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Preface

We are at the dawn of a new era where the rapid evolution of Artificial Intelligence is revolutionizing the world.
In the coming decades, the machine learning techniques like Reinforcement Learning (RL) are anticipated
to tackle increasingly complex challenges in engineering, economics, medicine, climate sciences, and other
fields. This development, coupled with my curiosity for bio-inspired algorithms and genuine love for anything
that flies, fueled my inspiration throughout this thesis. The result? RUN-DSAC — an uncertainty-driven RL
algorithm designed to enhance the data sample efficiency and safety of autonomous flight systems, bringing
them yet another step closer to practical real-world application. In the spirit of scientific advancement, the
code repository is made publicly available'.

Completing this thesis also symbolizes a graceful touchdown, concluding my five-year flight through the
skies of Aerospace Engineering at TU Delft. This unforgettable experience shaped me into the engineer
and the individual | stand as today, and | am deeply grateful to the many inspiring people who journeyed
with me through this remarkable chapter of my life.

First and foremost, Erik-Jan van Kampen deserves my deepest gratitude for his unwavering support, sage
guidance, and being an inexhaustible source of inspiration. He patiently reviewed and discussed my often
ridiculously extensive progress reports and even went above and beyond by offering invaluable advice
on my future career paths, showcasing his extraordinary commitment to this research and his exceptional
role as a supervisor. Special thanks also go to Yifei Li, whose participation in my progress meetings and
insightful remarks consistently added value to my work. Additionally, | extend my sincere appreciation to the
numerous professors at TU Delft who have provided consultations on specific details of my research. While
| cannot name each individually, their collective expertise and guidance have been essential in shaping my
work. Finally, | would like to specially acknowledge Marc G. Bellemare, Mark Rowland, and Will Dabney
at Google, the pioneers of Distributional Reinforcement Learning. Their readiness to engage with my
endless inquiries, despite their demanding schedules, has been a highlight of this journey. The opportunity
to discuss my work with such leading figures in the RL research field was an incredibly stimulating and
enriching experience.

This chapter of my life would not have been the same without the steadfast support of my friends from Delft
and Slovakia. A special thanks to Doru and Alex — your humor has been a source of endless laughter, and
memories we have created are ones | will cherish forever. | eagerly anticipate the times we have yet to
share. Additionally, my gratitude extends to Lucas and Michaela, Aerospace Engineering graduates and
wonderful friends of mine, whose guidance and tips on my thesis were invaluable. Your support was crucial
in maintaining my sanity and confidence throughout this period. Last but definitely not least, a heartfelt
thanks to my family, with a special mention to my parents. Their sacrifices and relentless support have
been instrumental in my achievements. Equally, my gratitude goes to Patrik, my brother, whose well-timed
jokes were the perfect remedy for stress.

Turning the final page at TU Delft, | carry forward a treasure trove of knowledge, profound gratitude, and
lasting bonds. All of this is thanks to you! Dakujem!

Marek Homola,
Delft, January 2024
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7KHDJHQW HQYLURQPHQW LQWHUDFWLRQ LQ 5/

7KH VHTXHQWLDO 0'3 IROEG®ZLQJI D SROLF\

$ VLQJOH QHXURQ > @

$Q SUWLILFLDO 1HXUDO 1HWZRUN $11 > @

8QFRQVWUDLQQHG ORQRWRQLF 1HXUDO 1HWZRUN DGRSWHG IURP >

7D[RQRP\RIPRGHUQ 'HHS 5/ PHWKRGV DGDSWHG IURP > @
7KHDJHQW HQYLURQPHQW LQWHUDFWLRQ LQ DQ DFWRU FULWLF DUF
$UFKLWHFWXUH RI 6RIW $FWRU &ULWLF DGDSWHG IURP > @
$OWLWXGH WUDFNLQJ ZLWK UXGGHU VWXFN DW fIURPW V 5HG
H[WHUQDO DQG VHOI JHQHUDWHG UHIHUHQFHV DQG JUHHQ VROLG O
FRQWURO XQWLOW V DGDSWLYHFRQWUROIROORZV DGRSWHG IUR
$OWLWXGH WUDFNLQJ ZLWK UHGXFHG DLOHURQ HIIHFWLYHQHVV |
'+3 QO$( DQG 6%& RQO\ QO0$( DGRSWHG IURP > @
&DVFDGHG 6$& FRQWUROOHU VWUXFWXUH IRUDOWLWXGH DQG DWWL

7KHFRPSDULVRQ RIDOHDWRULFDQG HSLVWHPLF XQFHUWDLQWLHYV
GDWD SRLQWY SORWWHG DV GRWV DGRSWHG IURP > @
6XPPDU\RI8B8QFHUWDLQW\ $ZDUH 5/ WHFKQLTXHV
%RRWVWUDSSHG '41 1HXUDO 1HWZRUN DUFKLWHFWXUH DGDSWHG IU
7KH ;41 DUFKLWHFWXUH DV GHVFULEHG LQ WKH ZRUN RI'DEQH\ HW D(
5DQGRPO\ FKRWHQOIDDMMHUVWHLQ HUURU

JLOHO\ DGMXWWHEQLPDW/EHUVWHLQ HUURU

'LITHUHQW SDUDPHWUL]DWLRQV RI WKH UHWXUQ GLVWULEXWLRQ DG
'LVWULEXWLRQDO 6%& '6$& $UFKLWHFWXUH
7TD[RQRP\RI %5/ DOJRULWKPVY DGDSWHG IURP > @

7ZR YDULDWH *DXVVLDQ 'LVWULEXWLRQ > @

&RPPRQ NHUQHOV XVHG LQ *DXVVLDQ SURFHVVHV > @ 'DUNFRORU \
,QIHUHQFH IRU *DXVVLDQ SURFHVVHY DGRSWHG IURP > @ 7KHVT
JUDSKV UHSUHVHQW WKH FRUUHVSRQGLQJFRYDULDQFH PDWULFHYV

7KHXQDU/DQGHU &RIQWLQRARMQW DQG LWV FRRUGLQDWH V\VWHP
$UFKLWHFWXUHRIDQ 80 '6$& FULWLF QHWZRUN

&RPSDULVRQ RI WKH 80 '6$& OHDUQLQJFXUYH ZLWK 6$& DQG RWKHU
SHUIRUPDQFNQDWEEGMUURQPHQW

/HDUQLQJ FXUYHV IRU 6$/&XQRHTOD B G MUR RGPHQW

&RPSDULVRQ RI '6$& OHDUQLQJ FXUYHV ZLWK 6$& DQG RWKHU VWDW
YDULRXV EHQFKPDUNV DGRSWHG IURP > @

([DPSOH RI D TXDQWL!Q H OXPRWMRE\ '6$& ,41 DIWHU HSLVRGHV
([DPSOH RI D TXDQW,L'0 H OXH@RMMRE\ 80 '6$& DIWHU HSLVRGHV
&RPSDULVRQ EHWZHHQ WKH TXDQWLOH IXQFWLRQV OHDUQHG E\ WK+
DQG WKH WUXH TXDQWLOH IXQFWLRQ DVVRFLDWHG ZLWK DQ RSWLPD(
YLD ORQWH &DUOR VLPXODWLRQ IRUD VSHFLILF VWDWH LQ WKH VWRI
WKH ULJKW DGRSWHG IURP > @

&RPSDULVRQ RI 80'41 OHDUQLQJ FXUYHV ZLWK RWKHU 5/ PHWKRGV
DGDSWHG IURP > @

&RPSXWDWLRQDO FRPSOH[LW\ FRPSDULVRQ RI 6$& DQG GLIIHUHQW '6
&RPSDULVRQ RIWKH 581 '6$& OHDUQLQJ FXUYH ZLWK 6$& DQG RWKHU
SHUIRUPDQFXNQRWEBEGMUURQPHQW

&RPSXWDWLRQDO FRPSOH[LW\ FRPSDULVRQ RI 581 '6$& ZLWK 6$& DQC
6WDWHV DQG DFWLRQV XVHG LQ WKH &HVVQD VKRUW SHULRG /7, PR

YLLL
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'6$& FRQWUROOHU DUFKWWBIFMWXQUHLIR W MHKBHVVQD &H /7, PRGHO
6DPSOH RID UDQGRPL]HG \UMHISUHHITPHWIFH) DO XVHG LQ WUDLQLQJ WK
$ WHVW VLIQDO

/HDUQLQJDQG WUDFNLQJSHUIRUPDQFH RI '6$3& LPSOHPHQWHG RQ W
&H PRGHO

/JHDUQLQJDQG WUDFNLQJ SHUIRUPDQFHRI'6$& ZLWK &$36 LPSOHPHQW
&HVVQD &H PRGHO

'6$& FRQWUROOMWIRRNWEHLQ WKH &HVVQD &H /7, PRGHO LQFUHPH¢
/HDUQLQJDQG WUDFNLQJ SHUIRUPDQFH RI '6$& ZLWK LQFUHPHQWDO '}
RQ WKH /7, VKRUW SHULRG &HVVQD &H PRGHO

&RPSDULVRQ RI WKH OHDUQLQJ FXUYHV RIGLIITHUHQW '6$& IOLJKW FFR
RQ WKH /7, VKRUW SHULRG &HVVQD &H PRGHO

)LQDO VFRUH GLVWULEXWLRQ IRUGLIITHUHQW '6$& YDULDQWV
(SLVRGH WLPH GLVWULEXWLRQ IRUGLIIHUHQW '6$& YDULDQWYV

BWDWHYVY WLPH WUDFHV Rl \QRP bY&FEROUA\R. Q/ RB®HG OLQHYV VKRZ WKH I
UHVSRQVH RI DJHQWVY UHG OLQHV GHQRWH UHIHUHQFH VLJQDOV
VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV Rl W&R PESRFORXDLFL R QWRIOH G OLQHYV VKRZ WKH L
UHVSRQVH RI DJHQWYV UHG OLQHV GHQRWH UHIHUHQFH VLJQDOV
VWDQGDUG GHYLDWLRQ

BWDWHV WLPH BUDBBY BISWISROLF\QRPARFGQDULR VROLG OLQHV VKI
WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WHRFHY RBWKMIH SROLF\QRPW&BFEQDULR VROLG OLQHYV
VKRZ WKHDYHUDJH UHVSRQVH RI DJHQWYV UHG OLQHV GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV RI WEH ®fF BRHGIUQ RVKHR OLG OLQHV VKRZ
DYHUDJH UHVSRQVH RI DJHQWVY UHG OLQHV GHQRWH UHIHUHQFH
UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV R WKFH G©$F S RBHEIUQ RV KFROLG OLQHV VKR Z
DYHUDJH UHVSRQVH Rl DJHQWVY UHG OLQHVY GHQRWH UHIHUHQFH
UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH BUDBBY BISW ISR O L F\LLFHWKARUWMHQ@RIULR VROLG OLQHV
VKRZ WKHDYHUDJH UHVSRQVH RI DJHQWYV UHG OLQHV GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WURMAH RSBW K &4 S R O L F\ LLKH VDK U RMH.QEU L R

VROLG OLQHV VKRZ WKH DYHUDJH UHVSRQVH Rl DJHQWV UHG OLQHYV
VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV RI VDKW 64K SWIBERFLWLWKWROLG OLQHV VKRZ
DYHUDJH UHVSRQVH RI DJHQWVY UHG OLQHV GHQRWH UHIHUHQFH
UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHY WLPH WUDFHV RI W KOHW6 ¥ & ISIRVBEGR @ PQ MRKHVROLG OLQHV VK
WKHDYHUDJH UHVSRQVH RI DJHQWVY UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ

BWDWHV WLPH VBUDBBY RIS ISR O L F\DLIQVWHKH | WHFE @PDULR VROLG OLQHYV
VKRZ WKHDYHUDJH UHVSRQVH RI DJHQWYV UHG OLQHV GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHYV WLPH V&RQNVHIW BBW K&MI& SR O L F\DIQVWKKH. | WH G @ P ULR

VROLG OLQHV VKRZ WKH DYHUDJH UHVSRQVH Rl DJHQWV UHG OLQHYV
VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

BWDWHY WLPH WUDFHV Rl WKBHZEBECS RRLWHQBKIR VROLG OLQHV VK
WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ
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BWDWHV WLPH VBUDBSBY BISWISIRO L F\IRQY MKHG VKLYWHGQGRUWLR VROLG
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6WDWHV WLPH WRQVFHVRBBWEKHIE SROLFVRQ IKHG VKLVWHGRJILR
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VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHYV WLPH WUDFHV Rl WOHVKIEDS\ROW BM D@ WK VROLG OLQHV VK
WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ 7KHDLOHURQ VDWXUDWLRQ OLP
6WDWHV WLPH WUDFHV Rl WXBWOS&EDSROY PHIOQBWERE VROLG OLQHV VK
WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ 7KHDLOHURQ VDWXUDWLRQ OLP
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VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ 7KHDLOHURQ
GDVKHG \HOORZ OLQHYV

BWDWHV WLPH V&BRQNHW BBW K6$E SR O L F\VLIMWKXKHD W H & PH Q Bl U RR)

VROLG OLQHV VKRZ WKH DYHUDJH UHVSRQVH Rl DJHQWV UHG OLQHYV
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WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ 7KH WHPSRUDO LQWHUYDO RI ZL
\HOORZ IRU FODULW\

6WDWHYV WLPH VBUDBS Y RISW ISIR O L F\YLHQUMWK.IFD O ZV RIBQIXWMR VROLG
OLQHV VKRZ WKH DYHUDJH UHVSRQVH RI DJHQWYVY UHG OLQHV GH«
VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ 7KH WHPSRUDO L
KLIJKOLJKWHG LQ\HOORZ IRU FODULW\

6WDWHV WLPH \&BRNHW BBWKMIEL SROLF\YHUWHKIFDO ZV RISQXY MR

VROLG OLQHV VKRZ WKH DYHUDJH UHVSRQVH Rl DJHQWV UHG OLQHYV
VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ 7KH WHPSRUDO L
KLIJKOLJKWHG LQ \HOORZ IRU FODULW\

BWDWHV WLPH V&BRNHW BBWKHMIEL SROLF\YHUWHKIFDO ZV RISQXY MR

ZKHQ WKH JXVW LV LQLWLDWHG GXULQJ OHYHO IOLJKW VROLG OLQH
DJHQWY UHG OLQHV GHQRWH UHIHUHQFH VLJQDOV DQG VKDGHG DUH
7KH WHPSRUDO LQWHUYDO RI ZLQG JXVW RFFXUUHQFH LV KLIJKOLJKW
6WDWHY WLPH WUDFHV Rl WXRIL&$ & S\REAED UQRNVKHROLG OLQHV VKRZ
DYHUDJH UHVSRQVH Rl DJHQWVY UHG OLQHVY GHQRWH UHIHUHQFH
UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV Rl WRRL&$ & B\REIA@D UQRVRWHROLG OLQHV VKRZ
DYHUDJH UHVSRQVH Rl DJHQWVY UHG OLQHVY GHQRWH UHIHUHQFH
UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH BUDBSBY BISWISIROLF\QRLWKWLUBDIBEDULR VROLG OLQHV
VKRZ WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

BWDWHV WLPH VE&BRQNHW BBWKHMIE SROLF\QRLWKWLUDBQ@DULR VROLG
OLQHV VKRZ WKH DYHUDJH UHVSRQVH RI DJHQWYV UHG OLQHV GH«
VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV RI WK BIK6 6 &QSIRFOLIEFS W WWKOMWH R VROLG OLQH\
VKRZ WKHDYHUDJH UHVSRQVH RI DJHQWV UHG OLQHV GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV RI WKHJ'6 $8& GRPLLF 5 V@ WEBWHR VROLG OLQH\
VKRZ WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH BUDBSBY BISWISROLF\KIQMWE&HQDPLF S WVHWOOWH R

VROLG OLQHV VKRZ WKH DYHUDJH UHVSRQVH Rl DJHQWV UHG OLQHYV
VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH VERDNHW BBWKHMIE SROLF\KIQJKMWE&HQDPLF SUHVVXUH
VEFHQDULR VROLG OLQHV VKRZWKHDYHUDJH UHVSRQVH RI DJHQW
VLIJQDOV DQG VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ
6WDWHV WLPH WUDFHV Rl \WRH 6$Q BRIOA§ VHWWERHBHHL R VROLG OLQHV VKI
WKHDYHUDJH UHVSRQVH RI DJHQWY UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ



/ILVW RI )LIXUHV [LL

6WDWHV WLPH WUDFHV Rl WER Z63\WQPROE B\WHWDIOHH R VROLG OLQH\
VKRZ WKHDYHUDJH UHVSRQVH RI DJHQWVY UHG OLQHVY GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

BWDWHV WLPH BUDBBY BISWISIROLF\QRZWHKBDPLF S WHWODWH R

VROLG OLQHV VKRZ WKH DYHUDJH UHVSRQVHRI DJHQWV UHG OLQHV
VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

BWDWHV WLPH VRRDNVHW FBBWK &L SROLF\QRZWGABDPLF SUHVVXUH
VFHQDULR VROLG OLQHV VKRZWKHDYHUDJHUHVSRQVHRI DJHQW
VLIJQDOV DQG VKDGHG DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ
6WDWHV WLPH WUDFHV R WKMDEBE RO\ VRONLIGHOLQHY VKRZ WKH
UHVSRQVH RI DJHQWVY UHG OLQHV GHQRWH UHIHUHQFH VLJQDOV
VWDQGDUG GHYLDWLRQ

6WDWHV WLPH WUDFHV Rl WKW REGR @GR\ VROLIGHOLQHY VKRZ WKH
UHVSRQVH RI DJHQWV UHG OLQHV GHQRWH UHIHUHQFH VLJQDOV
VWDQGDUG GHYLDWLRQ

BWDWHV WLPH VBUDRBIBY RBISWISHROLF\\L\@MWBKBHQ DULR VROLG OLQHV VK
WKHDYHUDJH UHVSRQVHRI DJHQWV UHG OLQHV GHQRWH UHIHUHC
UHSUHVHQW VWDQGDUG GHYLDWLRQ

6WDWHV WLPH &BRQNHW BSBWK6IEL SROLF\VM\QPMBKBH)DULR VROLG OLQH\
VKRZ WKH DYHUDJH UHVSRQVH RI DJHQWVY UHG OLQHV GHQRWH UH
DUHDV UHSUHVHQW VWDQGDUG GHYLDWLRQ

'LVWULEXWLRQ RI DQHOIHRILPN\QWHG B\ YDULRXV GLVWULEXWLRQDO DJH
WUDLQLQJ UXQ UHIOHFPWDIOXHW KHHQBB R QMVRIUHG E\ HDFK DJHQW

3DUDOOHO FRRUGLQDWHV FKDUWIRUDVZHHS RIVHOHFWHG '6$& K\SHU
ZDVWUDLQHG IRU HSLVRGHYV

&RUUHODWLRQDQG LPSRUWDQFH RI WKHRSWLPL]JHG K\SHUSDUDPHW
7KHEHVW VHYHQ UXQV REWDLQHG GXULQJ WKH K\SHUSDUDPHWHUYV
K\SHUSDUDPHWHU VHWWLQJV

6$& OHDUQLQJ FXUYHV IRUVWULQJHQW DQG OHQLHQW UHZDUG IXQFV
6$& OHDUQLQJ FXUYHV ZLWK H[SDQGHG DFWLRQ VSDFH

'6$8& OHDUQLQJ FXUYHV ZLWK H[SDQGHG DFWLRQ VSDFH

$YHUDJH OHDUQLQJFXUYHV IRUWUDLQLQJRQUHIHUHQFH VLJQDOV |
7KHEROG OLQHUHSUHVHQWY WKHPHDQRI LQGHSHQGHQW WULDOV
DUHD LQGLFDWLQJWKH VWDQGDUG GHYLDWLRQ

$YHUDJH OHDUQLQJFXUYHV IRUWUDLQLQJRQ UHIHUHQFH VLJQDOV |
7KHEROG OLQHUHSUHVHQWY WKHPHDQRI LQGHSHQGHQW WULDOV
DUHD LQGLFDWLQJWKH VWDQGDUG GHYLDWLRQ

3HQGXOXP HQYLURQPHQW

/HDUQLQJ FXUYH RI 6% &3WMQBIXOXE H® WIKHR QP HQW

&RPSDULVRQ RI 6WHS 5HVSRQVH '$60$7 6LPXOLQN ORGHO YV &RP¢
([HFXWDEOH %OXHOLQH ZLWK FLUFOH PDUNHUV UHSUHVHQWYV WKH 6
GLDPRQG PDUNHUV UHSUHVHQWY WKH FRPSLOHG H[HFXWDEOH &RC
OLQHV ZHUH XVHG WR H[FLWH WKH VWDWHY DQG DUH FRQVLVWHQW D
&RPSLODWLRQ YHULILFDWLRQ FRQGXFWHG E\'DOO\> @ 7KH'$60$7 ¢
E\GDVKHG JUHHQ OLQHV WKH FRPSLOHG VKDUHG REMHFW H[HFXWD
FRPPRQ FRQWURO LQSXWV E\VROLG JUHHQ OLQHYV

&RPSDULVRQ RI OHDUQLQJFXUYHV IURP WZRLQGHSHQGHQW H[SHUL!
VDPH SVHXGR UDQGRP VHHG GHPRQVWUDWLQJUHSHDWDELOLW)\ LQ |



ILVW RI 7DE(

&KDOOHQJHV LQ5/DSSOLHG WR IOLJKW FRQWURO WDVNV DQG SRWHQ

JRUPDO GHILQLWLRQ RI SUREDELOLW\PHWULFV XVHG LQ '5/ DGSRSW
6WDWH RI WKH DUW '5/ DOJRULWKPVY DQG WKHLU NH\ FKDUDFWHULVW

+\SHUSDUDPHWHUV IRU 6$& '6$& DQG 80 '6%$&

/7, VKRUW SHULRG PRGHO SDUDPHWHUV IRU &HVVQD

$GGLWLRQDO WUDLQLQJDQG HYDOXDWLRQ VHWWLQJV DQG K\SHUSD!
6KRUW 3HULRG /7, &HVVQD &H HQYLURQPHQW

&$36 K\SHUSDUDPHWHUV

QO$(IRUWUDFNLQJ SHUIRUPDQFH XVLQJ D WHVWLQJVLIJQDO IRU G

&RPSDUDWLYHDQDO\WLVRIQO0$(DQG VWDQGDUG GHYLDWLRQ DFUR)
'6$& DQG 581 '63& DOJRULWKPV5LY NY WIDAHS & | FWEIRGGNHIRMD W LY H
%ROG YDOXHV UHSUHVHQW QO0$( VLIQLILF@BWO\GLITHUHQW IURP '6%¢
6HQVRU PRGHOV FKDUDFWHUL]JHG E\ *DXVVLDQ QRLVH GLVWULEXWLRQ
3+ /$% DLUFUDIW PHDVXUHPHQWYV > @

2SWLPL]J]HG K\SHUSDUDPHWHUV IRUWKH 6%$& '6$3& DQG 581 '6$& DIJHQV

$VVHVVPHQWRIDIJHQW OHDUQLQJHIILFLHQF\XVLQIWKUHHPHWULFV YV
GHYLDWLRQVDQG SHUFHQW GLITHUHQFH IURP WKHUHVSHFWLYH OHDU
WUDLQLQJ WDVNYV

1XPEHU RI WUDLQDEOH SDUDPHWHUYV LQ FULWLF PRGHOV XVHG LQ
GLIlTHUHQFH UHODWLYH WR WKH 6%$& FULWLF

&RPSDULVRQ RIDYHUDJH WUDLQLQJWLPH SHUHSLVRGHDPRQJYDUL
5LVMQG & LQG&RQWHQWIMNNIIDMVMAHILHY 7KH XQFHUWDLQW\LV H[SUHVV
GHYLDWLRQ RI WKH PHDVXUHPHQWVY DQG WKH GLIIHUHQFH UHSUHYV
YDOXHV ZLWK UHVSHFW WR WKH '6$& DIJHQW ZLWK WKH VLJQLILFDQ
FRUUHVSRODO®HYV

5HODWLYHS5RRWOHDQ 6TXDUH (UURU 5506( RITRUFHDQGPRPHQW FRH
PRGHOLQ FRPSDULVRQ WR 3+ /$% &HVVQD &LWDWLRQ ,, IOLIJKW PHDV

[LLL



QWURGXF'

,Q WKHHYHU HYROYLQJ ZRUOG RIDYLDWLRQ HQVXULQJ WKH VDIHW\ DQC(
SDUDPRXQW FRQFHUQ )RU GHFDGHV WUDGLWLRQDO DXWRPDWLF IOLJK
FRUQHUVWRQH RIDYLDWLRQ HPSOR\LQJ HVWDEOLVKHG FRQWURO DOJR
XQGRXEWHGO\ SOD\HG D YLWDO UROH LQ HQDEOLQJ VDIHDQG UHOLDEOH
VI\VWHPV EHFRPH LQFUHDVLQJO\ VRSKLVWLFDWHG DQG GLYHUVH FRQYHQW
WKHGHPDQGV RIPRGHUQ DYLDWLRQ WKHUHE\H[SRVLQJWKHLULQKHUHQ

&XUUHQW $)&6 KHDYLO\GHSHQG RQ DFFXUDWH PRGHO GHVFULSWLRQV RI
FRQVXPLQJDQG LWHUDWLYH GHVLJQ SURFHVYV 7KLV FRVWO\DSSURDFKLQY
SURFHVVHV VXFKDV &RPSXWDWLRQDO )OXLG '\QDPLFV &)' FRPSXWDWLRQV
DQGHYHQWXDOO\IOLJKW WHVWYV > @ 7KHUHOLDQFHRQ GHWDLOHG PRGH
EXWDOVR QHFHVVLWDWHY HIWHQVLYH YHULILFDWLRQDQG YDOLGDWLRQ
YHULI\LQJ KLIJK ILGHOLW\PRGHOV LVEHFRPLQJHYHQ PRUH GLIILFXOWDQG '}
GHVLIQDQG FRQWURO RIQRYHO DHURVSDFH VA\VWHP FRQILIXUDWLRQV VXF
WDNH RIIDQG ODQGLQJ 972/ VA\VWHPYV > @ DLUFUDIW ZLWK PRUSKLQJ 7
RWKHUV 7RRYHUFRPH WKLY OLPLWDWLRQRIFXUUHQW $)&6 WKHUHLV D JUI
DSSURDFKHV WKDW VWUHDPOLQH WKHGHYHORSPHQW SURFHVV DQG UHGXF|
DQG YDOLGDWLRQ

)XUWKHUPRUH DV WKH WUDGLWLRQDO $)&6 FRQWUROOHUV DUH GHVLJQHG
ODFN WKH IOH[LELOLW\DQG DGDSWDELOLW\WR HITHEFWLYHO\KDQGOH VLW
8QIRUHVHHQ VFHQDULRY HQFRPSDVV D ZLGH UDQJH Rl FKDOOHQJLQJ VL
FRQGLWLRQV V\WWHP IDLOXUHV XQH[SHFWHG REVWDFOHV DQG RWKHUV
DSSURSULDWHO\ WR WKHVH VEHQDULRY FDQ OHDG WR FRPSURPLVHG IOL
DLUFUDIW 7KLV LV H[DPSOLILHG E\WKH FUDVK RI $LU )UDQFH )OLJKW Lt
DLUVSHHG UHDGLQJV DQG LQDGHTXDWH SLORW WUDLQLQJWR KDQGOH VXFK
WKH GHPDQG IRU KLJKO\LQWHOOLJHQW DQG DGDSWDEOH DXWRQRPRXV DH!
SDUWLDOO\REVHUYDEOHDQG XQFHUWDLQ HQYLURQPHQWY ZLWKRXW VW

6XEVWDQWLDO UHVHDUFK HIIRUW ZDV GHYRWHG WR DGGUHVV WKH QHHG ||
PRUHDXWRQRPRXV VIVWHPV 5REXVW FRQWURDKHNENQGLTXHY RIXAK DV VX
RI FORVHG ORRS VWDELOLW\DQG SHUIRUPDQFH HYHQ LQ WKH SUHVHQFH
EXW RIWHQ DW WKH H[SHQVH Rl YHU\ FRQVHUYDWLYH FRQWURO SHUIRUF
WKH 1RQOLQHDU "\QDPLF ,QYHUVLRQ 1', ZKLFKLQYROYHVLQYHUWLQJ\
GHVLJQ D FRQWURO ODZ> @ +RZHYHU LWV OLPLWDWLRQV LQFOXGH VHQ
DV ZHOO DV WKH FKDOOHQJH RIDFFXUDWHO\ HVWLPDWLQJ WKH VI\VWHP
DV ,QFUHPHQWDO 1', ,1', > @ DQG ,QFUHPHQWDO %DFNVWHSSLQJ ,%6 >
UHGXFLQJWKH GHSHQGHQFH RQ JOREDO PRGHOV DQG LQVWHDG XWLOL]LQ
EDVHG RQ VHQVRU PHDVXUHPHQWYV ,1', DQG ,%6 KDYH GHPRQVWUDWHG DGD
WR HQKDQFHG UREXVWQHVV DJDLQVW PRGHOLQJHUURUVDQG XQFHUWDLQW
WR VHQVRU VIQFKURQL]DWLRQ DQG ILOWHULQJDULVH ZLWK WKHVH PHWK
VROXWLRQ EDVHG RQ ELR LQVSLUHGHIUWRIUFHPOQQYWHDWOWQUAQFH $,



S5HLQIRUFHPHQW /HDUQLQJIRU )OLJKW &RQWURO

5SHLQIRUFHPHQW /HDUQLQJ IRU )OLJKW &RQWURC

5HLQIRUFHPHQW /HDUQLQJ 5/ LV DVXEILHOG RIODFKLQH /HDUQLQJ WKDW I}
DQG XQFHUWDLQ HQYLURQPHQWY ,W RIIHUV D SURPLVLQJDYHQXH IRU GHYV
WKDW FDQ OHDUQ WR RSHUDWH HIITHFWLYHO\ ZLWKRXW H[SOLFLW D SULRU
5/ SURYLGHV D XQLTXH IUDPHZRUN IRUWUDLQLQJFRQWURO V\VWHPV E\ HQD
ZLWK WKHLU HQYLURQPHQW > @ 8QOLNHWUDGLWLRQDO FRQWURO DOJRUI
FRQWURO VWUDWHJILHYV 5/ DOJRULWKPVY OHDUQ WR PDNH GHFLVLRQV E\ RS

,Q WKH FRQWH[W RI IOLJKW FRQWURO 5/ DJHQWYV FDQ OHDUQ WR FRQWUF
DGDSWLQJWKHLUDFWLRQV EDVHG RQ WKH IHHGEDFN UHFHLYHG IURP WKH
JRDO VXFKDVIROORZLQJD GHVLUHG WUDMHFWRU\RU PLQLPL]JLQJIXHO FR
WUDGLWLRQDO 5/ DOJRULWKPV LQFOXGLQJ6$56$DQG 4 OHDUQLQJ VLQF
ILQLWHDQG GLVFUHWH VWDWH DFWLRQ VSDFHV > @ 7RDGGUHVV WKLV U
5HLQIRUFHPHQW /HDUQLQJ KDYH KDUQHVVHG GHHS QHXUDO QHWZRUNYV
HQDEOHV WKH DSSOLFDWLRQ RI5/ WR FRPSOH[IOLJKW FRQWURO VFHQDUL

'"HVSLWH WKH SRWHQWLDO EHQHILWV RI5/LQ IOLJKW FRQWURO WKHUH DUH
J)LUVW 5/ DOJRULWKPV QHFHVVLWDWH D VXEVWDQWLDO QXPEHU RI GDWD V
FKDOOHQJLQJ GXH WR WKH FRPSOH[LW\DQG KLJK GLPHQVLRQDOLW\ RIIOL.
VDIHW\ FULWLFDO UDLVLQJFRQFHUQV DERXW WKH VDIHW\RI5/ DJHQWYV G>
PD\OHDG WR XQH[SORUHG DQG SRWHQWLDOO\ KD]JDUGRXV VWDWHYV )XU\
DOJRULWKPV WUDLQHG XQGHU VSHFLILF FRQGLWLRQV PD\GHJUDGH XQGHU
DVDVLJQLILFDQW FRQFHUQ

6HYHUDO PHWKRGV KDYH EHHQ SURSRVHG WR DSSURDFK WKHVH FKDOOH
$SSUR[LPDWH '\QDPLF 3URJUDPPLQJ $'3 PHWKRGV VXFK DV ,QFUHPHQW
,'+3 KDYHGHPRQVWUDWHG VDPSOH HIILFLHQW RQOLQH OHDUQLQJDQG
WKHVH DOJRULWKPV KDYH OLPLWHG JHQHUDOL]DWLRQ SRZHU DQG DUH RQC
$OWHUQDWLYHO\ +LHUDUFKLFDO 5/ +5/ IOLJKW FRQWUROOHUV ZHUH S
LPSURYHG WKH VDPSOH HIILFLHQF\EXW DOVR OHG WR GLIILFXOWLHV LQ ¢
LQFUHDVHG QXPEHU RI K\SHUSDUDPHWHUV 7RDGGUHVV WKH VDIHW\FRQFH
WR FRQWURO WKH IOLJKW SDW KVEQH®® W KR POHQYWHIBRYIHWRU WKH VDIH
+RZHYHU WKH VKLHOG UHOLHV RQ SUHGHILQHG VDIHW\ UXOHV LQVWHDG
DGDSW WR QHZ HQYLURQPHQWYV RU G\QDPLF VFHQDULRV $QRWKHU VWXG\
DOJRULWKP FDQ DFKLHYH UREXVW IOLJKW FRQWURO DQG DGDSWDWLRQ WR >
DQG D VXESDU VXFFHVV UDWH GXULQJWUDLQLQJ> @ 7RLPSURYHG6%$&TV
6$& '6$& ZDV SURSRVHG ZKLFK OHDUQV WKH HQWLUH SUREDELOLW\ GLV
YDOXH> @ 'HVSLWH LWV OLPLWDWLRQV VXFKDVLOO GHILQHG GLVWULE
WKH LPSURYHG VDPSOH HIILFLHQF\DQG UREXVWQHVV RI'6$& PRWLYDWHG

'6$& KDV KLIKOLIKWHG WKHSRWHQWLDO EHQHILWYVY RIOHDUQLQJHQWLUHGL
ERWKVDPSOHHIILFLHQF\DQG VDIHW\ FKDOOHQJHV %\H[SOLFLWO\FDSWXU
GLVWULEXWLRQV 5/ DOJRULWKPV FDQ PDNH PRUH HITHFWLYH XVH RI OLPL)
HIILFLHQF\ )RUH[DPSOH XQFHUWDLQW\HVWLPDWHY PLIKW DOORZ DJHC
VWDWH DFWLRQ VSDFH WKDW DUH XQFHUWDLQ RUKDYH KLIJKHU SRWHQW
OHDUQLQJ SURFHVVEXWDOVRHQDEOHV 5/ VI\VWHPV WR KDQGOH FRPSOH[ DQ
JXUWKHUPRUH SUREDELOLVWLFGLVWULEXWLRQVHQDEOHVDIHW\ DZDUH G
ULVN DQG DYRLG KDIDUGRXV RU XQNQRZQ VWDWHYV &RQVHTXHQWO\ WKL
SRWHQWLDO RI XQFHUWDLQW\ DZDUH 5/ PHWKRGV DSSOLHG LQ IOLJKW FRQC



5HVHDUFK )RUPXODWLRQ

5HVHDUFK )RUPXODWLRQ

$VVWDWHG HDUOLHU WKH JRDO RIWKLVUHVHDUFKLVWRLQYHVWLJDWH WK|
DZDUH 5/ WHFKQLTXHV LQ WKH GRPDLQ RI IOLJKW FRQWURO ORUH VSHFLIL
PHQWLQJD 5/ DOJRULWKP ZLWK XQFHUWDLQW)\ LQIRUPDWLRQ FDQ HQKDQFH
UREXVWQHVV WR YDULRXV XQIRUHVHHQ SKHQRPHQD

%HIRUH IRUPXODWLQJ D SUHFLVH UHVHDUFK REMHFWLYH DQG GHOLQHD
TXHVWLRQV LWLV HVVHQWLDO WR HVWDEOLVK VHY HU D OX QXRHIUDNPHLOMD O
DZDWPHWKRGY SHUWDLQ WR DSSURDFKHY WKDW DFTXLUH VXSSOHPHQWTC
YDULDEOHV EH\RQG WKHLU PHDQ YDOXH LQFOXGLQJDVSHFWY OLNH YDULD
PHDVXUHV RI XQFHUWD L\QDWP\S G B Gl L M EHRIERWOA WKH TXDQWLW\ RI VDPSOHYV
DOJRULWKP WR DWWDLQ DJLYHQ SHUIRUPDQFH OHYHO VXFK DV D VSHFL]
WUDMHFWRU\ 6XEVHTXHQWO\ WKHUHVHDUFK REMHFWLYH FDQ EH SUHFL\

5HVHDUFK 2E|\/|HFWLYH

7KLV UHVHDUFK DLPV WR LPSURYH WKH VDPSOH HIILFLHQF\ RI VWDWH
UHIHUHQFH WUDFNLQJ WDVNVY E\ LQWHJUDWLQJ XQFHUWDLQW\ LQIRUP
WLRQDOO\ LW VHHNV WR DVVHVV WKH UREXVWQHVV RI VXFK DPHWKRG \
QRLVH DQG DWPRVSKHULF GLVWXUEDQFHY LQ FRPSDULVRQ WR XQFHU

,Q RUGHU WR DFKLHYH WKH UHVHDUFK REMHFWLYH DQG GHILQH WKH UHYV
VHDUFK TXHVWLRQV DQG VXETXHVWLRQV ZDV IRUPXODWHW KRGRPOIRWH JR

,PSOHPHQWRWIDRXDWLRQ
5HVHDUFK 4XHVWLRQV (HWKRGRORJ\

54 0 :KDW LV WKHVWDWH RI WKH DUW IRUS5/LQIOLJKW FRQWURO"
54 0 :KDW DUH WKH VRXUFHV RI XQFHUWDLQW\LQ 5/ DQG KRZFDQ WKH\
54 0 :KDW LV WKH VWDWXQRHWW B LDBMP BV KRIG V"
54 0 D+RZ GR WKHVH PHWKRGY PRGHO WKH XQFHUWDLQW\ IQIRUPDW
54 0 E:EKLFK RI WKHVH PHWKRGV LV WKH PRVW VXLWDEOH IHRU IOLJKW
LPSOHPHQWDWLRQ IHDVLELOLW\ XQFHUWDLQW\ SUHGLFWLRQ

$ ZLGH DUUD\ RI 5/ DOJRULWKPV LV DYDLODEOH HDFK WDI@RUH® WR VSH
HVVHQWLDO EHFDXVH LW VKDOO SURYLGH D FRPSUHKHQVLYH XQGHUVWD
DSSURDFKHVY WKDW DUH VXLWDEOH IRU IOLJKW FRQWURO LQ WHUPV RI WKHL
DFWLRQ VSDFHV DQG VDIHW\ VHQVLW I5¥YHIS URE®HWY WKEXEMMARHEOWW®RZD UG
,W OHDGV WR DQ H[DPLQDWLRQ RI KRZLQFRUSRUDWLQJ XQFHUWDLQW\ FD
SHUIRUPDQFH PHWULFV RI 5/ DOJRULWKPV LQ WKH FRQWH[W RITOLJKW FRQW
XQFHUWDLQW\DQG WKH\FDQ DIIHFW GLIITHUHQW YDULDE OBHIVOL Q /D ¥/ DO JR!|
EXW QRW OHDVW WKHUHDUH QXPHURXV 5/ PHWKRGV WKDW LQFRUSRUDWH W
LV ZlKk¥ 0 ZDVDGGHG ,W ZDV VSOLW LQB/RON DZKKER XQWFKRXKRQYHYV WR LQYH
WKH XQGHUO\LQJ SULQFLSOHV RI WKHVH XQFH 0 WDZ QW \K IZIDYULH B WAHHWWK R ZGD
HYDOXDWLQJ WKH PRVW SURPLVLQJPHWKRG IRUWKH IOLIKW FRQWURO DS

S5HVHDUFK 4XHVWLRQV ,PISOHPHQWDWLRQ

54 , +RZFDQ WKH SURSRVHG XQFHUWDLQW)\ DZDUH 5/ FRQWUYROOHU Et
&LWDWLRQ ,, VLPXODWLRQ PRGHO"

54 , BW ZKLFK FRQWURO OHYHO VKRXOG WKH SURSRVHG §/ FRQWUR

54 , EKLFK VLPSOLILFDWLRQV FDQ EHLPSOHPHQWHG LQ WKH VLPXO
PDLQWDLQLQJ LWV UHOHYDQW FKDUDFWHULVWLFV"

54 , +RZFDQLQ IOLJKW IDXOWV VHQVRU QRLVH DQG DWPRYSKHULF G

LV
LPSOHPHQWHG LQ WKH VLPSOLILHG PRGHO




2Q0FHWKHPHWKRG LV VSHFLILHG WKHUHVHDUFK FDQ SURFHHG ZLWK WKH L
WKRSOHPHQWDWRRQHVHDUFK TXHVWIRWYYVQFIOXNGHG WRLQYHVWLIDWH KRZ \
DZDUH 5/ PHWKRG VHOHFWHG LQ WKH PHWKRGRORJ\ SDUW FDQ EH LPSOHPHGC
,, VLPXODWLRQ PRGHO ZKLFK ZLOO VHUYH DV D WHVW HQYLURQPHQW 71
LW ZDV GLYLGHG LQWR WZR VXEBXHVWILRPYW RBGEHWMWKHYMIR-OWKH FRQWUTF
IRUHYDOXDWLQJ WKH SURSRVHG PHWKRGYVY HQFRPSDVVLQJ WKH VHOHFW
FROWUROOHG WKHLQSXWV SURYLGHG WR WKHFRQWUROOHU DQG WKH R>
KDQG VXETXHVWIR®Y WR DGGUHVV WKHLQKHUHQW FRPSOH[LW\RIIXOO
VLPSOLILHGDLUFUDIWPRGHODQG WULPFRQGLWLRQVWRVWULNHDEDODQF
HITLFLHQF\ ZKLOH GHOLYHULQJPHDQLQJIXO UHVHDUFEBERXWERNHNW )XUW
HQVXUH WKH DOJRULWKPYV UHDGLQHVV IRUUREXVWQHVV HYDOXDWLRQ

5HVHDUFK 4XHVWLRQV| (YDOXDWLRQ

54 ( +RZFDQ WKH SHUIRUPDQFH RI WKH SURSRVHG XQFHUWDIEQW\ DzZzDU
ZLWK D &HVVQD &LWDWLRQ ,, VLPXODWLRQ PRGHO™"

54 ( DDKLFK PHWULFV FDQ EH XVHG WR FRPSDUH WKH UHIHYHQFH WU|
FRQWUROOHUV"

54 ( E:KLFK UHIHUHQFH WUDFNLQJ VLIJQDOV VKRXOG EH VHOHFWHG V
54 ( F:KLFK VSHFLILF IDXOW FRQGLWLRQV VKRXOG EH FRQYLGHUHG (
54 ( +RZ GRHV WKH SURSRVHG XQFHUWDLQW\ DZDUH 5/ DUFKIY§WHFW XUH

IOLJKW WDVNV LQ WHUPV RI VDPSOH HIILFLHQF\DQG DFFXUDF\"
54 ( +RZUREXVW LV WKHVHOHFWHG XQFHUWDLQW\ DZDUH 5f IOLJKW F

IDXOWV VHQVRU QRLVH DQG DWPRVSKHULF GLVWXUEDQ@FHV"

7TKHILQDO SKDVH RI WKHUHVHDUFKLQYROYHV HYDOXDWLQJ WKH HITHFWL
5/ PHWKRG LQ IOLJKW FRQWURO )LUVW RI DOO WKHHYDOXDWLRQ SURFF
E\54 ( 6SHFLILSMMDO @M RFXVHV RQLGHQWLI\LQJDSSURSULDWH PHWULFV
WUDFNLQJ SHUIRUPDQFH RI WKH SHR § REDH ® ¥ RVRWEHRNDHOUHRL (ZHK MMOKHH R SW L P D (
WUDMHFWRULHV IRUUHIHUHQFH WUDFNLQJ WR H@uXU HDIEFX WRWAH O/R/BHN \
YDULRXV IDXOW VFHQDULRY WKDW VKRXOG EHLQFOXGHG LQ WKH UREXVWC(
SURSRVHG XQFHUWDLQW\ DZDUH DOJRULWKP FDQ EHDVVHVVHG EDVHG RQ \
DFFXUDF\ DV LQBALEDWRG EWV UREXVWQHVV5HY DGGUHVVHG E\

6WUXFWXUH RI WKH5HSRUW

7KH SXUSRVH RI WKLY UHSRUW LV WR GHVFULEH WKH PHWKRGRORJ\ DSSC
ILQGLQJY DQGDQVZHUWKHUHVHDUFKTXHVWLRQV VSHFLILHGHDUOLHU | W
GLVWLQFWDVSHFWV RI WKH UHVHDUFK

S3DUBUHVHQWYV WKH UHVHDUFK SDSHU GHULYHG IURP WKLV VWXG\ ZKLFK
EDFNJURXQG DSSOLHG PHWKRGRORJ\ DQG SULPDU\NILQGLQJV

SDUWXPPDUL]JHVY WKH OLWHUDWXUH VWXG\ WKDW OD\V WKH IRXQGDWLR(
IXQGDPHQWDO FRQFHSWV RI '"HHS 5/ LV SUHVHQWHG LQ &KDSWHU IRO
RQ WKHFXUUHQW VWDWH RI WKH DUW '"HHS 5/ PHWKRGVY DQG WKHLU DSSC
HISORUHV YDULRXV VRXUFHV RI XQFHUWDLQW\LQ UHLQIRUFHPHQW OHDUQL
5/ PHWKRGV 7KLVLVIROORZHG E\D SUHOLPLQDU\DQDO\VLV LQ &KDSWHU

SBDUWVHQFRPSDVVHVY ERWK VXSSOHPHQWDU\ILQGLQJV DQG GHWDLOHG HIS
SDSHU RIIHULQJ D GHHSHU VFLHQWLILF HISORUDWLRQ DQG DQDO\VLV
XQGHULQ IOLJKW IDXOWV DQG XQVHHQ IOLJKW FRQGLWLRQV DUHDQDO\]H(
K\SHUSDUDPHWHU RSWLPLIDWLRQ VWUDWHJLHV LQ &KDSWHU 6HQVLWLYL
WR WKHHQYLURQPHQW GHVLJQ LV WKHQ H[SORUHG LQ &KDSWHU ZKLOH
DUFKLWHFWXUDODQG FRPSXWDWLRQDO FRPSOH[LW\RIWKHDOJRULWKPYV
YDOLGDWLRQ SURFHGXUHV DUH SUHVHQWHG LQ &KDSWHU

BDUWRQFOXGHVY WKHUHVHDUFK SURMHFW E\UHIOHFWLQJRQ WKHUHVHDUF|
FRQFOXVLRQLQ &KDSWHU DQG VXJIHVWLQJDYHQXHV IRUIXWXUH UHVHI
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