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Abstract: This study presents an engineering geological 
assessment of sandstone formations in the Yazd region of central 
Iran. A total of 150 rock samples were systematically collected 
from various outcrops within a defined area near Yazd city. The 
aim was to investigate the physical and mechanical properties of 
the sandstones and to analyze correlations between these 
properties, with particular emphasis on uniaxial compressive 
strength (UCS). Laboratory testing included measurements of dry 
and saturated density, porosity, water absorption, and uniaxial 
compressive strength. The results revealed a significant range in 
UCS values, reflecting heterogeneity in the geological features of 
the sandstone units. Correlation analysis was conducted to 
evaluate relationships between UCS and other physical 
properties. The findings indicate that UCS is moderately to 
strongly correlated with porosity (negatively), dry density 
(positively), and water absorption (negatively). These 
correlations provide insights into the geomechanical behavior of 
the local sandstone and support predictive modeling for 
engineering applications. The outcomes of this study are relevant 
for geotechnical design and site investigation in central Iran, 
particularly for infrastructure projects involving excavation, 
slope stability, and foundation engineering. The research also 
contributes to a better understanding of the variability in 
mechanical behavior of sedimentary rocks under arid climatic 
conditions. 

Keywords: Sandstone, UCS, Physical properties, Engineering 
geology, Yazd region. 

I. INTRODUCTION 

Sandstone is a common sedimentary rock composed mainly of 
sand-sized mineral particles or rock fragments, 

predominantly quartz and feldspar (Yang, 2013). Due to its wide 
distribution, variation in texture, and mineral composition, 
sandstone has diverse mechanical and physical properties, which 
are of particular interest in engineering geology and geotechnical 
studies (Peng & Zhang, 2007). Sandstones can exhibit a broad 
range of compressive strengths, porosity, and durability,

depending on factors such as grain size, cementation, and 
weathering (Hencher, 2024). From an engineering perspective, 
the geomechanical behavior of sandstone is influenced by both 
intrinsic properties (e.g., mineralogy, grain interlocking, and 
cement type) and extrinsic factors such as weathering state, 
moisture content, and in-situ stress conditions (Jingli et al., 
2019). These properties determine its suitability for various 
construction applications, including tunnels, slopes, foundations, 
and retaining structures (Jeng et al., 2004). Sandstone is often 
considered favorable for construction if it has low porosity, high 
strength, and resistance to environmental degradation (Tating et 
al., 2013). 

The uniaxial compressive strength (UCS) of sandstone is one 
of the most essential parameters for rock engineering 
(Farrokhrouz & Asef, 2017; Mao et al., 2024). UCS is often 
correlated with other physical parameters such as dry density, 
porosity, and water absorption to establish predictive 
relationships that can assist in preliminary site assessment and 
design (Mousavi et al., 2018). In practice, these correlations are 
highly useful in reducing the number of costly mechanical tests 
required, especially when dealing with a large number of samples 
or limited resources (Cemiloglu et al., 2023; Mao et al., 2023). 

In arid and semi-arid environments like central Iran, 
sandstones are often subjected to physical weathering due to 
temperature fluctuations, which can significantly affect their 
engineering behavior (Jafarzadeh & Hosseini-Barzi, 2008). This 
makes localized studies necessary to characterize their properties 
accurately before construction activities (Naghadehi et al., 2010). 
Furthermore, the natural variability of sandstone demands a 
statistically significant number of samples to establish 
meaningful engineering conclusions (Mohammadi et al., 2020; 
Ghoreishi et al., 2021). The city of Yazd, located in central Iran, 
is surrounded by various geological units that include prominent 
sandstone formations. These formations are part of different 
lithostratigraphic units formed during different geological 
periods, notably the Paleozoic and Mesozoic eras (Bagi, 2022). 
The area exhibits complex geological structures such as faults, 
folds, and intrusions, reflecting its tectonic history within the 
Central Iranian microplate (Torabi-Kaveh et al., 2023a). This 
stratigraphic variety results in a wide range of rock masses with
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YDU\LQJ PHFKDQLFDO EHKDYLRUV� QHFHVVLWDWLQJ GHWDLOHG�
JHRWHFKQLFDO� FKDUDFWHUL]DWLRQ� EHIRUH� DQ\� PDMRU� FRQVWUXFWLRQ�
DFWLYLW\� �7RUDEL�.DYHK� HW� DO��� ����E��� $� JHRORJLFDO� PDS� RI� WKH�
VWXGLHG�DUHD�LV�SURYLGHG�LQ�)LJXUH����

2QH�RI� WKH� HQJLQHHULQJ�JHRORJLFDO�FKDOOHQJHV� LQ�<D]G� LV� WKH�
IUHTXHQW� SUHVHQFH� RI�ZHDWKHUHG� DQG� IUDFWXUHG� URFN�PDVVHV� QHDU�
WKH�VXUIDFH��)RRNHV�	�.QLOO���������'XH�WR�ORQJ�WHUP�H[SRVXUH�WR�
DULG� FOLPDWH� FRQGLWLRQV� DQG� WKHUPDO� IDWLJXH�� PDQ\� RXWFURSV�
H[KLELW� QHDU�VXUIDFH� GLVLQWHJUDWLRQ�� H[IROLDWLRQ�� DQG� PLFURFUDFN�
GHYHORSPHQW� �7DMEDNKVK� HW� DO��� ������� 7KHVH� IHDWXUHV� FDQ�
VLJQLILFDQWO\� UHGXFH� WKH� LQWDFW� URFN� VWUHQJWK� DQG� LQFUHDVH�
SHUPHDELOLW\�� OHDGLQJ� WR� VORSH� LQVWDELOLW\� DQG� UHGXFHG� EHDULQJ�
FDSDFLW\� LQ� VKDOORZ� IRXQGDWLRQV� �7RUDEL�.DYHK� HW� DO��� ����D���
0RUHRYHU� VXUIDFH ZHDWKHULQJ FDQ UHVXOW LQ PLVOHDGLQJ�
HVWLPDWLRQV�RI�URFN�PDVV� VWUHQJWK�XQOHVV�SURSHU�VDPSOLQJ�GHSWK�
DQG� SURFHGXUHV� DUH� XVHG� �-DPVKLGL� HW� DO��� ������� 6XEVXUIDFH�
LQYHVWLJDWLRQV� LQ� VHYHUDO� LQIUDVWUXFWXUH� SURMHFWV� QHDU� <D]G� KDYH�
UHYHDOHG� WKDW� MRLQWHG� DQG� EORFN\� VDQGVWRQH� XQLWV� DUH� RIWHQ�
XQGHUODLQ� E\� FRPSDFWHG� VLOWVWRQH� DQG� VKDOH�� ZKLFK� FDQ� H[KLELW�
VZHOOLQJ�EHKDYLRU�ZKHQ�H[SRVHG�WR�ZDWHU��%HKHVKWL�HW�DO����������
7KLV� VWUDWLJUDSKLF� DUUDQJHPHQW� SRVHV� HQJLQHHULQJ� ULVNV� VXFK� DV�
GLIIHUHQWLDO VHWWOHPHQW RU VORSH IDLOXUH� HVSHFLDOO\ ZKHUH�
H[FDYDWLRQ�FXWV�H[SRVH�OD\HUHG�URFN�ZLWK�FRQWUDVWLQJ�PHFKDQLFDO�
SURSHUWLHV� �0RMWDED� HW� DO��� ������� 7KH� KHWHURJHQHLW\� RI� WKH�
JHRORJLFDO� IRUPDWLRQV� UHTXLUHV� WKH� XVH� RI� FODVVLILFDWLRQ� V\VWHPV�
VXFK�DV�505��5RFN�0DVV�5DWLQJ��DQG�*6,��*HRORJLFDO�6WUHQJWK�
,QGH[�� WR� DFFRXQW� IRU� YDULDEOH� MRLQW� FRQGLWLRQV� DQG� ZHDWKHULQJ�
JUDGHV��7RUDEL�.DYHK�HW�DO�������E���

.DUVW� IHDWXUHV�� WKRXJK� PRUH� SURPLQHQW� LQ� WKH� QHDUE\� %DIT�
DQG�7DIW�DUHDV��DUH�RFFDVLRQDOO\�REVHUYHG�LQ�OLPHVWRQH�XQLWV�FORVH�
WR� <D]G� DQG� FDQ� LQWURGXFH� VLJQLILFDQW� HQJLQHHULQJ� FRQFHUQV��
6XEVXUIDFH�FDYLWLHV�DQG�VROXWLRQ�FKDQQHOV�PD\�UHPDLQ�XQGHWHFWHG�
GXULQJ� URXWLQH� JHRWHFKQLFDO� VXUYH\V�� OHDGLQJ� WR� IRXQGDWLRQ�
LQVWDELOLW\� RU� FROODSVH� KD]DUGV� �&KLWVD]DQ� 	� 0DQVKDGL�� �������
*HRSK\VLFDO�PHWKRGV��LQFOXGLQJ�JURXQG�SHQHWUDWLQJ�UDGDU��*35��
DQG� VHLVPLF� UHIUDFWLRQ�� KDYH� SURYHQ� YDOXDEOH� LQ� GHWHFWLQJ� VXFK�
YRLGV� DQG� GHOLQHDWLQJ� FRPSHWHQW� URFN� ]RQHV� LQ� SUHOLPLQDU\�
LQYHVWLJDWLRQV��$KPDGL�	�1HMDG���������*URXQGZDWHU�FRQGLWLRQV�
DOVR�LQIOXHQFH�WKH�HQJLQHHULQJ�JHRORJ\�RI�WKH�UHJLRQ��$KPDGL�	�
$KDQJDUDQL���������'HVSLWH�WKH�DULG�FOLPDWH��SHUFKHG�ZDWHU�WDEOHV�
FDQ�GHYHORS� ORFDOO\�DERYH� UHODWLYHO\� LPSHUPHDEOH� VKDOH�RU�PDUO�
OD\HUV��HVSHFLDOO\�DIWHU�UDUH�EXW�LQWHQVH�UDLQIDOO�HYHQWV��)RRNHV�	�
.QLOO�� ������� 7KHVH� ORFDOL]HG� ZDWHU� ]RQHV� FDQ� UHGXFH� WKH�
HIIHFWLYH� VWUHVV� LQ� WKH� URFN� PDVV� DQG� WULJJHU� VORSH� IDLOXUHV� RU�
SLSLQJ� SKHQRPHQD� LQ� XQFRQVROLGDWHG� GHSRVLWV� �%DKDGRUL� HW� DO���
�������3URSHU�GUDLQDJH�GHVLJQ�DQG�K\GURJHRORJLFDO� DVVHVVPHQWV�
DUH� HVVHQWLDO� IRU� ORQJ�WHUP�JHRWHFKQLFDO� VWDELOLW\��SDUWLFXODUO\� LQ�
URDG� HPEDQNPHQWV� DQG� FXW� VORSHV� �$PLQ� HW� DO��� �������
$GGLWLRQDOO\��VHLVPLFLW\�LV�D�NH\�FRQVLGHUDWLRQ�LQ�WKH�HQJLQHHULQJ�
JHRORJ\� RI�<D]G�� $OWKRXJK� WKH� FLW\� LWVHOI� LV� QRW� ORFDWHG� RQ� DQ�
DFWLYH�IDXOW��LW�OLHV�ZLWKLQ�D�WHFWRQLFDOO\�DFWLYH�UHJLRQ�ERXQGHG�E\�
VHYHUDO� PDMRU� IDXOW� ]RQHV� �$VDGL� HW� DO��� ������� 6HLVPLF� KD]DUG�
DVVHVVPHQWV� FRQVLGHU� WKH� SRWHQWLDO� IRU� VWURQJ� JURXQG� VKDNLQJ��
HVSHFLDOO\� LQ� DUHDV�ZLWK� ORRVH� DOOXYLDO� RU� FROOXYLDO� GHSRVLWV� WKDW�
PD\�DPSOLI\�VHLVPLF�ZDYHV�LQ�WKH�UHJLRQ��0HKQDKDG���������7KH�
JHRVWUXFWXUDO� ]RQHV� PDS� RI� <D]G� EORFN� KDV� EHHQ� SURYLGHG� LQ�
)LJXUH����5RFN�VWUXFWXUHV��LQFOXGLQJ�WXQQHOV��GDPV��DQG�UHWDLQLQJ�
ZDOOV�� UHTXLUH� FDUHIXO� GHVLJQ� DJDLQVW� VHLVPLF� ORDGV�� LQFOXGLQJ

SRWHQWLDO� GHJUDGDWLRQ� RI� MRLQWHG� URFN� PDVV� EHKDYLRU� XQGHU�
G\QDPLF�FRQGLWLRQV��$UHIL�HW�DO����������

2QH�RI�WKH�NH\�VDQGVWRQH�EHDULQJ�XQLWV�LQ�WKH�<D]G�UHJLRQ�LV�
WKH� 6KDK�.XK� )RUPDWLRQ�� ZKLFK� FRQVLVWV� RI� ZHOO�FHPHQWHG�
VDQGVWRQHV ZLWK LQWHUEHGGHG VLOWVWRQH DQG VKDOH OD\HUV�
�$JKDQDEDWL���������7KHVH�URFNV�KDYH�XQGHUJRQH�YDULRXV�GHJUHHV�
RI GLDJHQHVLV DQG WHFWRQLF GHIRUPDWLRQ� DIIHFWLQJ WKHLU�
PHFKDQLFDO�SHUIRUPDQFH��0HKQDKDG���������$QRWKHU�QRWDEOH�XQLW�
LQFOXGHV� \RXQJHU� VDQGVWRQH� OD\HUV� ZLWKLQ� 4XDWHUQDU\� DOOXYLDO�
IDQV�WKDW�KDYH�EHHQ�SDUWO\�OLWKLILHG�DQG�VKRZ�ZHDNHU�JHRWHFKQLFDO�
SURSHUWLHV��0LUMDOLOL�HW�DO����������7KH�<D]G�UHJLRQ�OLHV�ZLWKLQ�WKH�
&HQWUDO� ,UDQ� VWUXFWXUDO� ]RQH�� ERXQGHG� E\� PDMRU� IDXOW� V\VWHPV�
VXFK� DV� WKH� 'RUXQHK� )DXOW� DQG� WKH� .XKEDQDQ� )DXOW�� 7KH�
JHRORJLFDO�VHWWLQJ�LQFOXGHV�FU\VWDOOLQH�EDVHPHQW�URFNV��0HVR]RLF�
VHGLPHQWDU\� VHTXHQFHV�� DQG� &HQR]RLF� YROFDQLF� DQG� LQWUXVLYH�
ERGLHV�� 7KLV� FRPSOH[� JHRORJLFDO� IUDPHZRUN�PDNHV� WKH� DUHD� DQ�
LGHDO�FDVH�VWXG\�IRU�XQGHUVWDQGLQJ�WKH�YDULDELOLW\�LQ�VHGLPHQWDU\�
URFN EHKDYLRU� SDUWLFXODUO\ VDQGVWRQH �$JKDQDEDWL� �������
&OLPDWLFDOO\�� <D]G� LV� FKDUDFWHUL]HG� E\� DULG� WR� K\SHU�DULG�
FRQGLWLRQV��ZLWK�ORZ�DQQXDO�UDLQIDOO�DQG�KLJK�GLXUQDO�WHPSHUDWXUH�
YDULDWLRQ� �.HVKWNDUDQ� ������� 7KHVH� HQYLURQPHQWDO� IDFWRUV�
FRQWULEXWH� WR� WKH�SK\VLFDO�ZHDWKHULQJ�RI�H[SRVHG� URFN�RXWFURSV��
LQFOXGLQJ�VDQGVWRQH�XQLWV��:LOPVHQ�HW�DO���������6KLUJKRODPL�	�
<D]GL�� �������7KH�GHVHUW�FOLPDWH�DOVR�DIIHFWV�PRLVWXUH� UHWHQWLRQ�
DQG�LQIOXHQFHV�WKH�ORQJ�WHUP�PHFKDQLFDO�VWDELOLW\�RI�VXUIDFH�DQG�
QHDU�VXUIDFH� URFNV� �1H]KDG� HW� DO��� ������� 3UHYLRXV� JHRORJLFDO�
PDSSLQJ� DQG� VWUDWLJUDSKLF� VWXGLHV� KDYH� SURYLGHG� D� EURDG�
XQGHUVWDQGLQJ RI WKH UHJLRQDO OLWKRORJ\ DURXQG <D]G�
�$JKDQDEDWL�� ������� +RZHYHU�� WKHUH� LV� D� ODFN� RI� GHWDLOHG�
HQJLQHHULQJ� JHRORJLFDO� VWXGLHV� IRFXVLQJ� RQ� WKH� PHFKDQLFDO�
SURSHUWLHV�RI�VDQGVWRQH�LQ�WKLV�DUHD��7KLV�UHVHDUFK�DLPV�WR�ILOO�WKDW�
JDS�E\�HYDOXDWLQJ�����VDQGVWRQH�VDPSOHV�FROOHFWHG�IURP�YDULRXV�
RXWFURSV� LQ� WKH� <D]G� YLFLQLW\�� VXEMHFWLQJ� WKHP� WR� SK\VLFDO� DQG�
PHFKDQLFDO�WHVWLQJ�WR�HYDOXDWH�WKHLU�HQJLQHHULQJ�EHKDYLRU�

Fig. 1�/RFDWLRQ�DQG�JHRORJLFDO�PDS�RI�<D]G�DQG�VWXGLHG�UHJLRQ�
�.DUJDUDQEDIJKL�HW�DO��������
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Fig. 2�*HRVWUXFWXUDO�]RQHV�PDS�RI�<D]G�EORFN�LQ�,UDQ�
�*KRUEDQL��������

7KH� SXUSRVH� RI� WKLV� VWXG\� LV� WR� FKDUDFWHUL]H� WKH� HQJLQHHULQJ�
JHRORJLFDO�EHKDYLRU�RI�VDQGVWRQH�IRUPDWLRQV�DURXQG�<D]G�DQG�WR�
HVWDEOLVK� HPSLULFDO� FRUUHODWLRQV� EHWZHHQ� XQLD[LDO� FRPSUHVVLYH�
VWUHQJWK� �8&6�� DQG� NH\�SK\VLFDO� SDUDPHWHUV��%\� V\VWHPDWLFDOO\�
DQDO\]LQJ�D�UHSUHVHQWDWLYH�VHW�RI�VDQGVWRQH�VDPSOHV��WKLV�UHVHDUFK�
DLPV�WR�LGHQWLI\�WKH�FRQWUROOLQJ�IDFWRUV�WKDW�LQIOXHQFH�VWUHQJWK�DQG�
GHIRUPDELOLW\� LQ� WKHVH� URFNV�� 3DUWLFXODU� DWWHQWLRQ� LV�JLYHQ� WR� WKH�
UHODWLRQVKLSV� EHWZHHQ� 8&6� DQG� SURSHUWLHV� VXFK� DV� SRURVLW\��
GHQVLW\�� DQG� ZDWHU� DEVRUSWLRQ�� ZKLFK� DUH� FRPPRQO\� XVHG� DV�
LQGLUHFW�LQGLFDWRUV� LQ�JHRWHFKQLFDO� LQYHVWLJDWLRQV��8QGHUVWDQGLQJ�
WKHVH�UHODWLRQVKLSV�FDQ�LPSURYH�WKH�UHOLDELOLW\�RI�SUHOLPLQDU\�VLWH�
DVVHVVPHQWV�ZKHUH�GLUHFW�VWUHQJWK�WHVWLQJ�PD\�EH� OLPLWHG�GXH� WR�
WLPH� RU� FRVW� FRQVWUDLQWV�� )XUWKHUPRUH�� WKH� UHVXOWV� SURYLGH� D�
SUDFWLFDO� IUDPHZRUN� IRU� HVWLPDWLQJ� PHFKDQLFDO� SURSHUWLHV� IURP�
HDVLO\ PHDVXUDEOH SK\VLFDO LQGLFHV� 7KLV DSSURDFK FDQ�
VLJQLILFDQWO\� UHGXFH� WKH� QHHG� IRU� H[WHQVLYH� ODERUDWRU\� WHVWLQJ�
ZKLOH PDLQWDLQLQJ DFFHSWDEOH DFFXUDF\ LQ HQJLQHHULQJ�
HYDOXDWLRQV��,Q�DGGLWLRQ��WKLV�VWXG\�VHHNV�WR�HQKDQFH�WKH�H[LVWLQJ�
JHRWHFKQLFDO� NQRZOHGJH� EDVH� IRU� FHQWUDO� ,UDQ� E\� SURYLGLQJ�
ORFDOO\� GHULYHG� GDWD� WKDW� UHIOHFW� WKH� VSHFLILF� JHRORJLFDO� DQG�
FOLPDWLF�FRQGLWLRQV�RI�WKH�<D]G�UHJLRQ��7KH�ILQGLQJV�DUH�H[SHFWHG�
WR� VXSSRUW� PRUH� DFFXUDWH� SUHGLFWLYH� PRGHOV� DQG� FRQWULEXWH� WR�
VDIHU� DQG� PRUH� HFRQRPLFDO� HQJLQHHULQJ� GHVLJQV�� 7KLV� LV�
SDUWLFXODUO\� LPSRUWDQW IRU� LQIUDVWUXFWXUH� SURMHFWV� LQYROYLQJ�
H[FDYDWLRQ�� VORSH� VWDELOLW\�� DQG� IRXQGDWLRQ� V\VWHPV� FRQVWUXFWHG�
RQ� RU� ZLWKLQ� VDQGVWRQH� XQLWV�� 8OWLPDWHO\�� WKH� RXWFRPHV� RI� WKLV�
UHVHDUFK� ZLOO� DVVLVW� HQJLQHHUV� DQG� JHRORJLVWV� LQ� PDNLQJ� EHWWHU��
LQIRUPHG� GHFLVLRQV� E\� UHGXFLQJ� XQFHUWDLQW\� DVVRFLDWHG�ZLWK� WKH�
PHFKDQLFDO�EHKDYLRU�RI�KHWHURJHQHRXV�VDQGVWRQH�IRUPDWLRQV�

,,� 81,$;,$/�&2035(66,9(�675(1*7+�
7KH�FRQFHSW�RI�VWUHQJWK�LQ�URFN�PHFKDQLFV�LV�IXQGDPHQWDO�WR�

XQGHUVWDQGLQJ�KRZ�URFNV�EHKDYH�XQGHU�DSSOLHG�VWUHVV��&HPLORJOX�
HW� DO��� ������� 2QH� RI� WKH� PRVW� HVVHQWLDO� VWUHQJWK� SDUDPHWHUV� LQ�
JHRWHFKQLFDO� DQG� HQJLQHHULQJ� JHRORJ\� LV� WKH� 8&6�� ZKLFK�
UHSUHVHQWV�WKH�PD[LPXP�D[LDO�ORDG�D�F\OLQGULFDO�URFN�VDPSOH�FDQ�
ZLWKVWDQG�EHIRUH�IDLOXUH��ZLWKRXW�DQ\�ODWHUDO�FRQILQHPHQW��0DR�HW�
DO��� ������ 1DQHKNDUDQ� HW� DO��� ������� ,W� LV� XVHG� H[WHQVLYHO\� LQ�
HQJLQHHULQJ GHVLJQ� VLWH FKDUDFWHUL]DWLRQ� DQG QXPHULFDO�
PRGHOLQJ�RI�URFN�EHKDYLRU�XQGHU�VWUHVV�FRQGLWLRQV��+XDQJ�HW�DO���
������� 8&6� LV� GHILQHG� DV� WKH� FRPSUHVVLYH� VWUHVV� DW� ZKLFK� D�
VSHFLPHQ� RI� URFN� IDLOV� LQ� D� FRQWUROOHG� ODERUDWRU\� WHVW� ZKHQ�
VXEMHFWHG� WR� D[LDO� ORDGLQJ� XQGHU� ]HUR� FRQILQLQJ� SUHVVXUH�
�6KHVKGH�	�&KHVKRPL���������0DWKHPDWLFDOO\��LW�LV�H[SUHVVHG�DV�
WKH� SHDN� D[LDO� ORDG� GLYLGHG� E\� WKH� FURVV�VHFWLRQDO� DUHD� RI� WKH�
VSHFLPHQ��8&6�LV�RIWHQ�UHJDUGHG�DV�WKH�PRVW�GLUHFW�DQG�UHOLDEOH�
LQGLFDWRU�RI�D� URFN¶V�PHFKDQLFDO� LQWHJULW\��SDUWLFXODUO\�IRU� LQWDFW�
URFN�VDPSOHV��$OWÕQGD÷�	�*�QH\���������,W�LV�W\SLFDOO\�H[SUHVVHG�
LQ�XQLWV�RI�PHJDSDVFDOV��03D���

7KH� GHWHUPLQDWLRQ� RI�8&6� LV� RI� FULWLFDO� LPSRUWDQFH� LQ� URFN�
HQJLQHHULQJ�� ,W� VHUYHV� DV� D� EDVHOLQH� LQSXW� IRU� QXPHURXV� URFN�
FODVVLILFDWLRQ�V\VWHPV�VXFK�DV�WKH�5RFN�0DVV�5DWLQJ��505���4��
6\VWHP�� DQG� *HRORJLFDO� 6WUHQJWK� ,QGH[� �*6,�� �$]DUDI]D� HW� DO���
������� 8&6� LV� DOVR� FULWLFDO� LQ� FDOFXODWLQJ� SDUDPHWHUV� OLNH�
FRKHVLRQ� DQG� LQWHUQDO� IULFWLRQ� DQJOH� WKURXJK� 0RKU±&RXORPE�
IDLOXUH� FULWHULD� DQG� +RHN±%URZQ� IDLOXUH� HQYHORSHV�� 7KHVH�
SDUDPHWHUV GLUHFWO\� DIIHFW WKH GHVLJQ� RI� VORSHV� WXQQHOV��
IRXQGDWLRQV�� DQG� XQGHUJURXQG� H[FDYDWLRQV� �%HMDUEDQHK� HW� DO���
�������0RUHRYHU��8&6�SOD\V�D�NH\�UROH�LQ�HVWLPDWLQJ�RWKHU�URFN�
SURSHUWLHV�WKDW�DUH�GLIILFXOW�RU�H[SHQVLYH�WR�PHDVXUH�GLUHFWO\��VXFK�
DV� WHQVLOH� VWUHQJWK�� GHIRUPDELOLW\� PRGXOXV�� DQG� SRLQW� ORDG�
VWUHQJWK�LQGH[��&HPLORJOX�HW�DO����������

(PSLULFDO�UHODWLRQVKLSV�EHWZHHQ�8&6�DQG�WKHVH�SURSHUWLHV�DUH�
ZLGHO\� DFFHSWHG� DQG� XVHG� LQ� SUDFWLFH�� HVSHFLDOO\� ZKHQ� RQO\� D�
OLPLWHG� DPRXQW� RI� FRUH� PDWHULDO� LV� DYDLODEOH� �&RUNXP� HW� DO���
������ 8&6 DOVR KHOSV HQJLQHHUV DVVHVV GXUDELOLW\ DQG�
ZHDWKHULQJ�VXVFHSWLELOLW\�RI�URFN�W\SHV�LQ�YDULRXV�HQYLURQPHQWDO�
FRQGLWLRQV� �6DGHJKL� HW� DO��� ������� 7KH� 8&6� WHVW� LQYROYHV�
VXEMHFWLQJ�D�SUHSDUHG�URFN�VSHFLPHQ��W\SLFDOO\�D�ULJKW�F\OLQGULFDO�
FRUH�ZLWK�D� OHQJWK�WR�GLDPHWHU�UDWLR�EHWZHHQ�����DQG�������� WR�D�
JUDGXDOO\� LQFUHDVLQJ�D[LDO� ORDG�XQWLO� IDLOXUH�RFFXUV��7KH�HQGV�RI�
WKH� VDPSOH� PXVW� EH� SHUIHFWO\� IODW� DQG� SDUDOOHO� WR� HQVXUH� HYHQ�
GLVWULEXWLRQ� RI� VWUHVV� �1DQHKNDUDQ� HW� DO��� ������� 7KH� ORDGLQJ� LV�
SHUIRUPHG� XQGHU� FRQWUROOHG� VWUDLQ� RU� VWUHVV� UDWH� FRQGLWLRQV� WR�
DYRLG� G\QDPLF� HIIHFWV� DQG� WR� HQVXUH� FRQVLVWHQW� UHVXOWV�� 7KH�
IDLOXUH� PRGH�� VWUHVV�VWUDLQ� EHKDYLRU�� DQG� D[LDO� GHIRUPDWLRQ� DUH�
UHFRUGHG�WKURXJKRXW�WKH�WHVW��&HPLORJOX�HW�DO����������

)LJXUH���SURYLGHV�D�VFKHPDWLF�RI�WKH�8&6�WHVW�DQG�LWV�GHWDLOV��
7KH� HTXLSPHQW� XVHG� IRU� 8&6� WHVWLQJ� LV� NQRZQ� DV� D� XQLD[LDO�
FRPSUHVVLRQ WHVWLQJ PDFKLQH� RU D XQLD[LDO ORDG IUDPH�
�%HMDUEDQHK�HW�DO����������7KLV�GHYLFH�FRQVLVWV�RI�D�K\GUDXOLF�RU�
PHFKDQLFDO� DFWXDWRU� FDSDEOH� RI� DSSO\LQJ� KLJK� D[LDO� ORDGV�� D�
ORDGLQJ� SODWHQ�� GLVSODFHPHQW� VHQVRUV�� DQG� D� GDWD� DFTXLVLWLRQ�
V\VWHP� �,VDK� HW� DO��� ������� 6RPH� PDFKLQHV� DOVR� LQFOXGH� KLJK��
UHVROXWLRQ� FDPHUDV� IRU� REVHUYLQJ� IUDFWXUH� GHYHORSPHQW�� 0RVW�
PRGHUQ�V\VWHPV�DUH�FRPSXWHU�FRQWUROOHG�DQG�DOORZ�SUHFLVH� ORDG�
DQG�GLVSODFHPHQW�PRQLWRULQJ�GXULQJ�WKH�HQWLUH�WHVW��&HPLORJOX�HW�
DO���������
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Fig. 3�$�VFKHPDWLF�RI�D�UHJXODU�8&6�WHVW��,VDK�HW�DO���������

,Q�D�VWDQGDUG�8&6�WHVW��WKH�URFN�VSHFLPHQ�LV�SODFHG�YHUWLFDOO\�
EHWZHHQ� WKH� XSSHU� DQG� ORZHU� SODWHQV� RI� WKH� WHVWLQJ� PDFKLQH�
�1D]LU�HW�DO����������2QFH�DOLJQHG��D�FRPSUHVVLYH�ORDG�LV�DSSOLHG�
DW� D� FRQVWDQW� UDWH� �HLWKHU� VWUHVV�FRQWUROOHG� RU� VWUDLQ�FRQWUROOHG���
XQWLO�WKH�VDPSOH� IDLOV��0RXVDYL�	�5H]DHL���������7KH�D[LDO�ORDG�
DQG� FRUUHVSRQGLQJ� GLVSODFHPHQW� DUH� UHFRUGHG� FRQWLQXRXVO\��
DOORZLQJ� IRU� JHQHUDWLRQ� RI� D� VWUHVV�VWUDLQ� FXUYH� �5DMDE]DGHK� HW�
DO��� �������3HDN� VWUHVV�DW� IDLOXUH� FRUUHVSRQGV� WR� WKH�8&6��ZKLOH�
WKH� VORSH� RI� WKH� OLQHDU� SRUWLRQ� RI� WKH� FXUYH� JLYHV� WKH� <RXQJ¶V�
PRGXOXV� �6KHVKGH� 	� &KHVKRPL�� ������� 7KH� IDLOXUH� SDWWHUQV�
REVHUYHG� LQ� 8&6� WHVWV� FDQ� SURYLGH� DGGLWLRQDO� LQVLJKW� LQWR� URFN�
EHKDYLRU� �1DQHKNDUDQ� HW� DO��� ������� %ULWWOH� URFNV� RIWHQ� IDLO�
WKURXJK�D[LDO� VSOLWWLQJ�RU� VKHDU� IUDFWXUHV��ZKLOH�ZHDNHU�RU�PRUH�
GXFWLOH�URFNV�PD\�H[KLELW�EXOJLQJ��\LHOGLQJ��RU�FUXVKLQJ�EHKDYLRU�
�&DR�HW�DO����������2EVHUYLQJ�WKHVH�IDLOXUH�PRGHV�KHOSV�HQJLQHHUV�
XQGHUVWDQG� WKH� SRWHQWLDO� SHUIRUPDQFH� RI� URFN� XQGHU� ILHOG�
FRQGLWLRQV� �$ILILSRXU 	 0RDUHIYDQG�� ������� $GGLWLRQDOO\��
YDULDWLRQV� LQ� 8&6� DFURVV� PXOWLSOH� VDPSOHV� IURP� WKH� VDPH�
OLWKRORJ\� FDQ� LQGLFDWH� GHJUHHV� RI� ZHDWKHULQJ�� DQLVRWURS\�� RU�
PLFURVWUXFWXUDO�GHIHFWV��&HPLORJOX�HW�DO���������

,,,� 0$7(5,$/6�$1'�0(7+2'6�

7KLV� UHVHDUFK� HPSOR\HG� D� V\VWHPDWLF� DQG� PXOWLGLVFLSOLQDU\�
DSSURDFK�WR�HYDOXDWH�WKH�HQJLQHHULQJ�JHRORJLFDO�FKDUDFWHULVWLFV�RI�
VDQGVWRQH� IRUPDWLRQV� LQ� WKH� <D]G� UHJLRQ� RI� FHQWUDO� ,UDQ�� 7KH�
PHWKRGRORJ\�EHJDQ�ZLWK� WKH� VHOHFWLRQ�RI�D� UHSUHVHQWDWLYH� VWXG\�
DUHD� QHDU� <D]G� FLW\�� ZKHUH� VHGLPHQWDU\� URFN� RXWFURSV� DUH�
SURPLQHQWO\�H[SRVHG��$�WRWDO�RI�����URFN�VDPSOHV�ZHUH�FROOHFWHG�
WKURXJK� ILHOG� PDSSLQJ� DQG� VWUDWLILHG� UDQGRP� VDPSOLQJ� IURP�
YDULRXV� VDQGVWRQH� RXWFURSV� WR� HQVXUH� JHRORJLFDO� GLYHUVLW\� DQG�
VSDWLDO UHSUHVHQWDWLRQ� )LHOGZRUN DOVR LQYROYHG LQLWLDO�
REVHUYDWLRQV� UHJDUGLQJ� EHGGLQJ� RULHQWDWLRQ�� ZHDWKHULQJ� GHJUHH��
DQG�OLWKRORJLFDO�YDULDWLRQ��)ROORZLQJ�FROOHFWLRQ��WKH�VDPSOHV�ZHUH�
WUDQVSRUWHG�WR�WKH�ODERUDWRU\�IRU�GHWDLOHG�SK\VLFDO�DQG�PHFKDQLFDO�
WHVWLQJ�� (DFK� VSHFLPHQ� ZDV� ILUVW� SUHSDUHG� DFFRUGLQJ� WR� $670�
DQG� ,650�VWDQGDUGV� WR�HQVXUH�FRQVLVWHQF\�DQG� UHOLDELOLW\� LQ� WHVW�
UHVXOWV�� 3K\VLFDO� SURSHUWLHV� ZHUH� GHWHUPLQHG� WKURXJK� VWDQGDUG�
SURFHGXUHV�� LQFOXGLQJ� PHDVXUHPHQWV� RI� GU\� GHQVLW\�� VDWXUDWHG�
GHQVLW\��SRURVLW\��DQG�ZDWHU�DEVRUSWLRQ��6XEVHTXHQWO\��8&6�WHVWV

ZHUH�SHUIRUPHG� XVLQJ�D� XQLYHUVDO� WHVWLQJ�PDFKLQH� WR� DVVHVV� WKH�
PHFKDQLFDO�UHVLVWDQFH�RI�WKH�URFNV�XQGHU�D[LDO�ORDGLQJ��)LJXUH���
SURYLGHV�WKH�IORZFKDUW�RI�WKH�SURFHVV�IRU�WKLV�VWXG\��

7R� LQWHUSUHW� WKH� UHVXOWV�� VWDWLVWLFDO� DQG� FRUUHODWLRQ� DQDO\VHV�
ZHUH� FRQGXFWHG�� 7KH� UHODWLRQVKLSV� EHWZHHQ� 8&6� DQG� RWKHU�
PHDVXUHG� SK\VLFDO� SURSHUWLHV� ZHUH� H[DPLQHG� XVLQJ� 3HDUVRQ�
FRUUHODWLRQ� FRHIILFLHQWV�� 7KLV� DOORZHG� IRU� WKH� LGHQWLILFDWLRQ� RI�
VLJQLILFDQW� WUHQGV�� VXFK� DV� QHJDWLYH� FRUUHODWLRQV� EHWZHHQ� 8&6�
DQG�SRURVLW\�RU�ZDWHU�DEVRUSWLRQ��DQG�D�SRVLWLYH�FRUUHODWLRQ�ZLWK�
GU\� GHQVLW\�� 7KHVH� DQDO\VHV�ZHUH� LQVWUXPHQWDO� LQ� XQGHUVWDQGLQJ�
WKH�LQWHUQDO�VWUXFWXUH�DQG�PHFKDQLFDO�EHKDYLRU�RI�WKH�VDQGVWRQHV��
7KH PHWKRGRORJ\ ZDV GHVLJQHG WR VXSSRUW SUHGLFWLYH�
JHRWHFKQLFDO PRGHOLQJ DQG SURYLGH SUDFWLFDO LQVLJKWV IRU�
HQJLQHHULQJ� DSSOLFDWLRQV�� LQFOXGLQJ� VORSH� VWDELOLW\� DQDO\VLV��
H[FDYDWLRQ�SODQQLQJ��DQG�IRXQGDWLRQ�GHVLJQ�LQ�DULG�HQYLURQPHQWV��
7KH� LQWHJUDWLRQ� RI� ILHOG� GDWD�� ODERUDWRU\� WHVWLQJ�� DQG� VWDWLVWLFDO�
DQDO\VLV HQVXUHG D FRPSUHKHQVLYH HYDOXDWLRQ RI WKH�
JHRPHFKDQLFDO�YDULDELOLW\�ZLWKLQ�WKH�ORFDO�VDQGVWRQH�IRUPDWLRQV��

7KH� LPSOHPHQWDWLRQ� RI� WKLV� VWXG\� EHJDQ� ZLWK� GHILQLQJ� WKH�
JHRJUDSKLF� ERXQGDULHV� DURXQG� <D]G� FLW\� ZKHUH� VDQGVWRQH�
IRUPDWLRQV�DUH�SURPLQHQWO\�H[SRVHG��$�UHFRQQDLVVDQFH�YLVLW�ZDV�
ILUVW�FDUULHG�RXW�WR� LGHQWLI\�VXLWDEOH�VDPSOLQJ�ORFDWLRQV�EDVHG�RQ�
DFFHVVLELOLW\� JHRORJLFDO YDULDELOLW\� DQG VDIHW\� FRQGLWLRQV��
6XEVHTXHQWO\�� D� WRWDO� RI� ���� VDQGVWRQH� VDPSOHV� ZHUH� PDQXDOO\�
H[WUDFWHG XVLQJ� D KDPPHU DQG FKLVHO� HQVXULQJ PLQLPDO�
GLVWXUEDQFH� WR� WKH� VXUURXQGLQJ� HQYLURQPHQW�� (DFK� VDPSOH� ZDV�
ODEHOHG DQG ORJJHG ZLWK ORFDWLRQ FRRUGLQDWHV� RXWFURS�
GHVFULSWLRQV�� DQG� YLVLEOH� SK\VLFDO� FKDUDFWHULVWLFV� VXFK� DV� FRORU��
WH[WXUH��DQG�GHJUHH�RI�ZHDWKHULQJ��,Q�WKH�ODERUDWRU\��WKH�VDPSOHV�
ZHUH� WULPPHG�DQG�SUHSDUHG�DFFRUGLQJ�WR� LQWHUQDWLRQDO� VWDQGDUGV�
WR�HQVXUH�FRQVLVWHQW�GLPHQVLRQV�IRU�WHVWLQJ��7KH�SUHSDUDWLRQ�VWDJH�
LQFOXGHG� FXWWLQJ� F\OLQGULFDO� VSHFLPHQV� IRU� 8&6� WHVWLQJ� DQG�
GHWHUPLQLQJ�YROXPH�DQG�ZHLJKW�IRU�GHQVLW\�FDOFXODWLRQV��

7KH� SK\VLFDO� WHVWLQJ� EHJDQ� ZLWK� PHDVXUHPHQWV� RI� GU\� DQG�
VDWXUDWHG� PDVV�� IROORZHG� E\� SRURVLW\� DQG� ZDWHU� DEVRUSWLRQ�
DQDO\VLV�XVLQJ�VWDQGDUG�VRDNLQJ�DQG�RYHQ�GU\LQJ�PHWKRGV��2QFH�
SK\VLFDO�GDWD�ZHUH�FROOHFWHG��WKH�8&6�WHVW�ZDV�SHUIRUPHG�XVLQJ�D�
K\GUDXOLF�SUHVV�PDFKLQH��DSSO\LQJ�D[LDO� ORDG�XQWLO� IDLOXUH��$IWHU�
WKH� WHVWV�� DOO� GDWD� ZHUH� FRPSLOHG� LQWR� D� FHQWUDO� GDWDEDVH�� 7KH�
GDWDVHW�ZDV�FOHDQHG��DQG�SUHOLPLQDU\�VWDWLVWLFV�ZHUH�FRPSXWHG��$�
FRUUHODWLRQ DQDO\VLV ZDV WKHQ FRQGXFWHG WR H[SORUH WKH�
UHODWLRQVKLSV�EHWZHHQ�8&6�DQG�WKH�SK\VLFDO�FKDUDFWHULVWLFV�RI�WKH�
URFNV�� )LQDOO\�� WKH� LQWHUSUHWHG� UHVXOWV� ZHUH� XVHG� WR� GHULYH�
FRQFOXVLRQV�UHJDUGLQJ�WKH�PHFKDQLFDO�EHKDYLRU�RI�WKH�VDQGVWRQHV�
LQ� DULG� FOLPDWHV� DQG� WR� SURYLGH� SUDFWLFDO� UHFRPPHQGDWLRQV� IRU�
JHRWHFKQLFDO� GHVLJQ� LQ� WKH� UHJLRQ��7KH� HQWLUH� SURFHVV� HQVXUHG� D�
EOHQG� RI� ILHOG� REVHUYDWLRQ�� SUHFLVH� ODE� ZRUN�� DQG� VWDWLVWLFDO�
DQDO\VLV�WR�VXSSRUW�HQJLQHHULQJ�GHFLVLRQV��

7R� IXUWKHU� TXDQWLI\� WKH� UHODWLRQVKLSV� EHWZHHQ� 8&6� DQG� WKH�
PHDVXUHG� SK\VLFDO� SURSHUWLHV�� D� GHWDLOHG� VWDWLVWLFDO� DQDO\VLV�ZDV�
FDUULHG�RXW��,QLWLDOO\��GHVFULSWLYH�VWDWLVWLFDO�SDUDPHWHUV��L�H���PHDQ��
VWDQGDUG�GHYLDWLRQ��DQG�FRHIILFLHQW�RI�YDULDWLRQ��ZHUH�FDOFXODWHG�
IRU�DOO�YDULDEOHV��7KH�PHDQ�YDOXH�ZDV�GHWHUPLQHG�EDVHG�RQ�(T�����
ZKLFK� UHSUHVHQWV� WKH� DYHUDJH� RI� WKH� GDWDVHW�� ZKHUH� ;L� LV� WKH�
LQGLYLGXDO�REVHUYDWLRQ�DQG�Q�LV�WKH�WRWDO�QXPEHU�RI�VDPSOHV��
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Fig. 4�:RUNLQJ�IORZFKDUW�XVHG�LQ�WKLV�VWXG\�

7KH�GLVSHUVLRQ�RI� WKH�GDWD�ZDV�HYDOXDWHG�XVLQJ� WKH� VWDQGDUG�
GHYLDWLRQ�� FDOFXODWHG�DFFRUGLQJ� WR�(T�����ZKHUH� X� LV� WKH�PHDQ�
YDOXH�

n�-��
)XUWKHUPRUH�� WKH� UHODWLYH� YDULDELOLW\� RI� WKH� GDWDVHW� ZDV�

H[SUHVVHG�XVLQJ� WKH� FRHIILFLHQW� RI�YDULDWLRQ� �&9��� DV�GHILQHG� LQ�
(T����

�
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7R� DVVHVV� WKH� UHODWLRQVKLSV� EHWZHHQ� 8&6� DQG� SK\VLFDO�
SDUDPHWHUV� VXFK� DV�SRURVLW\�� GU\�GHQVLW\�� DQG�ZDWHU� DEVRUSWLRQ��
3HDUVRQ¶V� FRUUHODWLRQ� FRHIILFLHQW�ZDV� FDOFXODWHG� XVLQJ�(T�� ��� ,Q�
WKLV�HTXDWLRQ��;�DQG�<�UHSUHVHQW� WKH�SDLUHG�YDULDEOHV��ZKLOH� X 
DQG�Y� GHQRWH�WKHLU�UHVSHFWLYH�PHDQ�YDOXHV�
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)ROORZLQJ� WKH� FRUUHODWLRQ� DQDO\VLV�� UHJUHVVLRQ�PRGHOLQJ�ZDV�
SHUIRUPHG�WR�HVWDEOLVK�SUHGLFWLYH�UHODWLRQVKLSV�EHWZHHQ�8&6�DQG�
WKH� PHDVXUHG� SK\VLFDO� SURSHUWLHV�� $� VLPSOH� OLQHDU� UHJUHVVLRQ�
PRGHO� ZDV� ILUVW� DSSOLHG� EDVHG� RQ� (T�� ��� ZKHUH� 8&6� LV� WKH�
GHSHQGHQW� YDULDEOH�� ;� LV� WKH� LQGHSHQGHQW� YDULDEOH�� DQG� D� DQG� E�
DUH�UHJUHVVLRQ�FRHIILFLHQWV��

UCS� = a�+ bX ����

,Q�DGGLWLRQ��PXOWLSOH�OLQHDU�UHJUHVVLRQ�DQDO\VLV�ZDV�FRQGXFWHG�
WR� LPSURYH�SUHGLFWLRQ�DFFXUDF\�E\� LQFRUSRUDWLQJ�PRUH� WKDQ�RQH�
LQGHSHQGHQW�YDULDEOH��7KH�JHQHUDO�IRUP�RI�WKH�PRGHO�LV�H[SUHVVHG�
LQ�(T�����ZKHUH�;���;���«��;Q� UHSUHVHQW�WKH�SK\VLFDO�SDUDPHWHUV� ��
DQG�E���E���«��EQ�DUH�WKHLU�FRUUHVSRQGLQJ�FRHIILFLHQWV�� �

� � � � n 

7KH� UHJUHVVLRQ� FRHIILFLHQWV� ZHUH� HVWLPDWHG� XVLQJ� WKH� OHDVW�
VTXDUHV�PHWKRG��PLQLPL]LQJ�WKH�GLIIHUHQFH�EHWZHHQ�REVHUYHG�DQG�
SUHGLFWHG�8&6�YDOXHV��0RGHO�SHUIRUPDQFH�ZDV�HYDOXDWHG�XVLQJ�

�

UCS� = a�+ b X� + b X� +K + b X n ���

WKH� FRHIILFLHQW� RI� GHWHUPLQDWLRQ� �5��� DQG� DGMXVWHG� 5��� ZKLOH
VWDWLVWLFDO�VLJQLILFDQFH�ZDV�DVVHVVHG�DW�D�FRQILGHQFH�OHYHO�RI�����
�S����������7KLV�DQDO\WLFDO�IUDPHZRUN�SURYLGHG�D�UREXVW�EDVLV�IRU�
LQWHUSUHWLQJ� WKH� UHODWLRQVKLSV� EHWZHHQ� SK\VLFDO� DQG� PHFKDQLFDO�
SURSHUWLHV� DQG� IRU� GHYHORSLQJ� SUHGLFWLYH� PRGHOV� DSSOLFDEOH� WR�
JHRWHFKQLFDO�HQJLQHHULQJ�SUDFWLFH�

,9� 5(68/76�$1'�',6&866,21�

7KH� UHVXOWV� IURP� WKH� ODERUDWRU\� WHVWLQJ� RI� ��� UHSUHVHQWDWLYH�
VDQGVWRQH� VDPSOHV� IURP� WKH� <D]G� UHJLRQ� UHYHDO� D� VLJQLILFDQW�
YDULDWLRQ� LQ�ERWK�SK\VLFDO� DQG�PHFKDQLFDO� SURSHUWLHV��7KH�8&6�
YDOXHV� UDQJHG� EHWZHHQ� DSSUR[LPDWHO\� ��� 03D� DQG� ���� 03D��
UHIOHFWLQJ� WKH� LQKHUHQW� KHWHURJHQHLW\� LQ� PLQHUDO� FRPSRVLWLRQ��
JUDLQ� ERQGLQJ�� DQG� SRURVLW\� RI� WKH� VDQGVWRQHV�� ,Q� DFFRUGDQFH�
ZLWK� )LJXUH� ��� WKH� UHODWLRQVKLS� EHWZHHQ� 8&6� DQG� WKH� SK\VLFDO�
SURSHUWLHV� RI� WKH� VDQGVWRQH� VDPSOHV� FDQ� EH� LQWHUSUHWHG� WKURXJK�
WKH�REVHUYHG�WUHQGV�LQ�WKH�SORWWHG�UHODWLRQVKLSV��

,Q�WKH�ILUVW�JUDSK��8&6�YV��'U\�'HQVLW\��RI�)LJXUH����WKHUH�LV�
D� YLVLEOH� XSZDUG� WUHQG� VXJJHVWLQJ� D� SRVLWLYH� FRUUHODWLRQ�� 7KLV�
PHDQV�WKDW�DV�WKH�GU\�GHQVLW\�RI�WKH�VDPSOHV�LQFUHDVHV��WKH�8&6�
WHQGV� WR� ULVH� DV�ZHOO��'HQVHU� VDQGVWRQH� VDPSOHV� DUH� VWUXFWXUDOO\�
PRUH�FRPSDFW��ZKLFK�HQKDQFHV�WKHLU�DELOLW\�WR�UHVLVW�FRPSUHVVLYH�
VWUHVV�� $OWKRXJK� WKH� VFDWWHU� RI� GDWD� SRLQWV� LQGLFDWHV� VRPH�
YDULDELOLW\�� WKH� RYHUDOO� GLUHFWLRQ� RI� WKH� UHJUHVVLRQ� OLQH� VXSSRUWV�
WKLV�SRVLWLYH�UHODWLRQVKLS��,Q�WKH�VHFRQG�JUDSK��8&6�YV��3RURVLW\���
WKH� UHJUHVVLRQ� OLQH� WUHQGV� GRZQZDUG�� UHYHDOLQJ� D� QHJDWLYH�
FRUUHODWLRQ� EHWZHHQ� SRURVLW\� DQG� 8&6�� 6DQGVWRQHV�ZLWK� KLJKHU�
SRURVLW\� YDOXHV� VKRZ� ORZHU� 8&6�� ZKLFK� LV� FRQVLVWHQW� ZLWK�
JHRPHFKDQLFDO�H[SHFWDWLRQV��+LJKHU�SRURVLW\�LQGLFDWHV�PRUH�YRLG�
VSDFH�ZLWKLQ� WKH� URFN�� UHGXFLQJ� WKH�FRQWDFW�DUHD�EHWZHHQ�JUDLQV�
DQG�WKHUHE\�ZHDNHQLQJ�WKH�URFN¶V�FDSDFLW\�WR�EHDU�ORDG��7KH�WKLUG�
JUDSK� �8&6� YV�� :DWHU� $EVRUSWLRQ�� DOVR� H[KLELWV� D� QHJDWLYH�
FRUUHODWLRQ�� DV� UHSUHVHQWHG� E\� WKH� GHVFHQGLQJ� WUHQG� RI� WKH�
UHJUHVVLRQ� OLQH�� 7KLV� VXJJHVWV� WKDW� VDPSOHV� ZLWK� JUHDWHU� ZDWHU�
DEVRUSWLRQ� WHQG� WR� KDYH� ORZHU� 8&6� YDOXHV�� :DWHU� OLNHO\�
LQILOWUDWHV�SRUH�VSDFHV�DQG�PLFURFUDFNV��ZKLFK�FDQ�FRQWULEXWH� WR�
ZHDNHQLQJ� WKH� URFN�PDWUL[�DQG�DFFHOHUDWLQJ� WKH�RQVHW�RI� IDLOXUH�
XQGHU�VWUHVV�
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Fig. 5�&RUUHODWLRQ�RI�8&6�ZLWK�SK\VLFDO�SURSHUWLHV���D��GU\�GHQVLW\���E��SRURVLW\���F��ZDWHU�DEVRUSWLRQ

Fig. 6�9DULDELOLW\�RI�PHFKDQLFDO�SURSHUWLHV���D��HODVWLF�PRGXOXV���E��3RLVVRQ¶V�UDWLR���F��FRKHVLRQ���G��IULFWLRQ�DQJOH
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Table 1�,QIOXHQFH�RI�PLFURVWUXFWXUDO�FKDUDFWHULVWLFV�RQ�WKH�PHFKDQLFDO�EHKDYLRU�RI�VDQGVWRQH
3DUDPHWHU (IIHFW�RQ�8&6 (QJLQHHULQJ�,QWHUSUHWDWLRQ
*UDLQ�VL]H 9DULDEOH &RQWUROV�SDFNLQJ�DQG�FRQWDFW�SRLQWV�
&HPHQWDWLRQ�TXDOLW\ 3RVLWLYH 6WURQJHU�ERQGLQJ�LQFUHDVHV�VWUHQJWK�
3RURVLW\ 1HJDWLYH +LJKHU�YRLG�VSDFH�UHGXFHV�ORDG�EHDULQJ�DUHD�
3RUH�FRQQHFWLYLW\ 1HJDWLYH )DFLOLWDWHV�FUDFN�SURSDJDWLRQ

Fig. 7�5HODWLRQVKLS�EHWZHHQ�8&6�DQG�GU\�GHQVLW\��VKRZLQJ�D Fig. 8�5HODWLRQVKLS�EHWZHHQ�8&6�DQG�SRURVLW\��LQGLFDWLQJ�D�
SRVLWLYH�OLQHDU�WUHQG QHJDWLYH�FRUUHODWLRQ

Fig. 9�5HODWLRQVKLS�EHWZHHQ�8&6�DQG�ZDWHU�DEVRUSWLRQ� Fig. 10�&RPSDULVRQ�EHWZHHQ�PHDVXUHG�DQG�SUHGLFWHG�8&6��
GHPRQVWUDWLQJ�D�GHFUHDVLQJ�WUHQG VKRZLQJ�JRRG�DJUHHPHQW�DQG�PRGHO�UHOLDELOLW\

7KHVH� WUHQGV� FROOHFWLYHO\� LQGLFDWH� WKDW� 8&6� LV� VWURQJO\�
LQIOXHQFHG E\ WKH LQWHUQDO VWUXFWXUH DQG PRLVWXUH�UHODWHG�
FKDUDFWHULVWLFV� RI� WKH VDQGVWRQH� DQG WKDW WKHVH SK\VLFDO�
SDUDPHWHUV� FDQ� EH� XVHG� DV� UHOLDEOH� SUHGLFWRUV� RI� PHFKDQLFDO�
VWUHQJWK� LQ�JHRORJLFDO� DVVHVVPHQWV��7KH� EDU� FKDUWV� LOOXVWUDWH� WKH�
GLVWULEXWLRQ� RI� NH\� HQJLQHHULQJ� SURSHUWLHV� DFURVV� WKH� VDQGVWRQH�
VDPSOHV��SURYLGLQJ�D�FOHDU�SLFWXUH�RI�WKHLU�PHFKDQLFDO�GLYHUVLW\��
DV�VKRZQ�LQ�)LJXUH���� ,Q� WKH�(ODVWLF�0RGXOXV�FKDUW� �)LJXUH��D���
QRWLFHDEOH� YDULDWLRQV� DUH� REVHUYHG� DPRQJ� WKH� VDPSOHV�� ZLWK�
YDOXHV�UDQJLQJ�IURP�DURXQG�����WR�RYHU���*3D��7KLV�YLVXDO�VSUHDG�
VXJJHVWV� WKDW� VRPH� VDPSOHV� H[KLELW� VLJQLILFDQW� VWLIIQHVV� DQG�
UHVLVWDQFH� WR� GHIRUPDWLRQ� XQGHU� ORDG�� ZKLOH� RWKHUV� DUH� PRUH�
IOH[LEOH�� +LJKHU� YDOXHV� LQ� WKLV� FKDUW� LQGLFDWH� VWLIIHU� PDWHULDOV��
OLNHO\�GXH�WR�EHWWHU�FHPHQWDWLRQ�DQG�GHQVHU�JUDLQ�SDFNLQJ�

3RLVVRQ¶V� UDWLR� FKDUW� �)LJXUH� �E�� VKRZV� YDOXHV� IOXFWXDWLQJ�
EHWZHHQ� ����� DQG� ������ 7KH� UHODWLYHO\� FRQVLVWHQW� EDU� KHLJKWV�
LQGLFDWH� WKDW� PRVW� VDPSOHV� H[KLELW� VLPLODU� ODWHUDO� GHIRUPDWLRQ�
EHKDYLRU� XQGHU� D[LDO� VWUHVV�� +RZHYHU�� D� IHZ� VDPSOHV� VWDQG� RXW�
ZLWK� KLJKHU� UDWLRV�� ZKLFK� LPSOLHV� PRUH� GXFWLOH� EHKDYLRU� DQG�
SRVVLEO\�ZHDNHU�JUDLQ� LQWHUORFN��7KH�FRKHVLRQ�FKDUW� �)LJXUH��F��
LQGLFDWHV� WKDW� WKHUH� LV� D� PRGHUDWH� UDQJH� LQ� YDOXHV� IURP�
DSSUR[LPDWHO\�����WR�����03D��6RPH�EDUV�DUH�VLJQLILFDQWO\�WDOOHU��
LQGLFDWLQJ� WKDW� WKRVH� URFN� VDPSOHV� SRVVHVV� VWURQJHU� LQWHUQDO�
ERQGLQJ��7KHVH�VDPSOHV�ZRXOG�OLNHO\�SHUIRUP�EHWWHU�XQGHU�VKHDU�
VWUHVV� FRQGLWLRQV�� PDNLQJ� WKHP� PRUH� VXLWDEOH� IRU� VWUXFWXUDO�
VXSSRUW� LQ� VORSHV� DQG� H[FDYDWLRQV�� )LQDOO\�� WKH� IULFWLRQ� DQJOH�
FKDUW��)LJXUH��G��UHYHDOV�D�UDQJH�RI�YDOXHV�EHWZHHQ�����DQG������
7KLV� LQGLFDWHV� YDU\LQJ� GHJUHHV� RI� UHVLVWDQFH� WR� LQWHUQDO� VOLGLQJ��
7KH� VDPSOHV� ZLWK� WDOOHU� EDUV� �FORVHU� WR� ����� KDYH� KLJKHU� VKHDU
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VWUHQJWK� DQG�ZRXOG� EH�PRUH� VWDEOH� XQGHU� ORDGLQJ�� HVSHFLDOO\� LQ�
VORSH RU IRXQGDWLRQ VFHQDULRV� &ROOHFWLYHO\� WKHVH YLVXDO�
UHSUHVHQWDWLRQV HPSKDVL]H WKH PHFKDQLFDO YDULDELOLW\ RI�
VDQGVWRQH� LQ� WKH� <D]G� UHJLRQ�� 7KH� GLYHUVLW\� LQ� EDU� KHLJKWV�
UHIOHFWV� WKH JHRORJLFDO� KHWHURJHQHLW\� DQG XQGHUVFRUHV� WKH�
LPSRUWDQFH� RI� VDPSOH�VSHFLILF� DVVHVVPHQWV� IRU� JHRWHFKQLFDO�
GHVLJQ��

,Q� DGGLWLRQ� WR� WKH� REVHUYHG� FRUUHODWLRQV�� WKH� YDULDELOLW\� LQ�
8&6�YDOXHV�FDQ�EH�DWWULEXWHG�WR�GLIIHUHQFHV�LQ�WKH�PLFURVWUXFWXUDO�
FKDUDFWHULVWLFV�RI�WKH�VDQGVWRQH�VDPSOHV��9DULDWLRQV�LQ�JUDLQ�VL]H�
GLVWULEXWLRQ�� GHJUHH� RI� FHPHQWDWLRQ�� DQG� PLQHUDO� FRPSRVLWLRQ�
SOD\�D�IXQGDPHQWDO�UROH�LQ�FRQWUROOLQJ�VWUHQJWK�EHKDYLRU��6DPSOHV�
H[KLELWLQJ ZHOO�LQWHUORFNHG JUDLQV DQG VWURQJ FHPHQWDWLRQ�
JHQHUDOO\� GHPRQVWUDWH� KLJKHU� 8&6� YDOXHV�� ZKHUHDV� SRRUO\�
FHPHQWHG�RU� ORRVHO\�SDFNHG�JUDLQV�UHVXOW�LQ�UHGXFHG�PHFKDQLFDO�
VWUHQJWK�� 7R� EHWWHU� LOOXVWUDWH� WKLV� UHODWLRQVKLS�� D� FRQFHSWXDO�
GLDJUDP� �)LJXUH� ��� LV� SURSRVHG�� KLJKOLJKWLQJ� WKH� LQIOXHQFH� RI�
JUDLQ� ERQGLQJ� DQG� SDFNLQJ� GHQVLW\� RQ� FRPSUHVVLYH� VWUHQJWK��
)XUWKHUPRUH�� WKH� UHODWLRQVKLS� EHWZHHQ� SK\VLFDO� SURSHUWLHV� DQG�
8&6�LV�VWURQJO\�LQIOXHQFHG�E\�SRUH�VWUXFWXUH�FKDUDFWHULVWLFV��1RW�
RQO\�WKH�PDJQLWXGH�RI�SRURVLW\��EXW�DOVR�SRUH�JHRPHWU\�LQFOXGLQJ�
VL]H��VKDSH��DQG�FRQQHFWLYLW\��DIIHFWV�VWUHVV�GLVWULEXWLRQ�ZLWKLQ�WKH�
URFN�PDWUL[��+LJKO\�FRQQHFWHG�SRUH�QHWZRUNV�DFW�DV�SUHIHUHQWLDO�
SDWKZD\V� IRU� FUDFN� SURSDJDWLRQ�� OHDGLQJ� WR� SUHPDWXUH� IDLOXUH�
XQGHU� ORDG�� 7KLV� H[SODLQV� ZK\� VDPSOHV� ZLWK� VLPLODU� SRURVLW\�
YDOXHV�PD\�VWLOO�H[KLELW�GLIIHUHQW�8&6�UHVSRQVHV��7R�VXPPDUL]H�
WKHVH� HIIHFWV�� 7DEOH� �� SUHVHQWV� WKH� TXDOLWDWLYH� LQIOXHQFH� RI� NH\�
PLFURVWUXFWXUDO�IHDWXUHV�RQ�PHFKDQLFDO�EHKDYLRU��

7KH� HIIHFW� RI�PRLVWXUH� RQ� VDQGVWRQH� VWUHQJWK� LV� DOVR� HYLGHQW�
IURP� WKH� UHVXOWV�� $OWKRXJK� WKH�<D]G� UHJLRQ� LV� FKDUDFWHUL]HG� E\�
DULG� FOLPDWLF� FRQGLWLRQV�� LQWHUPLWWHQW� PRLVWXUH� H[SRVXUH� FDQ�
VLJQLILFDQWO\� LQIOXHQFH� PHFKDQLFDO� EHKDYLRU�� :DWHU� SUHVHQFH�
ZLWKLQ� SRUH� VSDFHV� UHGXFHV� HIIHFWLYH� VWUHVV� DQG� ZHDNHQV�
LQWHUJUDQXODU� ERQGLQJ�� OHDGLQJ� WR� D� GHFUHDVH� LQ� 8&6�� 7KLV�
EHKDYLRU� DOLJQV�ZLWK� WKH� REVHUYHG� QHJDWLYH� FRUUHODWLRQ� EHWZHHQ�
ZDWHU�DEVRUSWLRQ�DQG�8&6��$�VFKHPDWLF�UHSUHVHQWDWLRQ��)LJXUH����
FDQ�EH�XVHG�WR�GHPRQVWUDWH�WKH�ZHDNHQLQJ�HIIHFW�RI�PRLVWXUH�RQ�
WKH� LQWHUQDO� VWUXFWXUH� RI� VDQGVWRQH�� $QRWKHU� NH\� REVHUYDWLRQ� LV�
WKH� SURQRXQFHG� KHWHURJHQHLW\� ZLWKLQ� WKH� VDPSOHG� VDQGVWRQH�
XQLWV�� (YHQ� ZLWKLQ� UHODWLYHO\� ΩϭΪΤϣ� VSDWLDO� H[WHQWV�� FRQVLGHUDEOH�
YDULDELOLW\� LQ� ERWK� SK\VLFDO� DQG� PHFKDQLFDO� SURSHUWLHV� ZDV�
REVHUYHG� 7KLV KHWHURJHQHLW\ KDV GLUHFW LPSOLFDWLRQV IRU�
JHRWHFKQLFDO�GHVLJQ��DV�LW�PD\�OHDG�WR�QRQ�XQLIRUP�SHUIRUPDQFH�
RI� URFN� PDVVHV� XQGHU� ORDGLQJ� FRQGLWLRQV�� 7R� YLVXDOL]H� WKLV�
YDULDELOLW\� D� FRPSDUDWLYH ER[SORW� GLDJUDP� �)LJXUH� ��� LV�
VXJJHVWHG� WR� UHSUHVHQW� WKH� GLVWULEXWLRQ� RI� 8&6� DQG� DVVRFLDWHG�
SK\VLFDO� SDUDPHWHUV� DFURVV� DOO� VDPSOHV�� )LQDOO\�� WKH� HPSLULFDO�
UHODWLRQVKLSV� HVWDEOLVKHG� EHWZHHQ� 8&6� DQG� SK\VLFDO� SURSHUWLHV�
SURYLGH� D� SUDFWLFDO� IUDPHZRUN� IRU� SUHGLFWLYH� PRGHOLQJ� LQ�
HQJLQHHULQJ DSSOLFDWLRQV� 7KHVH UHODWLRQVKLSV HQDEOH WKH�
HVWLPDWLRQ�RI�8&6�XVLQJ�HDVLO\�PHDVXUDEOH�SDUDPHWHUV��UHGXFLQJ�
WKH� QHHG� IRU� H[WHQVLYH� ODERUDWRU\� WHVWLQJ�� +RZHYHU�� LW� LV�
LPSRUWDQW�WR�FRQVLGHU�WKDW�VXFK�PRGHOV�DUH�VLWH�VSHFLILF�DQG�PXVW�
EH� FDOLEUDWHG� IRU� ORFDO� JHRORJLFDO� FRQGLWLRQV�� )LJXUH� ��� LV�
SURSRVHG� WR� SUHVHQW� WKH� UHJUHVVLRQ�EDVHG� SUHGLFWLYH� PRGHO��
LOOXVWUDWLQJ� WKH� UHODWLRQVKLS� EHWZHHQ� PHDVXUHG� DQG� HVWLPDWHG�
8&6�YDOXHV��

&ROOHFWLYHO\�� WKHVH�DQDO\VHV�GHPRQVWUDWH� WKDW� WKH�PHFKDQLFDO�
EHKDYLRU� RI� VDQGVWRQH� LQ� WKH� <D]G� UHJLRQ� LV� JRYHUQHG� E\� D

FRPELQDWLRQ�RI�PLFURVWUXFWXUDO�IHDWXUHV��SRUH�FKDUDFWHULVWLFV��DQG�
HQYLURQPHQWDO�LQIOXHQFHV��7KH�LQWHJUDWLRQ�RI�WKHVH�IDFWRUV�LQWR�D�
XQLILHG DQDO\WLFDO IUDPHZRUN HQKDQFHV WKH UHOLDELOLW\ RI�
JHRWHFKQLFDO DVVHVVPHQWV DQG VXSSRUWV PRUH LQIRUPHG�
HQJLQHHULQJ�GHFLVLRQ�PDNLQJ��

9� &21&/86,21�
7KLV�VWXG\�SURYLGHG�D�FRPSUHKHQVLYH�HQJLQHHULQJ�JHRORJLFDO�

DVVHVVPHQW�RI�VDQGVWRQH�IRUPDWLRQV�LQ�WKH�<D]G�UHJLRQ�RI�FHQWUDO�
,UDQ�� 7KURXJK� V\VWHPDWLF� ILHOG� VDPSOLQJ� DQG� ODERUDWRU\� WHVWLQJ��
NH\�SK\VLFDO�DQG�PHFKDQLFDO�SURSHUWLHV�RI�����VDQGVWRQH�VDPSOHV�
ZHUH�HYDOXDWHG��7KH�PDLQ�IRFXV�ZDV�RQ�8&6�DQG�LWV�UHODWLRQVKLS�
ZLWK�RWKHU�PHDVXUDEOH�SDUDPHWHUV�VXFK�DV�GU\�GHQVLW\��SRURVLW\��
DQG�ZDWHU�DEVRUSWLRQ��7KH�UHVXOWV�UHYHDOHG�D�ZLGH�UDQJH�RI�8&6�
YDOXHV�� UHIOHFWLQJ� WKH� JHRORJLFDO� KHWHURJHQHLW\� DQG� YDULDEOH�
FHPHQWDWLRQ� DPRQJ� WKH� VDQGVWRQH� XQLWV�� &RUUHODWLRQ� DQDO\VHV�
LQGLFDWHG�WKDW�8&6�LV�SRVLWLYHO\�DVVRFLDWHG�ZLWK�GU\�GHQVLW\��DQG�
QHJDWLYHO\� FRUUHODWHG� ZLWK� ERWK� SRURVLW\� DQG� ZDWHU� DEVRUSWLRQ��
7KHVH� ILQGLQJV� DOLJQ� ZLWK� NQRZQ� JHRPHFKDQLFDO� SULQFLSOHV��
ZKHUH� KLJKHU� GHQVLW\� W\SLFDOO\� FRQWULEXWHV� WR� JUHDWHU� VWUHQJWK��
ZKLOH�KLJKHU�SRURVLW\�DQG�PRLVWXUH�FRQWHQW� WHQG� WR�ZHDNHQ� URFN�
PDWHULDOV�� 7KH� YLVXDO� UHSUHVHQWDWLRQ� RI� WKHVH� WUHQGV� IXUWKHU�
FRQILUPHG�WKHVH�UHODWLRQVKLSV��KLJKOLJKWLQJ�WKHLU�SUHGLFWLYH�YDOXH�
LQ� DVVHVVLQJ� URFN� VWUHQJWK�� ,Q� DGGLWLRQ� WR� 8&6�� HQJLQHHULQJ�
SURSHUWLHV�VXFK�DV�HODVWLF�PRGXOXV��3RLVVRQ¶V�UDWLR��FRKHVLRQ��DQG�
IULFWLRQ� DQJOH� ZHUH� HYDOXDWHG�� 7KH� FKDUWV� VKRZHG� FRQVLGHUDEOH�
YDULDWLRQ� DFURVV� VDPSOHV�� HPSKDVL]LQJ� WKH� LPSRUWDQFH� RI� VLWH��
VSHFLILF� WHVWLQJ�� +LJKHU� FRKHVLRQ� DQG� IULFWLRQ� DQJOHV� LQ� VRPH�
VDPSOHV� SRLQW� WR� WKHLU� SRWHQWLDO� VXLWDELOLW\� IRU� XVH� LQ� VWUXFWXUDO�
IRXQGDWLRQV��VORSH�VWDELOL]DWLRQ��DQG�H[FDYDWLRQ�GHVLJQ��+RZHYHU��
WKH�YDULDELOLW\�LQ�SURSHUWLHV�XQGHUOLQHV� WKH�QHFHVVLW\�RI�WKRURXJK�
VLWH�LQYHVWLJDWLRQ�EHIRUH�HQJLQHHULQJ�LPSOHPHQWDWLRQ�

$&.12:/('*0(17�

:H� VLQFHUHO\� WKDQN� WKH� UHYLHZHUV� IRU� WKHLU� FDUHIXO� UHDGLQJ� DQG� FRQVWUXFWLYH�
FRPPHQWV��ZKLFK�KHOSHG�LPSURYH�WKH�FODULW\�DQG�TXDOLW\�RI�WKLV�PDQXVFULSW�

'$7$�$9$,/$%,/,7<�67$7(0(17�

7KH�GDWD�VXSSRUWLQJ�WKH�ILQGLQJV�RI�WKLV�VWXG\�DUH�DYDLODEOH�ZLWKLQ�DUWLFOH��1R�
SXEOLFO\�DUFKLYHG�GDWDVHW�ZDV�JHQHUDWHG�

(7+,&6�$33529$/�

7KLV� VWXG\� GLG� QRW� LQYROYH� KXPDQ� SDUWLFLSDQWV�� SHUVRQDO� GDWD�� RU� DQLPDO�
VXEMHFWV��1R�VSHFLILF�HWKLFDO�DSSURYDO�ZDV�UHTXLUHG�

)81',1*��
7KLV�UHVHDUFK�UHFHLYHG�QR�H[WHUQDO�IXQGLQJ�

$87+256
�&2175,%87,216�
0HKGL� +RVVHLQL� DQG� $OL� 6KLUPRKDPPDGL� FRQGXFWHG� WKH�PDLQ� GDWD� DQDO\VLV��

FRQWULEXWHG� WR� WKH� GDWD� FROOHFWLRQ�� SUHSURFHVVLQJ�� DQG� LQWHUSUHWDWLRQ�� DQG� ZHUH�
UHVSRQVLEOH� IRU� GUDIWLQJ� WKH� LQLWLDO� PDQXVFULSW�� $OL� -DIDUL� 5DG� SHUIRUPHG�
VXSHUYLVLRQ�� FRQFHSWXDO� JXLGDQFH�� FULWLFDO� UHYLVLRQ� RI� WKH� PDQXVFULSW�� RYHUDOO�
SURMHFW� DGPLQLVWUDWLRQ� DQG� ILQDO� DSSURYDO� RI� WKH� YHUVLRQ� WR� EH� SXEOLVKHG�� $OO�
DXWKRUV�UHDG�DQG�DSSURYHG�WKH�ILQDO�PDQXVFULSW�
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&21)/,&7�2)�,17(5(67�
7KH�DXWKRUV�KDYH�QRW�GLVFORVHG�DQ\�FRPSHWLQJ�LQWHUHVWV�

86(�2)�$,�
$,� WRROV� ZHUH� QRW� XVHG� LQ� GDWD� JHQHUDWLRQ�� DQDO\VLV�� UHVXOWV�� RU� GHFLVLRQ��

PDNLQJ�
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