
3HWHU
(OPHU

6HQLRU�5HVHDUFK�3K\VLFLVW��3ULQFHWRQ�8QLYHUVLW\
([HFXWLYH�'LUHFWRU�DQG�/HDG�3,�IRU�WKH�,QVWLWXWH�IRU�5HVHDUFK�
DQG�,QQRYDWLRQ�LQ�6RIWZDUH�IRU�+LJK�(QHUJ\�3K\VLFV��,5,6�+(3�
3HWHU�(OPHU#FHUQ�FK

0\�UHVHDUFK�
7KH�&06�([SHULPHQW�DW�&(51��DV�ZHOO�DV�WKH�5	'�WR�SUHSDUH�
WKH�VRIWZDUH�DQG�FRPSXWLQJ�V\VWHPV�UHTXLUHG�WR�RSHUDWH�DQG�
SURGXFH�VFLHQWLILF�UHVXOWV�IURP�WKH�+/�/+&�DQG�RWKHU�+(3�
H[SHULPHQWV�LQ�WKH�����V�

0\�H[SHUWLVH�LV�
+LJK�(QHUJ\�3K\VLFV��+(3��VRIWZDUH�DQG�
FRPSXWLQJ��ODUJH�VRIWZDUH�FRPSXWLQJ�SURMHFWV

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
5HFRJQL]LQJ�HFKR�FKDPEHU�HIIHFWV�LQ�RXU�WKLQNLQJ�
DQG�RUJDQL]DWLRQV��DQG�ILQGLQJ�ZD\V�WR�FUHDWH�PRUH�
G\QDPLF�DQG�VXVWDLQDEOH�UHVHDUFK�VRIWZDUH�
FROODERUDWLRQV�WR�DGGUHVV�RXU�FKDOOHQJHV�

,¶YH�JRW�P\�H\HV�RQ�
+(3�VRIWZDUH�FKDOOHQJHV�LQ�WKH�����V���

,�ZDQW�WR�NQRZ�PRUH�DERXW�
3ODFHV�ZKHUH�+(3�SUREOHPV�RYHUODS�ZLWK�WKH�
ODUJHU�UHVHDUFK�FRPPXQLW\��LGHDV�DQG�SULRU�
H[SHULHQFH�ZKLFK�VKRZ�KRZ�ZH�PLJKW�FROODERUDWH�
RQ�WKRVH�SUREOHPV�

mailto:Peter.Elmer@cern.ch


6XGKLU�0DOLN

3URIHVVRU�RI�3K\VLFV
8QLYHUVLW\�RI�3XHUWR�5LFR���0D\DJ�H]
PDOLN#IQDO�JRY

0\�&06�ZRUN�
3K\VLFV�DQDO\VLV�RQ�%H\RQG�6WDQGDUG�0RGHO�3K\VLFV���
([RWLFD��6XSHUV\PPHWU\
3L[HO�'HWHFWRU��6RIWZDUH�7UDLQLQJ

0\�H[SHUWLVH�LV�
6WLOO�OHDUQLQJ�ы

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
1HYHU�HQRXJK�WLPH�WR�OHDUQ�QHZ�WRROV

,¶YH�JRW�P\�H\HV�RQ�
/HDUQLQJ�3K\VLFV�$QDO\VLV�XVLQJ�&RIIHD

,�ZDQW�WR�NQRZ�PRUH�DERXW�
0DFKLQH�/HDUQLQJ��4XDQWXP�&RPSXWLQJ



+HQU\
6FKUHLQHU

5HVHDUFK�6RIWZDUH�(QJLQHHU���
&RPSXWDWLRQDO�3K\VLFLVW
KWWSV���LVFLQXPS\�GHY�

0\�UHVHDUFK���+LVWRJUDPV��
3DFNDJLQJ�DQG�GLVWULEXWLRQV��WXWRULDOV��
&�����3\WKRQ��6FLNLW�+(3��VFLNLW�EXLOG

0\�H[SHUWLVH�LV����3\WKRQ��3\WKRQ�SDFNDJLQJ�
�3\3$�PHPEHU��PDLQWDLQ�ORWV�RI�FRQGD�IRUJH�
UHFLSHV�OLNH�1XPED���+RPHEUHZ��&���LQWHURS�
�S\ELQG�����3\RGLGH��ZHE�DVVHPEO\�&3\WKRQ�
SRUW���&0DNH��5XE\��ZHEVLWHV��&,��VFLNLW�EXLOG

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��'LVWULEXWLQJ�FRGH��HVSHFLDOO\�
FRPSLOHG�S\WKRQ�H[WHQVLRQV��WR�VWXGHQWV�DQG�
QHZ�XVHUV��LQFOXGLQJ�ZLWK�*38V

,¶YH�JRW�P\�H\HV�RQ��5XVW��3\RGLGH��VHH�
KWWSV���VFLNLW�KHS�RUJ�GHYHORSHU�UHSRUHYLHZ�RU
KWWSV���KHQU\LLL�JLWKXE�LR�OHYHO�XS�\RXU�S\WKRQ�OLYH�

,�ZDQW�WR�NQRZ�PRUH�DERXW��+RZ�SHRSOH�DUH�
XVLQJ�WKH�WRROV�ZH�DUH�EXLOGLQJ��KRZ�WKH\�FDQ�DOO�
ZRUN�WRJHWKHU��ZKDW�FKDOOHQJHV�KDYH�EHHQ�
IDFHG�

https://iscinumpy.dev
https://scikit-hep.org/developer/reporeview
https://henryiii.github.io/level-up-your-python/live


-LP�3LYDUVNL

5HVHDUFK�6FLHQWLVW�DW�3ULQFHWRQ

0\�UHVHDUFK���*URZLQJ�WKH�3\WKRQLF�
+(3�HFRV\VWHP��SDUWLFXODUO\�DV�OHDG�
GHYHORSHU�RI�8SURRW�DQG�$ZNZDUG�
$UUD\

0\�H[SHUWLVH�LV����3\WKRQ��YHUWLFDO�VFDOLQJ��
DUUD\�RULHQWHG�SURJUDPPLQJ

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��LQYROYLQJ�PRUH�SHRSOH�LQ�
VFLHQWLILF�3\WKRQ��ERWK�DV�XVHUV�DQG�GHYHORSHUV��
EULGJLQJ�$ZNZDUG�$UUD\�ZLWK�HYHU\WKLQJ��
LQFOXGLQJ�5227�DQG�5'DWD)UDPH��JHQHUDOL]LQJ�
LWV�DSSOLFDELOLW\�EH\RQG�+(3

,¶YH�JRW�P\�H\HV�RQ��-XOLD��SRUWDEOH�*38�
SURJUDPPLQJ��$UURZ��3DUTXHW��=DUU

,�ZDQW�WR�NQRZ�PRUH�DERXW��ZKDW�HYHU\RQH�
HOVH�LV�ZRUNLQJ�RQ�WKLQNLQJ�DERXW«�WKH�GLUHFWLRQ�
RI�+(3�DQDO\VLV�VRIWZDUH�WRGD\



2NVDQD
6KDGXUD

6RIWZDUH�HQJLQHHU�DW�8QLYHUVLW\�
1HEUDVND�/LQFROQ��,5,6�+(3�$QDO\VLV�
*UDQG�&KDOOHQJH�&R�FRRUGLQDWRU

0\�UHVHDUFK���'HYHORSPHQW�RI�D�SURWRW\SH�RI�
$QDO\VLV�)DFLOLW\�IRU�+/�/+&�

0\�H[SHUWLVH�LV���$QDO\VLV�)DFLOLWLHV�DQG�'DWD�
2UJDQL]DWLRQ��0DQDJHPHQW�DQG�$FFHVV��'20$�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��GHYHORSPHQW�RI�QHZ�
F\EHULQIUDVWUXFWXUH�IRU�GDWD�DQDO\VLV��LQWHJUDWLRQ�
RI�GDWD�GHOLYHU\�DQG�GDWD�RUJDQLVDWLRQ�	�
PDQDJHPHQW�VROXWLRQV

,¶YH�JRW�P\�H\HV�RQ��VRIWZDUH�FKDOOHQJHV�IRU�
+/�/+&

,�ZDQW�WR�NQRZ�PRUH�DERXW��WR�XQGHUVWDQG�
EHWWHU�FRPPXQLW\�UHTXLUHPHQWV�RU�KRZ�ZH�DUH�
SODQQLQJ�WR�RUJDQLVH�PRUH�HIILFLHQW�GDWD�DQDO\VLV�
IRU�+/�/+&

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�



0\�H[SHUWLVH�LV��+LJJV�SK\VLFV��VWDWLVWLFDO�
DQDO\VLV��6FLNLW�+(3�VWDFN

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��ILQGLQJ�SDWWHUQV�IRU�KDQGOLQJ�
V\VWHPDWLF�XQFHUWDLQWLHV�LQ�HQG�XVHU�DQDO\VLV�
FRGH�WKDW�DUH�KLJKO\�UHDGDEOH�\HW�FRPSXWLQJ�
HIILFLHQW

,¶YH�JRW�P\�H\HV�RQ��FUHDWLQJ�PRUH�SXEOLF�
UHVRXUFHV�WKDW�VKRZFDVH�HQG�XVHU�DQDO\VLV�
ZRUNIORZV�EH\RQG�PLQLPDO�H[DPSOHV

,�ZDQW�WR�NQRZ�PRUH�DERXW��ZKLFK�FKDOOHQJHV�
RWKHU�PHPEHUV�RI�WKH�FRPPXQLW\�ZRXOG�OLNH�WR�
WDFNOH�LQ�WKH�QH[W�ILYH�\HDUV

3RVWGRF�DW�WKH�8QLYHUVLW\�RI�
:LVFRQVLQ�0DGLVRQ��$7/$6�PHPEHU��
,5,6�+(3�$QDO\VLV�*UDQG�&KDOOHQJH�
&R�FRRUGLQDWRU

0\�UHVHDUFK���+LJJV�SK\VLFV�LQ�$7/$6��
VWDWLVWLFDO�DQDO\VLV��LQFOXGLQJ�WRROLQJ�

$OH[DQGHU�
+HOG



.LOLDQ
/LHUHW

3K'�FDQGLGDWH�DW�
/XGZLJ�0D[LPLOLDQ�8QLYHUVLW\�RI�
0XQLFK��%HOOH�,,�([SHULPHQW

0\�UHVHDUFK��&DOLEUDWLQJ�0/�
DOJRULWKPV��FOXVWHULQJ��PHDVXULQJ�9FE��
RUJDQL]LQJ�VRIWZDUH�WUDLQLQJ�DW�%HOOH�,,�
DQG�DW�+6)

0\�H[SHUWLVH�LV����6FLHQWLILF�S\WKRQ�VWDFN

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��+RZ�WR�NLOO�WKH�ERLOHUSODWH�RI�
DQDO\VLV�FRGH�DQG�DYRLG�SHRSOH�UHLQYHQWLQJ�WKH�
ZKHHO��KRZ�WR�JHW�HYHU\RQH�WR�ZRUN�WRJHWKHU�RQ�
VXVWDLQDEOH�VRIWZDUH�WUDLQLQJ�PDWHULDO�HYHQWV

,¶YH�JRW�P\�H\HV�RQ��SUREDELOLVWLF�SURJUDPPLQJ�
IUDPHZRUNV�DQG�DSSOLFDWLRQV

,�ZDQW�WR�NQRZ�PRUH�DERXW��XSFRPLQJ�
FKDOOHQJHV��SRWHQWLDO�QHZ�SURMHFWV�

VLQFH�WKLV�PRQWK�



6WHYH�/DQW]

6HQLRU�5HVHDUFK�$VVRFLDWH
&RUQHOO�8QLYHUVLW\�&HQWHU�IRU�$GYDQFHG�&RPSXWLQJ
VWHYH�ODQW]�aDWa�FRUQHOO�HGX

0\�UHVHDUFK�
&RPSXWDWLRQDO�UHVHDUFK�LQ�DSSOLHG�SK\VLFV��KLJK�
SHUIRUPDQFH�FRPSXWLQJ

0\�H[SHUWLVH�LV�
+3&�FRGH�RSWLPL]DWLRQ��SDUDOOHO�SURJUDPPLQJ

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
+RZ�WR�LQWURGXFH�SHUIRUPDQFH�RULHQWHG�
WHFKQLTXHV�LQWR�VFLHQWLILF�FRGHV�ZLWKRXW�
REVFXULQJ�WKH�VFLHQFH��KRZ�WR�JHW�UHVHDUFKHUV�WR�
FDUH�DERXW�FRGH�TXDOLW\�DQG�PDLQWDLQDELOLW\�
�VRIWZDUH�HQJLQHHULQJ�

,¶YH�JRW�P\�H\HV�RQ�
3ODWIRUP��TXDVL��LQGHSHQGHQW�SDUDOOHO�$3,V�IRU�
&38V�DQG�*38V��-XOLD

,�ZDQW�WR�NQRZ�PRUH�DERXW�
0DFKLQH�OHDUQLQJ��VR�,¶P�XVXDOO\�D�VWXGHQW�KHUH�
DV�ZHOO�DV�D�SUHVHQWHU�



%HL�:DQJ

3K�'��LQ�FRPSXWDWLRQDO�VFLHQFH�DQG�HQJLQHHULQJ
+3&�6RIWZDUH�(QJLQHHU�IRU�,5,6�+(3
5HVHDUFK�&RPSXWLQJ�2,7�DW�3ULQFHWRQ�8QLYHUVLW\
EHLZDQJ#SULQFHWRQ�HGX

0\�UHVHDUFK�
Ɣ +LJK�SHUIRUPDQFH�FRPSXWLQJ
Ɣ +LJK�RUGHU�SDUWLFOH�LQ�FHOO�PHWKRGV�IRU�NLQHWLF�

HTXDWLRQV

0\�H[SHUWLVH�LV�
&RGH�GHYHORSPHQW�DQG�RSWLPL]DWLRQ�RQ�PRGHUQ�
FRPSXWLQJ�DUFKLWHFWXUHV��VXFK�DV�*38�DQG�,QWHO�
;HRQ�SURFHVVRUV��3DUDOOHO�SURJUDPPLQJ�PRGHOV��
03,��2SHQ03�HWF

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
6WDUW�OHDUQLQJ�WUDFNLQJ�DOJRULWKPV�DQG�WKHLU�
SDUDOOHO�LPSOHPHQWDWLRQV�LQ�+/�/+&

,¶YH�JRW�P\�H\HV�RQ�
,QWHUGLVFLSOLQDU\�UHVHDUFK�VRIWZDUH�
FROODERUDWLRQV�

,�ZDQW�WR�NQRZ�PRUH�DERXW�
+LJK�SHUIRUPDQFH�S\WKRQ��PDFKLQH�OHDUQLQJ



7LP�
0DWWVRQ

,QWHO�ODEV�6HQLRU�3ULQFLSDO�(QJLQHHU�DQG�3,�RI�,QWHO¶V�
6FLHQFH�DQG�7HFKQRORJ\�FHQWHU�DW�0,7
�
0\�UHVHDUFK�
3DUDOOHO�SURJUDPPLQJ�«�ERWK�SURJUDPPLQJ�
ODQJXDJHV�DQG�SDUDOOHO�GHVLJQ�SDWWHUQV�

$UUD\�VWRUDJH�HQJLQHV��SRO\VWRUH�'%06��DQG�*UDSK�
$OJRULWKPV��WKH�*UDSK%/$6��

$,�WR�JHQHUDWH�VRIWZDUH�DQG�WR�UHSODFH�NH\�
DOJRULWKPV�LQ�GDWD�V\VWHPV��P\�0,7�FROODERUDWLRQ�

0\�H[SHUWLVH�LV�
$OO�WKLQJV�³SDUDOOHO�FRPSXWLQJ´��IURP�SURJUDPPLQJ�
ODQJXDJHV�DQG�KDUGZDUH�WR�SDUDOOHO�GHVLJQ�SDWWHUQV��
,�KHOSHG�FUHDWH�ERWK�2SHQ03�DQG�2SHQ&/���

2K��DQG�ND\DNLQJ�«�,�DP�ND\DN�VXUI�EXP�DQG�D�
SURIHVVLRQDO�ND\DN�FRDFK�

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
8VH�DEVWUDFW�DOJHEUD�WR�XQLI\�NH\�YDOXH��64/��DQG�DUUD\�
TXHU\�QRWDWLRQV�DQG�WKHQ�ZUDS�WKHP�DURXQG�JUDSKV�LQ�
WKH�ODQJXDJH�RI�OLQHDU�DOJHEUD

,¶YH�JRW�P\�H\HV�RQ�
0RGHUQ�&���DV�D�ODQJXDJH�IRU�HQG�XVHU�FRPPXQLWLHV�WR�
GHILQH�WKHLU�RZQ�'RPDLQ�VSHFLILF�ODQJXDJHV�

,�ZDQW�WR�NQRZ�PRUH�DERXW�
3K\VLFV�LV�P\�SDVVLRQ���&RPSXWHU�6FLHQFH�LV�ERULQJ�«�
,W¶V�MXVW�D�WRRO�WR�KHOS�XV�XQGHUVWDQG�SK\VLFV��



'DQ�5LOH\

5HVHDUFK�$VVRFLDWH��&RUQHOO�8QLYHUVLW\

0\�UHVHDUFK�
0XOWL�WKUHDGHG�IUDPHZRUNV
3DUDOOHOL]DWLRQ�DQG�YHFWRUL]DWLRQ�RI�+(3�HYHQW�
UHFRQVWUXFWLRQ�VRIWZDUH��FXUUHQWO\�PRVWO\�WUDFNLQJ�
+LJK�DYDLODELOLW\�FOXVWHUV�IRU�H[SHULPHQW�FRQWURO�DQG�GDWD�
DFTXLVLWLRQ

0\�H[SHUWLVH�LV�
&����WKUHDGLQJ��UHOLDEOH�FRPPXQLFDWLRQ�
SURWRFROV

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
,GHQWLI\LQJ�WKH�ERWWOHQHFNV�LQ�FRPSOH[�
YHFWRU�SDUDOOHO�FRGH

,¶YH�JRW�P\�H\HV�RQ�
+RZ�ZLOO�FRQVXPHU�³$,´�DSSOLFDWLRQV�OLNH�
VHOI�GULYLQJ�FDUV�FKDQJH�WKH�KDUGZDUH�
ODQGVFDSH"

,�ZDQW�WR�NQRZ�PRUH�DERXW�
0DFKLQH�OHDUQLQJ��TXDQWXP�FRPSXWLQJ



'DYLG
/DQJH

5HVHDUFK�6WDII
'HSDUWPHQW�RI�3K\VLFV
3ULQFHWRQ�8QLYHUVLW\�
'DYLG�/DQJH#FHUQ�FK

0\�UHVHDUFK�
6RIWZDUH�LQWHJUDWLRQ��DQDO\VLV�WHFKQLTXHV�
HYHQW�UHFRQVWUXFWLRQ�SHUIRUPDQFH�RSWLPL]DWLRQ��
&06�H[SHULPHQW�DQG�',$1$�SURMHFW

0\�H[SHUWLVH�LV�
Ɣ (YHQW�JHQHUDWLRQ��GHWHFWRU�VLPXODWLRQ��

HYHQW�UHFRQVWUXFWLRQ�WHFKQLTXHV�LQ�+(3

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
Ɣ /HYHUDJLQJ�VFLHQWLILF�S\WKRQ�IRU�+(3

,¶YH�JRW�P\�H\HV�RQ�
Ɣ 7KH�YDVW��EXW�XQNQRZQ�WR�H[SHUW�

DSSOLFDWLRQ�GHYHORSHUV��UHVRXUFH�XVDJH�RI�
DQDO\VLV�DSSOLFDWLRQV�LQ�+(3�
�RU�DW�OHDVW�&06�

,�ZDQW�WR�NQRZ�PRUH�DERXW�
Ɣ 6\QHUJLHV�RI�+(3�WHFKQLTXHV�ZLWK�

DFDGHPLF�LQGXVWU\�FRPPXQLW\�GHYHORSHG�
WRROV�DQG�DSSOLFDWLRQV

mailto:David.Lange@cern.ch


0D��)ORUHYHO��)ORH��)XVLQ�:LVFKXVHQ

,QVWLWXWH�0DQDJHU
3ULQFHWRQ�,QVWLWXWH�IRU�&RPSXWDWLRQDO�6FLHQFH�	�(QJLQHHULQJ��3,&6FL(�
3ULQFHWRQ�8QLYHUVLW\
����3HWHU�%��/HZLV�/LEUDU\
2IILFH�������������������0RELOH�����������������
IORH#SULQFHWRQ�HGX
ZZZ�SULQFHWRQ�HGX�UHVHDUFKFRPSXWLQJ

mailto:floe@princeton.edu
http://www.princeton.edu/researchcomputing


0DXUHHQ�&DURWKHUV

)LQDQFH�DQG�*UDQWV�$GPLQLVWUDWRU��3ULQFHWRQ�,QVWLWXWH�IRU�
&RPSXWDWLRQDO�6FLHQFH�DQG�(QJLQHHULQJ��3,&6FL(�

3URMHFW�2IILFH��,QVWLWXWH�IRU�5HVHDUFK�DQG�,QQRYDWLRQ�LQ�
6RIWZDUH�IRU�+LJK�(QHUJ\�3K\VLFV��,5,6�+(3�

PFF�#SULQFHWRQ�HGX���������������

mailto:mcc3@princeton.edu


$QGUHD�5XELQVWHLQ

$GPLQLVWUDWLYH�6WDII��3ULQFHWRQ�,QVWLWXWH�IRU�
&RPSXWDWLRQDO�6FLHQFH�DQG�(QJLQHHULQJ��3,&6FL(�

DOUXELQV#SULQFHWRQ�HGX�����������������

mailto:alrubins@princeton.edu


0LFKDHO�
�7UHV��5HLG

3K\VLFV�3K�'��6WXGHQW
&RUQHOO�8QLYHUVLW\�
&06�([SHULPHQW�&ROODERUDWRU
PJU��#FRUQHOO�HGX

0\�UHVHDUFK�
&06�H[SHULPHQW�DW�&(51��,�ZRUN�RQ�VRIWZDUH�XSJUDGHV�
IRU�WKH�&06�WUDFNHU�DQG�(;2�VHDUFKHV�DW�&06�

0\�H[SHUWLVH�LV�
'DWD�DQDO\VLV�LQ�&8'$��3\WKRQ��&���DQG�
5227�

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
3DUDOOHOL]DWLRQ�DQG�YHFWRUL]DWLRQ�RI�WKH�&06�
WUDFN�UHFRQVWUXFWLRQ�DOJRULWKPV�

,¶YH�JRW�P\�H\HV�RQ�
*38�SURJUDPPLQJ�DQG�SDUDOOHO�FRPSXWLQJ

,�ZDQW�WR�NQRZ�PRUH�DERXW�
&RPSXWHU�DUFKLWHFWXUHV��SDUDOOHO�FRPSXWLQJ��
0DFKLQH�OHDUQLQJ�DQG�GDWD�PLQLQJ����



$QGUHZ�
/RHOLJHU

1HZ�SRVW�GRF�DW�3ULQFHWRQ��DQG�,�PDLQWDLQ�D�YHU\�
JHQHUDO�LQWHUHVW�LQ�ZKDWHYHU�SDUWLFOH�SK\VLFV�DQG�
FRPSXWHU�WRSLFV�,�FDQ�JHW�LQYROYHG�ZLWK�

0\�UHVHDUFK���+LJJV�3K\VLFV��7DX�3K\VLFV��
&06�7ULJJHU�6\VWHPV�DQG�0RQLWRULQJ��

/RRNLQJ�DW�EUDQFKLQJ�LQWR�%60�VHDUFKHV�DQG�EE�
ILQDO�VWDWHV"

0\�H[SHUWLVH�LV����+LJJV�DQG�7DX�3K\VLFV��
&06¶V�&DOR�/��'40�V\VWHPV�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��,QWHJUDWLRQ�RI�PDFKLQH�OHDUQLQJ�
DQRPDO\�GHWHFWLRQ�WHFKQLTXHV�IRU�WULJJHULQJ�
�W\SLFDOO\�LQYROYLQJ�QRQ�WUDGLWLRQDO�QRQ�S\WKRQ�
0/�HQYLURQPHQWV��

,¶YH�JRW�P\�H\HV�RQ��%HLQJ�LQYROYHG�LQ�WKH�
GHYHORSPHQW�RI�FRPSXWLQJ�WHFKQLTXHV�IRU�
ZKDWHYHU�WKH�QH[W�FROOLGHU�PD\�EH�

,�ZDQW�WR�NQRZ�PRUH�DERXW��3DUDOOHOL]DWLRQ�
WHFKQLTXHV�DQG�0/�WHFKQLTXHV

5HVHUYHG�IRU�\RXU�
LQVWLWXWLRQ¶V�ORJR��IRU�
H[DPSOH

0\�IDPLO\¶V�ZLQH�ODEHOV



$GULDQ�$ODQ�
3RO

3RVWGRFWRUDO�5HVHDUFK�$VVRFLDWH�DW�3ULQFHWRQ�8QLYHUVLW\
DGULDQ�SRO#FHUQ�FK��DS����#SULQFHWRQ�HGX

0\�UHVHDUFK�
0DFKLQH�OHDUQLQJ�DQG�LWV�DSSOLFDWLRQV�WR�KDUGZDUH�WULJJHU�
DW�&06

0\�H[SHUWLVH�LV�
&RPSXWHU�YLVLRQ��DQRPDO\�GHWHFWLRQ��PRGHO�
FRPSUHVVLRQ

$�SUREOHP�,¶P�JUDSSOLQJ�ZLWK�
+RZ�WR�WULJJHU�RQ�QHZ�SK\VLFV��DQRPDO\�
GHWHFWLRQ�LQ�D�UHVRXUFH�OLPLWHG�HQYLURQPHQW

,¶YH�JRW�P\�H\HV�RQ�
DU[LY

,�ZDQW�WR�NQRZ�PRUH�DERXW�
&RPSXWLQJ�IRU�+(3

mailto:adrian.pol@cern.ch
mailto:ap6964@princeton.edu


,RDQD�,IULP

5HVHDUFK�6WDII���3ULQFHWRQ�8QLYHUVLW\

0\�UHVHDUFK���$ZNZDUG�$UUD\�Y���*38�
DFFHOHUDWHG�$XWRPDWLF�'LIIHUHQWLDWLRQ

0\�H[SHUWLVH�LV���0/��3\WKRQ��&���

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��LQWHUDFWLYH�3\WKRQ�	�&���
LQWHJUDWLRQ�LQ�-XS\WHU�1RWHERRNV

,¶YH�JRW�P\�H\HV�RQ��LQVLJKWV�LQWR�FRPPXQLW\¶V�
UHVHDUFK�GLUHFWLRQV

,�ZDQW�WR�NQRZ�PRUH�DERXW��+(3�DSSOLFDWLRQV�
HFRV\VWHP



3DOODEL�'DV

3RVWGRFWRUDO�UHVHDUFK�DVVRFLDWH��
3ULQFHWRQ�8QLYHUVLW\��&06�
H[SHULPHQW

0\�UHVHDUFK���/HYHO���WULJJHU��+/7��
+LJJV�DQDO\VHV

0\�H[SHUWLVH�LV����7ULJJHU�DOJRULWKP�
GHYHORSPHQW��WULJJHU�SHUIRUPDQFH�VWXGLHV��MHW�
DQG�PLVVLQJ�PRPHQWXP�UHFRQVWUXFWLRQ�DQG�
SHUIRUPDQFH

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��*11�DSSOLFDWLRQV�IRU�MHW�
LGHQWLILFDWLRQ

,¶YH�JRW�P\�H\HV�RQ��,PSURYHPHQWV�LQ�5XQ���
WULJJHU�DQG�DQDO\VHV�LQ�&06�H[SHULPHQW

,�ZDQW�WR�NQRZ�PRUH�DERXW��1HZ�PDFKLQH�
OHDUQLQJ�DQG�FRPSXWLQJ�DSSURDFKHV�LQ�+(3



0RKDPHG�
(ODVKUL

3K\VLFV�3K'�6WXGHQW��8QLYHUVLW\�RI�&LQFLQQDWL�
/+&E�&ROODERUDWLRQ�0HPEHU
PDLOWR�PRKDPHG�HODVKUL#FHUQ�FK

0\�UHVHDUFK�

��%60�VHDUFKHV

��6HDUFK�IRU�ORQJ�OLYHG�SDUWLFOHV�VLJQDWXUHV

��*38�3URJUDPPLQJ�DQG�'DWD�WULJJHULQJ

0\�H[SHUWLVH�LV����
Ɣ 0&�6LPXODWLRQ
Ɣ 0/�DQG�SDUWLFOH�LGHQWLILFDWLRQ
Ɣ 5227��3\WKRQ��&��
Ɣ 5HDGLQJ�+DFNHU�1HZV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��
Ɣ :ULWLQJ�D�QHZ�VLPXODWLRQ�IUDPHZRUN�IRU�D�QHZ�

686<�VHDUFK�SURJUDP�LQ�/+&E
Ɣ 8VH�GHHS�OHDUQLQJ�WR�ORFDWH�SDUWLFOH�GHFD\�

YHUWLFHV��
,¶YH�JRW�P\�H\HV�RQ��
Ɣ 'HYHORSPHQWV�LQ�GHHS�OHDUQLQJ�DQG�+(3�

DSSOLFDWLRQV
Ɣ 3K\VLFV�3DUWLFOH�7UDFNLQJ�DQG�'HFRGLQJ�8VLQJ�

*38V�DQG�SDUDOOHO�SURJUDPPLQJ
Ɣ )XWXUH�4XDQWXP�&RPSXWHUV�XVDJH�LQ�+(3

,�ZDQW�WR�NQRZ�PRUH�DERXW��
Ɣ 3DUDOOHO�SURJUDPPLQJ�EHVW�SUDFWLVHV
Ɣ 0XOWL�WKUHDGHG�IUDPHZRUNV
Ɣ 3K\VLFV�DQG�3HRSOH

mailto:mohamed.elashri@cern.ch


5REHUW�
7DEE

'RFWRUDO�&DQGLGDWH�DW�7KH�
8QLYHUVLW\�RI�1HEUDVND���/LQFROQ
0HPEHU�RI�&06�&ROODERUDWLRQ

0\�UHVHDUFK���$�'UHOO�<DQ�&URVV�
6HFWLRQ�$QDO\VLV�LQ�WKUHH�GLPHQVLRQV

0\�H[SHUWLVH�LV����([SHULPHQWDO�+(3

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��$OO�RI�WKHP

,¶YH�JRW�P\�H\HV�RQ��:ULWLQJ�P\�WKHVLV�WR�
JUDGXDWH�LQ�WKH�VSULQJ

,�ZDQW�WR�NQRZ�PRUH�DERXW��8VLQJ�S\WKRQ�IRU�
GDWD�DQDO\VLV

7KLV�LV�6FRRWHU�EHLQJ�D�WXUWOH



/DQTLQJ
<XDQ

3K\VLFV�3K'�VWXGHQW���QG�\HDU��
*HQHUDOO\�LQWHUHVWHG�%60�SDUWLFOH�GHWHFWLRQ�
H[SHULPHQWV

0\�UHVHDUFK���
6HDUFK�IRU�GDUN�PDWWHU�DQG�RWKHU�UDUH�HYHQWV�LQ�
QREOH�OLTXLG�GHWHFWRUV

0\�H[SHUWLVH�LV����:ULWLQJ�EXJV«"�Π

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��&RGH�DFFHOHUDWLRQ�WHFKQLTXHV�
�$SSDUHQWO\�,�UHIXVHG�WR�DGPLW�P\�VWXSLG�
DOJRULWKPV�VKRXOG�EH�IL[HG�ILUVW�

,¶YH�JRW�P\�H\HV�RQ��0DFKLQH�OHDUQLQJ�EDVHG�
GHWHFWRU�UHVSRQVH�PRQLWRULQJ�DQG�HYHQW�
UHFRQVWUXFWLRQ

,�ZDQW�WR�NQRZ�PRUH�DERXW��3DUDOOHO�
FRPSXWLQJ��$SSOLFDWLRQV�RI�GHHS�OHDUQLQJ��'DWD�
PLQLQJ�



3RVWGRF��8QLYHUVLW\�RI�0LQQHVRWD
PHVV#XPQ�HGX��JLWKXE

0\�UHVHDUFK�
Ɣ 1HXWULQRV�DW�0,1(5Y$
Ɣ $FFHOHUDWRU�QHXWULQR�LQWHUDFWLRQV
Ɣ 0X�H�±�%60�VHDUFK��GHWHFWRU�

FRPPLVVLRQLQJ�

%HQ�
0HVVHUO\

0\�H[SHUWLVH�LV�
1HXWULQR�LQWHUDFWLRQ�FURVV�VHFWLRQ�PHDVXUHPHQW��
QHXWULQR�EHDPV��+(3�H[SHULPHQW�V\VWHPDWLFV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK�
+(3�VWDQGDUG�DQDO\VLV�WRROV��GDWD�SUHVHUYDWLRQ��
H[SHULPHQW�ZLGH�YHUVLRQ�FRQWURO��PLV�XVH�

,¶YH�JRW�P\�H\HV�RQ�
,5,6�+(3��&RIIHD��FROXPQDU�DQDO\VLV��RSHQ�
VFLHQFH

,�ZDQW�WR�NQRZ�PRUH�DERXW�
7KH�ODWHVW�S\WKRQ�+(3�DQDO\VLV�WRROV��VSHHG�LQ�
+(3�DQDO\VLV

mailto:mess@umn.edu
https://github.com/bamesserly


;XHIHQJ�
'LQJ

0\�SURIHVVLRQDO�UROH��LQVWLWXWLRQ��DQG�
JHQHUDO�DUHDV�RI�LQWHUHVW�

0\�UHVHDUFK���P\�SULPDU\�UHVHDUFK�
IRFXV

0\�H[SHUWLVH�LV����ZKDWHYHU

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��ZKDWHYHU�NHHSV�\RX�DZDNH�DW�
QLJKW

,¶YH�JRW�P\�H\HV�RQ��ZKDW�,�GUHDP�DERXW

,�ZDQW�WR�NQRZ�PRUH�DERXW��ZKDW�,�ZDQW�WR�
OHDUQ�DERXW�DW�WKLV�ZRUNVKRS

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�

5HVHUYHG�IRU�\RXU�
LQVWLWXWLRQ¶V�ORJR��IRU�
H[DPSOH

5HVHUYHG�IRU�\RXU�
H[SHULPHQW¶V�ORJR��IRU�
H[DPSOH

5HVHUYHG�IRU�VRPH�
RWKHU�ORJR��D�SKRWR�RI�
\RXU�GRJ��ZKDWHYHU



-LHXQ�<RR

*UDG��VWXGHQW��8,&

0\�UHVHDUFK���3L[HO�'HWHFWRUV��+LJJV�
3K\VLFV��%60�6HDUFKHV

0\�H[SHUWLVH�LV���'HWHFWRU�LQVWUXPHQWDWLRQ�	�
XSJUDGHV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��8SGDWLQJ�WR�FROXPQDU�DQDO\VLV�
WRROV

,¶YH�JRW�P\�H\HV�RQ��&06�5XQ��

,�ZDQW�WR�NQRZ�PRUH�DERXW��FRGH�RSWLPL]DWLRQ



0DVWHU
V�6WXGHQW

0\�UHVHDUFK��([SHULPHQWDO�FRVPRORJ\�

$JXVWLQ�5RPHUR
DU�#VWDQIRUG�HGX

0\�H[SHUWLVH�LV��&0%�SDUWLFOH�SK\VLFV��DQG�
LQVWUXPHQWDWLRQ�RI�VXSHUFRQGXFWLQJ��
ORZ�WHPSHUDWXUH�SKRWRQ�GHWHFWRUV�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��+RZ�WR�VFDOH��V\QFKURQL]H��DQG�
GHEXJ�WKRXVDQGV�RI�GHWHFWRUV�FRQQHFWHG�WR�
;LOLQ[�)3*$V�

,¶YH�JRW�P\�H\HV�RQ��)LUVW�UHVXOWV�RI�SHUKDSV�
WKH�PRVW�SUHFLVH�&0%�GDWD�HYHU�

,�ZDQW�WR�NQRZ�PRUH�DERXW��+(3�H[SHULPHQWV�



,ULQD�(QH

3K\VLFV�3K'�6WXGHQW
8&�%HUNHOH\���/%1/

0\�UHVHDUFK���
� 7UDFN�5HFRQVWUXFWLRQ�LQ�$7/$6
� +LJJV�WR�FKDUP�VWXGLHV

0\�H[SHUWLVH�LV����3\WKRQ��5227��&����0/�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��:ULWLQJ�PRUH�HIILFLHQW�FRGH�
�PHPRU\�PDQDJHPHQW��FRGH�UHIDFWRULQJ�

,¶YH�JRW�P\�H\HV�RQ��ILQLVKLQJ�P\�3K'�DQG�
ILQDOO\�KDYLQJ�VRPH�WLPH�WR�SOD\�YLGHR�JDPHV���

,�ZDQW�WR�NQRZ�PRUH�DERXW��3DUDOOHO�
SURJUDPPLQJ��*38�SURJUDPPLQJ��&ROXPQDU�
GDWD�DQDO\VLV



2UJKR�
1HRJL

0\�SURIHVVLRQDO�UROH��LQVWLWXWLRQ��DQG�
JHQHUDO�DUHDV�RI�LQWHUHVW�

0\�UHVHDUFK���P\�SULPDU\�UHVHDUFK�
IRFXV

0\�H[SHUWLVH�LV����ZKDWHYHU

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��ZKDWHYHU�NHHSV�\RX�DZDNH�DW�
QLJKW

,¶YH�JRW�P\�H\HV�RQ��ZKDW�,�GUHDP�DERXW

,�ZDQW�WR�NQRZ�PRUH�DERXW��ZKDW�,�ZDQW�WR�
OHDUQ�DERXW�DW�WKLV�ZRUNVKRS

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�

5HVHUYHG�IRU�\RXU�
LQVWLWXWLRQ¶V�ORJR��IRU�
H[DPSOH

5HVHUYHG�IRU�\RXU�
H[SHULPHQW¶V�ORJR��IRU�
H[DPSOH

5HVHUYHG�IRU�VRPH�
RWKHU�ORJR��D�SKRWR�RI�
\RXU�GRJ��ZKDWHYHU



(YDQ�
0DVVDUR

&RPSXWDWLRQDO�6FLHQFH�3K'�
FDQGLGDWH��0,7�

0\�UHVHDUFK���(IILFLHQW�0RQWH�&DUOR�
PHWKRGV�IRU�WKH�%ROW]PDQQ�7UDQVSRUW�
(TXDWLRQ

0\�H[SHUWLVH�LV��6FLHQWLILF�FRPSXWLQJ��0RQWH�
&DUOR�PHWKRGV��QXPHULFDO�PHWKRGV��QXPHULFDO�
PHWKRGV�IRU�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��5HZULWLQJ�FRGH�WR�XVH�PRUH�
HIILFLHQW�GDWD�VWUXFWXUHV�ZLWKRXW�LQWURGXFLQJ�EXJV

,¶YH�JRW�P\�H\HV�RQ��D�3K'��D�7KUHDGULSSHU�
&38

,�ZDQW�WR�NQRZ�PRUH�DERXW��EHVW�SUDFWLFHV�IRU�
GHYHORSLQJ�KLJK�SHUIRUPDQFH�FRPSXWLQJ�FRGH



*XLOOHUPR�$��
)LGDOJR�
5RGUtJXH]

0DVWHU
V�LQ�3K\VLFV��8QLYHUVLW\�RI�
3XHUWR�5LFR���0D\DJ�H]��
+LJK�(QHUJ\�3K\VLFV

0\�UHVHDUFK���1HZ�7ULJJHU�IRU�
([RWLF�3K\VLFV�$QDO\VLV��(0-�

0\�H[SHUWLVH�LV����3\WKRQ��0/

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��+/7�7ULJJHU�GHYHORSPHQW�

,¶YH�JRW�P\�H\HV�RQ���$�QHZ�)UDPHZRUN�ODSWRS��
D�3K'�

,�ZDQW�WR�NQRZ�PRUH�DERXW��&�����'LVWULEXWHG�
FRPSXWLQJ��&06�VRIWZDUH

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�



$XVWLQ�
7RZQVHQG

*UDGXDWH�6WXGHQW��8QLYHUVLW\�RI�1RWUH�
'DPH��LQWHUHVWHG�LQ�PDFKLQH�
OHDUQLQJ�

0\�UHVHDUFK���&06�686<�7UL%RVRQ�
VHDUFK

0\�H[SHUWLVH�LV��&06�/��7UDFN�7ULJJHU

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK�

,¶YH�JRW�P\�H\HV�RQ��8VLQJ�0/�WR�VROYH�
FRPSOH[�SUREOHPV

,�ZDQW�WR�NQRZ�PRUH�DERXW��0/�IRU�XVH�LQ�+(3



/XLV�6DQFKH]

0\�SURIHVVLRQDO�UROH��LQVWLWXWLRQ��DQG�
JHQHUDO�DUHDV�RI�LQWHUHVW�

0\�UHVHDUFK���P\�SULPDU\�UHVHDUFK�
IRFXV

0\�H[SHUWLVH�LV����ZKDWHYHU

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��ZKDWHYHU�NHHSV�\RX�DZDNH�DW�
QLJKW

,¶YH�JRW�P\�H\HV�RQ��ZKDW�,�GUHDP�DERXW

,�ZDQW�WR�NQRZ�PRUH�DERXW��ZKDW�,�ZDQW�WR�
OHDUQ�DERXW�DW�WKLV�ZRUNVKRS

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�

5HVHUYHG�IRU�\RXU�
LQVWLWXWLRQ¶V�ORJR��IRU�
H[DPSOH

5HVHUYHG�IRU�\RXU�
H[SHULPHQW¶V�ORJR��IRU�
H[DPSOH

5HVHUYHG�IRU�VRPH�
RWKHU�ORJR��D�SKRWR�RI�
\RXU�GRJ��ZKDWHYHU



$PUXWKD�
.ULVKQD

3K'�VWXGHQW��1RUWKHDVWHUQ�8QLYHUVLW\�
&06�H[SHULPHQW�DW�&(51�

0\�UHVHDUFK��
� 3KDVH���XSJUDGH�RI�&06��5	'�RI�WKH�EDUUHO�

OD\HU�RI�0LQLPXP�,RQL]LQJ�3DUWLFOH�7LPLQJ�
'HWHFWRU��07'��

� $OLJQPHQW�RI�(&$/�Z�U�W�WUDFNHU�IRU�5XQ���RI�
/+&�

� 0HDVXUHPHQW�RI�+LJJV�ZLGWK�XVLQJ�+ĺܵܵ�
FKDQQHO�

0\�H[SHUWLVH�LV��&����5227

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��SURJUDP�RSWLPL]DWLRQ��
EHFRPLQJ�SURILFLHQW�LQ�S\WKRQ�

,¶YH�JRW�P\�H\HV�RQ��,PSURYLQJ�WKH�VHQVLWLYLW\�
RI�P\�DQDO\VLV�XVLQJ�0/�PHWKRGV�

,�ZDQW�WR�NQRZ�PRUH�DERXW��0DFKLQH�/HDUQLQJ�
PHWKRGV�IRU�+LJK�(QHUJ\�3K\VLFV�



-RKDQQHV�
:DJQHU

3K\VLFV�3K'�6WXGHQW���UG�<HDU�
8&�%HUNHOH\���/%1/

0\�UHVHDUFK���([SHULPHQWDO�3DUWLFOH�
3K\VLFV��VWURQJ�IRFXV�RQ�
FRPSXWDWLRQDO�VLGH�

0\�H[SHUWLVH�LV��3\WKRQ��&����5227��'HHS�
/HDUQLQJ��HVS��*UDSK�1HXUDO�1HWZRUNV���
7UDFNLQJ�LQ�$7/$6

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��,PSURYLQJ�YHUWH[�
UHFRQVWUXFWLRQV�ZLWK�0/

,¶YH�JRW�P\�H\HV�RQ��6WDUWLQJ�ZRUN�RQ�P\�3K'�
DQDO\VLV�SURMHFW��ILQGLQJ�FRRO�QHZ�0/�SURMHFWV

,�ZDQW�WR�NQRZ�PRUH�DERXW��5HLQIRUFHPHQW�
OHDUQLQJ��*38�SURJUDPPLQJ��3DUDOOHO�SURFHVVLQJ



-HP�*XKLW
JXKLWM#XPLFK�HGX

3K\VLFV�3K'�&DQGLGDWH�
8QLYHUVLW\�RI�0LFKLJDQ
+(3��7UDYHOLQJ�䘖��6NLLQJ��

0\�UHVHDUFK���
$7/$6��'L�+LJJV�6HDUFKHV�

0\�H[SHUWLVH�LV���6HDUFKLQJ�6WDFNRYHUIORZ�ͼ�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��*11�2SWLPL]DWLRQ�

,¶YH�JRW�P\�H\HV�RQ��(IILFLHQWO\�LPSOHPHQWLQJ�
0/�$OJRULWKPV�DQG�DSSO\LQJ�*38�SURJUDPPLQJ�
DQG�2SHQ0/�WR�P\�UHVHDUFK�

,�ZDQW�WR�NQRZ�PRUH�DERXW�
-RNHV�DVLGH�
*11V�DQG�2SHQ03

mailto:guhitj@umich.edu


'HYLQ�$HEL

3K'�6WXGHQW�DW�7H[DV�$	0�
8QLYHUVLW\

0\�UHVHDUFK���&06��GL�+LJJV�
SURGXFWLRQ�KK�!EE::

0\�H[SHUWLVH�LV��3\WKRQ

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��5HDGLQJ�DQG�XQGHUVWDQGLQJ�
RWKHU�SHRSOH¶V�FRGH���

,¶YH�JRW�P\�H\HV�RQ��/HDUQLQJ�KRZ�WR�EHWWHU�
IRUPDW�P\�RZQ�SURMHFWV�WR�EH�PRUH�UHDGDEOH�DQG�
FOHDU

,�ZDQW�WR�NQRZ�PRUH�DERXW��0DFKLQH�/HDUQLQJ�
DQG�&ROXPQDU�'DWD�$QDO\VLV



6KUXWL�'H

3K\VLFV�3K'�6WXGHQW���QG�<HDU��DW�
WKH�6WDWH�8QLYHUVLW\�RI�1HZ�<RUN��
$OEDQ\

0\�UHVHDUFK���([SHULPHQWDO�
$VWURSDUWLFOH�3K\VLFV��:RUNLQJ�RQ�
'HWHFWRU�%XLOGLQJ�IRU�'LUHFW�'DUN�
0DWWHU�6HDUFK�

0\�H[SHUWLVH�LV��:RUN�RQ�3\WKRQ��/$036�'DWD�
$QDO\VLV�VRIWZDUH��+DYH�H[SHULHQFHV�ZLWK�5RRW�
DQG�*$U6RIW��/HDUQLQJ�&���DQG�*HDQW�

([SHUW�&ODVVLFDO�0XVLFLDQ����2QH�RI�WKH�6RFLDO�
0HGLD�+DQGOHV���
KWWSV���ZZZ�IDFHERRN�FRP�VKUXWL�GH�
$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��2SWLPL]LQJ�ZRUNLQJ�HIILFLHQF\�
WKURXJK�FRPSDUDWLYH�DQDO\VLV�LQ�VHDUFK�RI�WKH�
EHVW�WKHUPDO�GHWHFWRUV�WR�EH�XVHG�LQ�WKH�QHZ�
GHWHFWRU�PHFKDQLVP�IRU�WKH�GDUN�PDWWHU�VHDUFK
,¶YH�JRW�P\�H\HV�RQ��3DUWLFOH�$FFHOHUDWRUV��
PDFKLQH�OHDUQLQJ�WRROV�LQ�DFFHOHUDWRU�
PHFKDQLVP��%ODFN�+ROHV
,�ZDQW�WR�NQRZ�PRUH�DERXW��SDUDOOHO�
FRPSXWLQJ��PDFKLQH�OHDUQLQJ�XVDELOLW\��
FRPSXWDWLRQ�WRROV�IRU�VLPXODWLRQ�EDVHG�ZRUNV

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�

https://www.facebook.com/shruti.de


+\XQ\RQJ�
.LP

3RVWGRFWRUDO�5HVHDUFK�$VVRFLDWH

0\�UHVHDUFK���&06�H[SHULPHQW

0\�H[SHUWLVH�LV����3\WKRQ��&��

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��&���PHPRU\�PDQDJHPHQW
,¶YH�JRW�P\�H\HV�RQ��$XWRPDWLRQ

,�ZDQW�WR�NQRZ�PRUH�DERXW��0/



%ULDQQD�
'Z\HU

3K�'��&DQGLGDWH�DW�1RUWKHUQ�,OOLQRLV�
8QLYHUVLW\�

0\�UHVHDUFK���
Ɣ +�ĺ�ḉḉ�FURVV�VHFWLRQ�PHDVXUHPHQW
Ɣ ḉḉ���KHDY\�IODYRU�MHW�SURGXFWLRQ�

PHDVXUHPHQW
Ɣ &DQFHOOHG�7ULJJHU�XSJUDGHV��)7.��

/�7UDFN�+77�

0\�H[SHUWLVH�LV����3\WKRQ��&����5227

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��RSWLPL]DWLRQ

,¶YH�JRW�P\�H\HV�RQ��JUDGXDWLQJ�DQG�ILQGLQJ�D�
GDWD�VFLHQWLVW�MRE

,�ZDQW�WR�NQRZ�PRUH�DERXW��UHDO�ZRUOG�
DSSOLFDWLRQV�RI�0/�WHFKQLTXHV�



'LQXSD�
1DZDUDWKQH

3K'�VWXGHQW��1HZ�0H[LFR�6WDWH�
8QLYHUVLW\��)HUPL/DE�6SLQ4XHVW�
H[SHULPHQW

0\�UHVHDUFK���DUH�WKH�VHD�TXDUNV�
RUELWLQJ�DURXQG�WKH�VSLQ�D[LV�RI�WKH�
QXFOHRQ�"

0\�H[SHUWLVH�LV����S\WKRQ��F����5227�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��RSWLPL]DWLRQ��VSHHG

,¶YH�JRW�P\�H\HV�RQ��WR�EXLOG�HIILFLHQW�VRIWZDUH�
IRU�+(3�DQDO\VLV�

,�ZDQW�WR�NQRZ�PRUH�DERXW��0/��RSWLPL]DWLRQ



7RZVLID�
$NKWHU

3K\VLFV�3K'�VWXGHQW�DW�7H[DV�$	0�
8QLYHUVLW\�

0\�UHVHDUFK���&06��=¶�ZLWK�GLPXRQ�
ILQDO�VWDWH�

0\�H[SHUWLVH�LV����S\WKRQ��URRW

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��ZULWLQJ�D�PRGXOH�RQ�REMHFW�
EDVHG�UHFRQVWUXFWLRQ�

,¶YH�JRW�P\�H\HV�RQ��ILQLVKLQJ�P\�3K'�

,�ZDQW�WR�NQRZ�PRUH�DERXW��0DFKLQH�/HDUQLQJ��
RWKHU�SURJUDPPLQJ�ODQJXDJHV



$UWHP�
%ROVKRY

*UDGXDWH�VWXGHQW��7H[DV�$	0��DQG�
JHQHUDO�DUHDV�RI�LQWHUHVW�

0\�UHVHDUFK���WUDFN�EDVHG�PXRQ�
DOLJQPHQW��%60�GRXEOH�+LJJV�
SURGXFWLRQ�VWXG\

0\�H[SHUWLVH�LV����,�XVHG�WR�EH�VWULQJ�WKHRULVW�EXW�
UHFHQWO\�VZLWFKHG�WR�+(3�H[SHULPHQW��

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��ILJXULQJ�RXW�KRZ�0,18,7�
PLQLPL]HU�ZRUNV�DQG�KRZ�LW�FDQ�EH�LPSURYHG�RU�
ZKDW�LW�FDQ�EH�UHSODFHG�ZLWK

,¶YH�JRW�P\�H\HV�RQ��

,�ZDQW�WR�NQRZ�PRUH�DERXW��JHW�PRUH�SUDFWLFH�
ZLWK�S\WKRQ��OHDUQ�PRUH�DERXW�GDWD�DQDO\VLV

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�



6DQMDQD�
6HNKDU

3K'�VWXGHQW���UG�\HDU�
-RKQV�+RSNLQV�8QLYHUVLW\
,QWHUHVWHG�LQ�GHHS�OHDUQLQJ�IRU�+(3��&06�RIIOLQH�
VRIWZDUH��SURJUHVVLYH�PHWDO�DQG�PRUQLQJ�FRIIHH

0\�UHVHDUFK���
&06�3L[HO�FDOLEUDWLRQ��UHFRQVWUXFWLRQ�
$OVR�ILQLVKLQJ�XS�D�OHSWRTXDUN�VHDUFK�ZLWK�
'UHOO�<DQ�HYHQWV�

0\�H[SHUWLVH�LV���&����S\WKRQ

,�DOVR�VNHWFK�GRRGOH�D�IDLU�DPRXQW�DQG�,�WKLQN�,�DP�JRRG�
DW�LW��'

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�JUDSSOLQJ�
ZLWK��8QGHUVWDQGLQJ�WKH�*38�EDVHG�ORFDO�
UHFRQVWUXFWLRQ�LQ�WKH�&06�3L[HO�GHWHFWRU��PDNLQJ�P\�
UHFR�11�PRUH�PHPRU\�HIILFLHQW�DQG�IDVW

,¶YH�JRW�P\�H\HV�RQ��6WDUWLQJ�ZRUN�RQ�D�QHZ�&06�
$QRPDO\�VHDUFK�WKLV�IDOO��DQG�D�3RUFXSLQH�7UHH�FRQFHUW�
��

,�ZDQW�WR�NQRZ�PRUH�DERXW��$Q\WKLQJ�DQG�HYHU\WKLQJ�
DERXW�SDUDOOHO�SURJUDPPLQJ��*38�DUFK�DQG�
XQVXSHUYLVHG�OHDUQLQJ

7KLV�VSDFH�
UHVHUYHG�IRU�\RXU�
SKRWR��LPDJH�RI�DQ�
DWDYDU��ZKDWHYHU�



5DHHV�.KDQ

3K'�VWXGHQW��8QLYHUVLW\�RI�3LWWVEXUJK
'HWHFWRU�'HVFULSWLRQ�*URXS��$7/$6

0\�UHVHDUFK��:RUNLQJ�RQ�H[WHQGLQJ�
H[SHULPHQW�LQGHSHQGHQW�OLJKWZHLJKW�
VLPXODWLRQ�VRIWZDUH�)XOO6LP/LJKW��D�
*HDQW��DSSOLFDWLRQ��

0\�H[SHUWLVH�LV����3\WKRQ��&����*HDQW�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��$OORZLQJ�)XOO6LP/LJKW�WR�UHDG�LQ�
HYHQWV�LQ�WKH�VWDQGDUG�+HS0&��IRUPDW�ZLWK�
*HDQW��PXOWLWKUHDGLQJ�ZRUNLQJ�SURSHUO\�

,¶YH�JRW�P\�H\HV�RQ��/HDUQLQJ�PRUH�SK\VLFV�
DQG�VRIWZDUH�

,�ZDQW�WR�NQRZ�PRUH�DERXW��,�ZRXOG�OLNH�WR�
OHDUQ�PRUH�DERXW�0DFKLQH�OHDUQLQJ�



(YDQ�
.RHQLJ

*UDGXDWH�VWXGHQW�DW�WKH�8QLYHUVLW\�RI�
)ORULGD��,QWHUHVWHG�LQ�PDFKLQH�
OHDUQLQJ��PXVLF�

0\�UHVHDUFK���5HVRQDQW�PXOWL�E�MHW�
SURGXFWLRQ�DW�WKH�/+&

0\�H[SHUWLVH�LV����3\WKRQ�F����*11V��/+&�GDWD�
DQDO\VLV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��8VLQJ�*11V�WR�VROYH�
FRPELQDWRULDO�SDLULQJ�LVVXHV

,¶YH�JRW�P\�H\HV�RQ��3K�'

,�ZDQW�WR�NQRZ�PRUH�DERXW��0/�PHWKRGV�LQ�
+(3�

5HVHUYHG�IRU�\RXU�
LQVWLWXWLRQ¶V�ORJR��IRU�
H[DPSOH

6W\OLVK�FDQGLG�SKRWR�RI�RQH�RI�P\�FDWV�-XQR



5LVKDEK�
8QL\DO

3K�'��&DQGLGDWH��&DWKROLF�8QLYHUVLW\�
RI�$PHULFD��DQG�,�OLNH�GDWD�
YLVXDOL]DWLRQ�

0\�UHVHDUFK���,�DP�ZRUNLQJ�RQ�WKH�
VHDUFK�IRU�'DUN�0DWWHU�LQ�WKH�OHSWRQLF�
PRQRWRS�FKDQQHO�

0\�H[SHUWLVH�LV����џ
$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��)RUHFDVWLQJ�IXWXUH�HQHUJ\�
QHHGV�DQG�LQFOXVLRQ�RI�UHQHZDEOH�HQHUJ\�

,¶YH�JRW�P\�H\HV�RQ��*UDGXDWLRQ��IRU�QRZ�

,�ZDQW�WR�NQRZ�PRUH�DERXW��3DUDOOHO�
SURJUDPPLQJ�DQG�*11V

+RXVH�FDW�*DUILHOG



1LNKLOHVK�
9HQNDWDVXEUDPDQLDQ

5HFHQW�JUDG�IURP�8:�0DGLVRQ
,QFRPLQJ�3K\VLFV�3K�'��VWXGHQW�
DW�%URZQ

0\�UHVHDUFK���&06�H[SHULPHQW��
0/�DQG�FRPSXWDWLRQ

0\�H[SHUWLVH�LV����3\WKRQ��/DE9,(:��VRPH�
H[SHULHQFH�ZLWK�$,�0/�DQG�VLPXODWLRQ�VRIWZDUHV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��8VLQJ�0/�WR�LPSURYH�VLPXODWLRQ�
VRIWZDUHV�IRU�IXWXUH�FROOLGHUV

,¶YH�JRW�P\�H\HV�RQ��6WDUWLQJ�P\�3K�'��
SURJUDP

,�ZDQW�WR�NQRZ�PRUH�DERXW��1RYHO�0/�
WHFKQLTXHV��*11V��GDWD�YLVXDOL]DWLRQ�LQ�+(3



&KDPL�
$PDUDVLQJKH
DPDUDVFV#XPLFK�HGX

3K\VLFV�3K'�FDQGLGDWH��8QLYHUVLW\�RI�
0LFKLJDQ��Ƥ�/LYH�PXVLF�Ƥ

0\�UHVHDUFK���'DUN�PDWWHU�VHDUFKHV�
ZLWK�WKH�/=�H[SHULPHQW��[HQRQ�
PLFURSK\VLFV�

0\�H[SHUWLVH�LV��7U\LQJ�WR�FRQGHQVH�OLTXLG�
[HQRQ

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��+RZ�WR�HVWDEOLVK�ZRUNIORZ�RQ�
LQGLYLGXDO�SURMHFWV���WHDP�SURMHFWV�

,¶YH�JRW�P\�H\HV�RQ��0XOWL�WDUJHW�JOREDO�
DQDO\VHV�IRU�GDUN�PDWWHU�H[SHULPHQWV�

,�ZDQW�WR�NQRZ�PRUH�DERXW��6WDWLVWLFV��0/��
VWDWLVWLFDO�DQDO\VHV�XVLQJ�0/��*38V��SDUDOOHO�
FRGH�



3RVWGRFWRUDO�$SSRLQWHH
$UJRQQH�1DWLRQDO�/DERUDWRU\

0\�UHVHDUFK���VLPXODWLRQ�VRIWZDUH��
PDFKLQH�OHDUQLQJ��QHZ�SK\VLFV�VHDUFKHV

(YDQJHORV�
.RXUOLWLV

0\�H[SHUWLVH�LV��VLPXODWLRQ�VRIWZDUH�
RSWLPL]DWLRQV��+(3�GDWD�DQDO\VLV�0/

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��GHYHORSLQJ�PDFKLQH�OHDUQLQJ�
VROXWLRQV�WR�DFFHOHUDWH�*HDQW��GHWHFWRU�
VLPXODWLRQV

,¶YH�JRW�P\�H\HV�RQ��GLIIHUHQWLDEOH�
SURJUDPPLQJ��GLVWULEXWHG�	�+3&�FRPSXWLQJ��
KDUGZDUH�DFFHOHUDWLRQ

,�ZDQW�WR�NQRZ�PRUH�DERXW��GDWD�DQDO\VLV�LQ�
DGYDQFHG�FRPSXWLQJ�IDFLOLWLHV



.H]KX�*XR

,QFRPLQJ�3K\VLFV�3K'�VWXGHQW��
1RUWKZHVWHUQ�8QLYHUVLW\

0\�UHVHDUFK���&06

0\�H[SHUWLVH�LV����S\WKRQ��-DYD��&����QRW�UHDOO\�

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��3\5227

,¶YH�JRW�P\�H\HV�RQ��&RPSOHWLQJ�P\�ILUVW�
SURMHFW

,�ZDQW�WR�NQRZ�PRUH�DERXW��'HHS�OHDUQLQJ��
SDUDOOHO�SURJUDPPLQJ

5HVHUYHG�IRU�VRPH�
RWKHU�ORJR��D�SKRWR�RI�
\RXU�GRJ��ZKDWHYHU



$ELQDVK�
3XQ

3RVW�'RF��1HZ�0H[LFR�6WDWH�
8QLYHUVLW\

0\�UHVHDUFK��6HD�4XDUN¶V�
FRQWULEXWLRQ�WRZDUGV�WKH�WRWDO�VSLQ�
RI�SURWRQ�

0\�H[SHUWLVH�LV���5RRW��&��

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��VSHHG��RSWLPL]DWLRQ

,¶YH�JRW�P\�H\HV�RQ��GHYHORSLQJ�HIILFLHQW�
DQDO\VLV�IUDPHZRUN�IRU�WKH�VSLQTXHVW�H[SHULPHQW

,�ZDQW�WR�NQRZ�PRUH�DERXW��QHZ�PHWKRGV�
�S\WKRQ��0/��$,«��LQ�FRPSXWLQJ�



*OHQQ�
5LFKDUGVRQ

3K\VLFV�3K'�VWXGHQW��<DOH�8QLYHUVLW\�
Q(;2�H[SHULPHQW
JOHQQ�ULFKDUGVRQ#\DOH�HGX

0\�UHVHDUFK���QXFOHDU�SK\VLFV�
�QHXWULQROHVV�GRXEOH�EHWD�GHFD\�

0\�H[SHUWLVH�LV����&KDUJH�VLPXODWLRQ�DQG�
DQDO\VLV�LQ�OLTXLG�[HQRQ�73&V

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��7KH�PRVW�DFFXUDWH�DOJRULWKP�
IRU�FRXQWLQJ�FKDUJHV�FROOHFWHG�RQ�D�GHWHFWRU�
JLYHQ�D�UDQGRP�VHW�RI�SDUDPHWHUV�H�J��QXPEHU�
RI�VLJQDO�FKDQQHOV��QRLVH�SURILOH��VLJQDO�WLPH�HWF�

,¶YH�JRW�P\�H\HV�RQ��'HYHORSLQJ�FRPSXWDWLRQDO�
WHFKQLTXHV�IRU�XVH�LQ�UDUH�HYHQW�GHWHFWRUV

,�ZDQW�WR�NQRZ�PRUH�DERXW��0DFKLQH�OHDUQLQJ���
:RXOG�OLNH�WR�PDNH�SURJUHVV�RQ�GHYHORSLQJ�D�
PDFKLQH�OHDUQLQJ�DOJRULWKP�IRU�XVH�LQ�Q(;2¶V�
FKDUJH�UHFRQVWUXFWLRQ

0\�UHFHQW�WULS�WR�*XDWHPDOD



6LODV�
*URVVEHUQGW

�UG�\HDU�3K'�VWXGHQW�DW�WKH�*UDGXDWH�
&HQWHU�RI�&LW\�8QLYHUVLW\�RI�1HZ�<RUN��
%URRNKDYHQ�1DWLRQDO�/DEV

0\�UHVHDUFK���H[SHULPHQWDO�VWXGLHV�RI�WKH�
4XDUN�*OXRQ�SODVPD��KDGURQLF�FDORULPHWHU�
0RQLWRULQJ�DQG�WULJJHULQJ��0/�DQG�$,�
DSSOLFDWLRQV�WR�QRQ�SUHWXUEUDWLYH�4&'

0\�H[SHUWLVH�LV����,Q�+(3�FRQWH[W��&���5RRW�
PDLQO\�ZLWK�H[SHULHQFH�LQ�S\WKRQ�IRU�$,�
GHYHORSPHQW��$GGLWLRQDO�H[SHULHQFH�ZLWK�9+'/��
F��DQG�9%$

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��+RZ�WR�EHVW�LPSOHPHQW�
SHUWXUEUDWLYH�H[SDQVLRQ�RI�)H\QPDQ�GLDJUDPV�LQ�
S\WKRQ��ERWK�YLVXDOO\�DQG�LQ�D�&RQVWUDLQWHG�
VROYLQJ�SUREOHP�IRU�WKH�,QWHJUDWLRQ�

,¶YH�JRW�P\�H\HV�RQ��EXLOGLQJ�DQ�$,�V\VWHP�WR�
SHUIRUP�KLJKHU�RUGHU�2SHUDWRU�3URGXFW�
([SDQVLRQ�WR�JHW�EHWWHU�MHW�EDFNJURXQGV�

,�ZDQW�WR�NQRZ�PRUH�DERXW��+RZ�WR�EHVW�
PHUJH�0/�$,�WHFKQLTXHV�ZLWK�+(3�DQG�SURSHUO\�
XVLQJ�PXOWLWKUHDGLQJ



=KRQJWLDQ�
'RQJ

3K'�VWXGHQW�DW�WKH�8QLYHUVLW\�RI�
.DQVDV

0\�UHVHDUFK��&ROOLGHU�
SKHQRPHQRORJ\��%60�SK\VLFV

0\�H[SHUWLVH�LV����3\WKRQ��0DFKLQH�OHDUQLQJ��
0LQLPL]DWLRQ�SUREOHPV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��3DUDOOHO�FRPSXWLQJ

,¶YH�JRW�P\�H\HV�RQ��)XWXUH�FROOLGHUV��+LJJV�
SUHFLVLRQ�PHDVXUHPHQWV

,�ZDQW�WR�NQRZ�PRUH�DERXW��3DUDOOHO�FRPSXWLQJ



<LKHQJ�<H

3K\VLFV�8QGHUJUDGXDWH
8QLYHUVLW\�RI�&KLFDJR
+(3�3+

0\�UHVHDUFK���3K\VLFV�%H\RQG�60��
(OHFWURZHDN�3UHFLVLRQ�3URJUDP��
+LJJV�3K\VLFV

0\�H[SHUWLVH�LV����3\WKRQ�&�ORRS�FDOFXODWLRQV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��,¶P�LQ�JHQHUDO�D�EDG�SURJUDPHU

,¶YH�JRW�P\�H\HV�RQ��+/�/+&�DQG�IXWXUH�
FROOLGHU�HOHFWURQLFV�DQG�VRIWZDUH�5	'

,�ZDQW�WR�NQRZ�PRUH�DERXW��0DFKLQH�OHDUQLQJ��
SDUDOOHO�FRPSXWLQJ��HWF��



$GDP�
.REHUW

3K�'��6WXGHQW�DW�5XWJHUV�8QLYHUVLW\

0\�UHVHDUFK���+LJK�(QHUJ\�3K\VLFV�
UHVHDUFK�XVLQJ�H[SHULPHQWDO�GDWD�
IURP�WKH�&06�H[SHULPHQW�DW�WKH�/+&

0\�H[SHUWLVH�LV��8VLQJ�3\WKRQ�&���5RRW�5')�
IRU�WKH�SXUSRVH�RI�+LJK�(QHUJ\�3K\VLFV�'DWD�
$QDO\VLV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��*HWWLQJ�WKH�&06�&RPELQH�
3URJUDP�WR�GR�ZKDW�,�ZDQW

,¶YH�JRW�P\�H\HV�RQ��*HWWLQJ�P\�DQDO\VLV�WR�
IXQFWLRQ�FRUUHFWO\��WKHQ�SXEOLVKLQJ�P\�UHVXOWV�

,�ZDQW�WR�NQRZ�PRUH�DERXW��0DFKLQH�/HDUQLQJ

0\�GRJ�$UFKLH



+DVVDQH�
+DPGDRXL

3RVWGRF��6WRQ\�%URRN�8QL��1HXWULQRV�
3K\VLFV�,FH&XEH�

0\�UHVHDUFK���1HXWULQR�QXFOHRQ�
LQWHUDFWLRQ�FURVV�VHFWLRQ�
PHDVXUHPHQW�XVLQJ�,FH&XEH�KLJK�
HQHUJ\�FDVFDGH�GDWD�

0\�H[SHUWLVH�LV����+(3�GDWD�DQDO\VLV��'20�
LQWHJUDWLRQ

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��,PSURYH�FDVFDGH�HYHQWV�
UHFRQVWUXFWLRQ�

,¶YH�JRW�P\�H\HV�RQ��IXWXUH�QHXWULQR�DQG�
FROOLGHU�H[SHULPHQWV�

,�ZDQW�WR�NQRZ�PRUH�DERXW��SDUDOOHO�
FRPSXWLQJ��PXOWLWKUHDGLQJ�DQG�0/



6WHSKHQ�
*UHHQEHUJ

3K'�6WXGHQW�
8&�%HUNHOH\��/%1/

0\�UHVHDUFK��1HXWULQR�SK\VLFV��5	'�RQ�
QREOH�OLTXLG�GHWHFWRUV��FKDUJH�OLJKW�UHDGRXW�
HOHFWURQLFV

0\�H[SHUWLVH�LV��0/�DQG�HOHFWURQLFV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��DFFHOHUDWLQJ�DQDO\VLV�VRIWZDUH�
RI�YHFWRUL]HG�GDWD

,¶YH�JRW�P\�H\HV�RQ��\RX�Ӵ

,�ZDQW�WR�NQRZ�PRUH�DERXW��*38�DQG�SDUDOOHO�
SURJUDPPLQJ



�šƇÃĦĦê˘
�ĬŔêĦƇŸêĉĀ
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êĆŐĔȾơŧȾơƎêĸśȾǂĸơĴȾĆêćōĭƎŧƨśĎȾĎêơê

QȼǁĔȾĭŧơȾřǈȾĔǈĔƕȾŧśȚȾEƎêĎƨêơĸśĭȾêśĎȾǂŧƎōĸśĭȾ
ĸśȾĸśĎƨƕơƎǈȾǂĴĔƎĔȾQȾćêśȾêƋƋŐǈȾřǈȾơĔćĴśĸćêŐȾ
êśĎȦŧƎȾƕćĸĔśćĔȾćŧřřƨśĸćêơĸŧśȾƕōĸŐŐƕ

QȾǂêśơȾơŧȾōśŧǂȾřŧƎĔȾêĆŧƨơȚȾÕêƎĸŧƨƕȾpfȾ
řĔơĴŧĎƕȾơĴêơȾřêǈȾĆĔȾƨƕĔĬƨŐȾĬŧƎȾŧƋơĸřĸǒĸśĭȾřǈȾ
êśêŐǈƕĸƕ
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+R�)XQJ�7VRL

3K\VLFV�3K'�VWXGHQW
8QLYHUVLW\�RI�:LVFRQVLQ�0DGLVRQ

0\�UHVHDUFK���([RWLF�+LJJV�VHDUFKHV�
DQG�0/�WULJJHUV�DW�&06

0\�H[SHUWLVH�LV��%60�SK\VLFV�VHDUFKHV��
0/�DSSOLFDWLRQV�DW�WULJJHU�DQG�DQDO\VLV�
OHYHOV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��9DULRXV�0/�DOJRULWKPV

,¶YH�JRW�P\�H\HV�RQ��0RUH�0/�XVDJH�LQ�
+(3�H[SHULPHQWV

,�ZDQW�WR�NQRZ�PRUH�DERXW��0/�DQG�
FRPSXWLQJ�WHFKQLTXHV�IRU�+(3



%HQMDPLQ�
*LOEHUW

3K'�6WXGHQW�
&ROXPELD�8QLYHUVLW\

0\�UHVHDUFK���5HODWLYLVWLF�KHDY\�
LRQV��XOWUD�SHULSKHUDO�FROOLVLRQV��MHW�
SURGXFWLRQ

0\�H[SHUWLVH�LV����&����5227��3\WKRQ��
VLPXODWLRQV��MHW�UHFRQVWUXFWLRQ��OXPLQRVLW\�
PHDVXUHPHQWV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��3URFHVVLQJ�ODUJH�$7/$6�HYHQW�
UHFRUGV�WR�ILOWHU�VLJQDO�HYHQWV

,¶YH�JRW�P\�H\HV�RQ��0DFKLQH�OHDUQLQJ�
DSSURDFKHV�WR�RSWLPL]LQJ�GHWHFWRU�GHVLJQ

,�ZDQW�WR�NQRZ�PRUH�DERXW��0HWKRGV�RI�
WUDLQLQJ�PDFKLQH�OHDUQLQJ�WRROV��HIILFLHQW�
FRPSXWLQJ�IRU�WULJJHULQJ



*DYLQ�
1LHQGRUI

3K\VLFV�3K�'�6WXGHQW��&RUQHOO�8QLYHUVLW\

0\�UHVHDUFK��
�7UDFN�5HFRQVWUXFWLRQ�IRU�WKH�+/�/+&�
�3UHYLRXVO\�ZRUNHG�RQ�6WDQIRUG¶V�/'0;�
H[SHULPHQW�

0\�H[SHUWLVH�LV��6FLHQWLILF�SURJUDPPLQJ��GDWD�
VFLHQFH��PRGHOLQJ�SK\VLFDO�V\VWHPV

$�VRIWZDUH�DQG�FRPSXWLQJ�SUREOHP�,¶P�
JUDSSOLQJ�ZLWK��*38�SURJUDPPLQJ

,¶YH�JRW�P\�H\HV�RQ��³)RXQGDWLRQ�PRGHOV´�DQG�
GHHS�OHDUQLQJ�DW�VFDOH

,�ZDQW�WR�NQRZ�PRUH�DERXW��+LJK�SHUIRUPDQFH�
FRPSXWLQJ��GHHS�OHDUQLQJ�LQ�+(3�H[SHULPHQWV


