. These studies, among
others, are used to establish a GA for this research.

This paper aims to determine whether optimizing flight
trajectories can reduce the environmental impact of aircraft
during the climb and descent phases. An open-source GA is
created to minimize the impact of gaseous emissions. It is
desired that the model includes variable mass and speed, wind,
departure and arrival procedures, and airspace constraints. The
optimization is to consider both the vertical and horizontal
flight paths simultaneously. The research aims to bridge
the sustainable air tra�c management gap by reducing the
environmental footprint within the climb and descent phases.

This article has thus far presented an introduction to the
research topic and provided background knowledge. The theory
and methodology applicable to the research are described in

section II. It is followed by section III, in which the research
case study is explained. Sections IV and V present the case
study results and discussion, respectively. Section VI concludes
the article, and provides recommendations, as well. Finally,
Appendices A, B, C, D, and E provide additional information.

II. M����������

A. Genetic Algorithm

The genetic algorithm is based on the natural evolution
process. The iterative process is visualized in Figure 1. At
first, the model generates a random set (generation) of possible
solutions (individuals). It then determines each individual’s
fitness (objective function). The model assigns individuals to
be parents depending on the chosen selection method. The
parents will reproduce and generate children, creating new
solutions. The model randomly alters parts of some solutions
(mutation) to decrease the likelihood of getting trapped in a
local optimum. After that, the model evaluates new individuals’
fitness and repeats the selection, crossover, mutation, and fitness
evaluation process. Whenever the GA meets a stopping criterion,
it terminates. [20, 21]

The individuals should be defined numerically so that the
steps of the GA can be taken. This definition can be done
in several ways: Yamashita et al. [21] utilize control points
and basis splines to formulate solutions; Patrón and Botez
[20] use a three-dimensional grid consisting of waypoints. The
formulation of a solution in this paper is inspired by the latter.
It implements a value-encoded genetic algorithm. An individual
is defined to have a fixed number of connected nodes (==>34)
forming a trajectory. The aircraft’s position in a coordinate
reference system at each node is defined in the horizontal (G
and H) and vertical (I) planes. Besides, the velocity profile
is defined per individual by a single value for the calibrated
airspeed (+⇠�() and one for the Mach number ("). Figure 2
visualizes the definition. It displays the origin (node 0), two
arbitrary adjacent nodes (nodes 9 and 9 +1), and the final node
(node ==>34).

The fitness of each solution is calculated to evaluate the
solutions quantitatively. As discussed in section I, the climate
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Fig. 1. Flow diagram of the created genetic algorithm. The rectangular blocks represent functions in the model. The
oval blocks represent the stopping criteria.
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Fig. 2. Visualization of the definition of a single solution in
the GA. The position (G, H, and I) is defined at each node.
Additionally, a value for +⇠�( and " is set.

metric chosen for this is the climate and air quality costs
established by Grobler et al. [1]. These costs di�er per flight
phase because the emission’s e�ect depends on the altitude
[12]; below 3,000 5 C, the "Landing and take-o�" costs are used,
and above that threshold, the "En route" costs are in place.
Table I presents the costs. Grobler et al. [1] found di�erent costs
per region for air quality. This study uses the costs for Europe.
The cost with a 3% discount rate applied by the researchers
is chosen. The individual’s fitness is found by summing the
costs of each emission along its trajectory.

As further described in subsection II-D, the optimization
includes constraints. Individuals are "punished" for violating a
constraint through a penalty function. The penalties are given in
percentages of the individual’s fitness and di�er per constraint;
high-priority constraints have more considerable penalties than
low-priority ones. Equation 1 provides the relation between
the pseudo-fitness ( 5?) and the fitness ( 5 ). In the equation, 8
represents the index of the individual. The pseudo-fitness is
found by adding the product of the fitness and the summed
penalty factors (?) to the fitness. Tables III, IV, and V overview
the constraints and the penalties assigned if violated. It is
discussed further in subsection II-D.

5?8 =
⇣
1 +

’
(?8)

⌘
· 58 (1)

The GA chooses pairs of parents for each iteration based on
the roulette wheel selection method. Yamashita et al. [21]
also use this methodology. Depending on the individual’s
pseudo-fitness, it is assigned a probability; a high-scoring
individual in terms of pseudo-fitness has a higher chance of
being selected for the crossover. The probability is calculated
using Equation 2. The pseudo-fitness of all individuals in
a generation is represented by fp, and %8 represents the
individual’s probability of breeding. The original formula is
for a maximization problem and has been taken from an article

by Blickle and Tiele [22]. The formula is rewritten to apply to
a minimization problem.

%8 =
max( fp) � 5?8

max( fp) � min( fp)
(2)

A linear crossover has been chosen because it is e�ective
for value-encoded GAs. Each parent pair (?1 and ?2) produces
three children (21, 22, and 23). The children’s values of G, H,
and I at all nodes and the values of +⇠�( and " are found
using the parents’ values at the corresponding nodes according
to Equation 3. These formulae are applied to each value at all
nodes separately.

21 = 0.5 · ?1 + 0.5 · ?2

22 = 1.5 · ?1 � 0.5 · ?2

23 = �0.5 · ?1 + 1.5 · ?2

(3)

Figure 3 visualizes the crossover of a single value; it shows
the G value at node 9 for the parents (black dots) and the
children (white dots). The children’s values are found using
Equation 3.
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Fig. 3. Visualization of the linear crossover of a single value
(G 9) of an individual’s node. It shows the values of G 9 of
the parents (?1 and ?2) in black and the children’s (21, 22,
and 23) values in white. The latter values are found using
Equation 3.

Mutations occur in the production of new individuals in a
GA. A mutation probability (?<) is specified and determines
the number of mutated nodes. The states at the first and final
nodes are not mutated such that they adhere to the boundary
constraints defined in subsection II-D. The values at the chosen
nodes are mutated according to a normal distribution. Each
state is assigned a specific value for the standard deviation
(f). These values are tuned for the case study described in
section III. The tuning is described at the end of this subsection.

To determine which individuals enter the next generation,
all parents and children, after the mutation, are evaluated on
their pseudo-fitness. The best =8=3 (number of individuals in

TABLE I. Climate, air quality and total costs of gaseous emission by aviation as found by Grobler et al. [1] for the
landing and take-o� (below 3,000 5 C) and en route (above 3,000 5 C) phases. The costs with a 3% discount rate are
chosen [1]. The costs are given in monetary values per tonne of emitted gas. The air quality costs are for Europe only.

Landing and Take-O� En Route
Climate Air Quality Total Climate Air Quality Total

CO2 45 N/A 45 45 N/A 45
CO N/A 1,100 1,100 N/A 270 270
NOx -590 67,000 66,410 -940 31,000 30,060
H2O N/A N/A 0 2.8 N/A 2.8
SOx -2,600 52,000 49,400 -20,000 42,000 22,000
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a generation) solutions comprise the next generation, after
which the process is repeated until the maximum number of
generations (250) is reached or when the fitness of the best
solution is stagnated over a number of generations (20).

The settings of the genetic algorithm, such as ==>34, =8=3 ,
?<, and f, greatly a�ect the workings of the optimization.
The settings presented in Table II are chosen by evaluating the
results of various optimizations.

TABLE II. The values set for the various GA variables.

Variable ?< fGH fI f⇠�( f" =8=3 ==>34

Value 0.1 50 10 1 0.01 100 50

Twenty flights with varying destinations, aircraft types,
and routes have been chosen. Appendix A provides more
information on these flights. These flights have been optimized
seventeen times with varying settings for the GA. In Figure 4,
the resulting mean reduction in cost, when compared to
the actual flight, is plotted against the average number of
constraints violated per flight. A trade-o� has been made
between the resulting cost reduction, violation of constraints,
and computation time. Based on this, an appropriate setting
for the parameters is in the lower left corner of Figure 4. The
optimization with the least number of constraint violations and
a relatively good score on fitness has been chosen for the case
study presented in section III. Figure 4 indicates it as an orange
star.

Figure 5 displays the mean cost di�erence in percentages
between the actual and optimized trajectory against the number
of generations. A spread in the form of 95% confidence is also
provided. It can be seen that between 100 and 150 generations,
the convergence stagnates. The exact number di�ers per flight
and run. Thus, the maximum number of generations is set to
250.

Fig. 4. The results of seventeen runs with varying parameter
settings expressed in the number of constraints violated per
flight and the mean reduction in cost. Each dot represents
a run. The orange star represents the run with the chosen
parameter setting. Table II provides the settings. The same
twenty flights are considered for each run. See Appendix
A for more information on the flights.

Fig. 5. The mean relative cost di�erence between the
optimized and actual trajectory over the number of
generations. The 95% confidence interval is given as a blue
shade. The chosen parameter settings provided in Table II
are used for the twenty flights of the tuning process. See
Appendix A for more information on the flights.

B. Aircraft Model and Flight Dynamics

This study uses OpenAP for computations concerning aircraft
performance. It constitutes Python packages through which,
for example, it computes the aircraft’s forces and fuel usage.
Also, OpenAP includes aircraft data and provides information
on emissions [23]. OpenAP does not comprise all emitted
gasses described previously, such as hydrocarbons. Thus, the
evaluation of climate and air quality costs is limited to CO2,
CO, NOx, SOx, and H2O.

A point mass model with four degrees of freedom describes
the dynamics of an aircraft in OpenAP [23]. The available
aircraft types in the module are the most used commercial
aircraft. According to Sun and Dedoussi [24, p. 8], OpenAP
can be used "for around 94% of flights in European airspaces".
This is assumed su�cient for this study to demonstrate how a
reduction in aviation’s environmental footprint in the climb and
descent phases can be achieved. The model uses the default
engine available in OpenAP.

Furthermore, several assumptions on flight dynamics are
made. The true airspeed (+)�() is assumed to be parallel to the
ground. For departing aircraft, the velocity profile consists of a
constant acceleration at 0.1 </B2 from the initial velocity until
the aircraft reaches a constant +⇠�( . The aircraft maintains
this constant velocity until it reaches crossover altitude. It
then switches over to a constant ". This velocity profile
is assumed because it is considered a standard operational
procedure. The model calculates the thrust according to the
climb phase calculations in OpenAP.

Arriving aircraft first maintain a constant " until they reach
crossover altitude. Then the setting is switched to a constant
+⇠�( . The thrust is calculated using the idle descent setting
in OpenAP. This setting corresponds to the CDO concept [8].

C. SID, STAR, and Restricted Airspace

Aircraft must follow set routes when leaving or approaching
an airport: Standard Instrument Departures (SIDs) and Standard
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Arrival Routes (STARs). The route consists of several waypoints
that aircraft should fly over. Besides, ATC may impose
constraints on velocity and altitude at these positions. The SIDs
and STARs ensure that the ATC has an increased overview of
the air tra�c surrounding the airport.

In the optimization, trajectories should adhere to these
procedures and constraints to keep them realistic. Aircraft
should fly past the SID or STAR waypoints within a radius of
5 =<. The calibrated airspeed below flight level (FL) 100 cannot
exceed 250 :CB. Additionally, the altitude at the initial approach
fix (IAF) – the final waypoint of a STAR – is constrained
between FL70 and FL100. For departing and arriving aircraft,
the trajectory can follow any route from the final waypoint to
the final position. The model excludes ATC interventions, such
as vectoring and holding patterns. The first generation in the
GA consists of =8=3 mutated versions of the to-be-followed
SID or STAR.

Additionally, airspace can be considered a restricted area
(RA) for aircraft. The model includes these areas and penalizes
solutions for passing through restricted airspace. The model
implements restricted airspace in the shape of beams and
cylinders.

D. Constraints

Typically, a trajectory optimization problem includes three
types of constraints: dynamic, boundary, and path constraints.
The constraints imposed on the model are listed in Tables
III, IV, and V and further explained in this subsection. The
penalty factors given in the tables are based on the priority of
each constraint; more considerable penalties are assigned to
constraints with a higher priority.

Dynamic constraints ensure that aircraft remain within the
flight envelope [13]. Dynamic constraints are imposed on
the flight path angle (W), velocity (+⇠�( , ", and +B, the
vertical velocity), forces, acceleration, and mass. The values of
the constraints depend on the selected aircraft, and OpenAP
contains this information. Table III overviews the constraints.
Equations 4 and 5 provide a detailed version of the total energy
and force constraints. The thrust is represented by ) , the drag
by ⇡, the mass by <, the gravitational acceleration by 6, and
the acceleration by 0. These constraints are included to make
sure that the aircraft can generate the necessary power for the
desired climb, descent or acceleration [25].

)<0G � ⇡

<

� 6 · +B

+)�(

� 0 > 0 (4)

) � < · 6 · sin W � ⇡ < 0 (5)

The boundary constraints specify the values of variables on
the boundaries – the initial and final values. These are in place
for the position and mass. The initial mass is determined to be
90% of the maximum take-o� weight (MTOW) for departing
aircraft and 80% of the maximum landing weight (MLW)
for arriving aircraft. These values are based on empirical
knowledge and applied to all aircraft used in the case study.
Table IV lists the boundary constraints. MTOW and MLW
can be taken from OpenAP and depend on the aircraft type.

TABLE III. Dynamic constraints imposed on the flight path.
The flight type "D" describes departure aircraft, whereas
"A" describes arrival aircraft. OpenAP provides the
maximum operating velocity (VMO), maximum operating
Mach number (MMO), and maximum value for +B per
aircraft type.

Variable Flight Type Lower Upper Penalty
+⇠�( D & A 0 VMO 3%
" D & A 0 MMO 3%
�q D & A - 90� 17%
�W D & A - 5� 17%
+B D & A - Max. 17%

Total Energy D 0 - 10%
Force A - 0 10%

TABLE IV. Boundary constraints imposed on the flight
path. The operational empty weight (OEW), MTOW, and
MLW can be found in OpenAP and are aircraft-dependent.

Variable Flight Type Initial Final Penalty
m D 0.9MTOW >OEW 5%
m A 0.8MLW >OEW 5%

The evaluated flight defines the boundary conditions for the
position. Section III discusses this in more detail.

The path constraints are imposed on the aircraft states
between the boundary points [13]. Table V presents the
path constraints. The previously described SIDs, STARs, and
restricted airspace impose constraints on the optimization. Also,
the model constrains the vertical position between the airport’s
altitude and the aircraft’s ceiling altitude. The model also limits
each node’s heading and flight path angle change.

TABLE V. Path constraints imposed on the flight trajectory.
The airport and ceiling altitude can be found in OpenAP.

Variable Flight Type Lower Upper Penalty
z D & A Airport Ceiling 5%

z at IAF A FL70 FL100 10%
+⇠�( <FL100 D & A 0 250:CB 17%

RA D & A - - 25%
SID/STAR D & A - - 25%

E. Wind

The inclusion of wind in the model only directly a�ects
the aircraft’s ground speed (⌧(). Equation 6 gives the relation
between the wind (ÆD), ground speed, and true airspeed. The
wind’s velocity and direction are assumed to be constant
throughout a flight.

Æ
⌧( = Æ+)�( + ÆD (6)

III. C��� S����

A case study is conducted to test the model’s capabilities.
Through the study, it can be determined whether it can minimize
the environmental impact during the climb and descent phases
through trajectory optimization.
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A. Location

A comparison is made between the actual route’s climate and
air quality costs and the optimized trajectory’s costs. The case
study is conducted for a single airport, Amsterdam Schiphol
Airport (EHAM), for June 2018. The search space around the
airport is a square with sides of 500 :< with EHAM as the
center. The size is chosen such that most aircraft can complete
an entire descent or climb within the search space.

B. Wind and Airspace Data

Data on the wind in June 2018 at and around EHAM is
taken from the ERA5 hourly reanalysis model [26]. The wind
considered in the analysis is from the hour at the start of the
aircraft’s trajectory within the search space. As mentioned in
subsection II-E, the wind is assumed constant for the entire
flight.

The information on the waypoints, SIDs, STARs and
restricted airspace applicable at and around EHAM is available
via the aeronautical information publication (AIP)1. The SIDs
are taken from June 2017 [27], and the STARs from March
2018 [28]. Figure 6 shows the restricted airspace included in the
optimization in red. Appendix B lists the names and locations
of the included restricted airspace. The study does not consider
all restricted airspace indicated by the AIPSection III-B, only
the ones that can a�ect the trajectories are considered. This is
done because the computation time increases with an increasing
number of objects to check.

C. Flight Data

Real flight trajectory data are required and are obtained via
tra�c [29] from The OpenSky Network’s historical database2.
The data for June 8, 2018, is unavailable. Therefore, the model
evaluates 29 days of flights. It only considers flights that depart
or arrive at EHAM. The flights with aircraft that are unavailable
in OpenAP are removed. The data are also filtered for duplicates,
outliers, and missing points. Aircraft that climb, cruise, and
descent within the search space are filtered. Flights with too
few data points (<==>34) are not considered. Table VI lists
the number of flights removed from the data per filter. Of the
34,608 flights available at first, the filters eliminated 7,002,
leaving 27,606 (±80%) to be evaluated and optimized.

D. Route Identification

The model could not detect the SID or STAR of 4,946 flights
of the remaining flights (±18%), as presented in Table VI.
Possibly, the aircraft flew a trajectory that deviated, as ordered
by ATC, from the route. These flights have been omitted.
Otherwise, the optimization would be a free-route optimization
between the airport and the search space boundary and can
thus not be fairly compared with the actual flight.

The exclusion leaves 22,660 flights over 29 days for the
model to evaluate. Appendix C provides more information on
the distribution of the trajectories evaluated in the case study.

1https://eaip.lvnl.nl/2022-09-22-AIRAC/html/index-en-GB.html. Accessed
on September 30, 2022.

2https://opensky-network.org. Accessed on September 29, 2022.

TABLE VI. The number of flights removed from the actual
flight trajectory data per filter. Also, the number of flights
is given of which the SID or STAR could not be identified.

Filter #Flights
Unavailable Aircraft 2,403

Duplicates, Outliers and Missing Values 789
Climb and Descent 3,659

Minimum Data Points 151 +
Subtotal 7,002

Unidentified SID/STAR 4,946 +
Total 11,948

Figure 6 shows the actual and optimized trajectories of
two example flights: EZY92DK-193 arriving at EHAM and
following REKKEN 2A, and; AAL221-1155 departing from
EHAM and following BERGI 3V via waypoint AMGOD. Both
flights were flown on June 1, 2018. The waypoints of the SID
and STAR are shown as green circles with a radius of 5 =<.

Fig. 6. The optimized and actual trajectories of two flights
(AAL221-1155 and EZY92DK-193, flown on June 1. 2018)
are displayed. The green circles represent the SID or STAR
waypoints. The red areas represent the restricted airspace.

E. Trajectory Analysis and Optimization

For departing aircraft, the trajectory is analyzed from the
first data point located 100 < above the runway to the point
where the aircraft leaves the search space. This is decided to
exclude the di�erent velocity and acceleration profiles aircraft
follow immediately after take-o�.

For arriving aircraft, the trajectory is analyzed from the point
where the aircraft enters the search space until the last data
point over 1,500 5 C above the runway. From this point on,
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aircraft are to follow a fixed glide slope towards the runway;
an optimization is not possible for this section as it would
decrease the safety of operations [30].

For the actual flights, the methodology described in subsec-
tion II-A can be used to determine the cost of emissions. The
model identifies which SID or STAR the aircraft followed. The
initial guess for the GA is the trajectory through the waypoints
defined by the SID or STAR, as explained in subsection II-C.

IV. R������

A. Air Tra�c Control Interference

As discussed earlier, ATC may interfere during departure
and arrival; aircraft may have to deviate from the SID or STAR
they were meant to follow. To adhere to the ATC commands,
pilots often level o� the aircraft. While this helps limit collision
risks, the level segments require an increase in thrust to keep
a constant vertical position or velocity [9]. The level segments,
in turn, result in aircraft using more fuel, causing an increase
in emissions during climb and descent. These level-o�s are
also the reason why CDOs are employed [9].

The level-o�s have been found in many flight trajectories
analyzed. Figure 7 illustrates an example of the level segments.
It shows the vertical path of the actual and optimized flight
trajectories (KLM1990-802 on June 1, 2018). It can be seen
that the optimized trajectory excludes level segments.

Fig. 7. The altitude profile of the actual and optimized
trajectories of flight KLM1990-802 on June 1, 2018,
descending to EHAM. The green line visualizes the actual
flight path, showing various level-o�s. The dashed blue
line visualizes the optimized trajectory. The black lines
indicate the moment a trajectory passes the IAF. As given
in subsection II-C, an aircraft should be between FL70
and FL100 when crossing the IAF.

B. Climate and Air Quality Costs by Flight Type

The objective of the optimization is to minimize the flight’s
climate and air quality costs. The value found for the optimized
routes is compared to those of the actual trajectories. The
leftmost distribution of Figure 8 shows the di�erence as
a percentage of the actual flight’s cost. It also visualizes

the resulting distance, time, and fuel relative di�erences to
minimize the cost. All distributions have been split to visualize
the di�erence between departure (left and blue) and arrival
(right and orange) flights.

The model can reduce the climate and air quality costs on
average by 8.6% and 18.6% for departing and arriving flights,
respectively. The resulting mean reduction in the distance for
arrival aircraft is 5.6%. For departing flights, an increase of
0.3% is found. The duration of departing aircraft is increased
by 5.3% and decreased by 7.3% for arriving aircraft; departing
aircraft use 3.3% less fuel, and arriving aircraft 12.9%.

Appendix D provides the distribution plots of the absolute
di�erences of the four metrics when minimizing the climate
and air quality costs. A distinction between the flight type and
aircraft weight category is made.

Fig. 8. Distribution plots for minimizing climate and air
quality costs. The di�erence in percentages of the optimized
trajectories compared to actual trajectories is given. The
di�erence in other metrics, such as distance, time, and fuel
usage, are also provided in percentages. A split has been
made between departure and arrival flights.

C. Climate and Air Quality Costs by Weight Category

Figure 9 presents the di�erence in cost between the optimized
and actual flight trajectories split by flight type and aircraft
weight category.

Appendix E provides more information on the weight
categories used. The case study data consists of 17,333 medium-
weight and 5,308 heavy-weight aircraft. Appendix C provides
more information on the distribution of the aircraft weight
categories. Figure 9 does not present the "Light" category
because only 19 flights belonged to it, which is considered
unrepresentative. The A380 is the only aircraft comprising the
category "Super". This aircraft is not present in the case study
data.

For departing flights, the costs for medium-weight aircraft
are reduced on average by 8.0% and 10.3% for heavy-weight
aircraft. For arriving flights, the costs for medium-weight
aircraft are reduced on average by 17.4% and 22.8% for heavy-
weight aircraft.



8

Fig. 9. Distribution plots of the relative di�erence in climate
and air quality costs between the optimized and actual
trajectories. The distributions are split for aircraft weight
category and flight type.

V. D���������

A. Verification

The model’s outcome has been compared with studies that
evaluate flights with similar conditions. A similar study is that
of Hartjes and Visser [31]. A flight with identical position
boundary conditions was set up with the same aircraft. The
result was in the same order of magnitude as the most fuel-
e�cient flight by the researchers; the fuel usage found by
the researchers came to 507.3 :6, whereas the GA came to
590.0 :6. The deviation from the optimal found by Hartjes
and Visser could be due to missing information on the initial
mass assumption and a di�erent aircraft performance model
used.

The case study outcome of the descent’s fuel savings has
also been compared to the findings of studies related to CDOs.
Cao et al. [8] concluded that the average amount of fuel saved
per flight is 147 :6, Dalmau [9] found a 10% reduction, and
Clarke et al. [32] found 64 :6 fuel saved. The established
genetic algorithm in this paper achieved an average reduction
in fuel usage of 136 :6, equivalent to 12.9%, for arriving
flights. This reduction is in the same order of magnitude as [8]
and [9]. The former researchers compare their results to other
papers, as well. The 136 :6 reduction is within the ballpark
of those results. The large di�erence in the outcome of Clarke
et al. [32] could be due to a smaller lateral distance in their
research.

B. E�ect of Minimization of Climate and Air Quality Costs

At first glance at Figure 8, one can deduce that a reduction
in climate and air quality costs for both departure and arrival
aircraft at EHAM is possible. A clear di�erence between
the two flight types can be distinguished; the four metrics’
relative di�erence between the actual and optimized flights is
more considerable for arriving aircraft. For both flight types,
minimizing the costs results in fuel reduction simultaneously.
The fuel reduction is expected because a decrease in climate

and air quality costs is related to fewer emissions related to
fuel usage.

A di�erence is visible for the distance and time metrics. The
distance covered by the actual and optimized trajectories for
departing aircraft is nearly the same. However, the optimized
departing flight duration is longer because the aircraft fly with
a lower velocity than the actual flights.

For arrival aircraft, the distance and duration of the flight are
both decreased. These findings are in line with research con-
ducted on CDOs [33] and studies concerning the optimization
of arrivals [34].

The di�erence between departing and arriving aircraft is
assumed to be due to the di�erence in actual routes. ATC
often applies vectoring to separate arriving aircraft and prevent
conflicts. As the model does not consider these interferences in
the optimization, a more significant reduction in the distance
travelled is expected for arriving flights. Departing aircraft
are naturally more separated; thus, the di�erence between the
actual and optimized route’s distances is lower than for arriving
aircraft.

C. E�ect of Aircraft Weight

Figure 9 indicates a di�erence between the two aircraft
weight categories. In the left distribution – the medium-weight
aircraft – the possible reduction in climate and air quality costs
is lower than for heavy-weight aircraft. The relative di�erence
for departure aircraft is nearly similar, whereas the room for
improvement in the arrival of heavy aircraft is notably larger.
The mass of an aircraft a�ects the fuel flow, which is related
to the cost. This relation is thought to be the reason behind
these di�erences.

D. E�ect of Wind

The case study was run twice for all flights, once with and
once without wind. The results of the optimization considering
wind have been presented previously. If the model does not
consider wind, the reduction is 0.3% smaller for departing
aircraft, whereas the reduction is 0.3% larger for arriving
flights. Only a slight di�erence is expected; the trajectory is
to follow the identified SID or STAR and thus cannot deviate
much from the defined route.

The reduction may be larger when a tailwind is applied
to the aircraft. The reason is that the ground speed increases
according to Equation 6 and, thus, the duration and total fuel
usage decrease. However, for aircraft experiencing a headwind,
the reverse is true. In the case study, aircraft come in from
all directions and, therefore, some experience headwinds and
others tailwinds, evening out the resulting cost reduction. This
is another reason for the slight di�erence in the percentage
reduction between including and excluding wind.

E. Constraint Violation

One can deduce from Figure 8 that for some trajectories,
especially for departing aircraft, the costs are higher for the
optimized trajectories; the relative di�erence is above 0%. The
cost increase can be explained through the application of the
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constraints. It was found that actual flights frequently violated
imposed constraints. The actual trajectories often violated
the constraints on the velocity below FL100, the altitude at
IAF, the total energy and force, and the maximum absolute
vertical velocity. The optimization model aims to violate as
few constraints as possible. Therefore, the optimized route may
violate fewer constraints than the actual flight but, in turn,
has to fly a longer route or with another velocity and altitude
profile.

Figure 6 shows an example: the actual trajectories of both
flights only pass some waypoints. As the optimized route passes
all waypoints, a longer route is expected, which could increase
climate and air quality costs. Figure 8 displays this increase to
inform the reader of the model’s outcome.

The violation of constraints of the actual trajectories could
be due to incorrect settings of the constraints, for instance, for
the maximum vertical velocity. Concerning the velocity below
FL100 and the altitude at IAF, the violation could be due to
ATC commands. The ATC may order aircraft to fly faster or a
more direct route when there is space to do so. The model is,
however, not allowed to do this. Lastly, the total energy and
force constraints violations could be related to the assumption
of the mass and engine and OpenAP’s thrust approximation.
The initial mass assumption is considered crude. It a�ects the
outcome of the total energy and force constraints, and this could
thus be the reason for actual trajectories violating constraints.

Margins for the constraints could be specified to overcome
incorrect assumptions or constraint settings. For example, a
minor penalty could be assigned if the trajectory violates a
constraint but is within the margin. This addition could improve
the workings and reality of the GA.

F. Case Study Location

As stated in subsection III-D, the model did not identify a
SID or STAR in approximately 18% of the evaluated flights.
The inability to identify the route is due to a large amount of
vectoring (and some holding patterns) applied at EHAM. The
model did not evaluate these flights, so it found no estimate
of the possible reduction of climate and air quality costs for
them. The model potentially optimizes a larger portion of the
flights at other airports, where ATC applies less vectoring.

Additionally, the case study excluded 3,659 flights because
they included a climb and a descent phase. The model can only
optimize the climb or the descent, so it does not evaluate these
flights. It would be interesting to determine if reducing the
climate and air quality costs are possible for these trajectories.

G. Operational Procedures

As described in subsection II-B, the specified velocity profile
is an additional assumption. It was assumed to follow the
current operational procedures concerning the velocity. A
di�erent outcome, and possibly a more considerable cost
reduction, can be expected when the velocity is allowed to vary
freely throughout the trajectory. Currently, a constant +⇠�(

and ", and also a constant 0 for departing aircraft, restricts
the GA to a specific velocity profile for the trajectory.

Even though the aircraft follow the SIDs and STARs, the
model does not consider aircraft separation; the optimization
considers only a single flight. Therefore, the results may show
a more optimistic reduction than possible in an actual situation.
For future work, it is deemed beneficial to consider multiple
aircraft in the model, ensuring that aircraft are separated.

H. Uncertainties

The absence of data on the mass of aircraft gives rise
to uncertainties, as Sun and Dedoussi [24] concluded. This
conclusion applies to this research as well. Additionally, the
assumption of the default engine and the thrust approximation
of OpenAP for idle descent can cause deviations from more
accurate results [23].

The last uncertainty concerning the result is that of the
climate metric used. The costs established by Grobler et al. [1]
are exposed to large uncertainties. According to Simorgh et
al. [17], this is because the knowledge of the processes in the
atmosphere needs to be improved to quantify emitted gasses
accurately. Additionally, the model does not consider several
emissions, for instance, of hydrocarbons.

The e�ect of the assumptions and uncertainties could be
evaluated using a sensitivity analysis. This could aid in the
improvement of the model.

VI. C��������� ��� R��������������

This research aims to determine if reducing the climate
e�ects of aircraft’s climb and descent phases is attainable
through trajectory optimization. A genetic algorithm is em-
ployed to optimize actual flight trajectories in the horizontal
and vertical direction for aircraft climate and air quality costs.
The optimized trajectory should follow the identified SID or
STAR and adhere to additional constraints, such as velocity
and altitude limits.

A case study has been conducted to test the model’s
capabilities and answer the research question. More than
22,000 actual aircraft trajectories arriving at and departing from
Amsterdam Schiphol Airport are evaluated on their climate
and air quality costs. The model optimizes each route and
determines the relative di�erence between the costs, and other
metrics, of the actual and optimized trajectories. The model
can reduce the climate and air quality costs by 8.6% and 18.6%
on average for departing and arriving flights. It is concluded
that reducing environmental costs does not necessarily result
in shorter flights in terms of time and distance. The fuel usage
is reduced for most trajectories. The costs of heavy-weight
aircraft trajectories can be reduced a few per cent more than
those of medium-weight aircraft. The wind is shown to have a
limited e�ect on reducing the costs because the identified SID
or STAR constrains its path.

Several elements of the model may a�ect the possible
reduction of environmental costs. These include the assumed
velocity profile, the inability to evaluate flights that include
both climb and descent, and the violation of constraints by
actual flights. Additionally, uncertainties are present in the mass
approximation, thrust calculation, and applied climate metric.
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Based on the results, recommendations for future research
are provided. Firstly, it would be interesting to omit the assumed
velocity profile and let the velocity vary freely throughout the
trajectory. One can improve the accuracy of the results by better
approximating the mass of aircraft, for instance, by considering
the flight length or the operating airline.

It could also be beneficial to perform a sensitivity analysis.
Such an analysis could be done on the mass, the imposed
constraints or the climate metric used.

The model can be more realistic by including ATC com-
mands; the model could optimize for multiple aircraft and
include conflict detection and aircraft separation. Besides,
it would be interesting to evaluate if the optimization can
achieve similar reductions at other airports. Comparing di�erent
regions and periods could aid in a deeper understanding of the
possibility of limiting the environmental e�ects of aviation.

In future research, one can use the implementation of
restricted airspace to redirect trajectories past areas restricted
for noise purposes, among others.

The case study has demonstrated the possibility of reducing
the anthropogenic e�ects of the aviation industry on the envi-
ronment through trajectory optimization. An average reduction
of 8.6% and 18.6% for the climate and air quality costs for
departing and arriving flights at Amsterdam Schiphol Airport
is achievable. Others can use the open-source GA to conduct
further research to explore how to improve the reduction or to
evaluate the possibilities at other locations3.
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A. Distribution of Flights for Tuning

Figure 10 displays the distribution of flights evaluated in the
tuning process described in subsection II-A. The trajectories
are sorted by weight category and flight type. All trajectories
were flown on June 1, 2018.
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Fig. 10. A bar plot of the flights considered in the tuning of the GA. The trajectories are sorted by weight category and
flight type.

Fig. 11. A bar plot of the flights considered in the case study (after filtering and excluding unidentified SID or STAR
flights). The trajectories are sorted by weight category and flight type.

B. Restricted Airspace

Tables VIII and IX provide the location and dimensions of
the restricted airspace. The former table lists the areas shaped
as boxes. The latter lists the areas shaped as cylinders. Figure 6
shows the restricted airspace as red areas.

C. Distribution of Flights for Case Study

Figure 11 displays the distribution of flights evaluated in
the case study described in section III. The flights of which
the model could not identify a SID or STAR, as described in
subsection III-D, are filtered. Figure 11 excludes these flights.
Also, the flights filtered as described in subsection III-C are
not shown. The trajectories are sorted by weight category and
flight type.

D. Results in Absolute Values

Figure 12 provides the absolute di�erence between the actual
and optimized climate and air quality costs. Figures 13, 14,
and 15 provide the absolute distance, time, and fuel di�erence
between the actual and optimized trajectories. These are the
metrics’ resulting di�erences for minimizing the climate and

air quality costs. The same conclusions can be drawn from
these figures as from the relative distribution plots presented
in section IV.

E. Aircraft Weight Categories

Table VII provides the aircraft weight categories specified
by ICAO for wake turbulence4.

TABLE VII. The aircraft weight categories. The category
"Super" is not included. The minimum and maximum
values are given in :6.

Category Min. Max.
Light 0 7,000

Medium 7,000 136,000
Heavy 136,000 -

4https://www.skybrary.aero/articles/icao-wake-turbulence-category. Ac-
cessed on October 27, 2022.
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TABLE VIII. The considered restricted airspace location boundaries. These airspace are shaped like boxes. The table
provides the minimum and maximum values for latitude, longitude, and altitude. MSL refers to mean sea level, and
GND refers to ground.

Airspace ;0C<0G ;0C<8= ;>=<0G ;>=<8= I<8= I<0G

EHD41A, B, C 53�1300000 N 53�0500000 N 4�1800000 E 3�3700000 E MSL FL055
EHD41D 53�1300000 N 53�0500000 N 4�1000000 E 3�4500000 E MSL FL660
EHTRA72 51�5403800 N 51�4901300 N 5�4004400 E 5�1703200 E GND FL195

EHR3 52�2700000 N 52�2103000 N 6�0100000 E 5�5000000 E GND FL365
EHR2A 53�2502100 N 53�1501700 N 6�2902100 E 6�0204400 E GND FL195
EHR9 52�1103000 N 52�0604000 N 5�5205000 E 5�4400000 E GND 5,900 5 C

TABLE IX. The considered restricted airspace location boundaries. These airspace are shaped like cylinders. The table
provides the location of the circle centre, its radius, and the minimum and maximum altitude. GND refers to ground.

Airspace ;0C24=CA4 ;>=24=CA4 A I<8= I<0G

EHTRA80 52�0303500 N 5�5201900 E 6.5=< 3,000 5 C FL065
EHTSA1A 51�3100200 N 5�5102000 E 6.5=< GND FL195
EHTRA58 51�3004500 N 5�0104000 E 2=< GND FL245

Fig. 12. Distribution plots of the absolute di�erence in
climate and air quality costs between the optimized and
actual trajectories. The di�erences are sorted by weight
category and flight type.

Fig. 13. Distribution plots of the absolute di�erence in
distance between the optimized and actual trajectories. The
objective was to minimize the environmental costs. The
di�erences are sorted by weight category and flight type.

Fig. 14. Distribution plots of the absolute di�erence in
time between the optimized and actual trajectories. The
objective was to minimize the environmental costs. The
di�erences are sorted by weight category and flight type.

Fig. 15. Distribution plots of the absolute di�erence in fuel
usage between the optimized and actual trajectories. The
objective was to minimize the environmental costs. The
di�erences are sorted by weight category and flight type.
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,Q WKLV GRFXPHQW� D UHVHDUFK SODQ DQG SUHOLPLQDU\ UHVXOWV DUH SURYLGHG IRU D PDVWHU WKHVLV� 7KH SUR�
SRVHG UHVHDUFK DLPV WR PLQLPL]H WKH LPSDFW RI DYLDWLRQ RQ FOLPDWH� IRFXVLQJ RQ WKH FOLPE DQG GHVFHQW
SKDVH RI WKH IOLJKW� 7KHUH DUH PXOWLSOH ZD\V WR DFKLHYH WKLV� ,Q WKLV WKHVLV� LW LV LQYHVWLJDWHG ZKHWKHU
WKH HQYLURQPHQWDO IRRWSULQW FDQ EH PLQLPL]HG E\ ILQGLQJ RSWLPDO IOLJKW WUDMHFWRULHV� 7KH FOLPDWH LPSDFW
LQ WKLV VWXG\ LV GHILQHG DV WKH HPLVVLRQV RI DLUFUDIW� ZKLFK ZLOO EH TXDQWLILHG DV D PRQHWDU\ PHWULF� 7KH
RSWLPL]DWLRQ GRHV QRW LQFOXGH WKH HIIHFW RI FRQWUDLOV� EHFDXVH RI WKH OLPLWHG HIIHFW DW ORZHU DOWLWXGHV� DQG
DOVR QRW WKH HIIHFWV RI QRLVH� EHFDXVH RI LWV FRPSOH[ QDWXUH�

7KH UHVXOW RI WKH WKHVLV ZLOO EH DQ RSHQ�VRXUFH SODWIRUP WKDW DOORZV RWKHUV WR RSWLPL]H WKH IOLJKW WUDMHFWRU\
IRU WKHLU QHHGV� 7KH PHWKRG IRU WKH RSWLPL]DWLRQ KDV EHHQ FKRVHQ WR EH D JHQHWLF DOJRULWKP� $ SUHOLP�
LQDU\ PRGHO KDV EHHQ PDGH ZKLFK DLPV WR RSWLPL]H D ODWHUDO WUDMHFWRU\ IRU PLQLPDO HPLVVLRQ FRVWV� ,W
LV LPSOHPHQWHG LQ 3\WKRQ� DQG XVH LV PDGH RI VHYHUDO VRIWZDUH SDFNDJHV VXFK DV 2SHQ$3� 7KH EDVLF
PRGHO LV QHDUO\ ILQLVKHG DQG ZLOO EH LPSURYHG ILUVW VXFK WKDW LW FDQ FRUUHFWO\ ILQG D QHDU�RSWLPDO IOLJKW
WUDMHFWRU\� ,W ZLOO WKHQ EH H[WHQGHG WR LQFOXGH RSWLPL]DWLRQ LQ WKH YHUWLFDO GLUHFWLRQ� ZLQG HIIHFWV� YDU\�
LQJ YHORFLW\ DQG PDVV� DQG UHJXODWLRQV IURP $7&� 7KHVH GHFLVLRQV KDYH EHHQ PDGH DIWHU D WKRURXJK
OLWHUDWXUH VWXG\ RQ VXVWDLQDEOH DLUFUDIW WUDMHFWRU\ RSWLPL]DWLRQ� ZKLFK LV GHVFULEHG LQ PRUH GHWDLO LQ WKLV
SODQ�

$Q H[SHULPHQW LQ WKH IRUP RI D FDVH VWXG\ ZLOO EH FRQGXFWHG LQ WKH UHVHDUFK� 7KLV ZLOO DOORZ IRU D
FRPSDULVRQ EHWZHHQ WKH FXUUHQW IOLJKW WUDMHFWRULHV DQG WKH RSWLPL]HG RQHV� 7KURXJK WKH FDVH VWXG\�
LW FDQ EH GHWHUPLQHG KRZ DQG E\ KRZ PXFK� WKH HQYLURQPHQWDO IRRWSULQW FDQ EH UHGXFHG E\ URXWH
DOWHUDWLRQV LQ WKH FOLPE DQG GHVFHQW SKDVH ± DFKLHYLQJ WKH UHVHDUFK REMHFWLYH�
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7KHUH LV D QHHG IRU WKH DYLDWLRQ LQGXVWU\ WR EHFRPH OHVV SROOXWLQJ� ,W LV H[SHFWHG WKDW WKH QXPEHU RI
IOLJKWV JOREDOO\ LQFUHDVHV LQ WKH FRPLQJ \HDUV >�@� ZKLOH VLPXOWDQHRXVO\ D UHGXFWLRQ RI WKH DYLDWLRQ FOLPDWH
HIIHFWV VKRXOG EH DFKLHYHG >�@� 1RW RQO\ GRHV WKH DYLDWLRQ LQGXVWU\ QHJDWLYHO\ DIIHFW WKH JOREDO FOLPDWH�
EXW WKH KHDOWK RI SHRSOH DQG ZLOGOLIH LV DOVR JUHDWO\ LPSDFWHG� DYLDWLRQ DIIHFWV WKH HQYLURQPHQW LQ WKH
EURDGHVW VHQVH >�@�

$ UHGXFWLRQ RI WKH HQYLURQPHQWDO LPSDFW RI WKH LQGXVWU\ FDQ EH DFKLHYHG LQ VHYHUDO PDQQHUV� D IHZ
DUH VXJJHVWHG E\ 7HRK DQG .KRR >�@� )LUVWO\� WKH DLUFUDIW LWVHOI FRXOG EH GHVLJQHG PRUH VXVWDLQDEO\�
)RU H[DPSOH� XVLQJ D JUHHQHU IRUP RI SURSXOVLRQ RU LQFUHDVLQJ HIILFLHQF\� 6HFRQGO\� DLUOLQHV FRXOG
XVH WKH H[LVWLQJ IOHHW RI DLUFUDIW PRUH HIIHFWLYHO\� $OVR� SROLFLHV DQG UHJXODWLRQV FDQ EH DOWHUHG� VXFK
DV LQWURGXFLQJ WKH (PLVVLRQ 7UDGLQJ 6FKHPH >�@� /DVWO\� WKH URXWLQJ RI IOLJKWV FRXOG EH DOWHUHG� 7KH
ODWWHU VWUDWHJ\ ZLOO EH H[SORUHG LQ WKLV SURMHFW� ,Q RWKHU WUDQVSRUWDWLRQ LQGXVWULHV� WKLV KDV EHHQ DSSOLHG
EHIRUH� )RU H[DPSOH LQ URDG FDUJR WUDQVSRUWDWLRQ� LQ ZKLFK D UHGXFWLRQ RI ��� FRXOG EH DFKLHYHG IRU
WKH HPLVVLRQ RI FDUERQ GLR[LGH >�@�

7KH WRSLF RI VXVWDLQDELOLW\ LQ WKH DYLDWLRQ LQGXVWU\ KDV EHHQ RQ D ULVH LQ UHFHQW \HDUV� 7KH UHVHDUFK
RQ WKH WKHRU\ DQG DSSOLFDWLRQ RI VXVWDLQDEOH IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ IROORZV WKH VDPH WUHQG >�@�
+RZHYHU� JDSV LQ WKH UHVHDUFK DUHD UHPDLQ� DQG VHYHUDO FKDOOHQJHV KDYH WR EH FRQTXHUHG�

2QH RI WKHVH JDSV LV WKH RSWLPL]DWLRQ RI WKH FOLPE DQG GHVFHQW RSHUDWLRQV IRU HQYLURQPHQWDO LPSDFW�
7KHUH DUH PDQ\ VWXGLHV FRQGXFWHG RQ WKH RSWLPL]DWLRQ RI IOLJKW WUDMHFWRULHV LQ WKH WHUPLQDO PDQHXYHULQJ
DUHD �70$� VXFK DV >�@� +RZHYHU� RQO\ LQ D IHZ RI WKHVH VWXGLHV WKH WUDMHFWRULHV DUH RSWLPL]HG IRU DQ HQ�
YLURQPHQWDO REMHFWLYH� PRVW IRFXV RQ PLQLPL]LQJ WKH QXPEHU RI FRQIOLFWV RU GHOD\V LQ WKH 70$� %HVLGHV�
WKH FOLPE DQG GHVFHQW SKDVHV RI IOLJKW WUDMHFWRULHV DUH VXEMHFW WR PRUH SURFHGXUHV DQG UHJXODWLRQV RI DLU
WUDIILF FRQWURO �$7&� WKDQ WKH FUXLVH SKDVH LV� 7KLV FRPSOLFDWHV DQ RSWLPL]DWLRQ RI WKH IOLJKW WUDMHFWRULHV LQ
WKH 70$� (IIRUWV KDYH EHHQ PDGH WR UHGXFH WKH LPSDFW RI DYLDWLRQ GXULQJ FOLPE DQG GHVFHQW HPSOR\LQJ
VR�FDOOHG FRQWLQXRXV FOLPE DQG GHVFHQW RSHUDWLRQV �&&2 DQG &'2�� 7KHVH RSHUDWLRQV VKRXOG KDYH D
OLPLWHG LPSDFW RQ WKH FRQIOLFWV DQG VHTXHQFLQJ SUREOHPV LQ WKH 70$ >�@� +RZHYHU� WKH\ IRFXV PRVWO\
RQ RSWLPL]LQJ WKH YHUWLFDO DQG VSHHG SURILOH� DQG QRW RQ HQYLURQPHQWDO HIIHFWV� ,W LV WKRXJKW WKDW WKURXJK
VXVWDLQDEOH WUDMHFWRU\ RSWLPL]DWLRQ LQ WKH 70$ WKH HQYLURQPHQWDO HIIHFWV LQ WKH FOLPE DQG GHVFHQW SKDVH
FDQ EH IXUWKHU UHGXFHG�

5HJDUGLQJ WKH HQYLURQPHQWDO HIIHFWV UHODWHG WR DYLDWLRQ� VXFK DV WKH HPLVVLRQ RI &2� DQG QRQ�&2�
JDVVHV� WKH DYDLODEOH UHVHDUFK LV OLPLWHG� )RU LQVWDQFH� WKH UHVHDUFK RQ WKH HIIHFWV RI FRQWUDLOV RQ
WKH HQYLURQPHQW LV QRW IDU HQRXJK WR LPSOHPHQW D PRGHO RI WKH HPHUJHQFH RI FRQWUDLOV LQ WUDMHFWRU\
RSWLPL]DWLRQ >��@� $OVR� WKHUH LV D ODUJH XQFHUWDLQW\ SUHVHQW LQ WKH TXDQWLILFDWLRQ RI WKH HPLVVLRQV RI
DLUFUDIW >��@� 7KLV LV LQ SDUW EHFDXVH DLUFUDIW HPLW WKH JDVVHV LQ GLIIHUHQW SURSRUWLRQV GHSHQGLQJ RQ
SRVLWLRQ DQG DOWLWXGH >��@� 7KHVH XQFHUWDLQWLHV DQG WKH OLPLWHG UHVHDUFK RQ VHYHUDO HQYLURQPHQWDO HIIHFWV
SRVH DQRWKHU FKDOOHQJH WR WKH UHVHDUFK� LW LV KDUG WR DFFXUDWHO\ GHWHUPLQH WKH HQYLURQPHQWDO LPSDFW RI
D IOLJKW WUDMHFWRU\�

,Q WKLV SURMHFW� WKH JRDO LV WR GHWHUPLQH ZKHWKHU WKH UHGXFWLRQ RI WKH HQYLURQPHQWDO LPSDFW RI DLUFUDIW
GXULQJ WKH FOLPE DQG GHVFHQW SKDVH WKURXJK DQ RSWLPL]DWLRQ RI WKH IOLJKW WUDMHFWRULHV FDQ EH DFKLHYHG�
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7KH PDLQ DLP RI WKH ZRUN LV WR FUHDWH D SURJUDP� WKDW LV DFFHVVLEOH WR RWKHUV DQG LV HDVLO\ DGMXVWDEOH� ,W
VKRXOG EH FXVWRPL]DEOH WR RSWLPL]H IOLJKW WUDMHFWRULHV IRU GHSDUWXUHV DQG DSSURDFKHV IRU GLIIHUHQW DLUFUDIW�
ORFDWLRQV� DQG FRQGLWLRQV� ,I WKLV LV DFKLHYHG� D ZLGHU SXEOLF FDQ EH LQIRUPHG DERXW WKH SRVVLELOLWLHV RI
WUDMHFWRU\ DOWHUDWLRQV IRU ORZHU HQYLURQPHQWDO LPSDFW GXULQJ FOLPE DQG GHVFHQW�

7KLV SUHOLPLQDU\ UHSRUW SUHVHQWV DQ H[WHQVLYH OLWHUDWXUH UHYLHZ� GHVFULEHV KRZ WKH SURMHFW ZLOO EH FRP�
SOHWHG DQG GHPRQVWUDWHV WKH LQLWLDO UHVXOWV RI WKH SHUIRUPHG RSWLPL]DWLRQ� )LUVW� LQ &KDSWHU �� WKH H[LVWLQJ
OLWHUDWXUH UHJDUGLQJ WKH HQYLURQPHQWDO HIIHFWV RI DYLDWLRQ� WKH PHWKRGV IRU WUDMHFWRU\ RSWLPL]DWLRQ� DQG
WKH SURFHGXUHV IRU DUULYDO DQG GHSDUWXUH LV UHYLHZHG� 7KH JDS LQ WKH UHVHDUFK LV WR EH LGHQWLILHG IURP
WKLV� OHDGLQJ WR WKH UHVHDUFK TXHVWLRQ� 7KLV LV GLVFXVVHG LQ &KDSWHU � DORQJ ZLWK WKH REMHFWLYHV RI WKH UH�
VHDUFK� ,Q &KDSWHU �� WKH UHVHDUFK IUDPHZRUN LV SURYLGHG DQG WKH SODQQLQJ LQ WKH IRUP RI D *DQWW FKDUW
�SUHVHQWHG LQ $SSHQGL[ $� RI WKH FRPSOHWH SURMHFW LV ODLG RXW� 7KH WKHRU\ DSSOLFDEOH WR WKH UHVHDUFK DQG
WKH PHWKRGRORJ\ RI WKH SURMHFW DUH GHVFULEHG LQ &KDSWHU � DQG &KDSWHU �� UHVSHFWLYHO\� 7KLV LV IROORZHG
E\ &KDSWHU �� LQ ZKLFK WKH SUHOLPLQDU\ UHVXOWV DQG RXWFRPH DUH SUHVHQWHG DQG GLVFXVVHG� 7KH IXWXUH
SODQV IRU WKH PRGHO DQG WKH VHW�XS RI WKH H[SHULPHQW DUH SUHVHQWHG LQ &KDSWHU �� 7KH SUHOLPLQDU\ UHSRUW
LV FRQFOXGHG LQ &KDSWHU ��
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/LWHUDWXUH 5HYLHZ

7KH SURSRVHG UHVHDUFK LQ VXVWDLQDEOH DLUFUDIW WUDMHFWRU\ FRYHUV PXOWLSOH GLVFLSOLQHV� QDPHO\ DYLDWLRQ
HQYLURQPHQWDO LPSDFW� WUDMHFWRU\ RSWLPL]DWLRQ� DQG DUULYDO DQG GHSDUWXUH SURFHGXUHV IRU DLUSRUWV� ,W LV
RI LPSRUWDQFH WR NQRZ ZKDW WKH FXUUHQW VWDWH�RI�WKH�DUW LV LQ WKHVH ILHOGV� ,W VKRXOG EH NQRZQ KRZ DQG
ZKDW PHWKRGV DUH FRPPRQO\ XVHG WR GHYHORS D EHWWHU XQGHUVWDQGLQJ RI WKH WRSLF�

7KH OLWHUDWXUH ZDV IRXQG WKURXJK DQ H[WHQVLYH VHDUFK LQ ZKLFK PXOWLSOH VHDUFK HQJLQHV ZHUH XWLOL]HG�
7KHVH LQFOXGH� DPRQJ RWKHUV� 6FRSXV� DQG :HE RI 6FLHQFH�� $GGLWLRQDOO\� WKH SURFHHGLQJV IURP DSSOL�
FDEOH FRQIHUHQFHV� OLNH WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HVHDUFK LQ $LU 7UDIILF 0DQDJHPHQW �,&5$7���
KDYH EHHQ H[SORUHG� 6HYHUDO NH\ZRUGV ZHUH XVHG LQ WKH VHDUFKHV LQ GLIIHUHQW FRPELQDWLRQV DQG XV�
LQJ V\QRQ\PV� 7KHVH LQFOXGH WUDMHFWRU\ RSWLPL]DWLRQ� VXVWDLQDEOH DLU WUDQVSRUW� HQYLURQPHQWDO LPSDFW�
HPLVVLRQ PHWULF� DQG DYLDWLRQ FOLPDWH HIIHFWV DPRQJ RWKHUV�

7KH DYDLODEOH OLWHUDWXUH RQ WKH HQYLURQPHQWDO HIIHFWV RI DYLDWLRQ LV SUHVHQWHG ILUVW� 7KLV LV IROORZHG E\
6HFWLRQ ���� LQ ZKLFK WKH H[LVWLQJ OLWHUDWXUH LQ WUDMHFWRU\ RSWLPL]DWLRQ LV GLVFXVVHG� 7KH VWDWH�RI�WKH�DUW
UHVHDUFK RQ DUULYDO DQG GHSDUWXUH SURFHGXUHV DUH SUHVHQWHG LQ 6HFWLRQ ���� /DVWO\� LQ 6HFWLRQ ���� D
GLVFXVVLRQ LV ZULWWHQ RQ WKH OLWHUDWXUH FRQFHUQLQJ WKH SURSRVHG UHVHDUFK SURMHFW�

���� (QYLURQPHQWDO (IIHFWV RI $YLDWLRQ
,W LV ZHOO NQRZQ WKDW DYLDWLRQ QHJDWLYHO\ LPSDFWV WKH HQYLURQPHQW� /HH HW DO� >��@ HVWLPDWHG WKDW �� RI
WKH ZRUOGZLGH UDGLDWLYH IRUFLQJ �5)� E\ KXPDQV LV EURXJKW DERXW E\ WKH DYLDWLRQ LQGXVWU\� 7KHVH HIIHFWV
DUH FDXVHG E\� DPRQJ RWKHUV� WKH HPLVVLRQ RI JDVVHV� WKH IRUPDWLRQ RI FRQWUDLOV� DQG WKH SURGXFWLRQ RI
QRLVH� 7R GHWHUPLQH D HQYLURQPHQW�RSWLPDO IOLJKW WUDMHFWRU\ DQ XQGHUVWDQGLQJ RI WKRVH HIIHFWV LV UHTXLUHG�
$GGLWLRQDOO\� D PHWULF WR GHILQH WKH HIIHFWV TXDQWLWDWLYHO\ LV QHHGHG� 6HYHUDO VWXGLHV H[SORUH WKHVH WRSLFV
DQG DOVR UHYLHZ DUWLFOHV H[LVW� VXFK DV >�@� WKDW HYDOXDWH WKH DYDLODEOH UHVHDUFK� 7KH VWDWH�RI�WKH�DUW LV
SUHVHQWHG LQ WKLV VHFWLRQ�

������ (PLVVLRQV
7KH ILUVW HQYLURQPHQWDO HIIHFW RI DYLDWLRQ WR EH GLVFXVVHG LV WKH HPLVVLRQ RI JDVVHV� $LUFUDIW HPLW YDULRXV
JDVVHV ZKLFK DIIHFW WKH HQYLURQPHQW� 7KHVH LQFOXGH FDUERQ GLR[LGH �&2��� FDUERQ PRQR[LGH �&2��
QLWURJHQ R[LGHV �12[�� VRRW SDUWLFOHV DQG RWKHU SDUWLFXODWH PDWWHU� VXOIXU R[LGHV �62[�� ZDWHU YDSRU
�+�2�� K\GURFDUERQV �+&�� DQG RWKHUV LQ VPDOOHU TXDQWLWLHV >�� ��@� 1RW DOO RI WKH HPLVVLRQV QHFHVVDULO\
KDUP WKH FOLPDWH� )RU LQVWDQFH� VRPH IRUPV RI 12[ FDQ FRQWULEXWH WR WKH FRROLQJ RI WKH HQYLURQPHQW�
DFFRUGLQJ WR /HH HW DO� >��@� +RZHYHU� WKH UHVHDUFKHUV VWDWH WKDW WKH VXP RI DOO HPLVVLRQV UHVXOWV LQ
SRVLWLYH 5)� WKXV ZDUPLQJ XS WKH DWPRVSKHUH� 5) LV D PHWKRG WR TXDQWLI\ WKH LPSDFW RI HPLWWHG JDVVHV�
ZKLFK ZLOO EH GLVFXVVHG PRUH H[WHQVLYHO\ DW WKH HQG RI WKLV VHFWLRQ�

�https://www.scopus.com� $FFHVVHG WKURXJKRXW WKH SURMHFW�
�https://www.webofscience.com� $FFHVVHG WKURXJKRXW WKH SURMHFW�
�https://www.icrat.org� $FFHVVHG RQ )HE� ��� �����

��

https://www.scopus.com
https://www.webofscience.com
https://www.icrat.org


���� (QYLURQPHQWDO (IIHFWV RI $YLDWLRQ ��

7KH FRQWULEXWLRQ RI QRQ�&2� JDVVHV WR WKH HQYLURQPHQW E\ DYLDWLRQ VKRXOG QRW EH QHJOHFWHG� DV 0DWWKHV
HW DO� >��@ DOVR VWLSXODWH� /HH HW DO� >��@ VWDWH WKDW WKH FRQWULEXWLRQ RI QRQ�&2� JDVVHV WR 5) LV WZR�WKLUGV
RI WKH WRWDO DPRXQW� +RZHYHU� WKLV GLVWULEXWLRQ GRHV QRW DOZD\V KROG� $V PHQWLRQHG E\ /XQG HW DO� >��@�
WKLV LV EHFDXVH LW GHSHQGV RQ ZKDW WLPHVFDOH WKH HIIHFWV DUH PHDVXUHG� )RU H[DPSOH� DV VWDWHG LQ WKH
DUWLFOH� WKH HPLVVLRQ RI &2� KDV D ODUJHU FRQWULEXWLRQ LQ WKH ORQJHU WLPHVFDOHV �LQ WKH RUGHU RI GHFDGHV��
:KHUHDV WKH FRQWULEXWLRQ RI &2� WR WKH ZDUPLQJ RI WKH FOLPDWH LV FRQVLGHUDEO\ VPDOOHU LQ WKH VKRUW WHUP
>��@�

7KH WLPHVFDOH RQ ZKLFK WKH HPLVVLRQV DUH FDOFXODWHG LV QRW WKH RQO\ YDULDEOH WKDW DIIHFWV WKH DPRXQW RI
HPLWWHG JDVVHV� 7KH SRVLWLRQ DQG DOWLWXGH DW ZKLFK WKH JDVVHV DUH HPLWWHG DOVR DIIHFW WKH LPSDFW >��@�
,Q )LJXUH ��� WKH LPSDFW RI WKH W\SHV RI HQYLURQPHQWDO HIIHFWV IRU HDFK IOLJKW SKDVH LV YLVXDOL]HG� ,W FDQ
EH VHHQ WKDW QRW DOO HPLVVLRQV KDYH DQ HIIHFW WKURXJKRXW WKH FRPSOHWH IOLJKW >��@�

)LJXUH ���� (PLWWHG VSHFLHV E\ DLUFUDIW SHU IOLJKW SKDVH� 7KH LPDJH LV WDNHQ IURP >��� S� �@�

0DWWKHV HW DO� >��@ GHWHUPLQHG WKDW IO\LQJ DW D ORZHU DOWLWXGH UHVXOWV LQ D UHGXFWLRQ RI WKH WRWDO SRVLWLYH
5)� HYHQ WKRXJK WKH HPLVVLRQV RI &2� DUH VOLJKWO\ LQFUHDVHG� /XQG HW DO� >��@ FRQFOXGHG WKDW WKHUH LV
D GLIIHUHQFH LQ WHPSHUDWXUH FKDQJH DW GLIIHUHQW ODWLWXGH EDQGV GXH WR DYLDWLRQ HPLVVLRQV� 7KH DXWKRUV
GHWHUPLQHG WKDW WKH GLIIHUHQFH LQ JOREDO ZDUPLQJ SRWHQWLDO �*:3� DQG JOREDO WHPSHUDWXUH FKDQJH SR�
WHQWLDO �*73� DW WKH GLIIHUHQW ODWLWXGH EDQGV FDQ EH IDFWRU WZR� 7KH *:3 DQG *73 DUH ERWK PHWULFV WR
TXDQWLI\ WKH HIIHFW� DQG ZLOO EH GLVFXVVHG EHORZ� ,W VKRXOG EH QRWHG WKDW LQ >��� ��� ��@ WKH IRUPDWLRQ
RI FRQWUDLOV LV LQFOXGHG� 7KLV EULQJV XQFHUWDLQW\ WR WKH H[DFW GHSHQGHQF\ RI SRVLWLRQ DQG DOWLWXGH RQ
HPLVVLRQV� 7KH UHVHDUFK RQ WKH HIIHFW RI FRQWUDLOV LV GLVFXVVHG LQ WKH IROORZLQJ VXEVHFWLRQ�

8QFHUWDLQWLHV DOVR DULVH LQ FDOFXODWLQJ WKH HQYLURQPHQWDO LPSDFW RI IOLJKWV GXH WR WKH OLPLWHG XQGHUVWDQG�
LQJ LQ FOLPDWH VFLHQFH DFFRUGLQJ WR 6LPRUJK HW DO� >��@� 7KH DXWKRUV VWDWH WKDW WKH NQRZOHGJH RQ WKH
SURFHVVHV LQ WKH DWPRVSKHUH DUH LQVXIILFLHQW WR DFFXUDWHO\ TXDQWLI\ HPLWWHG JDVVHV� /HH HW DO� >��@ DOVR
WRXFK XSRQ WKLV� 7KH\ GLVFXVV WKH ODFN RI NQRZOHGJH RQ NQRZLQJ ZKLFK VXEVWDQFH FRQWULEXWHV ZKDW
DPRXQW GXH WR WKH XQNQRZQ H[DFW HYROXWLRQ RI VSHFLHV� 7KLV LV UHODWHG WR WKH �XQNQRZQ� GLIIHUHQFHV RI
HPLVVLRQV DPRQJ GLIIHUHQW WLPHVFDOHV >��@�

$GGLWLRQDOO\� WKH DEVHQFH RI GDWD RQ WKH PDVV RI DLUFUDIW� DFFRUGLQJ WR 6XQ DQG 'HGRXVVL >��@� JLYHV
ULVH WR XQFHUWDLQWLHV� $V WKH\ GLVFXVV� WKH SHUIRUPDQFH RI DQ DLUFUDIW� DQG WKHUHE\ WKH DPRXQW RI HPLWWHG
JDVVHV� GHSHQGV RQ WKH PDVV RI WKH DLUFUDIW� ,QIRUPDWLRQ RQ WKH PDVV RI WKH DLUFUDIW LV RIWHQ NHSW WR DLU
RSHUDWRUV WKHPVHOYHV >��@� ,W LV QRW PDQGDWRU\ WR LQIRUP $7& KRZ PXFK WKH DLUFUDIW ZHLJKWV� 7KLV DOO
UHVXOWV LQ XQFHUWDLQWLHV LQ GHWHUPLQLQJ WKH DPRXQW RI HPLWWHG JDVVHV RI D IOLJKW�

7KH JDVHRXV HPLVVLRQV GR QRW RQO\ DIIHFW WKH DWPRVSKHULF WHPSHUDWXUH� WKH KHDOWK RI KXPDQV DQG
ZLOGOLIH LV DOVR DIIHFWHG� <LP HW DO� >�@ HVWLPDWH WKDW DSSUR[LPDWHO\ ������ SUHPDWXUH GHDWKV RFFXU
DQQXDOO\ GXH WR WKH HPLWWHG JDVVHV E\ DYLDWLRQ� 7KH UHVHDUFKHUV VWDWH WKDW D TXDUWHU LV FDXVHG E\
HPLVVLRQV RI DLUFUDIW GXULQJ WKH FOLPE DQG GHVFHQW SKDVHV� 7KH SRSXODWLRQ LQ SUR[LPLW\ WR DLUSRUWV
H[SHULHQFHV DQ LQFUHDVHG ULVN RI OXQJ DQG KHDUW GLVHDVH >��@� 7KH VKDUH RI KHDOWK HIIHFWV LQ FOLPE DQG



���� (QYLURQPHQWDO (IIHFWV RI $YLDWLRQ ��

GHVFHQW SKDVHV LV HYHQ ODUJHU LQ (XURSH DQG 1RUWK $PHULFD EHFDXVH RI WKH KLJK GHQVLW\ RI KLJK�YROXPH
DLUSRUWV LQ WKHVH UHJLRQV >�@�

������ &RQWUDLOV
7KH VHFRQG HQYLURQPHQWDO HIIHFW LV FRQGHQVDWLRQ WUDLOV� EHWWHU NQRZQ DV FRQWUDLOV� &RQWUDLOV DUH QRW
GLUHFWO\ HPLWWHG E\ DLUFUDIW� WKH FORXGV DUH IRUPHG EHKLQG DQ DLUSODQH XVLQJ WKH HPLWWHG JDVVHV ZKHQ
IO\LQJ LQ LFH VXSHUVDWXUDWHG UHJLRQV �,665� >��@� 7KH HIIHFW RI FRQWUDLOV LV� DV IRU WKH HPLVVLRQ RI JDVVHV�
GHSHQGHQW RQ WKH ORFDWLRQ DQG DOWLWXGH RI HPHUJHQFH� FRQWUDLOV GR QRW KDYH WKH VDPH HQYLURQPHQWDO
LPSDFW DW HDFK SRVLWLRQ� $FFRUGLQJ WR )XJOHVWYHGW HW DO� >��@� ��� RI WKH FRQWULEXWLRQ RI FRQWUDLOV WR
WKH WRWDO 5) LV FDXVHG E\ FRQWUDLOV IRUPHG DW DQ DOWLWXGH EHWZHHQ � DQG �� km� 7KLV LV VXSSRUWHG LQ
WKH UHSRUW >�@ E\ (XURSHDQ 8QLRQ $YLDWLRQ 6DIHW\ $JHQF\ �($6$�� )XJOHVWYHGW HW DO� >��� S� ����@ DOVR
VWDWH WKDW ´PRVW RI WKLV >FRQWULEXWLRQ@ LV ZLWKLQ WKH ODWLWXGH EDQG ��◦ 1 WR ��◦ 1´�

/HH HW DO� >��@ QRWH WKDW LW LV KDUG WR TXDQWLI\ WKH LPSDFW RI FRQWUDLOV� 7KH UHVHDUFKHUV PHQWLRQ WKDW WKLV
LV EHFDXVH LW LV QRW DOZD\V NQRZQ ZKHWKHU WKH FRQWUDLO KDV D SRVLWLYH RU QHJDWLYH HIIHFW� ,W GHSHQGV RQ
ZKHWKHU LW LV GD\ RU QLJKW DQG ZKDW WKH OLIH F\FOH RI WKH FRQWUDLO LV� +RZHYHU� LW LV HVWLPDWHG LQ WKH UHVHDUFK
E\ /HH HW DO� WKDW WKH\ KDYH D QHW� ODUJH SRVLWLYH 5)� RYHUDOO� FRQWUDLOV ZDUP XS WKH DWPRVSKHUH�

������ 1RLVH
7KH ODVW HQYLURQPHQWDO HIIHFW GLVFXVVHG LQ WKLV SODQ LV QRLVH� 1RLVH LV FRQVLGHUHG WR EH D WKUHDW WR
WKH KHDOWK RI KXPDQV� 1XPHURXV VWXGLHV KDYH EHHQ SHUIRUPHG LQ ZKLFK WKH UHODWLRQVKLS EHWZHHQ
KHDOWK LPSOLFDWLRQV DQG DLUFUDIW QRLVH KDV EHHQ GHWHUPLQHG� $FFRUGLQJ WR WKH:RUOG +HDOWK 2UJDQL]DWLRQ
�:+2� >��@� HQYLURQPHQWDO QRLVH FDQ QRW RQO\ DIIHFW WKH KHDULQJ DELOLWLHV RI SHRSOH EXW DOVR PRUH VHYHUH
HIIHFWV FDQ RFFXU GXH WR ORQJ�WHUP H[SRVXUH� 2QH RI WKHVH LV KHDUW GLVHDVH� DV GLVFXVVHG E\ 6SDUURZ
HW DO� >��@� 7KH ODWWHU VWXG\ DOVR FRQFOXGHV WKDW WKH FRJQLWLYH DELOLWLHV RI FKLOGUHQ ZKR DUH VXEMHFW WR
QRLVH IURP DYLDWLRQ DUH ORZHU� DV ZHOO DV WKHLU SHUIRUPDQFH RQ VWDQGDUGL]HG H[DPLQDWLRQV� $GGLWLRQDOO\�
WKH VWXG\ GLVFXVVHV WKH QHJDWLYH HIIHFW RQ WKH VOHHS RI SHRSOH DV D GHFUHDVH LQ WKH TXDOLW\ RI VOHHS FDQ
KDYH QHJDWLYH HIIHFWV RQ WKHLU KHDOWK� 7KHVH ILQGLQJV DUH VXSSRUWHG E\ WKH UHVHDUFK RI 6WDQVIHOG DQG
&ODUN >��@� ,W LV HVWLPDWHG WKDW LQ (XURSH ��� PLOOLRQ SHRSOH DUH VXEMHFW WR LQFUHDVHG QRLVH OHYHOV DW QLJKW
GXH WR DYLDWLRQ >��@�

������ 4XDQWLI\LQJ (QYLURQPHQWDO (IIHFWV
7KH LPSDFW RI WKH GLVFXVVHG HIIHFWV VKRXOG EH TXDQWLILHG WR FRPSXWH DQ HQYLURQPHQW�RSWLPDO IOLJKW
WUDMHFWRU\� 7KLV LV ZKHUH FOLPDWH RU HPLVVLRQ PHWULFV FRPH LQWR SOD\� *UHZH DQG 'DKOPDQQ >��� S� ���@
GHILQH FOLPDWH PHWULFV DV ´FDOFXODWLRQ UXOHV� XVHG WR WUDQVODWH HPLVVLRQV LQ WHUPV RI NJ SHU \HDU WR DQ
LPSDFW SDUDPHWHU RQ D FRPPRQ VFDOH ZKLFK LV UHOHYDQW WR FOLPDWH FKDQJH´� 7KH\ DOVR HPSKDVL]H
WKDW WKH FKRLFH RI WKH PHWULF VKRXOG EH PDGH FDUHIXOO\� 7KH UHDVRQ EHLQJ WKDW WKHUH LV D ZLGH YDULHW\
RI FOLPDWH PHWULFV WR EH XVHG� (DFK FRYHUV D GLIIHUHQW HPLVVLRQ VFHQDULR RYHU DQRWKHU WLPH VFDOH IRU
GLIIHUHQW FOLPDWH LQGLFHV�

2QH RI WKH HDVLHVW ZD\V WR H[SUHVV WKH HQYLURQPHQWDO LPSDFW LV WKHPDVV RI WKH HPLWWHG JDVVHV� $QRWKHU
PHWKRG� GHVFULEHG LQ SUHYLRXV VXEVHFWLRQV� LV 5)� ,W H[SUHVVHV WKH HIIHFW RQ WKH HQYLURQPHQW DV FKDQJH
GXH WR HDFK VSHFLHV LQ UDGLDWLRQ >��@� +RZHYHU� ERWK PHWULFV GR QRW LPPHGLDWHO\ VKRZ WKH HIIHFW RI HDFK
VSHFLHV RQ WKH FOLPDWH >��@� 7KLV FDQ EH DFKLHYHG ZLWK *:3� ,W HQWDLOV WKH WRWDO FKDQJH LQ UDGLDWLRQ
YDOXHV RYHU D FHUWDLQ WLPH LQWHUYDO� *:3 FDQ EH IRXQG E\ GHWHUPLQLQJ WKH 5) RYHU D VSHFLILHG WLPH
LQWHUYDO� *:3���� WKH *:3 IRU D WLPH KRUL]RQ RI D KXQGUHG \HDUV� LV D PHWULF WKDW LV XVHG RIWHQ LQ
OLWHUDWXUH >�@� &ORVHO\ UHODWHG WR WKH *:3 LV WKH *73� 7KH *73 WUDQVODWHV WKH 5) YDOXHV WR D FKDQJH
LQ WHPSHUDWXUH� GLUHFWO\ FRQYH\LQJ DQ HIIHFW RQ WKH HQYLURQPHQW >��@� %RWK *73 DQG *:3 FDQ EH
H[SUHVVHG DV DQ DEVROXWH YDOXH RU UHODWLYH WR &2� �D &2� HTXLYDOHQW PHWULF� >��@� :KHUHDV *73 DQG
*:3 LQGLFDWH WKH FOLPDWH HIIHFWV JOREDOO\� RWKHU PHWULFV IRFXV RQ UHJLRQDO HIIHFWV� VXFK DV WKH DEVROXWH
UHJLRQDO WHPSHUDWXUH FKDQJH SRWHQWLDO �$573� >��@�

7KHVH PHWULFV DUH SXUHO\ SK\VLFDO� 0RQHWDU\ PHWULFV FDQ DOVR EH XVHG IRU WKH TXDQWLILFDWLRQ RI HPLV�
VLRQV� *UREOHU HW DO� >�@ GHWHUPLQHG WKH FRVW RI DYLDWLRQ E\ WUDQVODWLQJ *73 YDOXHV WR 86 GROODUV� 7KH
WRWDO FRVW RI DYLDWLRQ HPLVVLRQV E\ WKH UHVHDUFKHUV FRPELQHV PXOWLSOH IDFHWV� QDPHO\ KHDOWK� ZHOIDUH�
DQG HFRORJ\� 7KH PRQHWDU\ PHWULF RI >�@ GLVSOD\V ERWK WKH VRFLDO DQG HQYLURQPHQWDO HIIHFW RI HPLVVLRQV
DQG�RU FRQWUDLOV� :KHUHDV WKH GLVFXVVHG PHWULFV LQ WKH SUHYLRXV SDUDJUDSK RQO\ UHSUHVHQW WKH HQYLURQ�



���� 0HWKRGV IRU 7UDMHFWRU\ 2SWLPL]DWLRQ ��

PHQWDO HIIHFW� 7KH RSWLPL]DWLRQ VWXG\ RI 7LDQ HW DO� >��@ XVHV WKH JUHHQ GLUHFW RSHUDWLQJ FRVW� ZKLFK
DGGV DQ HQYLURQPHQWDO FRVW FRPSRQHQW WR WKH GLUHFW RSHUDWLQJ FRVW �'2&�� 7KH HQYLURQPHQWDO FRVW LV
GHWHUPLQHG XVLQJ WKH FRVW LQGH[ RI HDFK VSHFLHV�

7KH HIIHFW RI QRLVH LV QRW FRQVLGHUHG LQ WKH SUHYLRXVO\ GLVFXVVHG PHWULFV� $FFRUGLQJ WR WKH QRLVH JXLGH�
OLQHV RI WKH :+2 >��@� WKH ZLGHO\ XVHG PHWULFV WR TXDQWLI\ QRLVH SROOXWLRQ DUH Lden �GD\�HYHQLQJ�QLJKW�
ZHLJKWHG VRXQG SUHVVXUH OHYHO� DQG Lnight �HTXLYDOHQW FRQWLQXRXV VRXQG SUHVVXUH OHYHO DW QLJKW�� +RZ�
HYHU� WKH :+2 UHSRUWV WKDW WKHVH PHWULFV PD\ QRW DSSO\ WR DYLDWLRQ� 7KLV LV EHFDXVH KHDOWK LPSOLFDWLRQV
FDXVHG E\ DLUFUDIW QRLVH DUH RIWHQ UHODWHG WR WKH QXPEHU RI HYHQWV DQG QRW WR DQ DYHUDJH QRLVH OHYHO
RYHU D SHULRG RI WLPH� 7KLV LV LQ OLQH ZLWK WKH DUWLFOH E\ 6SDUURZ HW DO� >��@� 7KH DXWKRUV VWUHVV WKH
QHFHVVLW\ RI ILQGLQJ D PRUH DGHTXDWH PHWULF IRU DLUFUDIW QRLVH� 7KH\ DOVR VWDWH WKDW WKH QRLVH PHWULFV
FDQ EH PRQHWDU\� EXW WKDW WKLV LV FXUUHQWO\ QRW GHYHORSHG VXIILFLHQWO\ WR EH XVHG�

(DFK RI WKH GLVFXVVHG PHWULFV VXIIHUV IURP ODUJH XQFHUWDLQWLHV GXH WR OLPLWHG DYDLODEOH NQRZOHGJH RI
VHYHUDO HIIHFWV RQ GLIIHUHQW WLPHVFDOHV DV GLVFXVVHG LQ 6HFWLRQ ������ 7KH ($6$ >�@ VWDWHV� UHJDUGLQJ
WKH PRQHWDU\ PHWULFV� WKDW WKHUH LV QR DJUHHPHQW LQ WKH OLWHUDWXUH RQ ZKLFK FRVWV LV WKH EHVW IRU WKH
TXDQWLILFDWLRQ RI WKH HQYLURQPHQWDO LPSDFW� 7KLV LV DOVR WUXH IRU WKH SK\VLFDO PHWULFV� D VWXG\ RQ ZKLFK
PHWULF LV RSWLPDO IRU WKH TXDQWLILFDWLRQ RI WKH HPLVVLRQV KDV QRW EHHQ FRQGXFWHG WR WKH DXWKRU¶V EHVW
NQRZOHGJH� +RZHYHU� 0DWWKHV HW DO� >��@ VWXGLHG WKH UREXVWQHVV RI WKHLU IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ�
7KH\ IRXQG WKDW IRU DOO WKH PHWULFV XVHG WKH LPSDFW RQ WKH HQYLURQPHQW RI WKH RSWLPDO VROXWLRQ ZDV
LQGHHG UHGXFHG� 1RQHWKHOHVV� WKH GLIIHUHQW PHWULFV UHVXOWHG LQ D GLIIHUHQW UHGXFWLRQ LQ SHUFHQWDJHV�

������ 0LWLJDWLQJ (QYLURQPHQWDO (IIHFWV
7KHUH DUH ZD\V WR PLWLJDWH WKH HIIHFW RI WKH HPLVVLRQV� $V PHQWLRQHG LQ &KDSWHU �� DOWHULQJ URXWHV LV
RQH RI WKRVH VWUDWHJLHV� 7KLV LV LQ SDUW EHFDXVH WKH SRVLWLRQ RI HPLWWHG JDVVHV DIIHFWV WKH LPSDFW WKH\
KDYH RQ WKH HQYLURQPHQW >��@� )RU LQVWDQFH� FRQFHUQLQJ FRQWUDLOV� WKH FRQVHQVXV RQ WKH UHGXFWLRQ RI LWV
IRUPDWLRQ LV WR DYRLG ,665V >�@ RU WR ORZHU WKH FUXLVH DOWLWXGH >��@� $GGLWLRQDOO\� WKH YHORFLW\ SURILOH DQG
YHUWLFDO DQG�RU ODWHUDO SDWK FDQ EH DGMXVWHG WR DFKLHYH WKH PLWLJDWLRQ RI RWKHU DYLDWLRQ SROOXWDQWV >��@�

7KH DOWHUDWLRQ RI URXWHV WR UHGXFH WKH DPRXQW RI HPLWWHG JDVVHV LV QRW QHFHVVDULO\ VKRUWHQLQJ WKH
URXWH RU PLQLPL]LQJ WKH XVH RI IXHO >��@� $V PHQWLRQHG E\ 6LPRUJK HW DO� >��@� VHYHUDO VWXGLHV H[LVW WKDW
GHPRQVWUDWH WKDW WR DFKLHYH D UHGXFWLRQ LQ FRQWUDLOV DQG�RU HPLVVLRQV D VOLJKW LQFUHDVH LQ IXHO XVDJH
DQG WLPH LV UHTXLUHG�

1RW DOO HPLVVLRQV FDQ EH UHGXFHG WKURXJK ILQGLQJ D FOLPDWH�RSWLPDO IOLJKW WUDMHFWRU\� 7KH HPLVVLRQ RI
VRRW SDUWLFOHV FDQQRW EH GLUHFWO\ UHGXFHG E\ IO\LQJ DOWHUQDWLYH URXWHV� VRRW¶V LPSDFW RQ WKH FOLPDWH FDQ
EH PLWLJDWHG WKURXJK WKH XVH RI JUHHQHU IXHOV >�@�

7KH HIIHFW RI QRLVH PLWLJDWLRQ VWUDWHJLHV WR RYHUFRPH WKH QHJDWLYH HIIHFWV KDV EHHQ VWXGLHG E\ WKH:+2�
2QH VWUDWHJ\ LV WR OLPLW WKH QRLVH SURGXFHG E\ DLUFUDIW >��@� 7KLV LV LQ OLQH ZLWK WKH PLWLJDWLRQ RI VRRW�
2WKHU VWUDWHJLHV DUH PRUH UHOHYDQW WR WKLV UHVHDUFK� VXFK DV WKH DOWHUDWLRQ RI WKH JURXQG SDWK RI IOLJKWV
WR UHJLRQV ZKHUH IHZHU SHRSOH DUH DIIHFWHG� $OVR� DGMXVWPHQWV FDQ EH PDGH WR WKH YHUWLFDO SURILOH RI
IOLJKWV >��@� 7KHVH VR�FDOOHG &&2V DQG &'2V DUH GLVFXVVHG LQ 6HFWLRQ ���� ,W FDQ EH KDUG WR LPSOHPHQW
WKHVH VWUDWHJLHV LQ IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ� EHFDXVH WKH ZHDWKHU FDQ DIIHFW WKH SURSDJDWLRQ RI QRLVH�
7KLV PDNHV QRLVH OHYHOV GLIILFXOW WR PRGHO DFFXUDWHO\� DQG WKHUHIRUH� PDQ\ UHVHDUFKHUV DVVXPH D VWDWLF
DWPRVSKHUH LQ ZKLFK QRLVH GRHV QRW SURSDJDWH >�@�

���� 0HWKRGV IRU 7UDMHFWRU\ 2SWLPL]DWLRQ
,Q WKLV VHFWLRQ� WKH PHWKRGV DYDLODEOH IRU WUDMHFWRU\ RSWLPL]DWLRQ DUH GLVFXVVHG� 7KHUH LV D ZLGH YDUL�
HW\ RI IRUPXODWLRQV� REMHFWLYH IXQFWLRQV� DQG VROXWLRQ PHWKRGV XVHG LQ WKH OLWHUDWXUH� $GGLWLRQDOO\� WKH
RSWLPL]DWLRQ SUREOHP UHTXLUHV WKH GHILQLWLRQ RI FRQVWUDLQWV DQG YDULDEOHV�

7R WKH DXWKRU¶V EHVW NQRZOHGJH� RQO\ WZR VXUYH\ DUWLFOHV H[LVW WKDW FULWLFDOO\ UHYLHZ WKH OLWHUDWXUH RQ
VXVWDLQDEOH DLUFUDIW WUDMHFWRU\ RSWLPL]DWLRQ� +DPPDG HW DO� >�@ UHYLHZ WKH DYDLODEOH OLWHUDWXUH SXEOLVKHG
EHWZHHQ ���� DQG ����� DQG WKH DUWLFOH RI 6LPRUJK HW DO� >��@ DOVR LQFOXGHV WKH OLWHUDWXUH XS WR DQG
LQFOXGLQJ ����� 8VLQJ WKHVH UHIHUHQFHV� DQG RWKHU OLWHUDWXUH� WKH PRVW FRPPRQ DQG DSSOLFDEOH RSWLRQV
XVHG LQ WKH H[LVWLQJ UHVHDUFK DUH SUHVHQWHG EHORZ�



���� 0HWKRGV IRU 7UDMHFWRU\ 2SWLPL]DWLRQ ��

������ 2EMHFWLYH )XQFWLRQ
7R SHUIRUP RSWLPL]DWLRQ� DQ REMHFWLYH IXQFWLRQ VKRXOG EH GHILQHG WR TXDQWLI\ ZKDW WKH RSWLPDO VROXWLRQ
LV� +DPPDG HW DO� >�@ GLVFXVV WKDW WKHUH DUH PDQ\ REMHFWLYH IXQFWLRQV FKRVHQ IRU VXVWDLQDEOH DLUFUDIW
WUDMHFWRU\ RSWLPL]DWLRQ� $V LV H[SODLQHG E\ +DPPDG HW DO�� WKHVH FDQ EH HQYLURQPHQWDOO\ IRFXVHG� VXFK
DV WKH *73 RU PRQHWDU\ PHWULFV IRU HPLVVLRQV� EXW FDQ DOVR EH HFRQRPLF RU VRFLDO� (FRQRPLF REMHFWLYH
IXQFWLRQV FDQ IRU H[DPSOH EH WKH FRVW RI IXHO XVDJH �DV LQ >��@� RU WKH '2& �DV LQ >��@�� 6RFLDO REMHFWLYH
IXQFWLRQV IRFXV RQ WKH LPSDFW RQ DIIHFWHG SHRSOH� )RU H[DPSOH� WKH VRXQG H[SRVXUH OHYHO LV VRFLDO� ,W
LV SDUW RI WKH REMHFWLYH IXQFWLRQ LQ >��@�

$FFRUGLQJ WR +DPPDG HW DO� >�@� RQH�WKLUG RI WKH HQYLURQPHQWDO REMHFWLYHV LQ WKH UHYLHZHG VWXGLHV LQ�
FOXGH QRLVH� ZKLFK FDQ EH FDWHJRUL]HG ERWK DV HQYLURQPHQWDO DQG VRFLDO� 2SWLPL]LQJ DLUFUDIW WUDMHFWRULHV
IRU QRLVH LV HVSHFLDOO\ GRQH LQ WKH YLFLQLW\ RI DLUSRUWV >��@� WKH GHSDUWXUH DQG DUULYDO SKDVHV RI IOLJKWV DI�
IHFW PRUH SHRSOH WKDQ WKH FUXLVH SKDVH� DV WKH ODWWHU LV RIWHQ RYHU QRQ�SRSXODWHG DUHDV� :KHQ QRLVH LV
LPSOHPHQWHG LQ D WUDMHFWRU\ RSWLPL]DWLRQ� XVH LV RIWHQ PDGH RI WKH $YLDWLRQ (QYLURQPHQWDO 'HVLJQ 7RRO
>�@� +RZHYHU� LW FDQ EH GLIILFXOW WR XVH D QRLVH PHWULF DV DQ REMHFWLYH IXQFWLRQ� 7KLV LV EHFDXVH QRLVH
SURSDJDWLRQ LV KLJKO\ DIIHFWHG E\ DWPRVSKHULF FRQGLWLRQV� DQG WKHUHIRUH KDUG WR PRGHO >�@� %HVLGHV� WKH
PHWULFV IRU QRLVH DUH QRW DGHTXDWH IRU DYLDWLRQ DV GLVFXVVHG EHIRUH >��@�

2SWLPL]DWLRQ SUREOHPV FDQ EH VROYHG IRU D VLQJOH REMHFWLYH� EXW DOVR IRU PXOWLSOH VLPXOWDQHRXVO\� $FFRUG�
LQJ WR &RUOX HW DO� >�@� PRUH DQG PRUH UHVHDUFK LQ WUDQVSRUWDWLRQ RSWLPL]DWLRQ LQFOXGHV PXOWL�REMHFWLYH
IXQFWLRQV� 7KH PXOWLSOH IDFWRUV RI WKH REMHFWLYH IXQFWLRQ FRXOG EH FRPELQHG LQWR D VLQJOH REMHFWLYH� RU
XVH FRXOG EH PDGH RI ZHLJKWV IRU HDFK IDFWRU� :LWK WKH ODWWHU PHWKRG� D 3DUHWR FXUYH FRXOG EH XWLOL]HG
WR HYDOXDWH WKH FKRLFH RI ZHLJKWV >�@� 7KH 3DUHWR FXUYH FDQ EH FUHDWHG IRU WZR RU PRUH REMHFWLYHV FRP�
ELQHG LQWR RQH REMHFWLYH IXQFWLRQ� 7KLV� KRZHYHU� FUHDWHV WKH FKDOOHQJH RI GHWHUPLQLQJ ZKDW WKH GHVLUHG
ZHLJKW GLVWULEXWLRQ LV� 7KH FRPELQDWLRQ RI PXOWLSOH REMHFWLYHV LV IRU LQVWDQFH GRQH E\ 9LVVHU DQG +DUWMHV
>��@� 7KH UHVHDUFKHUV ILQG WKH PRVW RSWLPDO URXWH WR PLQLPL]H WKH ZHLJKWHG FRPELQDWLRQ RI QRLVH OHYHOV�
HPLVVLRQV� DQG '2&�

������ 3UREOHP )RUPXODWLRQ DQG 6ROXWLRQ 0HWKRGV
)RU VXVWDLQDEOH WUDMHFWRU\ RSWLPL]DWLRQ� 5DR >��@ VWDWHV WKDW QXPHULFDO PHWKRGV DUH UHTXLUHG WR ILQG DQ
RSWLPDO VROXWLRQ GXH WR WKH FRPSOH[LW\ RI WKH SUREOHPV� 7KHUH DUH VHYHUDO RSWLRQV WR FKRRVH IURP FRQ�
FHUQLQJ WKH IRUPXODWLRQ RI WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP� :KLFK PHWKRG LV EHVW IRU WKH SUREOHP DW
KDQG GHSHQGV RQ WKH REMHFWLYH� FRQVWUDLQWV� DQG RWKHU YDULDEOHV RQH ZLVKHV WR LQFOXGH >��@� $GGLWLRQDOO\�
LW GHSHQGV RQ WKH WLPH DYDLODEOH IRU WKH LPSOHPHQWDWLRQ RI WKH PHWKRG >��@�

,Q )LJXUH ���� WKH H[LVWHQW PHWKRGV IRU ILQGLQJ DQ RSWLPDO WUDMHFWRU\ DUH VRUWHG LQ FDWHJRULHV >��@�
7KH WUDMHFWRU\ RSWLPL]DWLRQ FDQ EH IRUPXODWHG DV DQ RSWLPDO FRQWURO SUREOHP �2&3� RU XVLQJ DOWHUQDWLYH
IRUPXODWLRQV� ,Q )LJXUH ���� WKH WHFKQLTXHV LQ WKH FDWHJRU\ ´DOWHUQDWLYH IRUPXODWLRQV´ LQ )LJXUH ��� DUH
JLYHQ� 7KHVH WHFKQLTXHV DUH QRQ�RSWLPDO� WKH VROXWLRQV DSSURDFK WKH RSWLPDO YDOXH� 6LPRUJK HW DO� >��@
LGHQWLILHG WKDW WKH RSWLPL]DWLRQ SUREOHP LV IRUPXODWHG DV DQ 2&3 LQ DSSUR[LPDWHO\ KDOI RI WKH VWXGLHV
LQFOXGHG LQ WKH UHVHDUFK� 7KH UHPDLQLQJ VWXGLHV RSW IRU D QRQ�RSWLPDO DSSURDFK�

7KH VROXWLRQ PHWKRGV IRXQG LQ WKH OLWHUDWXUH IRU 2&3 LQFOXGH G\QDPLF SURJUDPPLQJ� LQGLUHFW PHWKRGV
�H�J� LQGLUHFW VKRRWLQJ DQG JUDGLHQW�EDVHG PHWKRGV�� DQG GLUHFW PHWKRGV �H�J� GLUHFW FROORFDWLRQ �'&�
DQG GLUHFW PXOWLSOH VKRRWLQJ�� 7KH GLUHFW PHWKRG LV FKRVHQ LQ WKH PDMRULW\ RI WKH VWXGLHV IRUPXODWLQJ WKH
SUREOHP DV DQ 2&3 >�� ��@� 7KLV LV EHFDXVH� WKH LQGLUHFW PHWKRGV UHTXLUH PRUH FRPSOH[ H[SUHVVLRQV
WR EH VROYHG� DQG DUH LQHIILFLHQW ZKHQ QRQOLQHDU FRQVWUDLQWV DUH LPSRVHG >��@� $FFRUGLQJ WR +DPPDG
HW DO� >�@� '& LV WKH PRVW HIILFLHQW VROXWLRQ PHWKRG ZKHQ IRUPXODWLQJ WKH VXVWDLQDEOH WUDMHFWRU\ SUREOHP
DV DQ 2&3�

$Q DOWHUQDWLYH WR VROYLQJ WKH SUREOHP DV DQ 2&3� LV HPSOR\LQJ PHWD�KHXULVWLFV� $FFRUGLQJ WR 6LPRUJK
HW DO� >��@� PHWD�KHXULVWLFV DUH XVHG LQ ��� RI WKH VWXGLHV XVLQJ QRQ�RSWLPDO FRQWURO� $V PHQWLRQHG LQ
>�@� IRU PHWD�KHXULVWLFV� WKH PRVW XWLOL]HG VROXWLRQ PHWKRGV DUH JHQHWLF DOJRULWKPV �*$� DQG VLPXODWHG
DQQHDOLQJ �6$�� 2WKHU PHWKRGV H[LVW IRU VROYLQJ RSWLPL]DWLRQ SUREOHPV XVLQJ PHWD�KHXULVWLFV� VXFK
DV SDUWLFOH VZDUP RSWLPL]DWLRQ >��@� +RZHYHU� WKHVH PHWKRGV DUH QRW XVHG LQ DQ\ RI WKH VXVWDLQDEOH
WUDMHFWRU\ RSWLPL]DWLRQ VWXGLHV LQFOXGHG LQ >�@� DQG WKXV QRW IXUWKHU H[SORUHG�

,Q WKH UHYLHZ E\ +DPPDG HW DO� >�@� WKH *$ PHWKRG LV XVHG LQ ��� RI DOO LQFOXGHG VWXGLHV� $ *$ LV
EDVHG RQ WKH WKHRU\ RI HYROXWLRQ� SRSXODWLRQV RI VROXWLRQV DUH FUHDWHG E\ PXWDWLQJ WKH LQGLYLGXDOV DQG



���� 0HWKRGV IRU 7UDMHFWRU\ 2SWLPL]DWLRQ ��

)LJXUH ���� 7UHH GLVSOD\LQJ WKH VROXWLRQ WHFKQLTXHV XVHG IRU WUDMHFWRU\ RSWLPL]DWLRQ� 7KH LPDJH LV WDNHQ IURP >��� S� ��@�

OHWWLQJ WKH EHVW �LQ *$ WHUPLQRORJ\� ILWWHVW� VROXWLRQ VXUYLYH� HYHQWXDOO\ ILQGLQJ D QHDU�RSWLPDO VROXWLRQ
>��@� )RU LQVWDQFH� <DPDVKLWD HW DO >��@ HPSOR\ D *$ LQ $LU7UDI ��� DQG 3DWUyQ DQG %RWH] >��@ GR VR
DV ZHOO� 7KH UHPDLQLQJ VWXGLHV LQ >�@ XVH 6$� ZKLFK LV EDVHG RQ WKH SK\VLFDO WKHRU\ RI LQWHUQDO HQHUJ\
>��@� 6$ KDV EHHQ XVHG E\ =KRX HW DO� >��@ LQ WKH RSWLPL]DWLRQ LQ WKH 70$ RI WKH DUULYDO DQG GHSDUWXUH
URXWHV�

$V PHQWLRQHG HDUOLHU� WKH FKRLFH RI PHWKRG LV UHODWHG WR WKH FRPSRQHQWV WKDW PDNH XS WKH RSWLPL]DWLRQ
SUREOHP� 7KHUH DUH VHYHUDO GLIIHUHQFHV EHWZHHQ WKH 2&3 DQG QRQ�RSWLPDO PHWKRGV ZKLFK VKRXOG EH
FRQVLGHUHG EHIRUH FKRRVLQJ�

$V 6LPRUJK HW DO� >��@ GLVFXVV� WKH '& PHWKRG FDQ EH PRUH WLPH�FRQVXPLQJ DQG FRPSXWDWLRQDOO\
KHDYLHU� 7KLV LV EHFDXVH *$V� LQ JHQHUDO� UHTXLUH IHZHU FDOFXODWLRQV WKDQ WKH '&PHWKRG� DV WKH\ GR QRW
KDYH WR ILQG GHULYDWLYHV RI IXQFWLRQV >��@� 7KH FRPSOH[LW\ RI WKH '& PHWKRG LV RQH RI WKH UHDVRQV ZK\
PHWD�KHXULVWLFV DUH RSWHG IRU LQ RSWLPL]DWLRQV FRQFHUQLQJ D ODUJH QXPEHU RI IOLJKWV >��@� 7KH FRPSOH[LW\
RI WKH '& PHWKRG LV ZK\ PHWD�KHXULVWLF DOJRULWKPV DUH JHQHUDOO\ IRXQG WR EH PRUH LQWXLWLYH DQG HDVLHU
WR LPSOHPHQW >��@� +RZHYHU� WKH '& PHWKRG LV JHQHUDOO\ PRUH DFFXUDWH WKDQ PHWD�KHXULVWLFV DUH >��@�

$QRWKHU OLPLWDWLRQ RI WKH 2&3 PHWKRGRORJLHV LV WKH FKDQFH RI JHWWLQJ WUDSSHG LQ D ORFDO RSWLPDOLW\
>��@� :KHUHDV D *$� DV ZHOO DV 6$� LV FRQVLGHUHG WR EH D JOREDO VHDUFK WHFKQLTXH >��@� 7KLV LV EHFDXVH
WKH PDWKHPDWLFDO SURJUDPPLQJ WHFKQLTXHV DUH GHWHUPLQLVWLF� DQG KHXULVWLF DSSURDFKHV DUH SHUIRUPHG
XVLQJ VWRFKDVWLFV >��@� 7KLV LV WKH UHDVRQ ZK\ 0D HW DO� >�@ DGRSWHG WKH 6$ PHWKRG� WKH UHVHDUFKHUV
ZDQWHG WR VWHHU DZD\ IURP JHWWLQJ VWXFN LQ ORFDO RSWLPDOLW\� ,Q *$V� JOREDO RSWLPDOLW\ LV DFKLHYHG EHFDXVH
WKH FUHDWLRQ DQG PXWDWLRQ RI FKLOGUHQ DUH VWRFKDVWLF >��@� %HVLGHV� WKH PRVW RSWLPDO VROXWLRQV DUH QRW
WKH RQO\ RQHV WR UHSURGXFH� OHVVHU TXDOLILHG RQHV DOVR GR� $V 3DWUyQ DQG %RWH] >��� S� ���@ VWDWH ´WKH\
EULQJ GLYHUVLW\ WR WKH SRSXODWLRQ´� 0HWD�KHXULVWLFV DUH WKHUHIRUH FRQVLGHUHG WR EHWWHU EH DEOH ILQG WKH
JOREDO VROXWLRQ WKDQ GLUHFW PHWKRGV >��@�



���� 0HWKRGV IRU 7UDMHFWRU\ 2SWLPL]DWLRQ ��

$OWHUQDWLYH
IRUPXODWLRQV

+HXULVWLFV 0DWKHPDWLFDO
SURJUDPPLQJ

*HQHWLF�DOJRULWKPV

3DWK�SODQQLQJ

0L[HG�LQWHJHU�OLQHDU
SURJUDPPLQJ

0L[HG�LQWHJHU
TXDGUDWLF

SURJUDPPLQJ

1RQOLQHDU
SURJUDPPLQJ

$

6LPXODWHV�DQQHDOLQJ 'LMNVWUD

2WKHU

2WKHU

2WKHU2WKHU

)LJXUH ���� 7UHH GLVSOD\LQJ WKH QRQ�RSWLPDO VROXWLRQ WHFKQLTXHV �´DOWHUQDWLYH IRUPXODWLRQV´ LQ )LJXUH ���� XVHG IRU WUDMHFWRU\
RSWLPL]DWLRQ�

������ 3DWK� &RQVWUDLQWV� 9DULDEOHV� DQG &RQGLWLRQV
)RU WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP� LW VKRXOG DOVR EH GHILQHG ZKDW LV WR EH RSWLPL]HG� 7KH FRPSOHWH
IOLJKW FDQ EH RSWLPL]HG� RU LW FRXOG EH RSWLPL]HG IRU MXVW D SKDVH� 7LDQ HW DO� >��@� IRU H[DPSOH� RSWLPL]H
WKH IOLJKW WUDMHFWRU\ IRU WKH FUXLVH SKDVH RQO\� 7KLV LV DOVR GRQH E\ <DPDVKLWD HW DO� >��@� 3DWUyQ DQG
%RWH] >��@� DQG )UDQFR HW DO� >��@� +RZHYHU� DFFRUGLQJ WR +DPPDG HW DO� >�@� PRUH WKDQ KDOI RI WKH
VWXGLHV LQFOXGHG LQ WKH UHYLHZ ILQG D SDWK IRU WKH GHVFHQW RU FOLPE SKDVH� )RU H[DPSOH� 'DOPDX >��@
IRFXVHV WKH UHVHDUFK RQ WKH GHVFHQW SKDVH� 2WKHUV VWXG\ WKH WUDMHFWRU\ DFURVV PXOWLSOH SKDVHV� VXFK
DV 9LVVHU DQG +DUWMHV >��@�

7KH SDWK WR EH RSWLPL]HG FDQ EH LQ RQH� WZR� RU DOO WKUHH GLPHQVLRQV� 7KH RSWLPL]DWLRQ WRRO 720$72�
GHVFULEHG E\ 5RVHQRZ HW DO� >��@� RSWLPL]HV D WUDMHFWRU\ IRU WKH ODWHUDO SDWK ILUVW� DQG WKHQ RSWLPL]HV WKH
YHUWLFDO SDWK� 7KLV UHVXOWV LQ D WKUHH�GLPHQVLRQDO WUDMHFWRU\� ,Q WKLV UHVHDUFK� WKH DOWLWXGH RI WKH DLUFUDIW
LV DOORZHG WR YDU\ IUHHO\� 2WKHUV FRQVWUDLQ LW WR DQ �RSWLPDO� DOWLWXGH RU RQO\ DOORZ VWHS FKDQJHV� DV LV
GRQH LQ >��@� 7KH FRPELQDWLRQ RI ODWHUDO DQG YHUWLFDO SDWKV LQ WKH RSWLPL]DWLRQ SUREOHP ZLOO HQODUJH LW�
7KHUHIRUH� LWV FRPSOH[LW\ LV DOVR LQFUHDVHG� 6HYHUDO VWXGLHV UHYLHZHG E\ +DPPDG HW DO� >�@ RSW IRU D
WKUHH�GLPHQVLRQDO WUDMHFWRU\�

9DULRXV FRQVWUDLQWV DUH LQFOXGHG LQ WKH VWXGLHV RI IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ� )RU H[DPSOH� SDWK FRQ�
VWUDLQWV FDQ EH LPSOHPHQWHG� DV LV GRQH LQ WKH VWXG\ RI )UDQFR HW DO� >��@� $LUZD\V DUH GHILQHG LQ WKHLU
RSWLPL]DWLRQ DOJRULWKP� ZKLFK OLPLWV WKH VROXWLRQ VSDFH� 7KLV FRQVWUDLQV WKH SUREOHP WR D FHUWDLQ JHR�
JUDSKLFDO SRVLWLRQ RU UHJLRQ� 7KHVH FRQVWUDLQWV FDQ EH LPSRVHG E\ $7& RU DUH XVHG WR DYRLG FHUWDLQ
UHJLRQV� )RU H[DPSOH� ,665V FDQ EH DYRLGHG WR OLPLW WKH HQYLURQPHQWDO LPSDFW RI FRQWUDLOV >�@� 7KH
DOWHUQDWLYH LV WR RPLW DQ\ DLUVSDFH FRQVWUDLQWV� DVVXPLQJ IUHH DLUVSDFH� ,Q WKH WRRO $LU7UDI� GHVFULEHG LQ
>��@� WKLV LV GRQH�

7KH UHVHDUFK E\ 9LVVHU DQG +DUWMHV >��@ DOORZV IRU WKH LQFOXVLRQ RI RWKHU IRUPV RI UHJXODWLRQV LPSRVHG
E\ $7&� 7KH DXWKRUV LPSOHPHQW G\QDPLF FRQVWUDLQWV RQ VSHHG DQG DOWLWXGH IRU FHUWDLQ ZD\SRLQWV� ,Q
WKH RSWLPL]DWLRQ RI 9LVVHU DQG +DUWMHV� WKH DLUFUDIW¶V VSHHG LV DOORZHG WR YDU\� SURYLGHG WKDW LW GRHV
QRW QHJOHFW WKH FRQVWUDLQWV RI $7&� ,Q DQ RSWLPL]DWLRQ VWXG\� WKH DLUFUDIW¶V VSHHG FDQ DOVR EH VHW WR D
FRQVWDQW YDOXH DV GRQH E\ 3DWUyQ DQG %RWH] >��@� :KHWKHU SDWK FRQVWUDLQWV DUH LPSOHPHQWHG GHSHQGV
RQ WKH DLP RI WKH UHVHDUFK� 7KH GHFLVLRQ RI D YDULDEOH RU D FRQVWDQW VSHHG� KRZHYHU� GHSHQGV RQ
ZKLFK IOLJKW SKDVH LV RSWLPL]HG� ,Q FUXLVH IOLJKW� WKH VSHHG FDQ EH DVVXPHG WR EH FRQVWDQW� ,Q D FOLPE�



���� $UULYDO DQG 'HSDUWXUH 3URFHGXUHV ��

KRZHYHU� WKH VSHHG VKRXOG YDU\ WR WDNH RII DQG FOLPE WR WKH GHVLUHG DOWLWXGH�
$QRWKHU IDFWRU WKDW FDQ EH GHILQHG DV D FRQVWDQW RU D YDULDEOH LV WKH PDVV RI WKH DLUFUDIW� 7KH

RSWLPL]DWLRQ LQ >��@ DSSOLHV D YDULDEOH PDVV� 7KLV LV WR EH H[SHFWHG IRU WKH VWXGLHV WKDW GHWHUPLQH
RSWLPDO WUDMHFWRULHV IRU WKH FUXLVH SKDVH EHFDXVH D ODUJH DPRXQW RI IXHO LV XVHG� 7KLV LPSDFWV WKH PDVV
RI WKH DLUFUDIW KHDYLO\� DQG WKXV WKH �HQYLURQPHQWDO� SHUIRUPDQFH RI WKH IOLJKW� +RZHYHU� GXULQJ GHVFHQW�
WKLV PD\ EH OHVV DSSOLFDEOH EHFDXVH WKHUH LV RQO\ D VOLJKW FKDQJH LQ PDVV GXH WR IXHO FRQVXPSWLRQ� 7KH
GHVFHQW RSHUDWLRQV ZLOO EH GLVFXVVHG LQ PRUH GHWDLO LQ 6HFWLRQ ����

%HVLGHV� GLIIHUHQW DVVXPSWLRQV RI WKH FRQGLWLRQV RI WKH DWPRVSKHUH� LQ SDUWLFXODU� WKDW RI ZLQG� DUH
DGRSWHG LQ WKH OLWHUDWXUH� 0DNLQJ XVH RI WKH ZLQG� RU DW OHDVW OLPLWLQJ WKH DPRXQW RI KHDGZLQG� FDQ
UHGXFH WKH HQYLURQPHQWDO IRRWSULQW RI D IOLJKW� 7KLV LV EHFDXVH D ORZHU WKUXVW VHWWLQJ FDQ EH XVHG WR
UHDFK WKH VDPH JURXQG VSHHG FRPSDUHG WR IO\LQJ DJDLQVW WKH ZLQG >��@� 6RPH VWXGLHV LQFOXGH ZLQG LQ
WUDMHFWRU\ RSWLPL]DWLRQ� )RU LQVWDQFH� 3DUN DQG &ODUNH >��@ VWXG\ WKH LPSDFW RI ZLQG RQ RSWLPDO YHUWLFDO
WUDMHFWRULHV� 7KH $LU7UDI PRGHO GHVFULEHG E\ <DPDVKLWD HW DO� >��@ DQG WKH RSWLPL]DWLRQ E\ 3DWUyQ DQG
%RWH] >��@ LQFOXGH ZLQG DV ZHOO� (YHQ WKRXJK WKH ZLQG KDV DQ LQHYLWDEOH HIIHFW RQ WKH HPLVVLRQV DQG
QRLVH SURSDJDWLRQ RI IOLJKWV >��@� D VWDWLF DWPRVSKHUH LV RIWHQ DVVXPHG >�@� %RWK LQ VWXGLHV WKDW H[FOXGH
DQG LQFOXGH ZLQG� ,Q WKH ODWWHU FDVH� GDWD RQ WKH ZLQG FRQGLWLRQV DUH WDNHQ DW D PRPHQW LQ WLPH DQG
UHPDLQ IL[HG IRU WKH GXUDWLRQ RI WKH IOLJKW WUDMHFWRU\ >��@�

0DQ\ GLIIHUHQW FRPELQDWLRQV RI WKH SUHYLRXVO\ GLVFXVVHG YDULDEOHV DQG FRQVWUDLQWV DUH SRVVLEOH DQG
KDYH EHHQ VWXGLHG LQ WKH DYDLODEOH OLWHUDWXUH� WKH DLP RI WKH VWXG\ GLFWDWHV WKH FKRLFH RI WKH DYDLODEOH
RSWLRQV�

���� $UULYDO DQG 'HSDUWXUH 3URFHGXUHV
7KH SURFHGXUHV IRU DUULYDO DQG GHSDUWXUH W\SLFDOO\ HPSOR\HG DW PRVW DLUSRUWV DUH WR HQVXUH WKHPD[LPXP
FDSDFLW\ RI LWV IDFLOLWLHV >��@� 7KLV LV WR DFFRPPRGDWH WKH LQFUHDVHG QXPEHUV RI DLU WUDYHO� ,W FDQ EH
DFKLHYHG E\ WDFWLFDO LQWHUYHQWLRQV IURP $7& WR VSDFH DQG VHTXHQFH GHSDUWLQJ DQG DUULYLQJ DLUFUDIW�

7KH FXUUHQW SURFHGXUHV W\SLFDOO\ HPSOR\HG DUH GLVFXVVHG LQ 6HFWLRQ ������ ,Q 6HFWLRQ ������ WKH SURFH�
GXUHV GHVLJQHG IRU IXHO VDYLQJ DQG QRLVH DEDWHPHQW DUH GLVFXVVHG� 7KH &&2 DQG &'2 FRQFHSWV DUH
GLVFXVVHG LQ WKLV VHFWLRQ�

������ 6WDQGDUG $UULYDO 5RXWHV DQG 6WDQGDUG ,QVWUXPHQW 'HSDUWXUHV
2IWHQ� DLUFUDIW DUH WR IROORZ VHW URXWHV ZKHQ OHDYLQJ RU DSSURDFKLQJ DQ DLUSRUW� 7KHVH DUH VR�FDOOHG 6WDQ�
GDUG $UULYDO 5RXWHV �67$5V� DQG 6WDQGDUG ,QVWUXPHQW 'HSDUWXUHV �6,'V�� $V 'DOPDX >��@ GLVFXVVHV�
WKHVH URXWHV DUH GHVLJQHG WR DOORZ GLIIHUHQW W\SHV RI DLUFUDIW� UDQJLQJ LQ ZHLJKW DQG VL]H� WR IROORZ RQH
RI WKH DYDLODEOH SURFHGXUHV�

7KH URXWH FRQVLVWV RI VHYHUDO ZD\SRLQWV WKDW VKRXOG EH IORZQ RYHU� $OVR� FRQVWUDLQWV RQ VSHHG DQG
DOWLWXGH DUH LPSRVHG DW WKHVH SRVLWLRQV� 7KH 6,'�67$5V HQVXUH WKDW WKH $7& KDV DQ LQFUHDVHG RYHUYLHZ
RI WKH DLU WUDIILF VXUURXQGLQJ WKH DLUSRUW� $V WKH DLUFUDIW IROORZ WKH SURFHGXUH� $7& PD\ VWLOO GLFWDWH
DOWHUQDWLYH URXWHV WR WKH SLORWV� 7KHVH LQWHUYHQWLRQV LQFOXGH YHFWRULQJ IRU H[DPSOH >��@� 7R DGKHUH WR
WKH $7& FRPPDQGV SLORWV RIWHQ OHYHO RII WKH DLUFUDIW� :KLOH WKLV LV KHOSIXO WR OLPLW ULVNV RI FROOLVLRQ� WKH
OHYHO VHJPHQWV UHTXLUH DQ LQFUHDVH LQ WKUXVW WR NHHS D FRQVWDQW YHUWLFDO SRVLWLRQ DQG�RU YHORFLW\ >��@�
7KLV LQ WXUQ UHVXOWV LQ DQ LQFUHDVHG DPRXQW RI IXHO WR EH XVHG� FDXVLQJ DQ LQFUHDVH LQ HPLVVLRQV GXULQJ
FOLPE DQG GHVFHQW� %HVLGHV� WKH OHYHO�RII OHDGV WR DQ LQFUHDVH LQ QRLVH DQQR\DQFH >��@�

������ )XHO 6DYLQJ DQG 1RLVH $EDWHPHQW 3URFHGXUHV
7KHUH DUH VHYHUDO SURFHGXUHV GHVLJQHG WKDW DLP DW UHGXFLQJ WKH XVDJH RI IXHO DQG WKH SURGXFWLRQ RI
QRLVH LQ WKH 70$� 7KH ,&$2 >��@ KDV VWXGLHG QRLVH DEDWHPHQW SURFHGXUHV LQ D UHYLHZ VWXG\ DQG GLYLGHG
WKH SURFHGXUHV LQWR WKUHH FDWHJRULHV� JURXQG PDQDJHPHQW� VSDWLDO PDQDJHPHQW� DQG IOLJKW SURFHGXUHV�
7KH UHYLHZ IRFXVHV RQ UHGXFLQJ QRLVH EXW LV DVVXPHG WR KDYH VLPLODU HIIHFWV RQ IXHO XVDJH DQG HPLV�
VLRQV�

$V WKH ,QWHUQDWLRQDO &LYLO $YLDWLRQ 2UJDQL]DWLRQ �,&$2� >��@ VWDWHG� VSDWLDO PDQDJHPHQW SURFHGXUHV
LQFOXGH DPRQJ RWKHUV �QRLVH� SUHIHUUHG DUULYDO DQG GHSDUWXUH URXWHV DQG IOLJKW WUDFN GLVSHUVLRQ� 7KH
IOLJKW SURFHGXUHV LQFOXGH DPRQJ RWKHUV &'2 DQG 1$'3 DFFRUGLQJ WR WKH VWXG\� &'2 LV WKH FRQFHSW



���� $UULYDO DQG 'HSDUWXUH 3URFHGXUHV ��

FRQVLGHUHG WR KDYH D SURPLQHQW HIIHFW RQ PLQLPL]LQJ HQYLURQPHQWDO LPSDFW� WKH LPSOHPHQWDWLRQ RI &'2
LV VDLG WR OHDG WR DQ DSSUR[LPDWH IXHO VDYLQJ RI ��� >��@� $ VLPLODU FRQFHSW H[LVWV IRU WKH FOLPE SKDVH�
QDPHO\ WKH &&2� $ UHGXFWLRQ RI WKH IXHO XVDJH LV QRW WKH RQO\ DGYDQWDJH RI &'2V DQG &&2V� WKH GX�
UDWLRQ RI WKH IOLJKW LV DOVR GHFUHDVHG >��@� 7KLV LV EHQHILFLDO WR WKH DLUOLQH RSHUDWRUV� DOVR� 7KH SULQFLSOHV
DQG DGGLWLRQDO �GLV�DGYDQWDJHV RI FRQWLQXRXV RSHUDWLRQV ZLOO EH IXUWKHU H[SORUHG LQ WKLV VHFWLRQ WR ILQG
RSSRUWXQLWLHV WR LPSURYH WKH WKHVLV UHVHDUFK�

&RQWLQXRXV &OLPE 2SHUDWLRQV
$FFRUGLQJ WR ,&$2 >��@� WKH SKDVH LQ ZKLFK WKH DLUFUDIW DVFHQWV WR WKH RSWLPDO DOWLWXGH UHTXLUHV WKH
ODUJHVW IORZ RI IXHO� )RU MHW HQJLQHG DLUFUDIW� WKH HIILFLHQF\ RI WKH IXHO XVDJH LQFUHDVHV DV LW FOLPEV >��@�
,W LV� WKHUHIRUH� EHQHILFLDO WR FOLPE WR WKH RSWLPDO DOWLWXGH DV TXLFNO\ DV SRVVLEOH >��@� 7KH SDWK WKDW
VKRXOG EH IROORZHG GXULQJ WKLV FOLPE WR HQVXUH D &&2 LV FRQWLQXRXV�

&&2 LV DFKLHYHG E\ ORZHULQJ WKH UDWH RI DVFHQW ZLWK LQFUHDVLQJ DOWLWXGH DFFRUGLQJ WR 6ROHU HW DO� >��@�
'DOPDX DQG 3UDWV >��@ VWDWH WKDW WKH RSWLPDO VHWWLQJ IRU WKUXVW PXVW EH NHSW WKURXJKRXW WKH FOLPE WR IO\
DW IXHO�RSWLPDO YHORFLW\� 7KH RSWLPDO WKUXVW VHWWLQJ FKDQJHV GXULQJ WKH FOLPE GXH WR D GHFUHDVH LQ PDVV�
+RZHYHU� DGMXVWLQJ WKH VHWWLQJ ZRXOG GHYLDWH WKH YHORFLW\ IURP LWV IXHO�RSWLPDO� 7KXV� DV 'DOPDX DQG
3UDWV >��� S� �@ VWDWH ´WKH H[FHVV WKUXVW >LV XVHG@ WR VORZO\ FOLPE WKH DLUFUDIW�´� 7KH FRQWLQXRXV QDWXUH
RI WKH SURSRVHG FOLPE RSHUDWLRQV DOORZV IRU D UHGXFWLRQ LQ IXHO XVDJH� HPLWWHG JDVVHV DQG QRLVH >��@�
7KH UHGXFWLRQ LQ FOLPE UDWH WKURXJKRXW WKH SKDVH DOVR HOLPLQDWHV WKH QHHG IRU D VXGGHQ WUDQVLWLRQ WR WKH
FUXLVH SKDVH >��@�

7KH DOWLWXGH WR ZKLFK WKH DLUFUDIW VKRXOG FOLPE DQG DW ZKDW UDWH LW FOLPEV RSWLPDOO\ GHSHQGV RQ WKH
VSHFLILFDWLRQV RI WKH DLUFUDIW� $V ,&$2 >��� S� $����@ VWDWHV LW GHSHQGV RQ ´WKH DLUFUDIW W\SH DQG PDVV
DV ZHOO RQ WKH PHWHRURORJLFDO FRQGLWLRQV RI WKH GD\�´� 7KLV UHVXOWV LQ D ODUJH YDULDWLRQ RI RSWLPDO IOLJKW
SDWKV IRU DLUFUDIW LQ WKH FOLPE SKDVH >��@� 7KLV SRVHV D FKDOOHQJH IRU WKH $7& FRQFHUQLQJ WKH VHSDUDWLRQ
RI DLUFUDIW� ,I WKH $7& KDV WR LQWHUIHUH DQG D &&2 LV QRW FRPSOHWHG� D UHGXFWLRQ LQ HQYLURQPHQWDO HIIHFWV
FDQ VWLOO EH DFKLHYHG >��@� +RZHYHU� DV H[SHFWHG� WKH HIIHFW LV RI D OHVVHU H[WHQW�

&RQWLQXRXV 'HVFHQW 2SHUDWLRQV
$V PHQWLRQHG EHIRUH� WKH LQWHUYHQWLRQV RI $7& RIWHQ UHTXLUH SLORWV WR OHYHO RII WKH DLUFUDIW DW D FHUWDLQ
DOWLWXGH� DGMXVWLQJ WKH WKURWWOH VHWWLQJ� 7KH &'2 FRQFHSW� DV WKH QDPH VXJJHVWV� UHTXLUHV WKH DLUFUDIW WR
SHUIRUP D FRQWLQXRXV GHVFHQW >�@� 7KLV LV DFKLHYHG E\ NHHSLQJ WKH WKURWWOH WR WKH LGOH VHWWLQJ IURP WKH
DOWLWXGH DW ZKLFK WKH GHVFHQW LV VWDUWHG XQWLO ´WKH LQWHUFHSWLRQ RI WKH LQVWUXPHQWDO ODQGLQJ V\VWHP �,/6�
JOLGH VORSH´ >��� S� �@� $IWHU WKH LQWHUFHSWLRQ� WKH FRQYHQWLRQDO IOLJKW SDWK LV IROORZHG EHFDXVH D &'2
SURILOH LV WRR VWHHS WR EH FRQVLGHUHG VDIH HQRXJK >��@�

$ GHVFHQW LQ ZKLFK D &'2 LV SHUIRUPHG LV VKRZQ LQ )LJXUH ��� DV WKH EOXH� FRQWLQXRXV OLQH� 7KH
EODFN OLQH LOOXVWUDWHV D FRQYHQWLRQDO GHVFHQW LQ ZKLFK WKH OLJKWQLQJ EROWV VKRZ WKH PRPHQWV LQ ZKLFK
WKUXVW LV XVHG�
$V 'DOPDX >��@ GLVFXVVHV LQ KLV GLVVHUWDWLRQ� D &'2 LV QRW GHILQHG E\ QR OHYHO�RIIV LQ WKH GHVFHQW� EXW
E\ UHPDLQLQJ DQ LGOH WKUXVW VHWWLQJ� 7KH YHUWLFDO SURILOH RI D &'2 FDQ VKRZ OHYHO�RIIV� :KHQ WKH WKUXVW
VHWWLQJ LV NHSW WR LGOH� WKH OHYHO�RII ZLOO RQO\ UHVXOW LQ D GHFHOHUDWLQJ HIIHFW� DFFRUGLQJ WR 'DOPDX�

,W VKRXOG EH QRWHG WKDW WKH WHUP &'2 LV VRPHWLPHV XVHG LQWHUFKDQJHDEO\ LQ WKH OLWHUDWXUH ZLWK FRQ�
WLQXRXV GHVFHQW DSSURDFK �&'$� DQG RSWLPL]HG SURILOH GHVFHQW �23'� >�� ��@� +RZHYHU� DQ 23' LV
QRW WKH VDPH DV D &'2� ,W LV D SURFHGXUH HQDEOLQJ &'2V� RU DV 'DOPDX >��� S� �@ VWDWHV� ´>LW@ LV D
SURFHGXUH� QRUPDOO\ DVVRFLDWHG ZLWK D SXEOLVKHG 67$5� GHVLJQHG WR DOORZ PD[LPXP SUDFWLFDO XVH RI
&'2V´�

7KH FRQWLQXRXV PRYHPHQW LQ D &'2 HOLPLQDWHV WKH QHHG WR DGMXVW WKH WKURWWOH VHWWLQJ� DQG WKXV OLPLWV
WKH XVH RI IXHO� H[KDXVW HPLVVLRQV� DQG QRLVH SURGXFWLRQ >�@� 7KH DYHUDJH DPRXQW RI IXHO VDYHG SHU
IOLJKW KDV EHHQ VWXGLHG LQ YDULRXV VWXGLHV DQG UDQJHV IURP �� WR �� kg >�� ��@� 7KH H[DFW DPRXQW RI
IXHO VDYHG GHSHQGV DPRQJ RWKHUV RQ WKH DLUFUDIW VL]H DQG ZHLJKW DQG WKH $7& FRPPDQGV JLYHQ WR DQ
DLUFUDIW >�@� $QRWKHU EHQHILW RI D &'2 LV WKDW WKH DLUFUDIW FDQ FRQWLQXH WKH FUXLVH SKDVH DW DQ RSWLPDO
DOWLWXGH LQ WHUPV RI IXHO XVDJH IRU D ORQJHU WLPH >��@�

$V ZLWK &&2V� WKHUH DUH VHYHUDO GUDZEDFNV WR WKH HPSOR\PHQW RI &'2V� )LUVWO\� D GHFUHDVH LQ FDSDFLW\
DQG WKURXJKSXW RI DLUVSDFH DQG�RU DLUSRUW LV H[SHFWHG� DFFRUGLQJ WR 'DOPDX >��@� 7KH UHVHDUFKHU VWDWHV
WKDW WKLV LV DFFRUGLQJ WR WKH YDULDWLRQ LQ RSWLPDO IOLJKW SDWKV IRU GLIIHUHQW DLUFUDIW� WKH SDWK RI D &'2
GHSHQGV RQ WKH W\SH RI WKH DLUFUDIW� LWV VWDWH� DQG WKH HQYLURQPHQWDO FRQGLWLRQV� 7KLV UHVXOWV LQ PRUH



���� &RQFOXVLRQV RI /LWHUDWXUH 5HYLHZ ��

)LJXUH ���� $ FRQYHQWLRQDO GHVFHQW �EODFN OLQH� DQG D &'2 �EOXH OLQH� IOLJKW SDWK DUH YLVXDOL]HG� 7KH OLJKWQLQJ EROWV UHSUHVHQW D
FKDQJH LQ WKUXVW VHWWLQJ� 7KH LPDJH LV WDNHQ IURP >��� S� �@�

XQFHUWDLQWLHV DQG D GHFUHDVHG SUHGLFWDELOLW\ IRU WKH $7& >�@� 7KH $7& PD\ QHHG WR LQWHUIHUH ZLWK WKH
RSWLPDO IOLJKW� DQG DV LW LV KDUG WR PDQHXYHU ZLWK WKH WKUXVW VHWWLQJV DW LGOH� WKH &'2 PRVW OLNHO\ KDV
WR EH DERUWHG >��@� %XW� DV 'DOPDX >��@ PHQWLRQV� D &'2� OLNH D &&2� WKDW LV DERUWHG DOUHDG\ KDV
HQYLURQPHQWDO EHQHILWV�

%HVLGHV� RQH VWXG\ E\ :KLWH HW DO� >��@ VKRZHG WKDW IRU D VPDOO DUHD XQGHUQHDWK WKH IOLJKW SDWK RI
DQ DLUFUDIW DQ LQFUHDVHG DQQR\DQFH RI QRLVH FDQ EH H[SHFWHG� 7KH &'2� KRZHYHU� GRHV UHGXFH QRLVH
OHYHOV LQ DOO RWKHU DUHDV VXUURXQGLQJ WKH DLUFUDIW� DFFRUGLQJ WR WKH VWXG\�

$QRWKHU FKDOOHQJH LV WKH LPSOHPHQWDWLRQ RI &'2V� DV VWDWHG LQ WKH ,&$2 UHYLHZ >��� S� �@� ´SURFH�
GXUHV PXVW EH GHYHORSHG� WHVWHG DQG HYDOXDWHG IRU EHQHILWV DQG $7& LPSDFWV� DSSURYHG DQG DFFHSWHG
E\ WKH DLUSRUW DQG WKH $163� DQG DGRSWHG E\ WKH DLUOLQHV DQG RWKHU DLUSRUW XVHUV�´� 7KLV VKRXOG� KRZ�
HYHU� QRW KROG EDFN WKH GHYHORSPHQW RI PRUH HQYLURQPHQWDOO\ IULHQGO\ SURFHGXUHV�

���� &RQFOXVLRQV RI /LWHUDWXUH 5HYLHZ
7KH WKUHH UHVHDUFK GLVFLSOLQHV LQ ZKLFK WKH OLWHUDWXUH UHYLHZ LV FRQGXFWHG DUH EURXJKW WRJHWKHU LQ WKLV
VHFWLRQ� )LUVWO\� WKH IRFXV RI WKH SURSRVHG UHVHDUFK ZLOO EH RQ WKH HQYLURQPHQWDO LPSDFW RI HPLVVLRQV
RQO\� 6RRW SDUWLFOHV DUH H[FOXGHG IURP WKH DQDO\VLV EHFDXVH WKH QHJDWLYH HIIHFW FDQ EH PLWLJDWHG
WKURXJK WKH XVH RI JUHHQHU IXHOV >�@� 7KH IRUPDWLRQ RI FRQWUDLOV LV QRW LQFOXGHG� EHFDXVH FRQWUDLOV DUH
DSSUR[LPDWHO\ ��� RI WKH WLPH IRUPHG DW KLJKHU DOWLWXGHV �IURP � WR �� km�� WKXV KDYLQJ OLWWOH LPSDFW LQ
WKH FOLPE DQG GHVFHQW SKDVH >��@� 7KH UHDVRQ IRU WKH H[FOXVLRQ RI QRLVH LV WKDW WKH LPSOHPHQWDWLRQ RI
D QRLVH PRGHO LQ WKH RSWLPL]DWLRQ LV EH\RQG WKH VFRSH RI WKLV SURMHFW GXH WR LWV FRPSOH[ FKDUDFWHU�

7KH PHWULF IRU WKH HQYLURQPHQWDO HIIHFW� ZKLFK LV WKH REMHFWLYH IXQFWLRQ RI WKH RSWLPL]DWLRQ SUREOHP�
KDV QRW EHHQ GHFLGHG XSRQ \HW� $OWKRXJK� WKHUH LV D WHQGHQF\ WRZDUG WKH PRQHWDU\ PHWULF RI *UREOHU
HW DO� >�@ EHFDXVH LW HQFRPSDVVHV QRW RQO\ WKH FOLPDWH EXW DOVR WKH VRFLDO DQG KHDOWK FRVWV GXH WR
HPLVVLRQV� 7KH FKRLFH RI WKH PHWULF LV QRW FULWLFDO WR WKH SURSRVHG UHVHDUFK� EHFDXVH D FKDQJH LQ WKH
REMHFWLYH IXQFWLRQ VKRXOG QRW UHTXLUH PXFK WLPH RU HQHUJ\�

%HFDXVH RI WKH SRSXODULW\ RI WKH *$ DV D PHWD�KHXULVWLFV DSSURDFK DQG EHFDXVH RI LWV LQWXLWLYHQHVV�
WKLV VROXWLRQ WHFKQLTXH LV WR EH DGRSWHG� 7KHUH LV HQRXJK DYDLODEOH OLWHUDWXUH WR GHYHORS D VXIILFLHQW
XQGHUVWDQGLQJ WR FRPSOHWH WKH SURMHFW� )RU H[DPSOH� *DUGL HW DO� >��@ SUHVHQW WKH WKHRU\ RI PXOWL�
REMHFWLYH WUDMHFWRU\ RSWLPL]DWLRQ DORQJ ZLWK PHWKRGV WR LPSOHPHQW GLIIHUHQW REMHFWLYHV� YDULDEOHV� DQG
FRQGLWLRQV� 7KH FKRVHQ PHWKRG LV H[SODLQHG LQ PRUH GHWDLO LQ &KDSWHU ��

7KH UHVHDUFK IRFXVHV RQ WKH FOLPE DQG GHVFHQW SKDVHV RI WKH IOLJKW� 7KXV� WKH YHUWLFDO DQG KRUL]RQWDO
IOLJKW SDWKV RI DLUFUDIW DUH WR EH RSWLPL]HG EHFDXVH ERWK YDU\ JUHDWO\ GXULQJ WKH SKDVHV� ,W LV UHFRJQL]HG



���� &RQFOXVLRQV RI /LWHUDWXUH 5HYLHZ ��

WKDW WKH DPRXQW RI HPLWWHG JDVVHV LQ WKH FUXLVH SKDVH RI IOLJKWV LV FRQVLGHUDEO\ ODUJHU WKDQ GXULQJ FOLPE
DQG GHVFHQW SKDVHV� +RZHYHU� WKHUH UHPDLQV DQ RSSRUWXQLW\ IRU WKH UHGXFWLRQ RI HPLVVLRQV LQ WKH ODWWHU
SKDVHV� ZKLFK VKRXOG EH H[SORUHG�

7KH 6,'V DQG 67$5V GLVFXVVHG LQ 6HFWLRQ ��� DUH LPSOHPHQWHG LQ WKH UHVHDUFK DV ZHOO� 7R NHHS WKH
VWXG\ UHDOLVWLF� WKH SURFHGXUHV DUH WR EH IROORZHG DQG FRQVWUDLQWV VKRXOG EH PHW� $7& LQWHUYHQWLRQV
WR SUHYHQW FRQIOLFWV IRU LQVWDQFH DUH QRW LQFOXGHG LQ WKH PRGHO� 7KH IOLJKW SDWK LV QRW RSWLPL]HG WR
EH D &&2�&'2� +RZHYHU� WKH UHVXOWLQJ YHUWLFDO IOLJKW SURILOH DQG FRXUVH RI WKH WKUXVW VHWWLQJ RI WKH
RSWLPL]DWLRQ VKRXOG FORVHO\ UHSUHVHQW D &&2�&'2� 7KLV LV H[SHFWHG EHFDXVH WKH\ DUH SURFHGXUHV WKDW
UHGXFH WKH HQYLURQPHQWDO LPSDFW RI WKH FOLPE DQG GHVFHQW RI DLUFUDIW� ,I WKH IOLJKW SDWK UHSUHVHQWV D
&&2�&'2� DQ DGGLWLRQDO EHQHILW RI WKH VWXG\ LV WKDW WKH QRLVH LV LQGLUHFWO\ OLPLWHG DV ZHOO�

7KH VWDWH�RI�WKH�DUW UHVHDUFK RQ RSWLPL]DWLRQ WHFKQLTXHV IRU IOLJKW WUDMHFWRULHV LV FRPELQHG ZLWK WKH
UHVHDUFK RQ WKH FOLPDWH HIIHFWV RI DYLDWLRQ WR RSWLPL]H IOLJKWV IRU PLQLPDO HQYLURQPHQWDO LPSDFW� $Q
DLUFUDIW WUDMHFWRU\ RSWLPL]DWLRQ ZLOO EH SHUIRUPHG IRU WKH FOLPE DQG GHVFHQW SKDVHV WR PLQLPL]H WKH
LPSDFW RI JDVHRXV HPLVVLRQV WKURXJK D JHQHWLF DOJRULWKP LQFOXGLQJ D YDULDEOH PDVV� YDULDEOH VSHHG�
ZLQG� DQG DLUVSDFH FRQVWUDLQWV� 7R WKH DXWKRU¶V EHVW NQRZOHGJH� D VWXG\ ZLWK WKHVH FRQGLWLRQV KDV QRW
EHHQ FRQGXFWHG SUHYLRXVO\� 7KH UHVHDUFK ZLOO EULGJH WKH UHVHDUFK JDS LQ WKH ILHOG RI VXVWDLQDEOH DLU
WUDIILF PDQDJHPHQW RQ HQYLURQPHQWDO IRRWSULQW ZLWKLQ WKH FOLPE DQG GHVFHQW SKDVHV�



�
5HVHDUFK 4XHVWLRQ DQG 2EMHFWLYHV

,Q WKLV VHFWLRQ� WKH UHVHDUFK TXHVWLRQ LV VWDWHG ILUVW� ,W FDQ EH IRXQG LQ 6HFWLRQ ���� LQ ZKLFK WKH VXE�
TXHVWLRQV DUH LQFOXGHG� DV ZHOO� 7KLV LV IROORZHG E\ D VHFWLRQ RQ WKH REMHFWLYHV RI WKH UHVHDUFK�

���� 5HVHDUFK �6XE��4XHVWLRQ�V�
7KH LPSRUWDQFH RI UHGXFLQJ WKH DQWKURSRJHQLF FOLPDWH HIIHFWV RI WKH DYLDWLRQ LQGXVWU\ LV UHFRJQL]HG
E\ PDQ\� ,W LV QHFHVVDU\ WR OLPLW WKH QHJDWLYH FRQVHTXHQFHV RQ WKH HQYLURQPHQW DQG KHDOWK RI OLYLQJ
EHLQJV� ,W KDV EHHQ LGHQWLILHG LQ WKH SUHYLRXV FKDSWHU� KRZHYHU� WKDW WKHUH LV OLPLWHG UHVHDUFK FRQGXFWHG
RQ WKH UHGXFWLRQ RI HQYLURQPHQWDO LPSDFW RI IOLJKWV LQ WKH FOLPE DQG GHVFHQW SKDVH WKURXJK WUDMHFWRU\
RSWLPL]DWLRQ� 7KHUHIRUH� WKH UHVHDUFK TXHVWLRQ WKDW ZLOO EH DQVZHUHG LQ WKH SURSRVHG WKHVLV SURMHFW LV�

+RZ FDQ IOLJKW WUDMHFWRULHV EH RSWLPL]HG WR PLQLPL]H WKH HQYLURQPHQWDO LPSDFW RI DYLDWLRQ
GXULQJ WKH FOLPE DQG GHVFHQW SKDVH"

7KH UHVHDUFK TXHVWLRQ LV FRQVWLWXWHG RI WKUHH PDLQ HOHPHQWV� HQYLURQPHQWDO LPSDFW� IOLJKW WUDMHFWRU\�
DQG RSWLPL]DWLRQ� 7KHVH VKRXOG EH IXUWKHU UHVHDUFKHG WR IRUPXODWH DQ DQVZHU WR WKH UHVHDUFK TXHVWLRQ�
7R IDFLOLWDWH WKLV� VXE�TXHVWLRQV KDYH EHHQ IRUPHG IRU HDFK HOHPHQW� 7KHVH VKRXOG EH DQVZHUHG ILUVW�
DV WKH DQVZHUV WR WKH VXE�TXHVWLRQV IRUP WKH DQVZHU WR WKH PDLQ TXHVWLRQ� 7KH VXE�TXHVWLRQV FDQ EH
IRXQG LQ WKH OLVW EHORZ�

�� (QYLURQPHQWDO LPSDFW�
�D� :KDW HQYLURQPHQWDO HIIHFWV RI DYLDWLRQ VKRXOG EH FRQVLGHUHG LQ WKH UHVHDUFK"
�E� :KDW LV DQ DGHTXDWH PHWULF WR TXDQWLI\ WKH HQYLURQPHQWDO LPSDFW RI DYLDWLRQ"
�F� +RZ FDQ WKH PHWULF EH XVHG DV DQ REMHFWLYH IXQFWLRQ"

�� )OLJKW WUDMHFWRU\�
�D� ,Q ZKLFK GLPHQVLRQ�V� VKRXOG WKH IOLJKW WUDMHFWRU\ EH RSWLPL]HG"
�E� +RZ FDQ ZLQG EH LPSOHPHQWHG LQ WKH RSWLPL]DWLRQ PRGHO"
�F� +RZ FDQ YDULDEOH VSHHG EH LPSOHPHQWHG LQ WKH RSWLPL]DWLRQ PRGHO"
�G� +RZ FDQ YDULDEOH PDVV EH LPSOHPHQWHG LQ WKH RSWLPL]DWLRQ PRGHO EH DFKLHYHG"
�H� +RZ FDQ WKH UHJXODWLRQV RI $7& EH LPSOHPHQWHG LQ WKH RSWLPL]DWLRQ PRGHO"

�� 2SWLPL]DWLRQ�
�D� +RZ VKRXOG WKH IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP EH IRUPXODWHG"
�E� :KLFK VROXWLRQ PHWKRG VKRXOG EH XVHG IRU WKH RSWLPL]DWLRQ"
�F� :KLFK DHURG\QDPLF PRGHO VKRXOG EH XVHG IRU WKH IOLJKW G\QDPLFV RI WKH DLUFUDIW"
�G� +RZ FDQ WKH RSWLPL]DWLRQ PHWKRG DQG PRGHO EH YHULILHG"
�H� +RZ FDQ WKH RSWLPL]DWLRQ PHWKRG DQG PRGHO EH YDOLGDWHG"

��



���� 5HVHDUFK 2EMHFWLYHV ��

���� 5HVHDUFK 2EMHFWLYHV
7KH DLP RI WKH SURMHFW UHIOHFWV WKH FXUUHQW FKDOOHQJH WR OLPLW WKH HQYLURQPHQWDO LPSDFWV LQGXFHG E\ KX�
PDQV� VSHFLILFDOO\ WKH LPSDFWV RI DYLDWLRQ� 7KHUH DUH GLIIHUHQW VWUDWHJLHV WR OLPLW WKH LPSDFW RI DYLDWLRQ RQ
WKH HQYLURQPHQW� 7UDMHFWRU\ RSWLPL]DWLRQ FRXOG SRWHQWLDOO\ EH DGRSWHG LQ D VKRUWHU DPRXQW RI WLPH WKDQ
IRU LQVWDQFH LPSOHPHQWLQJ QHZO\ GHVLJQHG� PRUH VXVWDLQDEOH DLUFUDIW >��@� $GGLWLRQDOO\� DV PHQWLRQHG
E\ +DPPDG HW DO� >�@� WKH QXPEHU RI VWXGLHV RQ WKH WRSLF KDV LQFUHDVHG LQ WKH ODVW \HDUV� 7KXV� WKH
REMHFWLYH RI WKH WKHVLV SURMHFW LV GHVFULEHG LQ WKH IROORZLQJ VHQWHQFH�

7R LQYHVWLJDWH WKH UHGXFWLRQ RI WKH HQYLURQPHQWDO LPSDFW RI DLUFUDIW GXULQJ WKH FOLPE DQG
GHVFHQW SKDVHV E\ PHDQV RI RSWLPL]LQJ WKH IOLJKW WUDMHFWRU\ IRU DQ HQYLURQPHQWDO� PXOWL�
REMHFWLYH IXQFWLRQ�

6HYHUDO RWKHU REMHFWLYHV VKRXOG EH DFFRPSOLVKHG WR DFKLHYH WKH PDLQ REMHFWLYH RI WKH SURMHFW� 7KLV
LQFOXGHV DQ DSSURSULDWH TXDQWLILFDWLRQ RI WKH HQYLURQPHQWDO LPSDFW RI DYLDWLRQ GXULQJ WKH FOLPE DQG GH�
VFHQW SKDVHV� 7KLV FDQ EH DFKLHYHG E\ LGHQWLI\LQJ WKH FULWLFDO HQYLURQPHQWDO HIIHFWV RI DYLDWLRQ DQG
FKRRVLQJ DQ DSSURSULDWH PHWULF� %HVLGHV� WKH FUHDWLRQ RI XVHIXO UHVXOWV IRU GLIIHUHQW VHWWLQJV DQG YDUL�
DEOHV LQ WKH PRGHO VKRXOG EH UHDOL]HG� 6XFK WKDW WKH HIIHFW RI GLIIHUHQW IDFWRUV RQ WKH UHGXFWLRQ RI
HQYLURQPHQWDO LPSDFW FDQ EH GHWHUPLQHG� 7KLV FDQ EH DFKLHYHG E\ FUHDWLQJ DQ HDVLO\ FXVWRPL]DEOH
RSWLPL]DWLRQ PRGHO� /DVWO\� WKLV PRGHO VKRXOG EH DYDLODEOH RQ DQ RSHQ SODWIRUP WKDW FDQ EH DFFHVVHG
E\ LQWHUHVWHG SDUWLHV� :KHQ DOO REMHFWLYHV DUH PHW� WKH UHVHDUFK RQ VXVWDLQDEOH IOLJKW WUDMHFWRU\ RSWL�
PL]DWLRQ LV HOHYDWHG�



�
5HVHDUFK $SSURDFK

7KLV FKDSWHU LV GHYRWHG WR WKH UHVHDUFK IUDPHZRUN DQG SODQQLQJ� ,Q 6HFWLRQ ���� WKH VWHSV WR EH WDNHQ
LQ WKH SURMHFW DUH GHVFULEHG DQG YLVXDOL]HG� $ VFKHGXOH IRU WKHVH WDVNV LV DOVR PDGH� D EULHI H[SODQDWLRQ
RI WKLV LV JLYHQ LQ 6HFWLRQ ���� 7KH VFKHGXOH LQ WKH IRUP RI D *DQWW FKDUW LV SUHVHQWHG LQ $SSHQGL[ $�

���� 5HVHDUFK )UDPHZRUN
7KH UHVHDUFK SURMHFW LV GLYLGHG LQWR IRXU SKDVHV� WKH OLWHUDWXUH VWXG\� PRGHO GHYHORSPHQW� H[SHULPHQW�
DQG GRFXPHQWDWLRQ DQG ZUDS�XS� (DFK SKDVH LV FRPSRVHG RI GLIIHUHQW WDVNV ZKLFK DUH FRQQHFWHG� 7KH
UHVHDUFK IUDPHZRUN LV YLVXDOL]HG LQ )LJXUH ����

7KH ILUVW SKDVH RI WKH SURMHFW LV WKH OLWHUDWXUH VWXG\� 7KLV HQWDLOV FRPSOHWLQJ WKH DVVRFLDWHG FRXUVHV�
VHDUFKLQJ IRU OLWHUDWXUH� UHYLHZLQJ WKH VWXGLHV� DQG GHWHUPLQLQJ WKH UHVHDUFK TXHVWLRQ DQG REMHFWLYH�
$OVR� LW LV GHWHUPLQHG ZKLFK HQYLURQPHQWDO PHWULFV DQG RSWLPL]DWLRQ PHWKRGV FDQ EH XVHG� 7KHVH
WDVNV KDYH EHHQ FRPSOHWHG FRQFXUUHQWO\� DV UHYLHZLQJ OLWHUDWXUH OHDG WR WKH VHDUFK IRU PRUH DSSOLFDEOH
OLWHUDWXUH� ZKLFK UHVXOWHG LQ VHYHUDO LWHUDWLRQV� $OVR� WKH FRXUVHV KDYH EHHQ FRPSOHWHG FRQFXUUHQWO\� DV
WKH\ ZHUH D JXLGH WR WKH OLWHUDWXUH VWXG\ SURFHVV�

'XULQJ WKH VHFRQG SKDVH� WKH PRGHOV ZLOO EH GHYHORSHG� 7ZR GLIIHUHQW PHWKRGV ZLOO EH XVHG WR RSWLPL]H
WKH IOLJKW WUDMHFWRULHV� WKXV WZR PRGHOV ZLOO EH FUHDWHG DQG YHULILHG� 7KLV KDV VWDUWHG LQ WKH VHFRQG KDOI RI
WKH OLWHUDWXUH SKDVH� 7KLV ZD\� WKH JDWKHUHG NQRZOHGJH RQ WKH SUREOHP DW KDQG FRXOG EH LPPHGLDWHO\
DSSOLHG DQG WHVWHG� )LUVW� D GXPP\ PRGHO KDV EHHQ JHQHUDWHG ZKLFK IRUPV WKH EDVLV� 7KLV PRGHO
ZLOO EH H[WHQGHG DIWHU WKLV UHSRUW LV ILQLVKHG WR LQFOXGH ZLQG DQG YDULDEOH VSHHG� 7KLV SKDVH LQFOXGHV
LWHUDWLRQV� DV WKH GHYHORSPHQW RI PRGHOV LV SURQH WR PLVWDNHV� DQG UHTXLUHV GHEXJJLQJ�

7KH WKLUG SKDVH� IRFXVLQJ RQ WKH H[SHULPHQW DQG WKH UHVXOWV� ZLOO VWDUW QHDU WKH HQG RI WKH GHYHORSPHQW
SKDVH ZKHQ WKH PRGHOV DUH YHULILHG DQG YDOLGDWHG� $ FDVH VWXG\ ZLOO EH FRQGXFWHG� $ VHQVLWLYLW\
DQDO\VLV PD\ DOVR EH H[HFXWHG LQ WKLV SKDVH� %HIRUH WKH UHVXOWV FDQ EH JDWKHUHG� WKH FDVH VKRXOG
EH ZHOO GHILQHG� DQG GDWD VKRXOG EH JDWKHUHG DQG SUHSDUHG� 7KLV SKDVH LQFOXGHV WKH DQDO\VLV RI WKH
UHVXOWV� DV ZHOO�

7KH IRXUWK SKDVH RI WKH SURMHFW LV LWV ZUDS�XS DQG GRFXPHQWDWLRQ� 7KLV SKDVH UXQV WKURXJKRXW WKH ZKROH
SURMHFW DQG LV WR EH FRPSOHWHG LQ SDUDOOHO WR WKH RWKHU SKDVHV� :ULWLQJ WKURXJKRXW WKH SURFHVV HQVXUHV
WKDW GHOD\V GXH WR GRFXPHQWLQJ DUH NHSW WR D PLQLPXP� 7KH SKDVH LQFOXGHV WDVNV VXFK DV GRFXPHQWLQJ
DQG UHSRUWLQJ� SUHSDULQJ IRU PHHWLQJV DQG SUHVHQWDWLRQV� DQG LPSOHPHQWLQJ IHHGEDFN IURP RWKHUV�

��



���� 3URMHFW 3ODQQLQJ ��

���� 3URMHFW 3ODQQLQJ
7R DFKLHYH WKH REMHFWLYH DQG DQVZHU WKH UHVHDUFK TXHVWLRQ LQ WKH DYDLODEOH WLPH RI QLQH PRQWKV� D
VFKHGXOH KDV EHHQ FUHDWHG� ,W LV LQ WKH IRUP RI D *DQWW FKDUW DQG LV SUHVHQWHG LQ $SSHQGL[ $� 7KH
VHYHUDO SKDVHV GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ DUH UHSUHVHQWHG E\ GLIIHUHQW FRORUV LQ WKH *DQWW FKDUW�
7KH OLWHUDWXUH SKDVH DQG WKH PRQWKV OHDGLQJ XS WR WKLV UHSRUW DUH QRW LQFOXGHG DV WKHVH KDYH EHHQ
FRPSOHWHG� 7KH UHG OLQHV DURXQG GDWHV YLVXDOL]H WKH GHDGOLQHV RI WKH SURMHFW SODQ� SUHOLPLQDU\ VWXG\�
DQG WKHVLV� 7KH GHDGOLQHV RI WKH &RQWURO 	 6LPXODWLRQ GHSDUWPHQW �SUHOLPLQDU\ UHSRUW�PHHWLQJ� KDYH
EHHQ LQFOXGHG LQVWHDG RI WKH JHQHUDO PLOHVWRQHV �OLWHUDWXUH VWXG\ UHSRUW DQG PLG�WHUP UHSRUW�PHHWLQJ��

7KUHH OHWWHUV FDQ EH IRXQG LQ WKH SODQQLQJ� µ'¶ UHSUHVHQWV D GHOLYHUDEOH� µ0¶ D PHHWLQJ� DQG µ5¶ D
UHSRUW� 7KH ZHHN QXPEHUV RQ WKH WRS URZV LQGLFDWH WKH ZHHN RI WKH WKHVLV SURMHFW� 7KH KROLGD\V DUH
LQGLFDWHG DV ¶+ROLGD\¶ LQ WKH VDPH URZ DQG GR QRW FRXQW WRZDUGV WKH QXPEHU RI ZHHNV� 7KH OLWHUDWXUH
VWXG\ SKDVH KDV EHHQ FRPSOHWHG DQG WKH PRGHO GHYHORSPHQW SKDVH LV KDOI FRPSOHWHG� DV FDQ EH VHHQ
LQ WKH *DQQW FKDUW�

'HILQH�UHVHDUFK
TXHVWLRQ

'HILQH�UHVHDUFK
VFRSH

'HWHUPLQH
HQYLURQPHQWDO

REMHFWLYH

'HWHUPLQH
RSWLPL]DWLRQ�PHWKRG

'HYHORS�RSWLPL]DWLRQ
PRGHO

9HULI\�RSWLPL]DWLRQ
PRGHO

3HUIRUP�D�FDVH�VWXG\

$QDO\]H�UHVXOWV

&RQFOXGH

3URYLGH
UHFRPPHQGDWLRQV

3KDVH�����
/LWHUDWXUH��
6WXG\

3KDVH�����
0RGHO��
'HYHORSPHQW

3KDVH�����
([SHULPHQW

3KDVH�����
:UDS�XS

6WXG\�UHOHYDQW
OLWHUDWXUH

3KDVH�����
'RFXPHQWDWLRQ

'RFXPHQW�
DQG�UHSRUW

3UHVHQW

,PSOHPHQW��
IHHGEDFN

3HUIRUP�D�
VHQVLWLYLW\�VWXG\

)LJXUH ���� 5HVHDUFK IUDPHZRUN RI WKH WKHVLV SURMHFW�



�
7KHRU\

7KH WKHRUHWLFDO IUDPHZRUN RI WKH SUREOHP ZLOO EH HVWDEOLVKHG LQ WKLV FKDSWHU� 7KH VWXGLHV PHQWLRQHG LQ
&KDSWHU � FDQ EH XVHG IRU WKLV� 0RVW VWXGLHV GHVFULEH WKH DSSOLHG PHWKRGRORJ\ LQ GHWDLO� ,Q WKH SDSHUV�
GHWDLOHG LQIRUPDWLRQ RQ SRVVLEOH SUREOHP IRUPXODWLRQV� VROXWLRQ PHWKRGV� FRQVWUDLQWV� DQG YDULDEOHV DUH
JLYHQ IRU PXOWL�REMHFWLYH WUDMHFWRU\ RSWLPL]DWLRQ�

7KH DLUFUDIW G\QDPLFV XVHG LQ WKH UHVHDUFK DUH GLVFXVVHG ILUVW� LQ 6HFWLRQ ���� 7KLV LV IROORZHG E\
6HFWLRQ ���� LQ ZKLFK WKH WKHRU\ RI JHQHWLF DOJRULWKPV LQ IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ� 7KH GLIIHUHQW
PHWKRGRORJLHV WR VHW XS D *$ DUH GLVFXVVHG� ,W DOVR LQFOXGHV WKHRU\ RQ WKH FRQVWUDLQWV WKDW FDQ EH
LQFOXGHG LQ WKH PRGHO�

���� )OLJKW '\QDPLFV
,Q WUDMHFWRU\ RSWLPL]DWLRQ� WKH DLUFUDIW G\QDPLF HTXDWLRQV DUH RIWHQ VLPSOLILHG >��@� 7KH DLUFUDIW SRLQW�
PDVV PRGHO LV XVHG LQ PDQ\ FDVHV� ,W GRHV QRW GHVFULEH WKH PRWLRQ RI IOLJKW LQ IXOO GHWDLO EXW LV FRQVLG�
HUHG VXIILFLHQW IRU FDOFXODWLRQV UHJDUGLQJ WUDMHFWRU\ RSWLPL]DWLRQ >��@� 7KH RSWLPL]DWLRQ DOJRULWKPV RIWHQ
UHTXLUH PDQ\ FRPSXWDWLRQV DQG FDQ EH FRPSOH[� 7KH VLPSOLILFDWLRQ RI WKH DLUFUDIW G\QDPLFV DLGV LQ WKH
UHGXFWLRQ RI WKH QXPEHU RI FRPSXWDWLRQV >��� ��@�

7KH SRLQW�PDVV PRGHO GHVFULEHV WKH IOLJKW G\QDPLFV LQ WKUHH D[HV� 7KH IRUFHV DUH DVVXPHG WR DFW
RQ WKH FHQWHU RI JUDYLW\ >��@� 7KXV� LQ WKH PRGHO� WKH URWDWLRQDO G\QDPLFV FDQ EH HOLPLQDWHG >��@� ,Q
(TXDWLRQV ��� WKURXJK ���� WKH DSSOLFDEOH HTXDWLRQV DUH GHVFULEHG�

ẋ = VTAS · FRV (γ) �����

ẏ = VTAS · FRV (γ) �����

ż = VTAS · VLQ (γ) �����

˙VTAS =
T −D

m
− g0 · VLQ (γ) �����

ṁ = −ff �����

7KH WKUHH SRVLWLRQDO YHFWRUV DUH x� y� DQG z �WKH DOWLWXGH�� VTAS UHSUHVHQWV WKH WUXH DLUVSHHG� γ LV WKH
IOLJKW SDWK DQJOH� T LV WKH WKUXVW� D LV WKH GUDJ� m LV WKH PDVV RI WKH DLUFUDIW� g0 LV WKH JUDYLWDWLRQDO
DFFHOHUDWLRQ� DQG ff LV WKH IXHO IORZ�

,I WKH ZLQG LV WR EH LQFOXGHG LQ WKH PRGHO� WKH FRPSRQHQWV RI WKH ZLQG VSHHG FDQ VLPSO\ EH DGGHG WR
(TXDWLRQV ���� ���� DQG ��� >��@�

��



���� *HQHWLF $OJRULWKP ��

���� *HQHWLF $OJRULWKP
7KH JHQHWLF DOJRULWKP LV EDVHG RQ WKH HYROXWLRQ WKHRU\ RI 'DUZLQ� DV WKH QDPH VXJJHVWV� 7KH VROYLQJ
DOJRULWKP LV D UHSHDWLQJ SURFHVV� $W ILUVW� LW JHQHUDWHV D UDQGRP VHW RI SRVVLEOH VROXWLRQV� UHIHUUHG
WR DV D JHQHUDWLRQ RI LQGLYLGXDOV� (DFK LQGLYLGXDO¶V ILWQHVV LV WKHQ HYDOXDWHG� ZKLFK FDQ EH GHILQHG
LQ GLIIHUHQW PDQQHUV DQG FDQ EH VHHQ DV WKH REMHFWLYH IXQFWLRQ� 'HSHQGLQJ RQ WKH FKRVHQ VHOHFWLRQ
PHWKRG� D SDUWLFXODU VHOHFWLRQ LV PDGH RI WKH LQGLYLGXDOV ZKR DUH DSSRLQWHG DV SDUHQWV� 7KH SDUHQWV
ZLOO UHSURGXFH DQG JHQHUDWH FKLOGUHQ� FUHDWLQJ QHZ VROXWLRQV WR WKH RSWLPDOLW\ SUREOHP� 3DUW RI VRPH
VROXWLRQV DUH UDQGRPO\ DOWHUHG� VR�FDOOHG PXWDWLRQ� WR GHFUHDVH WKH OLNHOLKRRG RI JHWWLQJ WUDSSHG LQ
D ORFDO RSWLPXP� 7KH QHZ LQGLYLGXDOV DUH WKHUHDIWHU HYDOXDWHG RQ WKHLU ILWQHVV� DQG WKH SURFHVV RI
VHOHFWLRQ� FURVVRYHU� PXWDWLRQ� DQG ILWQHVV HYDOXDWLRQ LV UHSHDWHG� 7KH LWHUDWLRQ LV EURXJKW WR D KDOW
ZKHQHYHU D VWRSSLQJ FULWHULRQ LV PHW� >��� ��@

7KH WKHRU\ EHKLQG WKH VWHSV WDNHQ LQ WKH JHQHWLF DOJRULWKP ZLOO EH IXUWKHU H[SODLQHG LQ WKH IROORZLQJ
VHFWLRQV� ,Q 6HFWLRQ ������ WKH GLIIHUHQW IRUPXODWLRQV RI LQGLYLGXDOV� DOVR UHIHUUHG WR DV VROXWLRQV� DUH
SUHVHQWHG� 7KH VHFWLRQ WKHUHDIWHU GLVFXVVHV WKH HYROXWLRQ SURFHVV� ,Q 6HFWLRQ ������ WKH YDULDEOHV RI D
*$ DUH EULHIO\ GLVFXVVHG� 7KH ILQDO VHFWLRQ� 6HFWLRQ ������ SUHVHQWV WKH LPSOHPHQWDWLRQ RI FRQVWUDLQWV
LQ WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP�

������ 6ROXWLRQ )RUPXODWLRQ
7KH VROXWLRQV ± IOLJKW WUDMHFWRULHV ± VKRXOG EH GHILQHG QXPHULFDOO\ VR WKDW WKH VWHSV RI WKH *$ FDQ EH
WDNHQ� 7KLV FDQ EH GRQH LQ GLIIHUHQW ZD\V� <DPDVKLWD HW DO� >��@ XWLOL]H FRQWURO SRLQWV �&3� DQG %�VSOLQHV
�EDVLV VSOLQHV� WR IRUPXODWH VROXWLRQV� 3DWUyQ DQG %RWH] >��@ XVH D WKUHH�GLPHQVLRQDO JULG WKDW FRQVLVWV
RI ZD\SRLQWV� 2WKHU IRUPXODWLRQV DUH DOVR SRVVLEOH�

,Q WKH �' JULG PHWKRG E\ 3DWUyQ DQG %RWH] >��@� ZD\SRLQWV DUH GHILQHG� ,Q )LJXUH ���� DQ H[DPSOH RI
D JULG LV JLYHQ� $V FDQ EH VHHQ� WKH JULG VXUURXQGV WKH SUHGHILQHG IOLJKW URXWH �GDVKHG� EOXH OLQH LQ
)LJXUH ����� ,Q WKH KRUL]RQWDO SODQH� PXOWLSOH URXWHV DUH FUHDWHG RQ ERWK VLGHV RI WKH SUHGHILQHG URXWH�
,Q WKH YHUWLFDO SODQH� WUDMHFWRULHV DUH VWDFNHG RQ WRS RI HDFK RWKHU DQG VHSDUDWHG E\ D FHUWDLQ GLVWDQFH�
$ORQJ WKHVH WUDMHFWRULHV� ZD\SRLQWV DUH GHILQHG DW GHWHUPLQHG LQWHUYDOV� 7KH IOLJKW FDQ RQO\ EH DOWHUHG
WR DGMDFHQW ZD\SRLQWV� >��@

)LJXUH ���� $ �' JULG PHWKRG WR IRUPXODWH VROXWLRQV WR WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP� 7KH GDVKHG� EOXH OLQH UHSUHVHQWV
WKH RULJLQDO SDWK� ,Q WKH ODWHUDO GLUHFWLRQ� WZR SDWKV DUH DGGHG LQ SDUDOOHO� ,Q WKH YHUWLFDO GLUHFWLRQ� PXOWLSOH SDWKV DUH VWDFNHG RQ

WRS RI HDFK RWKHU� 7KH LPDJH LV WDNHQ IURP >��� S� ���@�

<DPDVKLWD HW DO� >��@ XWLOL]H FRQWURO SRLQWV� LQ WKH YHUWLFDO DQG KRUL]RQWDO SODQHV� VSUHDG RXW EHWZHHQ
WKH GHVWLQDWLRQ DQG DUULYDO DLUSRUW� $ VROXWLRQ LV GHILQHG DV D YHFWRU WKDW FRQVLVWV RI D QXPEHU RI GHVLJQ
YDULDEOHV� ndv� 7KH GHVLJQ YDULDEOHV DUH LQGH[HG E\ j DQG DUH DOORZHG WR YDU\ EHWZHHQ WKH ORZHU DQG
XSSHU ERXQGDULHV� 7KH GHVLJQ YDULDEOHV LQ >��@ DUH WKH FRQWURO SRLQWV� 7KH GHILQLWLRQV DUH SURYLGHG E\
WKH DXWKRUV LQ (TXDWLRQV ���� ���� DQG ��� >��@�



���� *HQHWLF $OJRULWKP ��

!x = (x1, x2, · · · , xnGY)
T �����

j = 1, 2, · · · , nGY �����

[
x1
j , x

X
j

]
�����

,Q )LJXUH ���� WKH &3V LQ WKH KRUL]RQWDO SODQH DUH GLVSOD\HG DV EODFN GRWV ZLWKLQ WKH GDVKHG UHFWDQJOHV�
(DFK SDLU RI &3V �WKUHH LQ )LJXUH ���� IRUPV D SRVLWLRQ� WKH RGG &3V UHSUHVHQW ORQJLWXGHV DQG WKH HYHQ
ODWLWXGHV� 7KH &3V DUH DOORZHG WR YDU\ ZLWKLQ WKH GDVKHG UHFWDQJOHV �WKH ERXQGDULHV�� RI ZKLFK WKH
FHQWHU LV ORFDWHG RQ WKH JUHDW FLUFOH URXWH �WKLQ� EODFN OLQH LQ )LJXUH ���� EHWZHHQ WKH DLUSRUWV� 7KH ER[HV
DUH VSUHDG RXW HYHQO\� 7KH ZLGWK DQG OHQJWK RI WKH ER[HV DUH GHILQHG DV ��� DQG ���� UHVSHFWLYHO\�
RI WKH GLIIHUHQFH LQ ORQJLWXGH RI WKH DLUSRUWV� 7KH IOLJKW WUDMHFWRU\ �WKLFN� EODFN OLQH LQ )LJXUH ���� ´LV
UHSUHVHQWHG E\ D %�VSOLQH FXUYH �WKLUG�RUGHU� ZLWK WKH WKUHH &3V DV ORFDWLRQV >���@ DQG WKHQ DQ\ DUELWUDU\
QXPEHU RI ZD\SRLQWV LV JHQHUDWHG DORQJ WKH WUDMHFWRU\´� DV WKH DXWKRUV VWDWH >��� S� ����@�

)LJXUH ���� 7KH FRQWURO SRLQW PHWKRGRORJ\ WR IRUPXODWH D VROXWLRQ WR WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP� 7KH KRUL]RQWDO SODQH
RI DQ H[HPSODU\ URXWH LV YLVXDOL]HG� 7KH ILOOHG GRWV DUH WKH FRQWURO SRLQWV� HDFK PDGH XS RI WZR YDOXHV� WKH ORQJLWXGH DQG WKH

ODWLWXGH� 7KH YDOXHV FDQ YDU\ ZLWKLQ WKH GDVKHG UHFWDQJOH DURXQG LW� 7KHVH UHFWDQJOHV DUH VSDFHG HTXDOO\ DORQJ WKH JUHDW FLUFOH
URXWH� VKRZQ DV WKH WKLQ OLQH� 7KH WKLFNHU OLQH LOOXVWUDWHV WKH VROXWLRQ� ZKLFK LV D %�VSOLQH FUHDWHG EHWZHHQ WKH &3V� 7KLV LPDJH

LV WDNHQ IURP >��� S� ����@�

7KH &3V LQ WKH YHUWLFDO SODQH DUH UHSUHVHQWHG E\ EODFN GRWV LQ )LJXUH ��� DQG GHILQH WKH DOWLWXGH� 7KH
ILJXUH GLVSOD\V WKH YHUWLFDO SDWK RI WKH IOLJKW WUDMHFWRU\ LQ )LJXUH ���� 7KH ERXQGDULHV RI WKH &3V DUH
)OLJKW /HYHO �)/� ��� DQG )/���� WKH ERXQGDULHV KROG WKH VDPH YDOXH IRU DOO WKH YHUWLFDO FRQWURO SRLQWV
LQ WKH VWXG\ RI <DPDVKLWD HW DO� >��@� /LNH LQ WKH KRUL]RQWDO SODQH� WKH FRQWURO SRLQWV DUH DOORZHG WR YDU\
EHWZHHQ WKHVH ERXQGDULHV� 7KH SRVLWLRQ LQ WHUPV RI WKH ORQJLWXGH RI HDFK YHUWLFDO &3 LV SUHGHWHUPLQHG�
WKH &3V DUH VSUHDG RXW HYHQO\ EHWZHHQ WKH DLUSRUWV� $JDLQ� D %�VSOLQH FXUYH GHWHUPLQHV WKH IOLJKW SDWK�

������ (YROXWLRQ
$V PHQWLRQHG EHIRUH� WKH *$ LV VWDUWHG ZLWK D ILUVW JHQHUDWLRQ� 7KLV LV IROORZHG E\ D ILWQHVV WHVW� WKH
VHOHFWLRQ� FURVVRYHU� DQG PXWDWLRQ� ZKLFK DUH UHSHDWHG XQWLO D VWRSSLQJ FULWHULRQ LV PHW� $OO VWHSV RI WKH
DOJRULWKP DUH GLVFXVVHG LQ WKLV VHFWLRQ�

)LUVW *HQHUDWLRQ
7KH ILUVW JHQHUDWLRQ LV UDQGRPO\ HVWDEOLVKHG� ,W FRQVLVWV RI np LQGLYLGXDOV� ,Q >��@� HDFK LQGLYLGXDO LV
FRPSRVHG RI WKH VDPH QXPEHU RI GHVLJQ YDULDEOHV� DV GHILQHG LQ (TXDWLRQ ���� 7KH YDOXHV RI WKHVH
GHVLJQ YDULDEOHV DUH FKRVHQ UDQGRPO\ EXW DUH FKRVHQ EHWZHHQ WKHLU RZQ ORZHU DQG XSSHU ERXQGDULHV�



���� *HQHWLF $OJRULWKP ��

)LJXUH ���� 7KH FRQWURO SRLQW PHWKRGRORJ\ WR IRUPXODWH D VROXWLRQ WR WKH WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP� 7KH YHUWLFDO SODQH RI
DQ H[HPSODU\ URXWH LV YLVXDOL]HG� $V LQ )LJXUH ���� WKH ILOOHG GRWV DUH WKH FRQWURO SRLQWV� ,Q WKH YHUWLFDO SODQH� HDFK LV PDGH XS RI

RQH YDOXH� WKH DOWLWXGH� 7KH YDOXHV FDQ YDU\ EHWZHHQ WKH GDVKHG OLQHV� 7KH WKLFNHU OLQH LOOXVWUDWHV WKH VROXWLRQ� ZKLFK LV D
%�VSOLQH FUHDWHG EHWZHHQ WKH &3V� 7KLV LPDJH LV WDNHQ IURP >��� S� ����@�

,Q >��@� WKH VROXWLRQV GR QRW QHFHVVDULO\ KDYH WKH VDPH QXPEHU RI ZD\SRLQWV� 7KH ILUVW JHQHUDWLRQ
LV HVWDEOLVKHG UDQGRPO\ DQG FRQVHFXWLYH ZD\SRLQWV VKRXOG EH DGMDFHQW WR RQH DQRWKHU�

)LWQHVV
7R HYDOXDWH WKH VROXWLRQV TXDQWDWLYHO\� WKH VR�FDOOHG ILWQHVV RI HDFK LV FDOFXODWHG� ,Q WUDMHFWRU\ RSWLPL]D�
WLRQ� LW LV EHWWHU NQRZQ DV WKH REMHFWLYH IXQFWLRQ� ,W FDQ EH GHILQHG GLIIHUHQWO\� DV H[SODLQHG LQ &KDSWHU ��
DQG LW GHSHQGV RQ WKH DLP RI WKH UHVHDUFK� ,Q WKH VWXG\ RI <DPDVKLWD HW DO� >��@� WKH REMHFWLYH IXQFWLRQ
LV WR PLQLPL]H WKH IOLJKW WLPH� 7KXV� WKH ILWQHVV RI D VROXWLRQ LV GHWHUPLQHG E\ WKH WLPH LW WDNHV DQ DLUFUDIW
WR IO\ WKDW VSHFLILF URXWH� 3DWUyQ DQG %RWH] >��@ XVH WKH IOLJKW FRVW DV WKH ILWQHVV RI D VROXWLRQ� ,Q WKHRU\�
DOO PHWULFV GLVFXVVHG LQ 6HFWLRQ ����� FDQ EH XVHG DV WKH REMHFWLYH IXQFWLRQ�

6HOHFWLRQ
6HYHUDO PHWKRGRORJLHV H[LVW IRU WKH VHOHFWLRQ RI SDUHQWV DPRQJ WKH LQGLYLGXDOV� DV 3DWUyQ DQG %RWH]
>��@ GHVFULEH� 7KH\ H[SODLQ EULHIO\ WKH IRXU PHWKRGV OLVWHG EHORZ� 'R QRWH WKDW PRUH PHWKRGV H[LVW DV
*$V DUH ZLGHO\ XVHG LQ RWKHU GLVFLSOLQHV� DV ZHOO�

� 8QLIRUP� HDFK LQGLYLGXDO LV HTXDO DQG DOO FDQ FUHDWH FKLOGUHQ�
� 5DQN� D UDQN LV PDGH EDVHG RQ WKH ILWQHVV� DQG RQO\ WKH EHVW VROXWLRQV DUH HQWHUHG LQWR WKH PDWLQJ
SRRO�

� 5RXOHWWH ZKHHO� KLJKHU VFRULQJ LQGLYLGXDOV JHW D ODUJHU FKDQFH RI EHLQJ FKRVHQ DV D SDUHQW� 6R�
OXWLRQV WKDW KDYH ORZ ILWQHVV VWLOO KDYH D FKDQFH�

� 7RXUQDPHQW� LQGLYLGXDOV DUH QRW DOORZHG WR FURVVRYHU ZKHQ WKH\ ORVH LQ D EDWWOH EHWZHHQ HDFK
RWKHU�

,Q >��@� WKH WRXUQDPHQW VHOHFWLRQ PHWKRG LV XVHG� <DPDVKLWD HW DO� >��@ XWLOL]H WKH URXOHWWH ZKHHO PHWKRG�
3DWUyQ DQG %RWH] >��@ GLVFXVV DOVR WKH DGYDQWDJHV DQG GLVDGYDQWDJHV RI WKH PHWKRGV� 7KH\ VWDWH
WKDW WKH URXOHWWH ZKHHO PHWKRG LV EHQHILFLDO DV LW GRHV QRW JHW VWXFN TXLFNO\ LQ ORFDO RSWLPD� +RZHYHU�
DFFRUGLQJ WR WKHP� LW LV QRW VR IDVW LQ ILQGLQJ WKH RSWLPDO VROXWLRQ� 7KH WRXUQDPHQW PHWKRG FRQYHUJHV
VRRQHU�

&URVVRYHU
)URP WKH PDWLQJ SRRO� SDUHQWV DUH UDQGRPO\ FKRVHQ EDVHG RQ WKH GHWHUPLQHG SUREDELOLW\ WR IRUP FKLO�
GUHQ� (DFK SDLU RI SDUHQWV ZLOO FUHDWH WZR FKLOGUHQ� VXFK WKDW WKH VL]H RI WKH SRSXODWLRQ UHPDLQV FRQVWDQW
WKURXJKRXW WKH JHQHUDWLRQV� 7KH WKRXJKW EHKLQG WKH VHOHFWLRQ DQG FURVVRYHU VWHSV LV WKH SULQFLSOH RI
WKH VWURQJHVW VXUYLYHV� 7KLV VKRXOG OHDG WR VWURQJHU LQGLYLGXDOV HDFK JHQHUDWLRQ� DQG HYHQWXDOO\ UHVXOW
LQ WKH PRVW RSWLPDO VROXWLRQ >��@�



���� *HQHWLF $OJRULWKP ��

$JDLQ� VHYHUDO PHWKRGV H[LVW WR SHUIRUP WKLV VWHS� 3DWUyQ DQG %RWH] >��� S� ���@ WDNH ´RQH�KDOI RI RQH
LQGLYLGXDO DQG FRPELQLQJ LW ZLWK D KDOI IURP DQRWKHU LQGLYLGXDO´� 7KLV ZDV RSWHG IRU EHFDXVH RI WKH XVH
RI WKH JULG PHWKRG� FKRRVLQJ DQRWKHU PHWKRG ZRXOG UHVXOW LQ WKH YLRODWLRQ RI WKH UHTXLUHPHQW WKDW HDFK
FRQVHFXWLYH ZD\SRLQW LV DGMDFHQW�

<DPDVKLWD HW DO� >��@ RSW IRU WKH ¶%OHQG FURVVRYHU RSHUDWRU¶� ZKLFK LV H[SODLQHG LQ PRUH GHWDLO LQ WKHLU
SDSHU�

0XWDWLRQ
$V LQ WKH QDWXUDO SURFHVV RI HYROXWLRQ� PXWDWLRQV RFFXU LQ WKH SURGXFWLRQ RI QHZ LQGLYLGXDOV LQ D *$� 7KLV
LV GRQH WR OLPLW WKH ULVN RI FRQYHUJLQJ WR D ORFDO RSWLPXP LQVWHDG RI WKH JOREDO RSWLPXP >��@� 7KHPXWDWLRQ
RI WKH LQGLYLGXDOV LV HIIHFWLYH IRU UHGXFLQJ WKLV ULVN EHFDXVH ZKHQ VROXWLRQV DUH UDQGRPO\ DOWHUHG D ODUJHU
VSHFWUXP RI WUDMHFWRULHV LV H[SORUHG�

<DPDVKLWD HW DO� >��@ XVH D SRO\QRPLDO PXWDWLRQ RSHUDWRU� ZKLFK VHOHFWV WKH VROXWLRQV WKDW DUH WR EH
PXWDWHG EDVHG RQ D FHUWDLQ SUREDELOLW\ IXQFWLRQ� 7KH PHWKRG LV GHVFULEHG LQ PRUH GHWDLO LQ WKHLU DUWLFOH�

3DWUyQ DQG %RWH] >��@ DSSO\ D GLIIHUHQWPHWKRG� 7KH UHVHDUFKHUV UHSODFH VROXWLRQV LQVWHDG RI DOWHULQJ
VHYHUDO YDOXHV LQ WKH VROXWLRQ� 7KH OHDVW SHUIRUPLQJ LQGLYLGXDOV LQ WHUPV RI ILWQHVV DUH UHSODFHG ZLWK
UDQGRP VROXWLRQV� ZKLFK DUH FUHDWHG VLPLODUO\ WR WKH ILUVW JHQHUDWLRQ� 7KH DXWKRUV GR QRW PHQWLRQ WKH
UHDVRQ IRU WKLV� EXW LW SUREDEO\ KDV WR GR ZLWK WKH FKRLFH RI WKH JULG PHWKRG� 7KH URXWH FDQ RQO\ EH
DOWHUHG WR DGMDFHQW ZD\SRLQWV� &KDQJLQJ D VLQJOH YDOXH LQ WKH VROXWLRQ YLRODWHV WKLV� ,Q WKH VWXG\ E\
<DPDVKLWD HW DO� >��@� WKH FKRLFH RI YDOXHV RI WKH FRQWURO SRLQWV GR QRW GHSHQG RQ HDFK RWKHU� DQG WKXV
FDQ EH DOWHUHG UDQGRPO\�

,WHUDWLRQ
7KH HYROXWLRQ SURFHVV �ILWQHVV� VHOHFWLRQ� FURVVRYHU� DQG PXWDWLRQ� UHSHDWV LWVHOI XQWLO D VWRSSLQJ FULWH�
ULRQ LV PHW� 7KH SULQFLSDO ¶VXUYLYDO RI WKH ILWWHVW¶ LV DSSOLHG� DQG WKXV LW LV DVVXPHG WKDW WKH LQGLYLGXDOV RI
HDFK JHQHUDWLRQ DUH EHWWHU WKDQ WKH SUHFHGLQJ JHQHUDWLRQV� $ VWRSSLQJ FULWHULRQ FRXOG EH WR VWRS ZKHQ
D FHUWDLQ QXPEHU RI JHQHUDWLRQV KDV EHHQ PDGH RU ZKHQ WKH VROXWLRQ KDV QRW LPSURYHG RYHU D QXPEHU
RI FRQVHFXWLYH JHQHUDWLRQV� >��� ��@

������ 6HWWLQJV
6HYHUDO SDUDPHWHUV FDQ EH DGMXVWHG LQ WKH DOJRULWKP ZKLFK FDQ LQIOXHQFH WKH RXWFRPH DQG HIILFLHQF\
RI WKH RSWLPL]DWLRQ PRGHO� 7KHVH LQFOXGH WKH QXPEHU RI FRQWURO SRLQWV RU JULG VL]H� WKH VL]H RI WKH SRSX�
ODWLRQ� WKH VHOHFWLRQ PHWKRG� WKH FURVVRYHU UDWH� WKH PXWDWLRQ UDWH� DQG WKH VWRSSLQJ FULWHULD� $FFRUGLQJ
WR 3DWUyQ DQG %RWH] >��� S� ���@� D VWUDWHJ\ WR DSSO\ IRU WKH VL]H RI WKH SRSXODWLRQ LV WKDW LW VKRXOG
´UHSUHVHQW D VPDOO SHUFHQWDJH RI DOO WKH SRVVLEOH VROXWLRQV�´� 7KH DXWKRUV ZDUQ WKH UHDGHU ZLWK DGGLQJ
FRQWURO SRLQWV� DV WKH QXPEHU RI SRWHQWLDO VROXWLRQV ZLOO LQFUHDVH H[SRQHQWLDOO\� $ WUDGH�RII VKRXOG EH
GRQH GXULQJ WKH UHVHDUFK EHWZHHQ WKH SDUDPHWHUV WR RSWLPL]H WKH DFFXUDF\ DQG FRPSXWDWLRQ WLPH >��@�

������ &RQVWUDLQWV
7\SLFDOO\� WKHUH DUH WKUHH W\SHV RI FRQVWUDLQWV LPSRVHG ZLWKLQ D WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP� 7KHVH
DUH G\QDPLF� ERXQGDU\� DQG SDWK FRQVWUDLQWV� 7KH FRQVWUDLQWV FDQ EH FDWHJRUL]HG LQWR HTXDOLW\ DQG
QRQ�HTXDOLW\ FRQVWUDLQWV�

'\QDPLF FRQVWUDLQWV DUH LPSRVHG WR HQVXUH WKDW WKH VROXWLRQV DUH IHDVLEOH LQ WHUPV RI WKH DLUFUDIW¶V VWDWH
>��@� )RU H[DPSOH� WKH YHORFLW\ VKRXOG EH ODUJH HQRXJK WR SUHYHQW VWDOOLQJ EXW QRW H[FHHG WKH PD[LPXP
YHORFLW\� $OVR� WKH SDWK DQJOH VKRXOG OLH EHWZHHQ LWV ORZHU DQG XSSHU ERXQGDU\ YDOXH� LW VKRXOG VWD\
UHDOLVWLF� 7KH PDVV RI WKH DLUFUDIW DQG DOWLWXGH DUH W\SLFDOO\ FRQVWUDLQHG DV ZHOO�

%RXQGDU\ FRQVWUDLQWV VSHFLI\ WKH YDOXHV RI YDULDEOHV RQ WKH ERXQGDULHV � WKH LQLWLDO DQG ILQDO YDOXHV�
7KHVH FRQVWUDLQWV DUH W\SLFDOO\ HTXDOLW\ FRQVWUDLQWV >��@� 6LPRUJK HW DO� >��� S� �@ SURYLGH VHYHUDO
H[DPSOHV� ´WKH JHRJUDSKLFDO ORFDWLRQ RI RULJLQ DQG GHVWLQDWLRQ� LQLWLDO PDVV� DQG LQLWLDO VSHHG DUH VRPH
HTXDOLW\ ERXQGDU\ FRQVWUDLQWV WKDW DUH XVXDOO\ FRQVLGHUHG´�

3DWK FRQVWUDLQWV DUH LPSRVHG RQ WKH VWDWHV RI WKH DLUFUDIW EHWZHHQ WKH ERXQGDU\ SRLQWV >��@� )RU
LQVWDQFH� DLUFUDIW VKRXOG DGKHUH WR WKH UHJXODWLRQV RI $7& ZKHQ SHUIRUPLQJ D 6,'�67$5� $W SUHGHWHU�
PLQHG ZD\SRLQWV� WKH YHORFLW\ DQG DOWLWXGH DUH FRQVWUDLQHG >��@�



���� *HQHWLF $OJRULWKP ��

,Q *$V� WKH FRQVWUDLQWV FDQ EH LPSOHPHQWHG DV SHQDOW\ IXQFWLRQV >��@� ,I D VROXWLRQ YLRODWHV DQ\ RI WKH
FRQVWUDLQWV� D SHQDOW\ VFRUH LV DGGHG WR WKH ILWQHVV� 7KLV GHFUHDVHV LWV OLNHOLKRRG RI EHFRPLQJ D SDUHQW�
7KH FRQVHTXHQFH LV WKDW WKH VROXWLRQV DUH QRW RQO\ VHOHFWHG EDVHG RQ WKH REMHFWLYH IXQFWLRQ EXW DOVR
RQ ZKHWKHU WKH\ FRPSO\ ZLWK WKH FRQVWUDLQWV� 1DQDNRUQ DQG 0HHVRPNOLQ >��@ GHVFULEH D PHWKRG WR
LPSOHPHQW SHQDOWLHV HIIHFWLYHO\� 2WKHU PHWKRGV H[LVW DV ZHOO�



�
0HWKRGRORJ\

7KH QH[W VWHS LQ WKH UHVHDUFK LV WKH FUHDWLRQ RI WKH EDVLF RSWLPL]DWLRQ� 7KLV ZLOO HQFRPSDVV WKH VWHSV RI
D *$ DV GHVFULEHG LQ WKH SUHYLRXV FKDSWHU� 7KH PRGHO ZLOO QRW \HW LQFOXGH ZLQG� YDULDEOH PDVV� YDULDEOH
VSHHG� DQG DLUVSDFH FRQVWUDLQWV� 7R GHYHORS WKH EDVLF PRGHO� LW VKRXOG EH XQGHUVWRRG KRZ WKH FKRVHQ
VRIWZDUH IXQFWLRQV�

7KH VRIWZDUH WKDW LV XVHG LQ WKH EDVLF PRGHO LV GHVFULEHG LQ 6HFWLRQ ���� 7KH FUHDWLRQ DQG LPSOHPHQ�
WDWLRQ RI WKH EDVLF PRGHO DUH VHW RXW LQ 6HFWLRQ ���� 7KLV LV IROORZHG E\ 6HFWLRQ ���� LQ ZKLFK WKH ILUVW
VWHSV WRZDUG WKH YHULILFDWLRQ DQG YDOLGDWLRQ RI WKH WUDMHFWRU\ RSWLPL]DWLRQ DUH SUHVHQWHG�

���� 6RIWZDUH
7KH EDVLF PRGHO WKDW LV FUHDWHG IRU WUDMHFWRU\ RSWLPL]DWLRQ LV SURJUDPPHG LQ 3\WKRQ� )RU WKH PRGHO�
XVH LV PDGH RI PXOWLSOH RSHQ�VRXUFH SDFNDJHV LQ 3\WKRQ� QDPHO\ 1XP3\ >��@� 0DWSORWOLE >��@� 2SHQ$3
>��@� DQG 3URM >��@�

1XP3\ LV XVHG EHFDXVH LW IDFLOLWDWHV IDVW FRPSXWDWLRQV ZLWK PXOWLGLPHQVLRQDO DUUD\V� $V LV H[SODLQHG
LQ WKH IROORZLQJ VHFWLRQ� DOPRVW DOO FRPSXWDWLRQV FDQ EH YHFWRUL]HG XVLQJ 1XP3\� 7KLV DOORZV WKH *$
WR FRPSXWH IDVWHU WKDQ ZKHQ XVLQJ RUGLQDU\ 3\WKRQ OLVWV RU GLFWLRQDULHV�

0DWSORWOLE LV XVHG WR YLVXDOL]H WKH PRGHO¶V UHVXOWV� ,W DOORZV WKH XVHU WR PRUH HDVLO\ ORRN RYHU ZKDW LV
DFKLHYHG ZLWK WKH FRGH� 7KH YLVXDOL]DWLRQV ZLOO EH H[WHQGHG ZLWK &DUWRS\ >��@ LQ WKH IXWXUH� 7KLV LV
GLVFXVVHG LQ 6HFWLRQ ������

2SHQ$3 FRQVWLWXWHV SDFNDJHV IRU 3\WKRQ WKURXJK ZKLFK� IRU H[DPSOH� WKH WKUXVW VHWWLQJV DQG IXHO XVDJH
FDQ EH FRPSXWHG IRU DQ DLUFUDIW IO\LQJ D FHUWDLQ URXWH� $OVR� PRGHO GDWD DUH LQFOXGHG LQ ZKLFK LQIRUPDWLRQ
LV DYDLODEOH DPRQJ RWKHUV RQ HPLVVLRQV >��@� 7KH G\QDPLFV RI DQ DLUFUDIW DUH GHVFULEHG DV D SRLQW
PDVV PRGHO ZLWK IRXU GHJUHHV RI IUHHGRP >��@� 7KH GLIIHUHQFH ZLWK WKH IOLJKW G\QDPLFV SUHVHQWHG LQ
6HFWLRQ ��� LV WKH URWDWLRQDO D[LV IRU WKH UROO RI WKH DLUFUDIW� )RU WKH FRPSXWDWLRQ RI WKH HPLWWHG JDVVHV
XVLQJ WKH SHUIRUPDQFH LQ WHUPV RI IXHO IORZ� WKLV VKRXOG QRW EH SUREOHPDWLF�

,Q RWKHU UHVHDUFK� IRU FRPSXWDWLRQV FRQFHUQLQJ DLUFUDIW¶V SHUIRUPDQFH� XVH LV VRPHWLPHV PDGH RI
%$'$ >��@� 2SHQ$3 LV FKRVHQ EHFDXVH LW DSSUR[LPDWHV WKH SHUIRUPDQFH RI DQ DLUFUDIW EHWWHU GXULQJ
FOLPE SKDVHV >��@� %HVLGHV� 2SHQ$3 LV UHDGLO\ DYDLODEOH�

3URM LV D SDFNDJH WKDW DOORZV IRU HDV\ WUDQVIRUPDWLRQ EHWZHHQ GLIIHUHQW FRRUGLQDWH UHIHUHQFH V\VWHPV
�&56V� >��@� ,W LV XVHG LQ WKLV PRGHO WR WUDQVIRUP IURP D :RUOG *HRGHWLF 6\VWHP �:*6� ¶�� SURMHFWLRQ
WR FRRUGLQDWHV LQ WKH /DPEHUW &RQIRUPDO &RQLF SURMHFWLRQ �/&&�� 7KH ODWWHU LV RIWHQ XVHG LQ DYLDWLRQ��
7KH /&& &56 LV HDVLHU WR XVH LQ WKH FRPSXWDWLRQV RI WKLV PRGHO�

7KHUH FDQ EH VHYHUDO GUDZEDFNV WR WKH XVDJH RI WKH FKRVHQ VRIWZDUH� 7KH DYDLODEOH DLUFUDIW W\SHV LQ
2SHQ$3 DUH OLPLWHG� GDWD DUH RQO\ DYDLODEOH IRU WXUERIDQ HQJLQHV >��@� +RZHYHU� WKH DYDLODEOH DLUFUDIW
W\SHV DUH WKH PRVW XVHG FRPPHUFLDO DLUFUDIW� $FFRUGLQJ WR 6XQ DQG 'HGRXVVL >��� S� �@� 2SHQ$3 FDQ

�https://proj.org� 9LVLWHG RQ $SU� ��� �����
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EH XVHG ´IRU DURXQG ��� RI IOLJKWV LQ (XURSHDQ DLUVSDFHV�´� )RU WKLV SURMHFW� LW VKRXOG EH VXIILFLHQW WR
GHPRQVWUDWH KRZ D UHGXFWLRQ LQ WKH HQYLURQPHQWDO IRRWSULQW RI FRPPHUFLDO DYLDWLRQ FDQ EH DFKLHYHG�

$GGLWLRQDOO\� WKHUH PD\ EH D VKRUWDJH RI FRPSXWLQJ SRZHU RQ WKH DYDLODEOH ODSWRS� ,I GXULQJ WKH
GHYHORSPHQW SKDVH� LW LV IRXQG WKDW WKLV LV WKH FDVH� DQ DOWHUQDWLYH FRPSXWHU ZLWK PRUH FRPSXWLQJ
SRZHU FDQ EH ORRNHG IRU DW WKH )DFXOW\ RI $HURVSDFH (QJLQHHULQJ LQ 'HOIW�

���� ,PSOHPHQWDWLRQ
7KH LPSOHPHQWDWLRQ RI WKH WKHRU\ GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ LV LPSOHPHQWHG LQ WKHPRGHO� 1HLWKHU
WKH GHILQLWLRQ RI <DPDVKLWD HW DO� >��@ QRU RI 3DWUyQ DQG %RWH] >��@ LV DGRSWHG� 7KH EHVW SUDFWLFHV RI
WKH WKHRULHV DUH WDNHQ� DQG DGMXVWPHQWV DUH PDGH WR WKH WKHRULHV WR ILW WKLV UHVHDUFK�

7KH LPSOHPHQWDWLRQ RI HDFK VWHS GLVFXVVHG LQ 6HFWLRQ ��� LV H[SODLQHG LQ GHWDLO LQ WKLV VHFWLRQ� 7KH
VDPH VWUXFWXUH LV IROORZHG�

������ 6ROXWLRQ )RUPXODWLRQ
(DFK LQGLYLGXDO LV GHILQHG E\ IRXU VWDWHV DW D SUHGHWHUPLQHG QXPEHU RI QRGHV� nnode� 7KH VKDSH RI HDFK
LQGLYLGXDO LV � E\ nnode� 7KH IRXU VWDWHV DUH WKH SRVLWLRQDO YDULDEOHV �x� y� DQG z� DQG WKH GLIIHUHQFH LQ
WLPH EHWZHHQ WZR FRQVHFXWLYH QRGHV �∆t�� 7KH QRGHV DUH VSUHDG DW DQ HTXDO GLVWDQFH EHWZHHQ RQH
DQRWKHU EHWZHHQ WKH RULJLQ DQG GHVWLQDWLRQ RI WKH WUDMHFWRU\� $ EDVHOLQH VROXWLRQ LV JLYHQ LQ )LJXUH ����
7KH QXPEHU RI QRGHV GHILQHV WKH UHVROXWLRQ RI WKH VROXWLRQ� WKH PRUH QRGHV DUH XVHG� WKH ODUJHU WKH
UHVROXWLRQ RI WKH WUDMHFWRU\� 'XH WR WKLV GHILQLWLRQ ± HDFK LQGLYLGXDO KDYLQJ WKH VDPH DUUD\ VKDSH ±
YHFWRUL]DWLRQ RI WKH FRPSXWDWLRQV FDQ EH XVHG�

)LJXUH ���� 7KH VROXWLRQ IRUPXODWLRQ LV YLVXDOL]HG IRU D WUDMHFWRU\ ZLWK � QRGHV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH
GHVWLQDWLRQ DW (500, 0)�

7KH VHDUFK VSDFH VKRXOG DOVR EH IRUPXODWHG EHIRUH WKH *$ LV VWDUWHG� $V WKH UHVHDUFK IRFXVHV RQ WKH
FOLPE DQG GHVFHQW SKDVHV� RQH DLUSRUW LV WDNHQ DV WKH FHQWHU� 8VLQJ D EDFN�RI�WKH�HQYHORSH FDOFXODWLRQ�
D GLVWDQFH RI 500km ZDV IRXQG WR EH WKH KRUL]RQWDO GLVWDQFH FRYHUHG E\ DQ DLUFUDIW IURP WKH UXQZD\ WR
WKH LQLWLDO FUXLVH DOWLWXGH� ,I DQ DLUFUDIW ZHUH WR FOLPE 30, 000ft DW D FOLPE UDWH RI 1000fpm� LW ZRXOG WDNH
0.5h WR FOLPE� $VVXPLQJ WKH DLUFUDIW IOLHV DW D YHORFLW\ RI 900km/h� WKH KRUL]RQWDO GLVWDQFH FRYHUHG LV
450km� $Q DGGLWLRQDO PDUJLQ RI 50km KDV EHHQ DVVXPHG� 7KLV UHVXOWV LQ WKH 500km VWDWHG EHIRUH�

7KH 3URM 3\WKRQ SDFNDJH >��@ LV XVHG WR WUDQVIRUP EHWZHHQ GLIIHUHQW &56V� 7KH LQIRUPDWLRQ DYDLO�
DEOH IRU QDYLJDWLRQDO SXUSRVHV LQ 2SHQ$3 UHTXLUHV WKH ORFDWLRQ LQIRUPDWLRQ LQ :*6 ¶��� ,W LV� KRZHYHU�
FRQVLGHUHG HDVLHU WR ZRUN ZLWK x� DQG y�D[HV� 7KXV� DIWHU WKH LQIRUPDWLRQ LV H[WUDFWHG� WKH &56 :*6
¶�� LV WUDQVIRUPHG WR /&&� 7KLV &56 LV DSSOLFDEOH WR WKH UHVHDUFK DQG VKRXOG EH VXIILFLHQW LQ WHUPV RI
DFFXUDF\ IRU WKH VHDUFK VSDFH�



���� ,PSOHPHQWDWLRQ ��

,GHDOO\� D FLUFXODU� KRUL]RQWDO VHDUFK VSDFH LV GHILQHG DURXQG WKLV DLUSRUW� +RZHYHU� LW LV HDVLHU WR
LPSOHPHQW D UHFWDQJXODU VHDUFK VSDFH DURXQG WKH RULJLQ DQG GHVWLQDWLRQ LQ WKH FRGH� 7KH VHDUFK VSDFH
LV QRW OLPLWHG WR WKH VSDFH EHWZHHQ WKH RULJLQ DQG GHVWLQDWLRQ DV LW LV SRVVLEOH WKDW DQ DLUFUDIW KDV WR IO\
LQ RSSRVLWH GLUHFWLRQ ILUVW� 7KLV LV IRU LQVWDQFH WKH FDVH ZKHQ DQ DLUFUDIW WDNHV RII DQG WKH ZLQG EORZV
IURP WKH RSSRVLWH GLUHFWLRQ RI WKH GHVWLQDWLRQ�

7KH YHUWLFDO VHDUFK VSDFH LV GHILQHG E\ D UHFWDQJOH DV ZHOO� 7KH ORZHVW DLUSRUW LQ WKH ZRUOG LV WDNHQ
DV WKH PLQLPXP YDOXH IRU WKH DOWLWXGH� 7KLV LV %DU <HKXGD $LUSRUW� ZKLFK OLHV 386m EHORZ VHD OHYHO��
7KH XSSHU ERXQGDU\ RI WKH VHDUFK VSDFH LV GHILQHG E\ WKH LQLWLDO FUXLVH DOWLWXGH� 7KLV YDOXH GHSHQGV RQ
WKH DLUFUDIW W\SH DQG FDQ EH REWDLQHG IURP 2SHQ$3�

������ )LUVW *HQHUDWLRQ
7KH ILUVW JHQHUDWLRQ LV FUHDWHG UDQGRPO\� 7R GR VR� D EDVHOLQH LV PDGH EHWZHHQ WKH RULJLQ DQG GHVWLQD�
WLRQ� ,W LV D VWUDLJKW OLQH VSOLW LQWR HTXDO�OHQJWK VHJPHQWV EHWZHHQ nnode QRGHV� 7R FUHDWH npop UDQGRP
LQGLYLGXDOV LQ WKH ILUVW JHQHUDWLRQ� WKH QRGHV DUH UDQGRPO\ YDULHG� 2QO\ WKH YDOXHV RI WKH ILUVW DQG IL�
QDO QRGHV UHPDLQ WKH VDPH DV WKH EDVHOLQH� 7KLV LV EHFDXVH WKHVH QRGHV UHSUHVHQW WKH RULJLQ DQG
GHVWLQDWLRQ� UHVSHFWLYHO\�

,Q WKH x� DQG y�GLUHFWLRQ� HDFK QRGH FDQ WDNH RQ D YDOXH WKDW LV EHWZHHQ 500km EHORZ DQG 500km
DERYH WKH EDVHOLQH YDOXH� ,W LV GRQH DFFRUGLQJ WR D XQLIRUP GLVWULEXWLRQ� $Q H[DPSOH ZLWK � LQGLYLGXDOV
LV SURYLGHG LQ )LJXUH ���� &XUUHQWO\� WKH YDOXHV RI z DQG ∆t DUH NHSW FRQVWDQW� 7KLV ZD\� D VLPSOH RSWL�
PL]DWLRQ FDQ EH SHUIRUPHG DQG YHULILHG� ,Q WKH H[SDQVLRQ RI WKH PRGHO� WKHVH YDOXHV ZLOO EH UDQGRPO\
DOWHUHG DV ZHOO IRU WKH ILUVW JHQHUDWLRQ� 7KLV LV GLVFXVVHG LQ 6HFWLRQ ����

)LJXUH ���� 7KH EDVH DQG � UDQGRPO\ JHQHUDWHG LQGLYLGXDOV DUH YLVXDOL]HG IRU D WUDMHFWRU\ ZLWK � QRGHV� 7KH RULJLQ RI WKH URXWH
LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)�

������ )LWQHVV (YDOXDWLRQ
:KHQ DOO LQGLYLGXDOV DUH GHILQHG� WKH ILWQHVV RI HDFK VKRXOG EH IRXQG� 7KH REMHFWLYH IXQFWLRQ LV GHILQHG
DV WKH FRVW RI HPLVVLRQV RI WKH WUDMHFWRU\� 7KH HPLVVLRQ FRVWV RI >�@ DUH XVHG IRU WKLV� 7KH PRQHWDU\
PHWULF FDQ EH FRPSXWHG E\ GHWHUPLQLQJ WKH DPRXQW RI HPLWWHG JDVVHV XVLQJ WKH IXHO IORZ� 7KH ODWWHU
YDOXH FDQ EH GHWHUPLQHG XVLQJ WKH 2SHQ$3 SDFNDJH� $V LQSXW� LW UHTXLUHV WKH PDVV RI WKH DLUFUDIW� WKH
WUXH DLUVSHHG� WKH DOWLWXGH� DQG WKH IOLJKW SDWK DQJOH� 7KH ODWWHU WZR DUH DOUHDG\ NQRZQ� DV WKHVH SDUWO\
GHILQH WKH VROXWLRQV� 7KH IRUPHU WZR KDYH WR EH FDOFXODWHG XVLQJ WKH NQRZQ VWDWHV�

�https://en.wikipedia.org/wiki/List_of_lowest_airports� $FFHVVHG RQ $SU� ��� �����

https://en.wikipedia.org/wiki/List_of_lowest_airports


���� ,PSOHPHQWDWLRQ ��

7KH WUXH DLUVSHHG FDQ EH IRXQG WKURXJK (TXDWLRQ ���� 7KH KRUL]RQWDO YHORFLW\ �Vh� DQG YHUWLFDO YHORFLW\
�Vv� DUH IRXQG WKURXJK (TXDWLRQV ��� DQG ���� UHVSHFWLYHO\� 7KH\ DUH IRXQG E\ GLYLGLQJ WKH WUDYHOHG
GLVWDQFH EHWZHHQ WZR QRGHV E\ WKH FRYHUHG WLPH� 7KH GHILQLWLRQ RI WKH WUDYHOHG GLVWDQFHV FDQ EH IRXQG
LQ (TXDWLRQ ����

VTAS =
√

V 2
h + V 2

v �����

Vh =

√
∆x2 +∆y2

∆t
�����

Vv =
∆z

∆t
�����

∆x = xi − xi−1

∆y = yi − yi−1

∆z = zi − zi−1

∆t = ti − ti−1

�����

7KH IOLJKW SDWK DQJOH LV GHILQHG DV WKH DQJOH EHWZHHQ WKH KRUL]RQWDO OLQH WKURXJK WKH DLUFUDIW¶V FHQWHU RI
JUDYLW\ DQG WKH YHORFLW\ YHFWRU� (TXDWLRQ ��� GHILQHV WKH IOLJKW SDWK DQJOH�

γ = DUFWDQ
(
Vv

Vh

)
�����

$V GHVFULEHG LQ (TXDWLRQ ���� WKH GLIIHUHQFH EHWZHHQ WKH PDVV DW WZR FRQVHFXWLYH QRGHV LV WKH DPRXQW
RI IXHO EXUQHG� 7KH PDVV FDQ EH FDOFXODWHG LQ DQ LWHUDWLYH PDQQHU� ,W LV GHVFULEHG LQ (TXDWLRQ ����
&XUUHQWO\� WKH LQLWLDO YDOXH RI WKH PDVV LV GHILQHG DV ��� RI WKH PD[LPXP WDNH�RII ZHLJKW �072:�� )RU
WKH H[WHQVLRQ RI WKH PRGHO� DQRWKHU YDOXH PD\ EH XVHG�

7KH IXHO IORZ RI WKH DLUFUDIW DW WKH ILUVW QRGH LV IRXQG XVLQJ WKH DLUFUDIW¶V FRQGLWLRQV DW WKDW PRPHQW�
,W LV DVVXPHG WKDW WKHVH DUH FRQVWDQW IRU WKH VHJPHQW EHWZHHQ WZR FRQVHFXWLYH QRGHV� 7KH IXHO IORZ
LV WKHQ PXOWLSOLHG E\ WKH WLPH LW WDNHV WKH DLUFUDIW WR WUDYHO WR WKH QH[W QRGH� 7KLV LV VXEWUDFWHG IURP
WKH PDVV DW WKH ILUVW RI WZR QRGHV� DQG WKH PDVV DW WKH VHFRQG QRGH LV WKHQ IRXQG� 7KHVH VWHSV DUH
UHSHDWHG WR ILQG WKH IXHO IORZ DQG PDVV DW DOO QRGHV�

mi = mi−1 − ffi−1 (m,VTAS , z, γ) ·∆ti �����

2QFH DOO WKH VWDWHV DQG WKH IXHO IORZ DUH GHWHUPLQHG DW DOO QRGHV� WKH ¶HPLVVLRQ IORZ¶ FDQ EH FDOFXODWHG�
,W LV IRXQG ZLWK WKH XVH RI 2SHQ$3 DV ZHOO� $JDLQ� VHYHUDO LQSXWV DUH UHTXLUHG� 7KHVH GHSHQG XSRQ WKH
HPLWWHG VSHFLHV DQG LQFOXGH WKH IXHO IORZ� WUXH DLUVSHHG� DQG DOWLWXGH� 7KH UHVXOWLQJ YDOXH LV WKH PDVV
RI HPLVVLRQ SHU VHFRQG� 7KXV� WR ILQG WKH WRWDO HPLWWHG PDVV RI HDFK VSHFLHV� HDFK KDV WR EH PXOWLSOLHG
E\ ∆t� 7KHVH PDVVHV DUH PXOWLSOLHG E\ WKH HPLVVLRQ FRVWV GHWHUPLQHG E\ *UREOHU HW DO� >�@� 8OWLPDWHO\�
WKH HPLVVLRQ FRVW RI HDFK VHJPHQW LV VXPPHG� 7KH IRUPXOD IRU WKH WRWDO HPLVVLRQ FRVW �Ce� FDQ EH
IRXQG LQ (TXDWLRQ ���� (DFK C UHSUHVHQWV D FRVW� DQG HDFK m WKH PDVV RI WKH VSHFLILF VSHFLHV�

Ce =
nnode∑

n=1

(∆t · (CCO2 ·mCO2 + CH2O ·mH2O + CNOX ·mNOX + CCO ·mCO + CHC ·mHC)) �����

7KHVH HPLVVLRQ FRVWV DUH GLIIHUHQW WKURXJKRXW WKH IOLJKW� WKH FRVW KDV DQRWKHU YDOXH LQ FOLPE WKDQ LQ
FUXLVH� 7KLV KDV QRW \HW EHHQ DFFRXQWHG IRU EXW ZLOO EH GRQH DW D ODWHU WLPH WR HQVXUH D PRUH DFFXUDWH
UHVXOW� $QRWKHU OLPLWDWLRQ H[LVWV FRQFHUQLQJ WKH HPLVVLRQ FRVW� 1RW DOO HPLWWHG JDVVHV FDQ EH IRXQG
XVLQJ 2SHQ$3� VXFK DV EODFN FDUERQ� $FFRUGLQJ WR 6XQ DQG 'HGRXVVL >��� S� �@ WKLV FXOPLQDWHV WR
´��� RI DYLDWLRQ¶V VRFLHWDO FRVWV�´�



���� ,PSOHPHQWDWLRQ ��

������ 6HOHFWLRQ
7KH ILWQHVV YDOXHV DUH XVHG WR HYDOXDWH WKH LQGLYLGXDOV� ,W GHSHQGV XSRQ WKHLU VFRUH ZKDW WKH SUREDELOLW\
LV WKDW WKH\ DUH VHOHFWHG WR EH D SDUHQW LQ WKH FURVVRYHU SKDVH� 7R PLQLPL]H WKH HQYLURQPHQWDO LPSDFW
RI WKH IOLJKW� WKH ILWQHVV VKRXOG EH DV ORZ DV SRVVLEOH� 7KH VHOHFWLRQ PHWKRG WKDW LV FKRVHQ LV WKH
URXOHWWH ZKHHO PHWKRG� ,W LV DOVR NQRZQ DV WKH ILWQHVV SURSRUWLRQDWH VHOHFWLRQ PHWKRG� $V GLVFXVVHG
LQ 6HFWLRQ ���� KLJKHU�VFRULQJ LQGLYLGXDOV KDYH D ODUJHU FKDQFH RI EHLQJ FKRVHQ DV D SDUHQW� +RZHYHU�
WKH ORZHU�VFRULQJ VROXWLRQV DOVR KDYH D VOLJKW FKDQFH� 7KH SUREDELOLW\ LV IRXQG XVLQJ (TXDWLRQ ���� 7KH
DUUD\ RI WKH ILWQHVV YDOXHV RI HDFK LQGLYLGXDO LQ D JHQHUDWLRQ LV QRWHG DV f �

pi =
PD[(f)− fi

PD[(f)−PLQ(f)
�����

7KH RULJLQDO IRUPXOD LV IRU D PD[LPL]DWLRQ SUREOHP DQG KDV EHHQ WDNHQ IURP DQ DUWLFOH E\ %OLFNOH DQG
7LHOH >��@� 7KH IRUPXOD LV UHZULWWHQ WR EH DSSOLFDEOH IRU D PLQLPL]DWLRQ SUREOHP� %HVLGHV� WKH SUREDELOLW\
VHOHFWLRQ DUUD\ LV QRUPDOL]HG DIWHU (TXDWLRQ ��� LV DSSOLHG WR DOO QRGHV�

8VLQJ WKH FDOFXODWHG SUREDELOLW\ RI HDFK LQGLYLGXDO� WKH SDUHQWV DUH FKRVHQ� 7KH QXPEHU RI SDUHQWV LV
HTXDO WR WKH SRSXODWLRQ VL]H� npop� $V WZR SDUHQWV DUH UHTXLUHG WR SURGXFH WZR FKLOGUHQ� npop FDQ RQO\
EH DQ HYHQ QXPEHU� 3DLUV RI SDUHQWV DUH JHQHUDWHG UDQGRPO\ DFFRUGLQJ WR WKH SUREDELOLW\ GLVWULEXWLRQ�
7KH SDUHQWV LQ D SDLU FDQQRW EH WKH VDPH LQGLYLGXDO� $GGLWLRQDOO\� SDLUV RI SDUHQWV DUH UHTXLUHG WR EH
XQLTXH LQ WKH FRPSOHWH VHW RI SDLUV� 2WKHUZLVH� LGHQWLFDO RIIVSULQJ DUH FUHDWHG LQ WKH FURVVRYHU VWHS�

������ &URVVRYHU
&KLOGUHQ DUH PDGH WKURXJK WKH FURVVRYHU RI WKH SDUHQW SDLUV� 7KH IRXU VWDWHV �x� y� z� DQG ∆t� RI HDFK
SDUHQW DUH VSOLW LQ KDOI� 7KH ILUVW FKLOG LV PDGH XS RI WKH ILUVW KDOI RI WKH ILUVW SDUHQW DQG WKH VHFRQG KDOI
RI WKH VHFRQG SDUHQW� 7KH VHFRQG FKLOG LV PDGH XS RI WKH RWKHU KDOYHV� LW FRQVLVWV RI WKH ILUVW KDOI RI WKH
VHFRQG SDUHQW DQG WKH VHFRQG KDOI RI WKH ILUVW SDUHQW� ,Q WKLV PDQQHU� WKH QXPEHU RI FKLOGUHQ HTXDOV
npop� 7KH SURFHVV LV YLVXDOL]HG LQ )LJXUH ���� $ SDUHQW SDLU DQG LWV RIIVSULQJ DUH VKRZQ LQ )LJXUH ���D
DQG )LJXUH ���E� UHVSHFWLYHO\�

�D� 7ZR LQGLYLGXDOV VHOHFWHG WR UHSURGXFH WRJHWKHU� �E� 7KH RIIVSULQJ RI WKH SDUHQWV VKRZQ LQ )LJXUH ���D�

)LJXUH ���� $ SDUHQW SDLU DQG LWV RIIVSULQJ DUH SUHVHQWHG� 2Q WKH OHIW� WKH SDUHQWV FDQ EH VHHQ� 7KH ULJKW ILJXUH VKRZV WKH
RIIVSULQJ� 7KH VROXWLRQV FRQVLVW RI � QRGHV� 7KH SDUHQWV DUH VSOLW DW QRGH �� WKH PLGGOH� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG

WKH GHVWLQDWLRQ DW (500, 0)�

������ 0XWDWLRQ
7R SUHYHQW WKH DOJRULWKP IURP JHWWLQJ WUDSSHG LQ D ORFDO RSWLPXP� PXWDWLRQV WDNH SODFH LQ WKH VWDWHV RI
WKH QHZO\ FUHDWHG FKLOGUHQ� ,Q WKH FRPSOHWH PRGHO� HDFK YDOXH LQ DQ LQGLYLGXDO LV YDULHG DFFRUGLQJ WR D
QRUPDO GLVWULEXWLRQ� 7KH YDOXH RI WKH VWDQGDUG GHYLDWLRQ GHSHQGV RQ WKH VWDWH� ,W ZLOO EH UHGXFHG RYHU



���� ,PSOHPHQWDWLRQ ��

WKH FRXUVH RI WKH SURFHVV DFFRUGLQJ WR D PXWDWLRQ UDWH� 7KLV ZLOO UHVXOW LQ VPDOOHU GHYLDWLRQV IURP WKH
WUDMHFWRULHV RYHU WLPH�

&XUUHQWO\� WKH VWDQGDUG GHYLDWLRQ LV NHSW FRQVWDQW� $OVR� RQO\ WKH YDOXHV RI x DQG y DUH DOORZHG
WR FKDQJH� 7KLV KDV EHHQ GRQH VR WKDW D VLPSOH FDVH ZLWK FRQVWDQW DOWLWXGH DQG YHORFLW\ FDQ ILUVW
EH HYDOXDWHG� 7KH LPSOHPHQWDWLRQ RI D YDULDEOH VWDQGDUG GHYLDWLRQ LV GLVFXVVHG LQ 6HFWLRQ ���� 7KH
PXWDWLRQ SURFHVV LV YLVXDOL]HG LQ )LJXUH ����

�D� 7ZR LQGLYLGXDOV� �E� 7KH LQGLYLGXDOV VKRZQ LQ )LJXUH ���D DIWHU PXWDWLRQ�

)LJXUH ���� 7KH SURFHVV RI PXWDWLRQ LV YLVXDOL]HG� 2Q WKH OHIW� WKH LQGLYLGXDOV FDQ EH VHHQ EHIRUH PXWDWLRQ� 7KH ULJKW ILJXUH
VKRZV WKH VDPH LQGLYLGXDOV DIWHU PXWDWLRQ� 7KH VROXWLRQV FRQVLVW RI � QRGHV� 7KH PXWDWLRQ LV DFFRUGLQJ WR D QRUPDO GLVWULEXWLRQ

ZLWK D VWDQGDUG GHYLDWLRQ RI ��� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)�

������ (OLPLQDWLRQ
7KH PXWDWHG FKLOGUHQ VKRXOG EH FRPSDUHG WR WKHLU SDUHQWV LQ WHUPV RI WKHLU ILWQHVV� 7KH EHVW npop

LQGLYLGXDOV RI WKH FXUUHQW JHQHUDWLRQ �WKH SDUHQWV� DQG WKH FKLOGUHQ ZLOO FRPSULVH WKH QH[W JHQHUDWLRQ�
7KH RWKHUV DUH HOLPLQDWHG� ,I WKLV VWHS LV VNLSSHG DQG WKH FKLOGUHQ DUH VLPSO\ DGRSWHG DV WKH QH[W
JHQHUDWLRQ� WKH EHVW VROXWLRQ PD\ EH ORVW�

7R ILQG WKH ILWQHVV RI HDFK FKLOG� WKH ILWQHVV VWHS �6HFWLRQ ������ LV FRPSOHWHG IRU WKHVH LQGLYLGXDOV� 7KH
ILWQHVV RI WKH SDUHQWV DQG FKLOGUHQ LV HYDOXDWHG DQG VRUWHG� 7KH EHVW KDOI RI WKHVH LQGLYLGXDOV ± WKH
RQHV ZLWK WKH ORZHVW ILWQHVV VFRUH ± PDNH XS WKH QH[W JHQHUDWLRQ�

������ ,WHUDWLRQ
7KH SUHYLRXVO\ GHVFULEHG VWHSV DUH UHSHDWHG� D SUREDELOLW\ GLVWULEXWLRQ LV PDGH RI WKH QHZ JHQHUDWLRQ�
SDLUV RI SDUHQWV DUH VHOHFWHG� WKH FURVVRYHU LV FRPSOHWHG� FKLOGUHQ DUH PXWDWHG� DQG WKH ZRUVW KDOI RI
WKH SDUHQWV DQG FKLOGUHQ DUH HOLPLQDWHG� 7KH IORZ RI WKH PRGHO LV SUHVHQWHG LQ )LJXUH ����

7KH LWHUDWLRQ LV FRQWLQXHG DV ORQJ DV QR VWRSSLQJ FULWHULRQ LV PHW� &XUUHQWO\� WKH VWRSSLQJ FULWHULRQ LV D
PD[LPXP QXPEHU RI JHQHUDWLRQV� ,Q WKH H[WHQVLRQ RI WKH PRGHO� D FULWHULRQ ZLOO EH DGGHG WKDW ZLOO VWRS
WKH SURFHVV ZKHQ WKH EHVW VROXWLRQ GRHV QRW LPSURYH RYHU D QXPEHU RI JHQHUDWLRQV� 7KLV LV GHVFULEHG
LQ 6HFWLRQ ����

������ &RQVWUDLQWV
$V SUHVHQWHG LQ 6HFWLRQ ������ WKHUH DUH WKUHH W\SHV RI FRQVWUDLQWV� 7KH EDVLF PRGHO LV HTXLSSHG ZLWK
RQO\ RQH RI WKHVH W\SHV� QDPHO\ WKH ERXQGDU\ FRQVWUDLQW� 7KH WUDMHFWRU\ RSWLPL]DWLRQ LV IRUFHG WR FRPSO\
ZLWK WKH LQLWLDO DQG ILQDO YDOXHV RI ERWK x DQG y� $OO QRGHV LQ EHWZHHQ DUH DOORZHG WR YDU\� H[FHSW WKH
ILUVW DQG ODVW� 7KH LQLWLDO PDVV RI WKH DLUFUDIW LV DOVR GHILQHG� ,W LV VHW WR ��� RI WKH 072:� 1R SHQDOWLHV
DUH LQYROYHG ZLWK WKHVH FRQVWUDLQWV� )RU HDFK LQGLYLGXDO� WKH ERXQGDU\ FRQGLWLRQV DUH FRPSOLHG ZLWK�



���� 9HULILFDWLRQ DQG 9DOLGDWLRQ ��

&URVVRYHU

1R

<HV

6HOHFW�SDUHQWV'HWHUPLQH�ILWQHVV

&UHDWH�ILUVW
JHQHUDWLRQ

6WRSQJHQ�!�QJHQ�PD["

0XWDWH(OLPLQDWH�KDOI 'HWHUPLQH�ILWQHVV

)LJXUH ���� )ORZ GLDJUDP RI WKH FXUUHQW JHQHWLF DOJRULWKP� 7KH UHFWDQJXODU EORFNV UHSUHVHQW IXQFWLRQV LQ WKH PRGHO� 7KH RYDO
EORFNV UHSUHVHQW WKH LWHUDWLRQ FRQGLWLRQV�

,Q WKHRU\� PRUH FRQVWUDLQWV DUH LPSRVHG RQ WKH PRGHO� %RWK z DQG ∆t DUH NHSW FRQVWDQW� 7KHVH FRXOG
EH FODVVLILHG DV ERXQGDU\ DQG SDWK FRQVWUDLQWV DV WKH\ IRUFH WKH YDOXHV WR UHPDLQ FRQVWDQW� +RZHYHU�
WKH\ DUH QRW VSHFLILHG DV VXFK�

,Q WKH H[WHQVLRQ RI WKH PRGHO� DGGLWLRQDO FRQVWUDLQWV ZLOO EH LPSRVHG� 3DWK DQG G\QDPLF FRQVWUDLQWV
ZLOO DOVR EH LQFOXGHG� 7KHVH FRQVWUDLQWV DUH GLVFXVVHG LQ 6HFWLRQ ������

���� 9HULILFDWLRQ DQG 9DOLGDWLRQ
7KH YHULILFDWLRQ DQG YDOLGDWLRQ RI WKH PRGHOV DQG WKH UHVXOWV DUH RI LPSRUWDQFH IRU WKH TXDOLW\ RI WKH
UHVHDUFK� 7KH EDVLF PRGHO KDV EHHQ GHYHORSHG ILUVW� 7KH PRGHO VKRXOG EH YHULILDEOH XVLQJ D YHU\
VLPSOH FDVH� ,W LV D FDVH WKDW FDQ DOVR EH RSWLPL]HG E\ KDQG� 7KLV LV GLVFXVVHG LQ PRUH GHWDLO LQ
&KDSWHU ��

7KH IXQFWLRQLQJ RI WKH VWHSV RI WKH *$ KDV EHHQ YHULILHG VHSDUDWHO\� %HIRUH WKH LPSOHPHQWDWLRQ RI WKH
QH[W VWHS� WKH UHVXOWV ZHUH DQDO\]HG� ,W ZDV FKHFNHG ZKHWKHU WKH RXWFRPH RI WKH IXQFWLRQ LQ WKH FRGH
ZDV LQ OLQH ZLWK WKH H[SHFWDWLRQ� 7KH LQWHUPHGLDWH VWHSV KDYH EHHQ SULQWHG VXFK WKDW FDOFXODWLRQV FRXOG
EH FKHFNHG E\ KDQG� %HVLGHV� WKH UHVXOWV ZHUH YLVXDOL]HG LQ YDULRXV ILJXUHV� 7KLV DLGHG WKH YHULILFDWLRQ
RI WKH XQLWV�

(DFK WLPH WKH PRGHO LV H[SDQGHG� LW ZLOO EH YHULILHG DJDLQ� +RZHYHU� LW PLJKW QRW EH SRVVLEOH WR YHULI\ LW
ZLWK D µVLPSOH FDVH¶ RQFH WKHUH DUH WRR PDQ\ YDULDEOHV� 7KLV LV EHFDXVH WKH RSWLPL]DWLRQ SUREOHP ZLOO
DW VRPH SRLQW EHFRPH WRR ODUJH WR FDOFXODWH E\ KDQG�

$Q DGGLWLRQDO IRUP RI YHULILFDWLRQ RI WKH UHVXOWV LV WR FRPSDUH WKH PRGHO¶V RXWFRPH ZLWK WKRVH IURP
HDUOLHU FRQGXFWHG UHVHDUFK� 7KLV VKRXOG LQFOXGH VWXGLHV IRU ZKLFK WKH GHYHORSHG PRGHOV FDQ EH FXV�
WRPL]HG� )RU H[DPSOH� D FDVH VWXG\ WKDW LQFOXGHV QRLVH SROOXWLRQ ZRXOG QRW EH DSSOLFDEOH�

7KH IXWXUH SODQV FRQFHUQLQJ YHULILFDWLRQ DQG YDOLGDWLRQ DUH IXUWKHU GLVFXVVHG LQ 6HFWLRQ ������



�
3UHOLPLQDU\ 5HVXOWV

7KLV FKDSWHU SUHVHQWV WKH UHVXOWV RI WKH EDVLF PRGHO� 7KLV PRGHO LV GHVFULEHG LQ WKH SUHYLRXV FKDSWHU�
7KH UHVXOWV DQG D EULHI H[SODQDWLRQ RI WKHP FDQ EH IRXQG LQ 6HFWLRQ ���� $ GLVFXVVLRQ RQ WKH RXWFRPH
RI WKH EDVLF PRGHO LV JLYHQ LQ 6HFWLRQ ����

���� 5HVXOWV
7KH UHVXOWV DUH SUHVHQWHG IRU D VLPSOH URXWH EHWZHHQ WZR SRLQWV� 7KH DOWLWXGH DQG YHORFLW\ DUH NHSW
FRQVWDQW DV GLVFXVVHG EHIRUH� 7KH REMHFWLYH IXQFWLRQ RI WKH PRGHO LV WKH FRVW RI HPLVVLRQV� 7KH EHVW
VROXWLRQ LV WKH RQH ZLWK WKH VKRUWHVW URXWH� 7KLV LV EHFDXVH WKH XQLW FRVWV RI HPLVVLRQV DUH FRQVWDQW�
WKH IXHO IORZ GHWHUPLQHV WKH WRWDO FRVW� 7KH IXHO IORZ LV FDOFXODWHG XVLQJ WKH PDVV� YHORFLW\� IOLJKW SDWK
DQJOH� DQG DOWLWXGH� DV GHILQHG LQ 2SHQ$3� 7KH PDVV LV WKH RQO\ YDULDEOH RI WKH IXHO IORZ WKDW GLIIHUV SHU
WUDMHFWRU\� ZKLFK LV LQ LWVHOI GHSHQGHQW RQ WKH IXHO IORZ� 7KH VROXWLRQ ZLWK WKH ORZHVW XVDJH RI IXHO LV WKXV
WKH RQH ZLWK WKH ORZHVW FRVW RI HPLVVLRQV� 7KLV LV WKH VROXWLRQ WKDW FRYHUV WKH VKRUWHVW GLVWDQFH�

7KH RULJLQ RI WKH WUDMHFWRU\ LV DW x = 0km DQG y = 0km� 7KH GHVWLQDWLRQ LV 500km WR WKH (DVW� VR
x = 500km DQG y = 0km� 7KH DLUFUDIW WKDW LV FRQVLGHUHG LQ WKH RSWLPL]DWLRQ LV WKH $LUEXV ���� ,W LV
DVVXPHG WR IO\ DW D FRQVWDQW VSHHG RI 900km/h DW D FRQVWDQW DOWLWXGH RI 11km� 7KH YHUWLFDO VSHHG LV
QRQ�H[LVWHQW� WKXV WKH IOLJKW SDWK DQJOH LV 0◦�

)LJXUH ���� 7KH RSWLPDO VROXWLRQ RI WKH URXWH� 7KH VROXWLRQ FRQVLVWV RI � QRGHV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH
GHVWLQDWLRQ DW (500, 0)� 7KH ILWQHVV RI WKH RSWLPDO VROXWLRQ� Ce = $762.806�

��



���� 5HVXOWV ��

7KH RSWLPDO RXWFRPH RI WKLV SUREOHP FDQ HDVLO\ EH GHWHUPLQHG E\ KDQG DQG LV WKH OLQH IURP (0, 0) WR
(500, 0)� $OO QRGHV VKRXOG EH SODFHG DORQJ WKH x�D[LV� ,W LV YLVXDOL]HG LQ )LJXUH ���� 7KH YDOXHV RI y
VKRXOG FRQYHUJH WR 0km� 7KH FRVW RI HPLVVLRQ �ILWQHVV� LQ WKLV FDVH LV FDOFXODWHG WR EH $762.806�

7KH VHWWLQJV WKDW FDQ EH DGMXVWHG LQ WKH PRGHO DUH WKH QXPEHU RI QRGHV WKDW GHILQH D VROXWLRQ� WKH
VL]H RI WKH SRSXODWLRQ� WKH QXPEHU RI JHQHUDWLRQV DOORZHG� DQG WKH VWDQGDUG GHYLDWLRQ RI WKH QRUPDO
GLVWULEXWLRQ LQ WKH PXWDWLRQ SKDVH�

7KH PRGHO KDV EHHQ UXQ IRU VHYHUDO GLIIHUHQW FRPELQDWLRQV RI WKHVH VHWWLQJV� ,Q )LJXUH ���� WKH RSWLPDO
DQG EHVW VROXWLRQ DIWHU ���� JHQHUDWLRQV RI DQ RSWLPL]DWLRQ IRU D WUDMHFWRU\ FRQVLVWLQJ RI � QRGHV LV
SUHVHQWHG� $ JHQHUDWLRQ H[LVWV RI ��� LQGLYLGXDOV� 7KH VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LV VHW WR ���
7KLV QXPEHU KDV EHHQ FKRVHQ WKURXJK WULDO DQG HUURU� 7KH ILWQHVV RI WKH EHVW VROXWLRQ LV DOPRVW HTXDO
WR WKDW RI WKH RSWLPDO VROXWLRQ� 7KH GLIIHUHQFH LV RQO\ $0.025� 7KH URXWH LV� KRZHYHU� DW LWV PD[LPXP
1.4km DZD\ IURP WKH RSWLPDO URXWH�

)LJXUH ���� 7KH RSWLPDO �RUDQJH� DQG EHVW �EOXH� VROXWLRQV RI WKH ILQDO JHQHUDWLRQ ������ DUH SUHVHQWHG� 7KH VROXWLRQV FRQVLVW
RI � QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH

VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LV VHW WR ���7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $762.831

,Q )LJXUH ���� DQ RSWLPL]DWLRQ LV UXQ IRU WUDMHFWRULHV ZLWK �� QRGHV� 7KH VDPH QXPEHU RI LQGLYLGXDOV DQG
JHQHUDWLRQV KDV EHHQ XVHG DV LQ )LJXUH ���� 7KH YDOXH RI WKH VWDQGDUG GHYLDWLRQ KDV EHHQ LQFUHDVHG
WR ��� 7KLV ZDV DOVR GHWHUPLQHG WKURXJK WULDO DQG HUURU� 7KH UHVXOWLQJ EHVW VROXWLRQ KDV D ILWQHVV RI
Ce = $767.806� 7KH GLIIHUHQFH LV ODUJHU WKDQ ZLWK IHZHU QRGHV� WKH GLIIHUHQFH ZLWK WKH RSWLPDO WRWDO FRVW
LV $5.000� 7KLV GLIIHUHQFH VHHPV VPDOO� EXW FDQ EH GHFHLYLQJ� /RRNLQJ DW )LJXUH ���� WKH IOLJKW WUDMHFWRU\
GRHV QRW IROORZ WKH x�D[LV DW DOO�

,QFUHDVLQJ WKH QXPEHU RI QRGHV OHDGV WR RXWFRPHV WKDW DUH IXUWKHU IURP WKH RSWLPDO VROXWLRQ� ,Q WKH
RSWLPL]DWLRQ YLVXDOL]HG LQ )LJXUH ���� WKH QXPEHU RI QRGHV LV ��� 7KH UHVXOWLQJ WRWDO FRVW RI HPLVVLRQV
LV PRUH WKDQ WULSOH WKH RSWLPDO YDOXH�



���� 'LVFXVVLRQ DQG 9HULILFDWLRQ ��

)LJXUH ���� 7KH RSWLPDO �RUDQJH� DQG EHVW �EOXH� VROXWLRQV RI WKH ILQDO JHQHUDWLRQ ������ DUH SUHVHQWHG� 7KH VROXWLRQV FRQVLVW
RI �� QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH

VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LV VHW WR ��� 7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $767.806�

)LJXUH ���� 7KH RSWLPDO �RUDQJH� DQG EHVW �EOXH� VROXWLRQV RI WKH ILQDO JHQHUDWLRQ ������ DUH SUHVHQWHG� 7KH VROXWLRQV FRQVLVW
RI �� QRGHV� $ JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH
VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LQ WKH �� RSWLPL]DWLRQV LV VHW WR �� 7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $2314.289 �

���� 'LVFXVVLRQ DQG 9HULILFDWLRQ
,W ZDV H[SHFWHG WKDW WKH DOJRULWKP ZRXOG ILQG D WUDMHFWRU\ WKDW FORVHO\ UHSUHVHQWV WKH RSWLPDO URXWH�
+RZHYHU� WKH EDVLF PRGHO GRHV QRW SHUIRUP DV GHVLUHG� 7KLV LV HVSHFLDOO\ WUXH ZKHQ WKH VROXWLRQV
FRQVLVW RI PRUH QRGHV� 7KH EDVLF PRGHO FRXOG QRW EH YHULILHG XVLQJ WKH VLPSOH FDVH� 7KH DOJRULWKP
VKRXOG EH LPSURYHG DQG SURSHUO\ IXQFWLRQLQJ EHIRUH WKH DGGLWLRQV GLVFXVVHG LQ WKH QH[W FKDSWHU FDQ EH
LPSOHPHQWHG� 'XH WR WLPH FRQVWUDLQWV� LW ZDV QRW SRVVLEOH WR LPSURYH WKH DOJRULWKP VXFK WKDW LW GRHV
PHHW WKH H[SHFWDWLRQV� +RZHYHU� VHYHUDO SRWHQWLDO VROXWLRQV WR WKH SUREOHP KDYH EHHQ LGHQWLILHG�



���� 'LVFXVVLRQ DQG 9HULILFDWLRQ ��

������ $GGLWLRQDO &RQVWUDLQW
)LUVWO\� DQ DGGLWLRQDO FRQVWUDLQW UHJDUGLQJ WKH KHDGLQJ FKDQJHV RI WKH WUDMHFWRU\ FDQ EH LPSRVHG� ,Q
)LJXUH ���� LW FDQ EH VHHQ WKDW WKH SURSRVHG WUDMHFWRU\ UHTXLUHV PXOWLSOH H[WUHPH WXUQV� %\ LPSRVLQJ
D FRQVWUDLQW RQ WKH QXPEHU RU VL]H RI WKH KHDGLQJ FKDQJHV� D VPRRWKHU WUDMHFWRU\ LV H[SHFWHG� 7KH
RXWFRPH LV H[SHFWHG WR PRUH FORVHO\ UHSUHVHQW WKH RSWLPDO WUDMHFWRU\ LI WKHVH FRQVWUDLQWV DUH DGGHG�

������ 0XWDWLRQ 6FKHPH
6HFRQGO\� WKH PXWDWLRQ VKRXOG EH VHW FRUUHFWO\ IRU WKH FKRVHQ VHWWLQJV� &XUUHQWO\� WKH PXWDWLRQ LV GRQH
DFFRUGLQJ WR D QRUPDO GLVWULEXWLRQ ZLWK D FRQVWDQW VWDQGDUG GHYLDWLRQ� $V WKH PRGHO FRQYHUJHV ZLWK DQ
LQFUHDVLQJ QXPEHU RI JHQHUDWLRQV� WKH PXWDWLRQ FDQ EH RI D VPDOOHU VFDOH� &XUUHQWO\� ZKHQ PDQ\ LWHUD�
WLRQV KDYH WDNHQ SODFH� PXWDWLRQV DIIHFW WKH QHZO\ FUHDWHG LQGLYLGXDOV VR PXFK WKDW PRVW SDUHQWV KDYH
EHWWHU ILWQHVV WKDQ WKHLU RIIVSULQJ� 7KLV FDXVHV D ORZHU LPSURYHPHQW RYHU WKH FRXUVH RI WKH JHQHUDWLRQV�

7KLV LV VXSSRUWHG E\ )LJXUH ���� ,Q )LJXUH ���D� IRXU LQGLYLGXDOV RI WKH ILUVW JHQHUDWLRQ RI DQ RSWLPL]D�
WLRQ DUH VKRZQ� )LJXUH ���E VKRZV WKH IRXU EHVW LQGLYLGXDOV DIWHU �� JHQHUDWLRQV� ,Q WKH ILUVW JHQHUDWLRQ�
WKH UDQJH RI WKH y�YDOXHV LV PRUH WKDQ 500km� ,Q WKH WHQWK JHQHUDWLRQ� WKLV UDQJH KDV GHFUHDVHG WR
DSSUR[LPDWHO\ 40km� ,W ZRXOG EH EHWWHU WR DSSO\ D GLIIHUHQW VWDQGDUG GHYLDWLRQ LQ WKH PXWDWLRQ IRU WKH
WZR VLWXDWLRQV�

�D� 7KH EHVW IRXU LQGLYLGXDOV RI WKH ILUVW JHQHUDWLRQ RI DQ RSWLPL]DWLRQ�
7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $1703.559�

�E� 7KH EHVW IRXU LQGLYLGXDOV DIWHU WKH RSWLPL]DWLRQ UDQ IRU �� JHQHUDWLRQV�
7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $770.032�

)LJXUH ���� 7KH IRXU EHVW LQGLYLGXDOV RI WKH ILUVW DQG WHQWK JHQHUDWLRQV DUH SUHVHQWHG� 7KH VROXWLRQV FRQVLVW RI � QRGHV� $
JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ

RI WKH PXWDWLRQ LV VHW WR ���

%HVLGHV� WKH PXWDWLRQ FDQ VRPHWLPHV EH WRR VRIW LQ HDUOLHU JHQHUDWLRQV� 7KLV FDQ EH VHHQ LQ )LJXUH ����
,W FDQ EH FOHDUO\ VHHQ WKDW D VLPLODU URXWH ZLWK PDQ\ YDULDWLRQV RI WKDW URXWH DUH HYDOXDWHG� 7KHPXWDWLRQV
DUH QRW ODUJH HQRXJK WR JHW RXW RI WKH ORFDO VHDUFK� 7KLV UHVXOWV LQ DQ LQDFFXUDWH UHVXOW�

7KH VORZHU FRQYHUJHQFH ZLWK PRUH LWHUDWLRQV LV RQH RI WKH UHDVRQV ZK\ DQ DGGLWLRQDO VWRSSLQJ
FULWHULRQ VKRXOG DOVR EH DGGHG� 7KLV FULWHULRQ VKRXOG EH� LI WKH ILWQHVV RI WKH EHVW VROXWLRQ KDV QRW
LPSURYHG RYHU D VHW QXPEHU RI JHQHUDWLRQV� WKH RSWLPL]DWLRQ VKRXOG EH VWRSSHG� 7KLV LV DOVR GLVFXVVHG
LQ 6HFWLRQ ����� DQG 6HFWLRQ ����

������ ,QFUHDVHG 3RSXODWLRQ 6L]H DQG *HQHUDWLRQV
7KLUGO\� WKH SRSXODWLRQ VL]H DQG WKH PD[LPXP QXPEHU RI JHQHUDWLRQV FDQ EH HQODUJHG� ,W KDV EHHQ
REVHUYHG WKDW WKLV GRHV LPSURYH WKH UHVXOWV� +RZHYHU� WKLV LV XS WR D FHUWDLQ SRLQW DV GLVFXVVHG LQ WKH
SUHYLRXV SDUDJUDSK� WKH FRQYHUJHQFH VORZV GRZQ ZKHQPRUH JHQHUDWLRQV DUH FUHDWHG� $OVR� LW UHTXLUHV
PRUH FRPSXWDWLRQDO HIIRUW� DQG WKXV WLPH� %HIRUH WKLV RSWLRQ LV H[SORUHG� WKH DGGLWLRQDO VWRSSLQJ FULWHULRQ
VKRXOG EH DGGHG�

)LUVW VHWWLQJ WKH SRSXODWLRQ VL]H WR D ODUJH QXPEHU DQG WKHQ OHWWLQJ WKH SRSXODWLRQ VL]H GHFUHDVH ZLWK
LQFUHDVLQJ JHQHUDWLRQV PD\ EH EHQHILFLDO� ,W ZRXOG RQO\ UHTXLUH DGGLWLRQDO FRPSXWLQJ HIIRUW LQ WKH ILUVW
JHQHUDWLRQV DQG FRXOG SUHYHQW WKH DOJRULWKP IURP JHWWLQJ WUDSSHG LQWR ORFDO RSWLPD� $Q H[DPSOH RI WKH
DOJRULWKP VHDUFKLQJ LQ ORFDO DUHDV FDQ EH IRXQG LQ )LJXUH ���� ODUJH SDWFKHV RI WKH VHDUFK VSDFH DUH
QRW VHDUFKHG�



���� 'LVFXVVLRQ DQG 9HULILFDWLRQ ��

)LJXUH ���� 7KH WUDMHFWRULHV RI DQ RSWLPL]DWLRQ DW JHQHUDWLRQ �� ZLWK ��� LQGLYLGXDOV� 7KH VROXWLRQV FRQVLVW RI �� QRGHV� 7KH
RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ RI WKH PXWDWLRQ LQ WKH �� RSWLPL]DWLRQV LV

VHW WR ��� 7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $27153.932�

:LWK UHJDUG WR WKH SRSXODWLRQ RI WKH JHQHUDWLRQV� DQ RSWLRQ WR LPSURYH WKH DOJRULWKP FRXOG EH WR DGG
UDQGRP LQGLYLGXDOV WKURXJKRXW WKH LWHUDWLRQV� 7KLV LV DOVR GRQH LQ >��@� 7KLV LV DQ DOWHUQDWLYH WR PXWD�
WLRQV� ,W KROGV WKH VDPH SXUSRVH� QRW JHWWLQJ VWXFN LQ ORFDO RSWLPD� +RZHYHU� LW LV SRVVLEOH WKDW LQVHUWLQJ
UDQGRP LQGLYLGXDOV LQ D JHQHUDWLRQ PD\ QRW ZRUN� 7KH UHDVRQ LV WKDW WKH UDQGRP LQGLYLGXDO LV OLNHO\ WR
KDYH ORZHU ILWQHVV WKDQ WKH RWKHU� DOUHDG\ H[LVWLQJ LQGLYLGXDOV� 1RQHWKHOHVV� LW FDQ EH ZRUWK LW WR H[SORUH
WKLV VROXWLRQ�

������ 0XOWLSOH 2SWLPL]DWLRQV
7KH ILQDO VROXWLRQ SURSRVHG WR WKH SUREOHP DW KDQG LV WR UXQPXOWLSOH RSWLPL]DWLRQV ZLWK WKH VDPH VHWWLQJV
DQG GLIIHUHQW LQLWLDO JXHVVHV� 7KLV FRXOG ZRUN EHFDXVH WKH UDQGRP LQGLYLGXDOV LQ WKH ILUVW JHQHUDWLRQ
DIIHFW WKH UHVXOWLQJ EHVW VROXWLRQ� 7KLV LV VKRZQ LQ )LJXUH ���� 7KH EHVW VROXWLRQV RI �� RSWLPL]DWLRQV
ZLWK WKH VDPH VHWWLQJV DUH SUHVHQWHG� 7KHUH LV D FOHDU GLIIHUHQFH EHWZHHQ WKH RXWFRPHV�

$Q DGGLWLRQDO RSWLPL]DWLRQ FDQ EH UXQ ZLWK WKH EHVW VROXWLRQV IRXQG LQ WKH SHUIRUPHG RSWLPL]DWLRQV�
7KLV RSWLPL]DWLRQ LV WKHQ FRQGXFWHG ZLWK KLJK�VFRULQJ LQGLYLGXDOV� ZKLFK LV WKRXJKW WR OHDG WR DQ HYHQ
EHWWHU VROXWLRQ�

$Q DWWHPSW KDV EHHQ PDGH WR WU\ WKH ODWWHU RSWLRQ� $Q H[DPSOH RI WKH UHVXOW LV JLYHQ LQ )LJXUH ���� )LUVW�
�� RSWLPL]DWLRQV ZHUH UXQ ZLWK ��� LQGLYLGXDOV IRU ��� JHQHUDWLRQV� 2I ZKLFK WKH UHVXOWV DUH VKRZQ
LQ )LJXUH ���� 7KHQ� WKH EHVW VROXWLRQ IRU HDFK RI WKH �� RSWLPL]DWLRQV ZDV WDNHQ DQG XVHG DV WKH
LQLWLDO JXHVV IRU ILQDO RSWLPL]DWLRQ� 7KH ILQDO RSWLPL]DWLRQ ZDV GRQH ZLWK D VPDOOHU YDOXH IRU WKH VWDQGDUG
GHYLDWLRQ EHFDXVH WKH LQLWLDO JXHVVHV DUH PRUH FRQYHUJHG WKDQ WKH UDQGRP LQGLYLGXDOV LQ WKH RWKHU
RSWLPL]DWLRQV� 7KH UHVXOWLQJ EHVW VROXWLRQ IRU WKH ILQDO RSWLPL]DWLRQ LV SUHVHQWHG LQ )LJXUH ����

&RPSDULQJ WKH RXWFRPH WR )LJXUH ���� LW FDQ EH GHWHUPLQHG WKDW D EHWWHU UHVXOW LV IRXQG XVLQJ WKLV
DSSURDFK ZKLOH WKH QXPEHU RI FRPSXWHG JHQHUDWLRQV GRHV QRW GLIIHU PXFK� )RU WKH RSWLPL]DWLRQ LQ
)LJXUH ���� ���� JHQHUDWLRQV ZHUH FRPSXWHG� )RU WKH RSWLPL]DWLRQV LQ )LJXUH ���� HDFK RSWLPL]DWLRQ
ZDV UXQ IRU ��� JHQHUDWLRQV� 7KH ILQDO RSWLPL]DWLRQ DOVR UDQ IRU ��� JHQHUDWLRQV� WRWDOLQJ WKH QXPEHU
RI JHQHUDWLRQV WR ����� 7KH IXQFWLRQDOLW\ RI WKLV LPSURYHPHQW PRVW OLNHO\ KDV WR GR ZLWK WKH IDFW WKDW
WKH FRQYHUJHQFH LV ODUJHVW LQ WKH ILUVW JHQHUDWLRQV� 0RUH JHQHUDWLRQV GR QRW QHFHVVDULO\ OHDG WR DQ
LPSURYHG UHVXOW� ,W LV WKRXJKW WKDW WKLV VROXWLRQ LV SURPLVLQJ� HVSHFLDOO\ LQ FRPELQDWLRQ ZLWK DQ H[WUD
VWRSSLQJ FULWHULRQ DQG DQ LPSURYHG XVDJH RI WKH PXWDWLRQ UDWHV�



���� 'LVFXVVLRQ DQG 9HULILFDWLRQ ��

)LJXUH ���� 7KH EHVW VROXWLRQV RI �� RSWLPL]DWLRQV DIWHU ��� JHQHUDWLRQV DUH SUHVHQWHG� 7KH VROXWLRQV FRQVLVW RI � QRGHV� $
JHQHUDWLRQ FRQVLVWV RI ��� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ

RI WKH PXWDWLRQ LQ WKH �� RSWLPL]DWLRQV LV VHW WR ���

)LJXUH ���� 7KH RSWLPDO DQG EHVW VROXWLRQ DIWHU DQ RSWLPL]DWLRQ ZLWK WKH EHVW VROXWLRQV RI �� RSWLPL]DWLRQV� 7KH �� EHVW
VROXWLRQV DUH IRXQG LQ )LJXUH ���� 7KH EHVW VROXWLRQ LV IRXQG DIWHU ��� JHQHUDWLRQV� 7KH VROXWLRQV FRQVLVW RI � QRGHV� $

JHQHUDWLRQ FRQVLVWV RI �� LQGLYLGXDOV� 7KH RULJLQ RI WKH URXWH LV DW (0, 0) DQG WKH GHVWLQDWLRQ DW (500, 0)� 7KH VWDQGDUG GHYLDWLRQ
RI WKH PXWDWLRQ LQ WKH ILQDO RSWLPL]DWLRQ LV VHW WR ���� 7KH ILWQHVV RI WKH EHVW VROXWLRQ� Ce = $762.809�



�
)XWXUH 3ODQV

7R DQVZHU WKH PDLQ UHVHDUFK TXHVWLRQ DV SRVHG LQ &KDSWHU � WKH VXETXHVWLRQV VKRXOG EH DQVZHUHG�
4XHVWLRQV �D DQG E� �D DQG H� DQG �D� E� DQG F KDYH EHHQ DQVZHUHG SUHYLRXVO\� 6L[ VXETXHVWLRQV UH�
PDLQ XQDQVZHUHG� 7KH JRDO RI WKH UHPDLQLQJ WLPH IRU WKLV UHVHDUFK WKHVLV LV WR DQVZHU WKHVH� 8OWLPDWHO\�
IRUPXODWLQJ DQ DQVZHU WR WKH PDLQ UHVHDUFK TXHVWLRQ�

,Q WKLV FKDSWHU� D GHVFULSWLRQ RI WKH DSSURDFK WR DQVZHU DOO TXHVWLRQV LV JLYHQ� ,Q 6HFWLRQ ���� WKH
SODQQHG H[WHQVLRQV RI WKH RSWLPL]DWLRQ PRGHO DUH SUHVHQWHG� $ GHVFULSWLRQ RI WKH SURSRVHG FDVH VWXG\
DQG VHQVLWLYLW\ DQDO\VLV LV SURYLGHG LQ 6HFWLRQ ���� 7KLV VHFWLRQ DOVR LQFOXGHV LQIRUPDWLRQ RQ WKH GDWD
WKDW DUH UHTXLUHG WR SHUIRUP WKHVH H[SHULPHQWV DQG WKH UHVXOWV WKDW DUH GHVLUHG�

���� 0RGHO ([WHQVLRQV
:KHQ WKH EDVLF PRGHO LV SHUIRUPLQJ DV GHVLUHG� WKH PRGHO FDQ EH H[SDQGHG� 7KLV VHFWLRQ SUHVHQWV D
GLVFXVVLRQ RQ ZKDW WKH DGGLWLRQV WR WKH EDVLF PRGHO DUH DQG KRZ WKH\ DUH WKRXJKW WR EH LPSOHPHQWHG�
$Q RYHUYLHZ RI WKH FRQVWUDLQWV WKDW ZLOO EH LPSRVHG FDQ EH IRXQG LQ 6HFWLRQ ������ $Q DSSURDFK IRU WKH
YHULILFDWLRQ DQG YDOLGDWLRQ RI WKH PRGHO LV DOVR JLYHQ�

������ 0DVV &RQVWUDLQW DQG $VVXPSWLRQ
,Q WKH EDVLF PRGHO� WKH PDVV RI WKH DLUFUDIW LV FRQVWUDLQHG E\ LWV LQLWLDO YDOXH DW ��� RI WKH 072:� ,Q
WKH ILQDO PRGHO� WKLV LQLWLDO YDOXH VKRXOG GHSHQG RQ ZKHWKHU WKH DLUFUDIW LV GHSDUWLQJ IURP RU DUULYLQJ DW
WKH DLUSRUW� 7KLV DIIHFWV WKH DVVXPSWLRQ WKDW FDQ EH PDGH RQ WKH LQLWLDO PDVV� $OVR� D ILQDO ERXQGDU\
FRQVWUDLQW VKRXOG EH LQFOXGHG� ,W VKRXOG EH FKHFNHG ZKHWKHU WKH PDVV GRHV QRW IDOO EHORZ WKH RSHUD�
WLRQDO HPSW\ ZHLJKW �2(:�� ,GHDOO\� LW VKRXOG EH ODUJHU WKDQ WKH 2(: DV UHVHUYH IXHO LV UHTXLUHG� 7KH
LPSOHPHQWDWLRQ RI D YDULDEOH PDVV ZLOO DQVZHU TXHVWLRQ �G�

7KH FRXUVH RI WKH PDVV FDQ EH FDOFXODWHG XVLQJ (TXDWLRQ ��� DV GHVFULEHG LQ 6HFWLRQ ������ 7KLV LV
DQ LWHUDWLYH FDOFXODWLRQ DQG FDQQRW EH DFKLHYHG WKURXJK 1XP3\ YHFWRUL]DWLRQ� ,W WKXV UHTXLUHV PRUH
FRPSXWDWLRQDO VWHSV� 7R VLPSOLI\ WKLV� D FRQVWDQW PDVV IORZ ZLOO EH DVVXPHG WKURXJKRXW WKH IOLJKW WUDMHF�
WRU\� 2QO\ IRU WKH EHVW VROXWLRQ IRXQG DW WKH HQG RI WKH RSWLPL]DWLRQ� WKH DFFXUDWH YDOXHV RI WKH PDVV DW
WKH QRGHV ZLOO EH FDOFXODWHG� 7KLV VLPSOLILFDWLRQ LV H[SHFWHG WR QRW LQIOXHQFH WKH RXWFRPH RI WKH PRGHO
DQG LV H[SHFWHG WR GHFUHDVH FRPSXWDWLRQ WLPH� +RZHYHU� WKLV VKRXOG EH HQVXUHG E\ YHULI\LQJ LW ZLWK D
VLPSOH FDVH�

������ 9DULDEOH $OWLWXGH DQG 9HORFLW\
$V GLVFXVVHG LQ &KDSWHU �� WKH DOWLWXGH DQG YHORFLW\ RI WKH IOLJKW DUH FXUUHQWO\ NHSW DW D FRQVWDQW YDOXH�
7KLV ZD\� WKH EDVLF PRGHO FRXOG EH YHULILHG HDVLHU�

7KH DOWLWXGH ZLOO EH DOORZHG WR YDU\ MXVW OLNH WKH x DQG y YDOXHV DUH� 7KH VWDQGDUG GHYLDWLRQ DQG PXWDWLRQ
UDWH WKDW DUH WR EH XVHG LQ WKH PXWDWLRQ VWHS IRU z ZLOO KDYH WR EH GHWHUPLQHG�

9HORFLW\ LV QRW D VWDWH WKDW GHILQHV DQ LQGLYLGXDO� 7KH FRPELQDWLRQ RI WKH SRVLWLRQDO YDOXHV DQG ∆t
SURYLGHV WKH YHORFLW\� 6HH (TXDWLRQV ��� DQG ��� IRU WKH H[DFW UHODWLRQVKLS� 7KH YHORFLW\ �ERWK LQ

��



���� 0RGHO ([WHQVLRQV ��

KRUL]RQWDO DQG YHUWLFDO GLUHFWLRQ� LQ WKH EDVLF PRGHO KDV D FRQVWDQW YDOXH� WKH YDOXH RI∆t LV YDULHG VXFK
WKDW WKH YHORFLW\ VWD\V WKH VDPH�
,Q WKH FRPSOHWH PRGHO� ∆t LV DOORZHG WR YDU\ FRPSOHWHO\� 4XHVWLRQ �F ZLOO EH DQVZHUHG ZLWK WKLV LP�
SOHPHQWDWLRQ� LQ WKH JHQHUDWLRQ RI WKH ILUVW LQGLYLGXDOV� LW ZLOO EH DVVLJQHG UDQGRP YDOXHV� 7KXV� WKH
YHORFLW\ RYHU HDFK VHJPHQW ZLOO EH GLIIHUHQW� 7KH ERXQGDU\ YDOXHV RI ∆t ZLOO KDYH WR EH GHWHUPLQHG
VXFK WKDW WKH DLUFUDIW ZLOO QRW VWDOO RU H[FHHG LWV PD[LPXP YHORFLW\� $OVR� DV LV WKH FDVH IRU z� D VXIILFLHQW
YDOXH IRU WKH VWDQGDUG GHYLDWLRQ LQ WKH PXWDWLRQ VWHS ZLOO KDYH WR EH IRXQG�

������ $LU 7UDIILF &RQWURO 5HJXODWLRQV
7R FRPSOHWH WKH FDVH VWXG\ DQG WR NHHS WKH PRGHO UHDOLVWLF� WKH UHJXODWLRQV RI $7& KDYH WR EH LPSOH�
PHQWHG LQ WKH PRGHO� $V GHVFULEHG LQ 6HFWLRQ ���� DLUFUDIW KDYH WR IROORZ SUHGHWHUPLQHG URXWHV ZKHQ
GHSDUWLQJ IURP RU DUULYLQJ DW DQ DLUSRUW� 7KHVH 6,'�67$5V DUH WR EH DGGHG WR WKH PRGHO�

7KH LQIRUPDWLRQ RQ WKH ZD\SRLQWV RI WKH URXWHV ZLOO EH LQFOXGHG� :KHQ DQ DLUFUDIW LV WR IROORZ D
URXWH� WKH WUDMHFWRU\ ZLOO EH IRUFHG WR IO\ RYHU WKH ZD\SRLQWV� SDWK FRQVWUDLQWV ZLOO EH HPSOR\HG� $W PRVW
ZD\SRLQWV� WKH DLUFUDIW LV UHTXLUHG WR FRPSO\ ZLWK YHORFLW\ DQG DOWLWXGH FRQVWUDLQWV DV ZHOO� 7KHVH DUH
DOVR FRQVLGHUHG SDWK FRQVWUDLQWV�

$GGLWLRQDOO\� D SLHFH RI DLUVSDFH LV VRPHWLPHV FRQVLGHUHG D UHVWULFWHG DUHD IRU DLUFUDIW� )RU LQVWDQFH� LI
PLOLWDU\ DFWLYLWLHV WDNH SODFH� FRPPHUFLDO DLUFUDIW DUH QRW DOORZHG WR IO\ FORVH E\� ,W FRXOG DOVR EH WKDW
FHUWDLQ UHJLRQV VKRXOG EH WULHG WR EH DYRLGHG� 7KLV FRXOG IRU H[DPSOH EH IROORZLQJ QRLVH DEDWHPHQW
SURFHGXUHV� 'HQVHO\ SRSXODWHG DUHDV FDQ EH VWHHUHG DZD\ IURP WR OLPLW QRLVH QXLVDQFH� 7KH PRGHO
VKRXOG LQFOXGH DQ RSWLRQ WR LQFOXGH ERWK FDVHV�

7KH DUHD WKDW LV WR EH DYRLGHG FDQ EH VWRUHG LQ WKH PRGHO� ,W VKRXOG EH FKHFNHG ZKHWKHU D VROXWLRQ
IOLHV WKURXJK WKLV DUHD� ,I WKLV LV WKH FDVH� WKH VROXWLRQ VKRXOG EH DVVLJQHG D SHQDOW\� 7KLV ZLOO UHVXOW LQ D
ZRUVH ILWQHVV� DQG VKRXOG HYHQWXDOO\ OHDG WR D QHDU�RSWLPDO IOLJKW WUDMHFWRU\ WKDW FRPSOLHV ZLWK WKH SDWK
FRQVWUDLQWV� ,I WKLV LPSOHPHQWDWLRQ IXQFWLRQV� TXHVWLRQ �H LV DQVZHUHG�

������ :LQG
,Q 6HFWLRQ ������ D GLVFXVVLRQ RQ WKH LPSOHPHQWDWLRQ RI ZLQG LQ IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ RI WKH
OLWHUDWXUH LV SUHVHQWHG� $V WKH ZLQG FDQ KDYH D SURPLQHQW HIIHFW RQ ZKDW LV DQ RSWLPDO IOLJKW SDWK� LW
VKRXOG EH LQFOXGHG LQ WKLV PRGHO� 7KLV ZDV DOVR VXJJHVWHG LQ TXHVWLRQ �D� 0XOWLSOH VRXUFHV FDQ EH
XVHG WR XQGHUVWDQG KRZ WR FRQVLGHU ZLQG LQ WKH SUREOHP� 7KHVH LQFOXGH >��� ��� ��� ��@�

&XUUHQWO\� WKH SODQ LV WR DVVXPH D VWDWLF DWPRVSKHUH� WKH ZLQG FRQGLWLRQV ZLOO EH WDNHQ DW RQH SRLQW
LQ WLPH DQG ZLOO UHPDLQ FRQVWDQW IRU WKH UHPDLQGHU RI WKH RSWLPL]DWLRQ� 7KLV FKRLFH LV PDGH EHFDXVH
D G\QDPLF DWPRVSKHUH LV WKRXJKW WR EHFRPH WRR FRPSOH[� 7KH VWDWLF DWPRVSKHUH LV H[SHFWHG WR VWLOO
DSSURDFK D UHDOLVWLF VLWXDWLRQ ZLWK D OLPLWHG QXPEHU RI FRPSXWDWLRQV�

������ 9DULDEOH 6HWWLQJV
$V VKRZQ LQ )LJXUH ���� WKH RQO\ VWRSSLQJ FULWHULRQ FXUUHQWO\ LQFOXGHG LV WKDW RI D PD[LPXP QXPEHU RI
JHQHUDWLRQV� $V VXJJHVWHG LQ WKH SUHYLRXV FKDSWHU� LQ WKH H[WHQVLRQ RI WKH PRGHO� D FULWHULRQ ZLOO EH
DGGHG WKDW ZLOO VWRS WKH LWHUDWLRQ ZKHQ WKH EHVW VROXWLRQ GRHV QRW LPSURYH RYHU D QXPEHU RI JHQHUD�
WLRQV� $IWHU KRZPDQ\ ¶QR LPSURYHPHQW¶�JHQHUDWLRQV WKH RSWLPL]DWLRQ VKRXOG VWRS VKRXOG EH GHWHUPLQHG
WKURXJK WULDO DQG HUURU� 7KLV DGGLWLRQDO FULWHULRQ ZLOO HQVXUH WKDW WKH RSWLPL]DWLRQ GRHV QRW WDNH ORQJHU
WKDQ QHFHVVDU\�

$Q DGGLWLRQDO IHDWXUH RI WKH PRGHO VKRXOG EH D YDU\LQJ PXWDWLRQ UDWH� $V GHVFULEHG LQ 6HFWLRQ ���� WKH
GHYHORSHG PRGHO GRHV QRW EHKDYH DV H[SHFWHG� 7KLV LV DVVXPHG WR EH LQ SDUW FDXVHG E\ WKH PXWDWLRQ
SKDVH� ,PSOHPHQWLQJ D PXWDWLRQ UDWH WKDW FDQ GHFUHDVH WKURXJKRXW WKH RSWLPL]DWLRQ VKRXOG LPSURYH
WKH SHUIRUPDQFH RI WKH PRGHO� %HVLGHV� WKH DSSURSULDWH YDOXHV RI WKH PXWDWLRQ SHU VWDWH VKRXOG EH
IRXQG�

2QH RI WKH REMHFWLYHV RI WKH UHVHDUFK LV WR GHYHORS D FXVWRPL]DEOH PRGHO� ,W FDQ EH EHQHILFLDO IRU RWKHUV
DQG WKHLU SXUSRVH WR HDVLO\ DGMXVW WKH VHWWLQJV DQG YDULDEOHV RI WKH PRGHO� 2QH RI WKH RSWLRQV WKDW VKRXOG
EH DGMXVWDEOH LV WKH DLUSRUW ZKLFK LV HYDOXDWHG� 7KLV LQIOXHQFHV WKH FDOFXODWLRQV FRQFHUQLQJ WKH &56
WUDQVIRUPDWLRQV DQG WKH VHDUFK VSDFH�

%HVLGHV� WKH REMHFWLYH IXQFWLRQ VKRXOG EH FXVWRPL]DEOH� )RU WKLV UHVHDUFK� WKH FRVW RI HPLVVLRQV DV
HVWDEOLVKHG E\ *UREOHU HW DO� >�@ LV XVHG� +RZHYHU� RWKHUV PD\ EH LQWHUHVWHG LQ WKH PDVV RI WKH HPLWWHG



���� 0RGHO ([WHQVLRQV ��

VSHFLHV RU DQRWKHU PHWULF� 6HYHUDO RSWLRQV IRU WKH REMHFWLYH IXQFWLRQ VKRXOG EH LQFOXGHG� 5HJDUGLQJ
WKH HPLVVLRQ FRVWV XVHG FXUUHQWO\� WKH FRVWV DUH DYDLODEOH IRU FUXLVH DQG WKH ODQGLQJ DQG WDNH�RII F\FOH�
7KHVH FRXOG EH OLQHDUO\ LQWHUSRODWHG WR ILQG WKH FRVWV DW WKH DOWLWXGHV EHWZHHQ WKHVH WR PRUH DFFXUDWHO\
FDOFXODWH WKH FRVW RI HPLVVLRQV�

$W WKLV WLPH� WKH PRGHO FDQ DOUHDG\ DOORZ GLIIHUHQW DLUFUDIW W\SHV LQ WKH PRGHO� 7KLV LV� KRZHYHU�
OLPLWHG WR WKH W\SHV DYDLODEOH LQ 2SHQ$3� $V PHQWLRQHG EHIRUH� WKHVH LQFOXGH PRVW FRPPHUFLDO DLUFUDIW�
7KH GLVWDQFH EHWZHHQ QRGHV FDQ DOVR EH DOWHUHG� 7KLV DOORZV WKH XVHU WR VHW D UHVROXWLRQ RQ WKH IOLJKW
WUDMHFWRU\� $ WUDGH�RII LV WKDW D KLJKHU UHVROXWLRQ UHVXOWV LQ D ODUJHU DPRXQW RI WLPH IRU WKH DOJRULWKP WR
ILQLVK�

������ 2YHUYLHZ &RQVWUDLQWV
7KLV VHFWLRQ SURYLGHV D EULHI RYHUYLHZ RI WKH FRQVWUDLQWV WKDW DUH WR EH LQFOXGHG LQ WKH H[WHQGHG PRGHO�

%RXQGDU\ FRQVWUDLQWV DUH LPSRVHG RQ DOO VWDWHV� $V LV DOUHDG\ LPSOHPHQWHG� WKH SRVLWLRQ RI WKH ILUVW DQG
ILQDO QRGHV DUH VHW WR WKH RULJLQ DQG GHVWLQDWLRQ ORFDWLRQV� )RU ∆t� WKH LQLWLDO YDOXH LV DOZD\V VHW WR 0s�
7KH UHDVRQ LV WKDW LW GHVFULEHV WKH WLPH LW WRRN WR FRYHU WKH SDVW VHJPHQW� 7KH ILUVW QRGH KDV QR SDVW
VHJPHQW� DQG WKHUHIRUH� LWV YDOXH VKRXOG HTXDWH 0s� 7KH ILQDO YDOXH LV QRW FRQVWUDLQHG� $Q DGGLWLRQDO
FRQVWUDLQW LV LPSRVHG RQ WKH PDVV RI WKH DLUFUDIW� WKH LQLWLDO PDVV LV VHW WR D YDOXH DQG WKH ILQDO PDVV
VKRXOG EH ODUJHU WKDQ WKH 2(:�

7KH SDWK FRQVWUDLQWV DUH LPSRVHG EHFDXVH RI WKH $7& UHJXODWLRQV DV GHVFULEHG LQ 6HFWLRQ ������ ,I D
JLYHQ URXWH LV WR EH IROORZHG� WKH SRVLWLRQV DUH FRQVWUDLQHG� 7KH YHORFLW\� DQG WKXV ∆t� FDQ DOVR EH
IRUFHG WR D FHUWDLQ YDOXH DW WKH ZD\SRLQWV� %HVLGHV� WKH SDWK VKRXOG QRW WUDYHO WKURXJK UHVWULFWHG DUHDV�
3DWK FRQVWUDLQWV DUH LPSRVHG RQ WKH WKUHH SRVLWLRQDO VWDWHV� $V SURSRVHG LQ 6HFWLRQ ������ D FRQVWUDLQW
UHJDUGLQJ WKH KHDGLQJ RI WKH IOLJKW SDWK VKRXOG DOVR EH DGGHG�

$GGLWLRQDOO\� G\QDPLF FRQVWUDLQWV DUH LPSRVHG� 7KHVH DUH SUHVHQW WR JXDUDQWHH WKDW WKH IOLJKW SDWK LV
DFKLHYDEOH LQ WHUPV RI WKH DLUFUDIW¶V G\QDPLFV� $V PHQWLRQHG LQ 6HFWLRQ ������ WKH YHORFLW\ RI WKH DLUFUDIW
VKRXOG QRW H[FHHG LWV OLPLW RU EH EHORZ LWV VWDOO VSHHG� 7KLV LV DOVR WKH FDVH IRU WKH IOLJKW SDWK DQJOH� $Q
LQFUHDVHG IOLJKW SDWK DQJOH LV FDXVHG E\ WKH LQFUHDVHG YHUWLFDO FRPSRQHQW RI WKH YHORFLW\� 7KH YHUWLFDO
VSHHG VKRXOG UHPDLQ EHWZHHQ FHUWDLQ ERXQGDULHV DV ZHOO� 7KH UHDVRQLQJ LV WZRIROG� WKH DLUFUDIW VKRXOG
EH DEOH WR SHUIRUP WKH WUDMHFWRU\ DQG WKH SDVVHQJHUV LQVLGH VKRXOG QRW H[SHULHQFH DQ XQFRPIRUWDEOH
IOLJKW� 7KH YDOXH RI WKHVH ERXQGDULHV VKRXOG EH H[SORUHG LQ WKH OLWHUDWXUH EHIRUH WKH FRQVWUDLQWV DUH
LPSOHPHQWHG�

7R XOWLPDWHO\ GHWHUPLQH WKH EHVW IOLJKW WUDMHFWRU\ LQ ZKLFK DOO FRQVWUDLQWV DUH FRPSOLHG ZLWK� WKH LQGLYLGXDOV
ZKR YLRODWH DQ\ VKRXOG EH SHQDOL]HG� $ SHQDOW\ VFRUH VKRXOG EH DGGHG WR WKH ILWQHVV RI WKH LQGLYLGXDO�
7KLV ZLOO UHVXOW LQ D ORZHU SUREDELOLW\ RI UHSURGXFWLRQ IRU LQGLYLGXDOV WKDW GR QRW FRPSO\ ZLWK WKH FRQVWUDLQWV�
7KH DSSURSULDWH SHQDOW\ VFRUH VKRXOG EH GHWHUPLQHG SHU FRQVWUDLQW� 7KLV FDQ EH GRQH XVLQJ WKH IRXQG
OLWHUDWXUH �>��@� RQ SHQDOWLHV LQ *$V�

������ 9HULILFDWLRQ DQG 9DOLGDWLRQ
7KH YHULILFDWLRQ RI WKH EDVLF PRGHO FDQ EH GRQH XVLQJ WKH VLPSOH FDVH SUHVHQWHG LQ &KDSWHU �� $IWHU
WKDW� WKH H[WHQVLRQV RI WKH PRGHO ZLOO DOVR KDYH WR EH YHULILHG DQG YDOLGDWHG� 7KLV LV WR HQVXUH WKDW WKH
UHVXOWV DUH UHSUHVHQWDWLYH DQG XVHIXO� :KHQ WKH YHULILFDWLRQ DQG YDOLGDWLRQ SURSRVHG LQ WKLV VHFWLRQ DUH
FRPSOHWHG� TXHVWLRQV �G DQG H DUH DQVZHUHG�

7KH YHULILFDWLRQ RI WKH SUHYLRXVO\ GLVFXVVHG HOHPHQWV WKDW ZLOO EH LPSOHPHQWHG FDQ EH GRQH WKURXJK
XQLW WHVWV� $IWHU HDFK DGGLWLRQ WR WKH PRGHO� WKH LQWHUPHGLDWH UHVXOWV PXVW EH DQDO\]HG� 7KLV FDQ EH
GRQH E\ UXQQLQJ WKH PRGHO ZLWK D VPDOO npop IRU D IHZ JHQHUDWLRQV� 7KH UHVXOWV FDQ EH SULQWHG DQG�RU
YLVXDOL]HG DQG FKHFNHG� )RU H[DPSOH� IRU WKH UHVWULFWLRQV RI FHUWDLQ JHRJUDSKLFDO DUHDV� WKH WUDMHFWRULHV
DQG WKH UHVWULFWHG DUHD FDQ EH YLVXDOL]HG� ,W FDQ WKHQ EH FKHFNHG LI WKH PRGHO EHKDYHV DV DQWLFLSDWHG�

$V PHQWLRQHG EHIRUH� WKH PRGHO FDQ EH SDUWO\ YHULILHG WKURXJK D FRPSDULVRQ RI WKH PRGHO DQG
SUHYLRXVO\ FRQGXFWHG VWXGLHV� 7KLV LV DOVR KRZ <DPDVKLWD HW DO� >��@ YHULI\ WKHLU PRGHO� 7KH PRGHO FDQ
EH VHW XS ZLWK VLPLODU FRQGLWLRQV DV RWKHU IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ VWXGLHV� 7KH UHVXOWV RI WKLV FDQ EH
FRPSDUHG DQG DQDO\]HG� 7KH FRQGLWLRQV PXVW EH SRVVLEOH ZLWK WKH PRGHO� &RQWUDLOV DUH IRU H[DPSOH QRW
WDNHQ LQWR DFFRXQW LQ WKLV UHVHDUFK� 7KXV� FRPSDULQJ WKH UHVXOWV ZLWK VWXGLHV WKDW GR LQFOXGH FRQWUDLOV
PD\ SURYLGH D VNHZHG SHUVSHFWLYH� )RU WKLV IRUP RI YHULILFDWLRQ� DSSURSULDWH VWXGLHV VKRXOG EH IRXQG�



���� ([SHULPHQWV ��

5HJDUGLQJ YDOLGDWLRQ� IRU WKH FDOFXODWLRQ RI WKH HPLVVLRQ FRVW� LGHDOO\� WKH UHVXOWV RI D IOLJKW WHVW DUH
FRPSDUHG WR WKRVH RI WKH PRGHO� +RZHYHU� LW LV QRW GHHPHG SRVVLEOH WR ILQG WKH H[DFW IORZ RI HPLV�
VLRQV GXULQJ D IOLJKW� %HVLGHV� YDOLGDWLQJ WKH FRPSOHWH PRGHO LV FRQVLGHUHG WR EH LPSRVVLEOH� ,W ZRXOG
UHTXLUH DLUFUDIW WR IO\ DOO SRVVLEOH WUDMHFWRULHV LQ WKH VDPH FRQGLWLRQV WR GHWHUPLQH ZKLFK RI WKHVH LV
HQYLURQPHQWDOO\ RSWLPDO� 7KLV LV QRW UHDOLVWLF�

���� ([SHULPHQWV
7KH UHVHDUFK TXHVWLRQ FDQ EH DQVZHUHG E\ FRQGXFWLQJ DQ H[SHULPHQW LQ WKH IRUP RI D FDVH VWXG\� 7KLV
FDVH VWXG\ ZLOO WHVW WKH FDSDELOLWLHV RI WKH ILQDO PRGHO� ,W ZLOO DOVR GHWHUPLQH ZKHWKHU LW LV SRVVLEOH WR
PLQLPL]H WKH HQYLURQPHQWDO LPSDFW GXULQJ WKH FOLPE DQG GHVFHQW SKDVH WKURXJK WUDMHFWRU\ RSWLPL]DWLRQ�
7KH SURSRVHG H[SHULPHQW LV GHVFULEHG LQ 6HFWLRQ ������

$GGLWLRQDOO\� LW KDV EHHQ LGHQWLILHG LQ &KDSWHU � WKDW PDQ\ XQFHUWDLQWLHV DSSO\ WR WKH TXDQWLILFDWLRQ RI
WKH HQYLURQPHQWDO HIIHFWV� 7R VWXG\ WKLV� D VHQVLWLYLW\ DQDO\VLV LV VXJJHVWHG� 7KLV LV H[SODLQHG LQ PRUH
GHWDLO LQ 6HFWLRQ ������

,Q 6HFWLRQ ������ WKH LQIRUPDWLRQ UHTXLUHG WR H[HFXWH WKH H[SHULPHQWV LV GHVFULEHG� ,W LV VWDWHG ZKHUH
WKH GDWD DUH H[SHFWHG WR FRPH IURP DQG KRZ WKH\ PD\ EH XVHG WR ILQG PHDQLQJIXO UHVXOWV� 7KH ODWWHU
ZLOO EH GLVFXVVHG LQ 6HFWLRQ ������ 7KH VHFWLRQ SUHVHQWV WKH H[SHFWHG UHVXOWV RI WKH H[SHULPHQWV DQG
KRZ WKH\ DUH WR EH YLVXDOL]HG�

������ &DVH 6WXG\
'XULQJ WKH FDVH VWXG\� D FRPSDULVRQ ZLOO EH PDGH EHWZHHQ WKH SHUIRUPDQFH RI DFWXDO URXWHV DQG RS�
WLPL]HG RQHV LQ WHUPV RI WKH HQYLURQPHQWDO FRVW� 7KH FDVH VWXG\ ZLOO EH FRQGXFWHG IRU D VLQJOH DLUSRUW
GXULQJ D VSHFLILHG WLPH LQWHUYDO� 7KH DLUSRUW DQG SHULRG KDYH QRW EHHQ GHFLGHG XSRQ \HW�

,Q WKH GHFLVLRQ�PDNLQJ SURFHVV� WKH FRPSOH[LW\ RI WKH DLUSRUW DQG LWV DLUVSDFH KDYH WR EH FRQVLGHUHG�
7R FRQGXFW WKH H[SHULPHQW LQ WKH DOORWWHG WLPH� LW LV EHQHILFLDO WR FKRRVH DQ DLUSRUW WKDW GRHV QRW KDYH
PDQ\ UXQZD\V DQG SUHGHWHUPLQHG URXWHV� $GGLWLRQDOO\� DOO LQIRUPDWLRQ UHTXLUHG RQ WKH DLUSRUW IRU WKH
H[SHULPHQW ZLOO KDYH WR EH DYDLODEOH� 7KH QHFHVVDU\ LQIRUPDWLRQ LV GLVFXVVHG LQ 6HFWLRQ ������

7R GHWHUPLQH WKH WLPH LQWHUYDO RI WKH H[SHULPHQW� LW LV DOVR RI XWPRVW LPSRUWDQFH WR SRVVHVV WKH
UHTXLUHG GDWD� 7KLV LQFOXGHV IOLJKW DQG ZLQG LQIRUPDWLRQ� )RU WKH UHVXOWV WR UHSUHVHQW D UHDOLVWLF LPDJH�
QR H[WUHPH HYHQWV VKRXOG WDNH SODFH LQ WKH WLPH LQWHUYDO� 7KHVH LQFOXGH DPRQJ RWKHUV VWRUPV DQG D
UHGXFHG QXPEHU RI IOLJKWV GXH WR D SDQGHPLF� 7KH SHULRG VKRXOG EH UHSUHVHQWDWLYH WR VKRZ RQ DYHUDJH
ZKDW UHGXFWLRQ LQ HQYLURQPHQWDO HIIHFWV LV DFKLHYDEOH�

,W VKRXOG DOVR EH FKRVHQ ZKDW WKH VHDUFK VSDFH RI WKH FDVH VWXG\ LV� 7KHUH LV D WHQGHQF\ WRZDUG D
FLUFOH ZLWK WKH VHOHFWHG DLUSRUW DV WKH FHQWHU� 7KH UDGLXV ZLOO KDYH WR EH GHWHUPLQHG� 3RVVLEO\� WKH VDPH
VHDUFK VSDFH DV GHVFULEHG LQ 6HFWLRQ ��� FDQ EH HPSOR\HG� )RU GHSDUWLQJ DLUFUDIW� WKH WUDMHFWRU\ ZLOO EH
DQDO\]HG IURP WKH DLUSRUW WR WKH SRLQW ZKHUH WKH DLUFUDIW OHDYHV WKH VHDUFK VSDFH� )RU DUULYLQJ DLUFUDIW�
WKH WUDMHFWRU\ LV DQDO\]HG IURP WKH SRLQW ZKHUH WKH DLUFUDIW HQWHUV WKH VHDUFK VSDFH XQWLO DUULYDO DW WKH
DLUSRUW� $LUFUDIW WKDW IO\ ZLWKLQ WKH VHDUFK VSDFH� EXW GR QRW GHSDUW IURP RU DUULYH DW WKH DLUSRUW ZLOO QRW
EH FRQVLGHUHG� 7KHVH DLUFUDIW GR QRW FOLPE RU GHVFHQW� EXW DUH PHUHO\ IO\LQJ LQ WKH FUXLVH SKDVH� 7KH\
GR QRW IDOO ZLWKLQ WKH VFRSH RI WKLV UHVHDUFK�

7R FRPSDUH DFWXDO DQG RSWLPDO IOLJKW WUDMHFWRULHV� WKH HQYLURQPHQWDO HIIHFWV RI ERWK VKRXOG EH GHWHU�
PLQHG� )RU WKH UHDO IOLJKWV� WKH IORZQ WUDMHFWRU\ VKRXOG EH UHSUHVHQWHG E\ QRGHV DV LQ WKH RSWLPL]DWLRQ
PRGHO� 7KLV ZD\� WKH VDPH PHWKRGRORJ\ FDQ EH XVHG WR GHWHUPLQH WKH FRVW RI HPLVVLRQV� 7R RSWLPL]H
WKH UHDO IOLJKWV� WKH RULJLQ DQG GHVWLQDWLRQ ZLWKLQ WKH VHDUFK VSDFH KDYH WR EH GHILQHG� %HWZHHQ WKHVH
SRLQWV� SRVVLEO\ IROORZLQJ WKH VSHFLILHG 6,'�67$5V� WKH WUDMHFWRU\ VKRXOG EH RSWLPL]HG� 7KLV UHVXOWV LQ
D QHDU�RSWLPDO FRVW RI HPLVVLRQV IRU WKH IOLJKW� 7KLV VKRXOG EH UHSHDWHG IRU DOO IOLJKWV LQ WKH WLPH LQWHU�
YDO� $ VXP FDQ EH WDNHQ RYHU DOO IOLJKWV VXFK WKDW WKH UHVXOWLQJ FRVW RI HPLVVLRQV IRU WKH QHDU�RSWLPDO
URXWHV FDQ WKHQ EH FRPSDUHG WR WKDW RI WKH UHDO IOLJKWV� )URP WKLV DQDO\VLV� WKH PLWLJDWLRQ SRWHQWLDO IRU
HQYLURQPHQWDO HIIHFWV FDQ EH GHWHUPLQHG�

������ 6HQVLWLYLW\ $QDO\VLV
2QH RI WKH VFLHQWLILF JDSV LGHQWLILHG E\ 6LPRUJK HW DO� >��@ LQ D UHYLHZ RQ FOLPDWH WUDMHFWRU\ RSWLPL]DWLRQ
LV D PLVVLQJ VWXG\ RQ XQFHUWDLQWLHV� ,W ZRXOG EH LQWHUHVWLQJ WR ILQG WKH HIIHFW RI WKH XQFHUWDLQW\ LQ WKH
FOLPDWH PHWULF RQ WKH UHVXOWLQJ EHVW VROXWLRQ RI WKH PRGHO� $ VHQVLWLYLW\ DQDO\VLV FDQ EH HPSOR\HG WR



���� ([SHULPHQWV ��

EULGJH SDUW RI WKH LGHQWLILHG JDS�

$ VLPXODWLRQ IRU D VLQJOH WUDMHFWRU\ ZLWK FRQVWDQW FRQGLWLRQV DQG YDULDEOHV� H[FHSW IRU D YDU\LQJ HPLVVLRQ
FRVW� VKRXOG EH UXQ PDQ\ WLPHV� 7KH FRVW RI HPLVVLRQV LV DOORZHG WR YDU\ DFFRUGLQJ WR LWV GLVWULEXWLRQ�
$FFRUGLQJ WR *UREOHU HW DO� >�@� WKH HPLVVLRQ FRVWV DUH VXEMHFW WR ODUJH XQFHUWDLQWLHV� 'DWD DUH DYDLODEOH
RQ WKHVH XQFHUWDLQWLHV RI WKH VSHFLILF VSHFLHV� ,W LV H[SHFWHG WKDW WKH QHDU�RSWLPDO VROXWLRQ RI WKH PRGHO
FKDQJHV ZLWK GLIIHUHQW FRVWV RI HPLVVLRQV� $OVR� LWV WRWDO FRVW RI HPLVVLRQV ZLOO EH DOWHUHG� %\ UXQQLQJ
WKH RSWLPL]DWLRQ D ODUJH QXPEHU RI WLPHV� D GLVWULEXWLRQ RI WKH WRWDO FRVW RI HPLVVLRQV RI WKH WUDMHFWRU\
VKRXOG EH LGHQWLILDEOH�

������ 'DWD
7R H[HFXWH WKH SUHYLRXVO\ GLVFXVVHG H[SHULPHQWV� VHYHUDO IRUPV RI GDWD DUH UHTXLUHG� 7KLV LQFOXGHV
GDWD RQ UHDO IOLJKW WUDMHFWRULHV� DLUFUDIW SHUIRUPDQFH� ZLQG� DQG DLU WUDIILF UHJXODWLRQV�

5HDO IOLJKW WUDMHFWRU\ GDWD DUH UHTXLUHG DQG FRXOG EH REWDLQHG IURP 7KH 2SHQ6N\ 1HWZRUN �� 7KLV
LQIRUPDWLRQ ZLOO EH XVHG WR SHUIRUP WKH FDVH VWXG\ DQG WR FRPSDUH WKH FXUUHQW VLWXDWLRQ WR WKH RSWLPL]HG
RQH� $Q DSSURSULDWH FKRLFH VKRXOG EH PDGH IRU WKH VL]H DQG LQFOXVLRQ RI GDWD LQ WKH GDWDVHW� 7KLV KDV
EHHQ GLVFXVVHG LQ 6HFWLRQ ������ ,Q FRQGXFWHG UHVHDUFK� WKH XVH RI 7KH 2SHQ6N\ 1HWZRUN IRU WKLV
SXUSRVH KDV EHHQ VKRZQ WR ZRUN� )RU LQVWDQFH� 6XQ DQG 'HGRXVVL >��@ XVH GDWD IURP WKH QHWZRUN WR
HYDOXDWH DYLDWLRQ HPLVVLRQV LQ (XURSH� 7KH DXWKRUV PDNH XVH RI 3\WKRQ SDFNDJHV S\RSHQVN\ >��@ DQG
WUDIILF >��@� 7R DLG WKH SURFHVV RI WKH H[SHULPHQW� WKLV FRXOG EH GRQH DV ZHOO�

$OVR� GDWD RQ WKH SHUIRUPDQFH RI DLUFUDIW DUH UHTXLUHG� 7KLV ZLOO EH DYDLODEOH LQ 2SHQ$3 DQG LQFOXGHV
LQIRUPDWLRQ RQ WKH IXHO XVDJH DQG HPLVVLRQ RI JDVVHV� 7KH XVH RI 2SHQ$3 KDV EHHQ GLVFXVVHG LQ
6HFWLRQ ���� 7KH GDWD DUH DYDLODEOH IRU PDQ\ FRPPHUFLDO DLUFUDIW W\SHV IRU GLIIHUHQW FRQGLWLRQV OLNH
WKUXVW VHWWLQJ DQG ZHLJKW� ,W PD\ EH QHFHVVDU\ WR ILOWHU WKH UHDO IOLJKW GDWD RQ WKH DYDLODEOH DLUFUDIW W\SHV
LQ 2SHQ$3�

'DWD RQ ZLQG VWUHQJWK DQG GLUHFWLRQ DUH UHTXLUHG DV ZHOO� DQ DGHTXDWH VRXUFH IRU WKH ZLQG GDWD VKRXOG
EH IRXQG� 7KLV GHSHQGV RQ WKH ORFDWLRQ DQG GDWH DQG WLPH RI WKH UHDO IOLJKW WUDMHFWRU\ GDWD�

/DVWO\� LQIRUPDWLRQ RQ DLU WUDIILF UHJXODWLRQV� VXFK DV DLUVSDFH VWUXFWXUH DQG WKH XVDJH RI 6,'�67$5V�
VKRXOG EH NQRZQ IRU WKH ORFDWLRQ FKRVHQ� 7KLV LQIRUPDWLRQ LV RIWHQ DYDLODEOH IURP WKH FRXQWU\¶V DLU
QDYLJDWLRQ VHUYLFH SURYLGHU�

������ 'HVLUHG 5HVXOWV
$ ILQDO H[WHQVLRQ WR WKH EDVLF PRGHO LV D PHDQLQJIXO YLVXDOL]DWLRQ RI WKH SUREOHP DW KDQG� ,Q WKLV VHFWLRQ�
WKH GHVLUHG UHVXOWV RI WKH PRGHO DQG WKH H[SHULPHQWV DUH SUHVHQWHG� 9LVXDOV FDQ DLG LQ EULQJLQJ DFURVV
WKH PHVVDJH RI WKH UHVXOWV�

)RU WKH PRGHO LQ JHQHUDO� WKH WUDMHFWRULHV VKRXOG EH YLVXDOL]HG ZLWK DQ DFWXDO PDS LQ WKH EDFNJURXQG�
&XUUHQWO\� WKH LQGLYLGXDOV DUH VLPSO\ GLVSOD\HG LQ DQ HPSW\ ILJXUH DV QRGHV ZLWK FRQQHFWLQJ OLQHV� 7KH
SDFNDJH &DUWRS\ >��@ FDQ EH XVHG WR EHWWHU YLVXDOL]H WKH WUDMHFWRULHV� $Q DLUSRUW FDQ EH WDNHQ DV WKH
FHQWHU RI WKH JUDSK DQG WKH IOLJKW WUDMHFWRULHV FDQ EH GLVSOD\HG RQ WRS RI WKH PDS� 7KH YLVXDOV RI WKH
WUDMHFWRULHV RYHU WKH PDS FRXOG DOVR LQFOXGH WKH UHVWULFWLRQV LPSRVHG E\ $7&� WKH ZD\SRLQWV DQG WKH
URXWH WR EH IROORZHG FDQ EH VKRZQ�

$GGLWLRQDOO\� LW FRXOG EH EHQHILFLDO WR GLVSOD\ WKH FRXUVH RI DLUFUDIW SHUIRUPDQFH SDUDPHWHUV� 7KLV
FRXOG DPRQJ RWKHUV EH WKH YHORFLW\ �KRUL]RQWDO DQG�RU YHUWLFDO�� IOLJKW SDWK DQJOH� DQG WKH PDVV RI WKH
DLUFUDIW� ,Q WKHVH SORWV� WKH FRQVWUDLQWV GHVFULEHG LQ 6HFWLRQ ����� FDQ DOVR EH YLVXDOL]HG�

)RU WKH FDVH VWXG\� LW ZRXOG EH XVHIXO WR GLVSOD\ RQH RU PRUH UHDO IOLJKW WUDMHFWRULHV DQG WKH RSWLPL]HG
YHUVLRQ� 7KLV ZD\� WKH WUDMHFWRULHV FDQ HDVLO\ EH FRPSDUHG� 7KLV LV� KRZHYHU� QRW SRVVLEOH IRU DOO IOLJKWV
FRQVLGHUHG LQ WKH VWXG\� 7KXV� D ER[SORW RU RWKHU VWDWLVWLFDO JUDSKLF FDQ EH XVHG WR GHPRQVWUDWH WKH
HIIHFW RI WUDMHFWRU\ RSWLPL]DWLRQ RQ WKH WRWDO FRVW RI HPLVVLRQV� $GGLWLRQDOO\� RWKHU GLIIHUHQFHV FDQ EH
SUHVHQWHG� 7KHVH FDQ LQFOXGH� EXW DUH QRW OLPLWHG WR� WKH IXHO XVDJH DQG WLPH IORZQ�

7KH UHVXOWV RI WKH VHQVLWLYLW\ DQDO\VLV VKRXOG DOVR EH YLVXDOO\ SUHVHQWHG� 7KLV ZRXOG EH D ILJXUH WKDW
GLVSOD\V WKH GLVWULEXWLRQ RI WRWDO HPLVVLRQ FRVWV IRXQG LQ WKH DQDO\VLV� 7KH YDULDWLRQ LQ WKHVH FRVWV DUH
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GXH WR WKH XQFHUWDLQWLHV SUHVHQW LQ WKH XQLW HPLVVLRQ FRVWV RI *UREOHU HW DO� >�@� %HVLGHV� LI D YDULHW\ RI
QHDU�RSWLPDO WUDMHFWRULHV LV IRXQG GXH WR WKH YDULDQFH LQ HPLVVLRQ FRVWV� WKLV VKRXOG EH YLVXDOL]HG� ,W
FRXOG VKRZ D IHZ RI WKHVH GLIIHUHQW WUDMHFWRULHV RQ WRS RI D PDS�



�
&RQFOXVLRQ

2YHU WKH ODVW \HDUV� DQ LQFUHDVH LQ OLWHUDWXUH RQ IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ IRU HQYLURQPHQWDO REMHFWLYHV
KDV RFFXUUHG >�@� 7KLV LV LQ OLQH ZLWK WKH JURZLQJ QHFHVVLW\ RI WKH DYLDWLRQ LQGXVWU\ WR EHFRPH PRUH
VXVWDLQDEOH >�@� 7KLV UHSRUW H[SOLFDWHG D UHVHDUFK SURSRVDO DQG KDV GHPRQVWUDWHG WKH SRWHQWLDO RI D
PRGHO WR DQVZHU WKH UHVHDUFK TXHVWLRQ�

+RZ FDQ IOLJKW WUDMHFWRULHV EH RSWLPL]HG WR PLQLPL]H WKH HQYLURQPHQWDO LPSDFW RI DYLDWLRQ
GXULQJ WKH FOLPE DQG GHVFHQW SKDVH"

7R DQVZHU WKLV TXHVWLRQ� VHYHUDO VXETXHVWLRQV KDYH DOVR EHHQ IRUPXODWHG� 7KURXJKRXW WKH UHVHDUFK�
WKHVH VKRXOG EH DQVZHUHG WR IRUPXODWH DQ DQVZHU WR WKH PDLQ TXHVWLRQ� 7KH VXETXHVWLRQV DUH GLYLGHG
LQWR WKUHH FDWHJRULHV� HQYLURQPHQWDO LPSDFW� IOLJKW WUDMHFWRU\� DQG RSWLPL]DWLRQ� 7KH TXHVWLRQV FDQ EH
IRXQG LQ &KDSWHU ��

6RPH RI WKH VXETXHVWLRQV KDYH EHHQ DGGUHVVHG LQ WKLV UHSRUW� 7KHVH LQFOXGH GHFLVLRQV RQ WKH
HQYLURQPHQWDO HIIHFW DQG RSWLPL]DWLRQ PHWKRGRORJ\ XVHG LQ WKH UHVHDUFK� 7KH DQVZHUV KDYH EHHQ
IRUPHG WKURXJK WKH H[WHQVLYH OLWHUDWXUH VWXG\ WKDW LV GLVFXVVHG LQ &KDSWHU �� 7KH UHVHDUFK ZLOO IRFXV
RQ PLQLPL]LQJ WKH HQYLURQPHQWDO FRVWV RI HPLVVLRQV� 7KH HPLVVLRQ FRVWV RI *UREOHU HW DO� >�@ DUH XVHG�
7KHVH KDYH EHHQ FKRVHQ EHFDXVH WKH\ HQFRPSDVV QRW RQO\ WKH FOLPDWH HIIHFWV RI WKH HPLVVLRQV EXW
DOVR WKH VRFLHWDO HIIHFWV� ,W FRPSULVHV WKH HQYLURQPHQWDO HIIHFW LQ WKH ODUJHVW VHQVH�

$Q RSWLPL]DWLRQ PRGHO ZLOO EH HPSOR\HG WR GHWHUPLQH ZKHWKHU LW LV SRVVLEOH WR PLQLPL]H WKH HQYLURQPHQ�
WDO HIIHFW LQ WKH FOLPE DQG GHVFHQW SKDVHV RI D IOLJKW� 7KHUHIRUH� ERWK WKH ODWHUDO DQG YHUWLFDO IOLJKW SDWKV
ZLOO EH FRQVLGHUHG� $ SODQ LV SURSRVHG WR LPSOHPHQW ZLQG� YDU\LQJ VSHHG DQG PDVV� DQG WKH UHVWULFWLRQV
RI $7&� VXFK DV 6,'V DQG 67$5V� LQ WKH PRGHO� 7KH UHVHDUFK IUDPHZRUN DQG SODQQLQJ DUH ODLG RXW LQ
&KDSWHU �� +RZ WKH IHDWXUHV RI WKH PRGHO ZLOO EH DGGHG LV GLVFXVVHG LQ &KDSWHU ��

7KH PHWKRGRORJ\ WKDW LV XVHG IRU WKH RSWLPL]DWLRQ PRGHO LV D JHQHWLF DOJRULWKP� ,W KDV EHHQ FKRVHQ
EHFDXVH LW LV LQWXLWLYH DQG SRSXODU LQ VXVWDLQDEOH IOLJKW WUDMHFWRU\ RSWLPL]DWLRQ >��@� ,W LV EDVHG RQ WKH
HYROXWLRQ WKHRU\ RI 'DUZLQ >��@� WKH SURFHVV HQWDLOV WKH FUHDWLRQ RI D VHW RI IOLJKW WUDMHFWRULHV� HYDOXDWLRQ
RI WKHLU ILWQHVV� FURVVRYHU� DQG PXWDWLRQ RI QHZ WUDMHFWRULHV� DQG DQ LWHUDWLRQ RI WKH ODVW WZR SKDVHV� 7KLV
VKRXOG UHVXOW LQ ILQGLQJ D QHDU�RSWLPDO WUDMHFWRU\� 7KH WKHRU\ LV IXUWKHU H[SODLQHG LQ &KDSWHU ��

$ ILUVW� EDVLF YHUVLRQ RI WKH PRGHO KDV EHHQ GHYHORSHG� 7KH WUDMHFWRU\ LV RQO\ DOORZHG WR YDU\ LQ WKH
ODWHUDO GLUHFWLRQ DQG LV IORZQ DW D FRQVWDQW VSHHG� 7KH LPSOHPHQWDWLRQ LV GHVFULEHG LQ PRUH GHWDLO LQ
&KDSWHU �� 7KH EDVLF PRGHO LV QRW GHYHORSHG HQRXJK WR EH YHULILHG XVLQJ D VLPSOH FDVH� 7KLV LV EHFDXVH
WKH JHQHWLF DOJRULWKP GRHV QRW FRQYHUJH �TXLFNO\� WR WKH QHDU�RSWLPDO VROXWLRQ�

,Q &KDSWHU �� WKH SUHOLPLQDU\ UHVXOWV DUH SUHVHQWHG DQG VXJJHVWLRQV DUH PDGH IRU WKH LPSURYHPHQW
RI WKH PRGHO� 7KHVH UHFRPPHQGDWLRQV LQFOXGH D FRUUHFW LPSOHPHQWDWLRQ RI WKH PXWDWLRQ SKDVH DQG
UXQQLQJ PXOWLSOH RSWLPL]DWLRQV LQ SDUDOOHO� 7KH LPSURYHPHQWV KDYH WR EH PDGH EHIRUH DQ\ IHDWXUHV DUH
DGGHG WR WKH PRGHO�

:KHQ WKH H[WHQGHG PRGHO IXQFWLRQV DV H[SHFWHG� DQG LV YHULILHG DQG YDOLGDWHG� D FDVH VWXG\ DQG VHQVL�
WLYLW\ DQDO\VLV PD\ EH FRQGXFWHG� 7KH H[SHULPHQWV IRFXV RQ ILQGLQJ DQ DQVZHU WR WKH UHVHDUFK TXHVWLRQ�
,Q WKH SURSRVHG FDVH VWXG\� WKH GHSDUWLQJ DQG DUULYLQJ IOLJKWV DW RQH DLUSRUW ZLOO EH FRPSDUHG WR WKH RS�

��



��

WLPL]HG IOLJKW WUDMHFWRULHV WR ILQG RXW LI DQG E\ KRZ PXFK WKH HQYLURQPHQWDO IRRWSULQW FDQ EH UHGXFHG�
5HDOL]LQJ DQ RSHQ SODWIRUP� LQ ZKLFK VXFK D WUDMHFWRU\ RSWLPL]DWLRQ FDQ EH DFFHVVHG E\ LQWHUHVWHG
SDUWLHV� FDQ KHOS DFFHOHUDWH WKH VXVWDLQDELOLW\ RI DYLDWLRQ�
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2 Modelling and programming  -  - 
2.1 Familiarize with programs ma 14-03 zo 27-03 100% 10
2.2 Develop basic model ma 21-03 vr 03-06 100% 55
2.2.1 Formulate problem ma 21-03 vr 08-04 100% 15
2.2.2 Define problem in program ma 11-04 vr 03-06 100% 40
2.2.3 Verify model do 31-03 wo 06-04 100% 5
2.3 Extend and develop heuristic model ma 11-07 vr 19-08 0% 20 D
2.3.1 Improve basic model ma 20-06 vr 24-06 0% 5
2.3.2 Include wind ma 11-07 zo 24-07 0% 6 D
2.3.2.1 Find and organize wind data ma 11-07 di 12-07 0% 2
2.3.2.2 Implement wind wo 13-07 zo 24-07 0% 3
2.3.3 Include variable speed ma 25-07 di 26-07 0% 2 D
2.3.4 Include variable mass wo 27-07 wo 27-07 0% 1 D
2.3.5 Include ATC regulations do 28-07 vr 29-07 0% 2 D
2.3.6 Finalize model ma 08-08 za 13-08 0% 5 D
2.3.7 Write model manual ma 20-06 za 13-08 0% 25 D
2.3.8 Uncertainties/delays ma 15-08 vr 19-08 0% 5
2.4 Verification ma 11-07 za 13-08 0% 20
2.5 Validation ma 11-07 za 13-08 0% 20
3 Results and discussion  -  - 
3.1 Execute case study ma 22-08 za 03-09 0% 10 D
3.1.1 Define case study ma 22-08 di 23-08 0% 2
3.1.2 Find real flight trajectory data wo 24-08 vr 26-08 0% 3
3.1.3 Execute case study ma 29-08 za 03-09 0% 5
3.2 Execute sensitivity analysis ma 05-09 vr 09-09 0% 5 D
3.2.1 Find uncertainty data ma 05-09 di 06-09 0% 2
3.2.2 Execute sensitivity analysis wo 07-09 vr 09-09 0% 3
3.3 Create meaningful results ma 12-09 wo 14-09 0% 3 D
3.4 Analyze results do 15-09 vr 16-09 0% 2
4 Documentation  -  - 
4.1 Project plan ma 14-02 zo 13-03 100% 20
4.1.1 Write project plan ma 14-02 zo 13-03 100% 20
4.1.2 Plan thesis project ma 14-02 za 26-02 100% 10
4.1.2.1 Determine project steps ma 14-02 vr 18-02 100% 5
4.1.2.2 Create Gantt chart do 17-02 za 26-02 100% 7
4.1.3 Implement feedback of peer review/supervisor ma 21-03 di 22-03 100% 2
4.2 Preliminary (literature) study report ma 14-03 do 16-06 100% 62 R
4.2.1 Write literature part ma 14-03 ma 16-05 100% 40
4.2.2 Write model part ma 11-04 do 16-06 100% 41
4.3 Preliminary meeting do 23-06 do 23-06 0% 1 M
4.3.1 Prepare preliminary meeting vr 17-06 wo 22-06 0% 4
4.3.2 Implement feedback of preliminary meeting ma 11-07 do 14-07 0% 3
4.4 Thesis ma 11-07 zo 23-10 0% 70
4.4.1 Write draft thesis ma 11-07 vr 23-09 0% 50 R
4.4.2 Green light review ma 10-10 ma 10-10 0% 1 M
4.4.2.1 Prepare green light review ma 26-09 zo 09-10 0% 10
4.4.2.2 Implement feedback of green light review di 11-10 zo 23-10 0% 9
4.4.3 Write final thesis di 11-10 zo 23-10 0% 9 R
4.5 Defence ma 07-11 ma 07-11 0% 1 M
4.5.1 Prepare presentation ma 24-10 zo 06-11 0% 10
4.5.1.1 Prepare defence ma 24-10 zo 06-11 0% 10

Holidays  -  - 
Skiing + COVID infection ma 31-01 vr 11-02 100% 10
Florida wo 27-04 wo 04-05 100% 6
Biking ma 27-06 zo 10-07 0% 10
Drenthe ma 01-08 zo 07-08 0% 5
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