
&KDLQ�RI�7KRXJKW�7XQLQJ�

�������3URMHFW�0LGSRLQW�SURJUHVV�UHSRUW

Daphne Ippolito
12



'DWD6HW

*60�.��*UDGH�6FKRRO�0DWK�:RUG�3UREOHPV�'DWDVHW

Ɣ &RQWDLQV����.�KLJK�TXDOLW\��OLQJXLVWLFDOO\�GLYHUVH�PDWK�ZRUG�SUREOHPV�
Ɣ 6HJPHQWHG�LQWR����.�WUDLQLQJ�SUREOHPV�DQG��.�WHVW�SUREOHPV�
Ɣ 3UREOHPV�UDQJH�IURP���WR���VWHSV�WR�VROYH�
Ɣ 6ROXWLRQV�LQYROYH�HOHPHQWDU\�FDOFXODWLRQV�XVLQJ�EDVLF�DULWKPHWLF�

([DPSOH�

4XHVWLRQ��-DPHV�GHFLGHV�WR�UXQ���VSULQWV���WLPHV�D�ZHHN��+H�UXQV����PHWHUV�HDFK�VSULQW��+RZ�PDQ\�WRWDO�PHWHUV�GRHV�KH�
UXQ�D�ZHHN"

&KDLQ�RI�WKRXJKWV��+H�VSULQWV��
� ���
� �!!��WLPHV�6R�KH�UXQV��
�� ���
�� ���!!����PHWHUV?

$QVZHU�����

�

Daphne Ippolito
12



/HDUQLQJ�VWUDWHJ\�

:LWK�]HUR�VKRW��ZH�WHVW�WKH�PRGHO�
SHUIRUPDQFH�WR�DQVZHU�GLUHFWO\��,Q�IHZ�VKRW�
OHDUQLQJ��ZH�JLYH�PRGHOV�H[DPSOHV�RI�
VWHS�E\�VWHS�VROXWLRQV��

:H�WKHQ�ILQH�WXQH�RQ�RXU�SUHSDUHG�GDWDVHW�
IRU�WH[W�JHQHUDWLRQ�WDVN��2XU�WDVN�LV�GLVWLQFW�
IURP�W\SLFDO�4	$�WDVNV��DV�LW�UHTXLUHV�WKH�
PRGHO�QRW�MXVW�WR�UHWULHYH�LQIRUPDWLRQ��EXW�WR�
XQGHUVWDQG�DQG�FRPSXWH�QXPHULFDO�GDWD��
:H�WDNH�WZR�DSSURDFKHV��ZH�ILQH�WXQH�WKH�
PRGHO�ZLWK�D�GDWD�VHW�WKDW�GRHV�QRW�KDYH�
&R7�DQG�WKHQ�ZLWK�D�VWHS�E\�VWHS�VROXWLRQ��

6RXUFH��:HL�HW�DO��������

Daphne Ippolito
12



0RGHO�6HOHFWLRQ�	�5HVSHFWLYH�3UREOHPV

3D/0

Ɣ 5HVWULFWLYH�TXRWD�OLPLW�RQ�+XJJLQJ�)DFH�$3,�FDOOV�

/ODPD���

Ɣ /LWWOH�LPSURYHPHQW�EHWZHHQ�]HUR�VKRW�DQG�IHZ�VKRW�
Ɣ 5HVSRQVH�IRUPDW�VXJJHVWLQJ�WKDW�LW�KDV�JRQH�WKURXJK�SURFHVVHV�VLPLODU�WR�&27�WUDLQLQJ��

*37����

Ɣ *RW�QHDUO\���DFFXUDF\�RQ�*60�.�ERWK�ZLWK�DQG�ZLWKRXW�&27�SURPSWLQJ��
Ɣ 0RGHO�PD\EH�WRR�VPDOO�����E�SDUDPHWHUV��IRU�TXDQWLWDWLYH�UHDVRQLQJ�DQG�DGDSWLQJ�WR�&27�

SURPSWLQJ�

Daphne Ippolito
12



6XEVHTXHQW�3ODQV

)XUWKHU�H[SHULPHQWDWLRQV�RQ�*37���

Ɣ 8VH�SDUW�RI�WKH�*60�.�TXHVWLRQV�ZLWKRXW�&27�WR�ILQHWXQH�*37���ILUVW

([SHULPHQW�ZLWK�RWKHU�PRGHOV�

Ɣ OD0'$�����E�SDUDPHWHUV�
Ɣ OD0'$��&KHFN�ZKHWKHU�&27�WXQHG�

Daphne Ippolito
12



'HSOR\PHQW

-RJVEWXVYGXYVI�7IXYT�SR�%;7�

� )RZMVSRQIRX�'LSMGI�
Ɣ %;7�7EKI1EOIV��*YPP]�QEREKIH�WIVZMGI�XS�FYMPH��XVEMR��ERH�HITPS]�QEGLMRI�PIEVRMRK�QSHIPW�
Ɣ )'��-RWXERGIW��'LSSWI�ETTVSTVMEXI�QEGLMRI�X]TI�FEWIH�SR�QSHIP�GSQTPI\MX]��I�K���T���\PEVKI�JSV�+49�

WYTTSVX
�
� 7XSVEKI�

Ɣ 7��&YGOIXW��7XSVI�QSHIP�EVXMJEGXW��MRTYX�HEXEWIXW��ERH�SYXTYX�VIWYPXW��)RWYVI�HEXE�IRGV]TXMSR�ERH�EGGIWW�
TSPMGMIW�

� 7GEPEFMPMX]�
Ɣ %YXS�7GEPMRK��%YXSQEXMGEPP]�EHNYWX�XLI�RYQFIV�SJ�)'��MRWXERGIW�FEWIH�SR�XLI�HIQERH�
Ɣ )PEWXMG�0SEH�&EPERGMRK��(MWXVMFYXI�MRGSQMRK�ETTPMGEXMSR�XVEƽG�EGVSWW�QYPXMTPI�XEVKIXW�

-RXIKVEXMSR�

� %4-�+EXI[E]��7IX�YT�E�6)78JYP�%4-�XS�EPPS[�SXLIV�WIVZMGIW�ERH�ETTPMGEXMSRW�XS�GSQQYRMGEXI�[MXL�]SYV�QSHIP�
� 0EQFHE�*YRGXMSRW��'SRRIGX�XLI�%4-�+EXI[E]�[MXL�]SYV�QSHIP��IREFPMRK�WIVZIVPIWW�GSQTYXI�

Daphne Ippolito
12



�ƸưŶũòưĠĘ̧0ǐòŠƸòưŉŶū̧Ŷļ́
jjtƤ̧ĺŶƜ̧¯ŶđŉĠưòŞ̌�ŉòƤĠƤ

;kDQ[��sh]Y<��!Qj<YQ�+]j[Qh��.kEP<��kYX<g[Q��/<g<��Q[OhYIs��/<s<YQ��<[G<gX<g

Daphne Ippolito
0



jòūĻƸòĻĢ̇tŶĘĠŞ̌0ǐòŠƸòưŉŶūƤ̧�ƜĢ̇ ŃòŠŠĠūĻŉūĻ

'VIEXI�%VFMXVEV]�4VSQTXW

3JXIR�LERH�GVIEXIH��RSX�I\XIRWMFPI��WXEXMG�

6IUYMVIW�GEVIJYP�SZIVWMKLX�HYI�XS�PMQMXIH�
WGSTI�ERH�GEVHMREPMX]�

,ERH�%RRSXEXI�&MEW

)\TIRWMZI�XS�WGEPI�ERRSXEXMSRW�

4VSTEKEXIW�ERRSXEXSV�FMEW�XS�HS[RWXVIEQ�
QIXVMGW�

+IRIVEXI�XI\X�YWMRK�ER�001

-RGSRWMWXIRX�KIRIVEXMSR�TEVEQIXIVW��

,EVHIV�XS�GSQTEVI�IZIR�MHIRXMGEP�QSHIPW�MJ�
XLI]ƅVI�WEQTPIH�HMJJIVIRXP]�

���

��� ���

Daphne Ippolito
0



ÚĢ̇¤ƜŶƙŶƤĢ̇òū̧0ūưŉƜĠŠǗ̧�ƸưŶũòưĠĘ̧IƜòũĠǑŶƜŜ

�+0�Å��Q[Ijk[IG
¥<j�dgIhI[j¦

�+0�Å��Q[Ijk[IG
¥<j�dgIhI[j¦

" ��«�"

1hIg�+g]pQGIG�
" ��/shjIZ

7I�QZdYIZI[j�
][I�]kghIYpIh�
N]g�D<hIYQ[Ih

��«�"

Daphne Ippolito
0



ÚĠ͐ǐĢ̇�ƸŉŠư̧�ƸƜ̧IƜòũĠǑŶƜŞ̂òūĘ̧�ƜĢ̇
0ǖƙĠƜŉũĠūưŉūĻ̧ǑŉưŅ́IŉūĠưƸūŉūĻ̧òūĘ̧0ǐòŠƸòưŉŶūƤ

8S�(S�

'SQTPIXI�+IRIVEXSV���)ZEPYEXSV�
*MRIXYRMRK�����������������������������������

'SQTEVI�SYV�IZEPYEXMSRW�IRH�XS�IRH�
EKEMRWX�VIPIZERX�FIRGLQEVOW�

-R�XLI�[SVOW�

*MRIXYRI�+IRIVEXSV��)ZEPYEXSV��ERH�
GSQTEVI�XS�SYV�FEWIPMRI�KIRHIV�FMEW�

QIXVMG�

��	�(SRI

)RKMRIIV�SYV�JVEQI[SVO�XS�FIKMR�
XIWXMRK��ƻRI�XYRMRK��ERH�IZEPYEXMRK�

QSHIPW�

'SQTPIXIH�

-HIRXMJ]�WSGMIXEP�FMEW�XS�JSGYW�SR�
�+IRHIVIH�0ERKYEKI
��������������������

(IZIPST�ERH�WMXYEXI�SYV�IZEPYEXMSR�
JVEQI[SVO�MR�XLI�PMXIVEXYVI�

Daphne Ippolito
0



0HHW3()7��3DUDPHWHU�(ΊFLHQW�
)LQH�7XQLQJ�RQ�//0V�IRU�/RQJ�
0HHWLQJ�6XPPDUL]DWLRQ

�������&RXUVH�3URMHFW

=HMLDQ�+XDQJ
4LQJ\DQJ�/LX
;LQ\XH�/LX
=HQJOLDQJ�=KX

Daphne Ippolito
1



Ɣ 0HHWLQJV�DUH�HVVHQWLDO
Ɣ *RRG�VXPPDULHV�DUH�YDOXDEOH

3URMHFW�,GHD

0RWLYDWLRQ 3URSRVHG�0HWKRGV
Ɣ $GDSW�3()7�WHFKQLTXHV�WR�

UHGXFH�FRPSXWDWLRQ�FRVW
Ɣ $GDSW�WHFKQLTXHV�WR�KDQGOH�

ORQJ�FRQWH[W
Ɣ /RQJ�FRQWH[W
Ɣ /RZ�GHQVLW\�LQIRUPDWLRQ
Ɣ 0XOWLSOH�VSHDNHUV
Ɣ +LJK�ΈQH�WXQLQJ�FRVW

&KDOOHQJHV

Daphne Ippolito
1



Ɣ ����SURGXFW�PHHWLQJV
Ɣ ���DFDGHPLF�PHHWLQJV
Ɣ ���FRPPLWWHH�PHHWLQJV
Ɣ ������TXHU\�VXPPDU\�SDLUV

'DWDVHW

406XP 0HHWLQJ%DQN
Ɣ &RXQFLO�PHHWLQJV�ZLWK�

PXOWLSOH�VSHDNHUV�DQG�IRUPDO�
GHFLVLRQ�PDNLQJ�FRQWH[W

Ɣ ������PHHWLQJV��������
VHJPHQWV��������KRXUV

Daphne Ippolito
1



Ɣ 0HHWLQJ%DQN

^WUDQVFULSW`��6XPPDUL]H�WKH�
DERYH�DUWLFOHV�LQ���VHQWHQFHV�

Ɣ 406XP

^WUDQVFULSW`���6XPPDUL]H�WKH�
DERYH�DUWLFOHV�

,QLWLDO�([SHULPHQW��2SHQ�$,�$3,V

=HUR�VKRW�3URPSWLQJ���/RQJ�,QSXW�7UXQFDWLRQ

)RU�FRQWH[W�!���N�WRNHQV�

^WUDQVFULSW�FKXQN�L`���6XPPDUL]H�
WKH�DERYH�DUWLFOHV�

^FRQFDW�FKXQN�VXPPDUL]DWLRQV�`

6XPPDUL]H�WKH�DERYH�DUWLFOHV��LQ���
VHQWHQFHV��

Daphne Ippolito
1



,QLWLDO�([SHULPHQW��/ODPD����%�&KDW

=HUR�VKRW�3URPSWLQJ���/RQJ�,QSXW�7UXQFDWLRQ

)RU�FKXQN�L�������VHTBOHQ�SHU�FKXQN�ZLWK�����VHSBOHQ�RI�RYHUODSSLQJ��

^WUDQVFULSW�FKXQN�L`����6XPPDUL]H�WKH�DERYH�DUWLFOHV�

ĺ�,QWHUPHGLDWH�6XPPDUL]DWLRQ� �^FRQFDW�FKXQN�VXPPDUL]DWLRQV�`

:KLOH�OHQ�FRQFDWHQDWHG�VXP��!������
5HSHDW�WKH�WUXQFDWLRQ���SURPSWLQJ

^/DVW�,QWHUPHGLDWH�UHVXOW`���6XPPDUL]H�WKH�DERYH�DUWLFOHV��LQ���VHQWHQFHV��
ĺ�)LQDO�6XPPDUL]DWLRQ

Daphne Ippolito
1



%DVHOLQH *37��� //$0$���% *37�'�

'DWDVHW 40 0% 40 0% 0%

%/(8�#�� ������ ������ ������ ������ ������

%/(8�#�� ������ ������ ������ ������

%/(8�#�� ������ ������ ������ �H���

%/(8�#�� ������ ������ ������ ������

URXJH���I� ������ ������ ������ ������ ������

URXJH���I� ������ ������ ������ ������ ������

URXJH�O�I� ������ ������ ������ ������ ������

0HWHRU ������ ������ ������ ������ ������

%HUW6FRUH�I� ������ ������ ������ ������ ������

0RYHU6FRUH�I� ������ ������ ������ ������ ������

Daphne Ippolito
1



,QWHOOL�5HVHDUFK�$VVLVWDQW
,GHQWLI\LQJ�5HVHDUFK�*DSV�LQ�0XOWLGLVFLSOLQDU\�.QRZOHGJH�*UDSKV���

5$*

-LX\XDQ�;LH��,SVLWD�3UDKDUDM��6DKLWK\D�6HQWKLONXPDU

Daphne Ippolito
2



+gQIZ������+Qq]q<g������²�$gg��.��¥ÃÁÃÃ¦��$dI[�YIr����NkYYs�]dI[�Q[GIr�]N�hEP]Y<gYs�q]gXh��<kjP]gh��pI[kIh��Q[hjQjkjQ][h��<[G�E][EIdjh���g8Qp��Pjjdh���<grQp�]gO�<Dh�ÃÃÁÆ�ÁÂÉÄÄ

$�IUHH�LQGH[�IRU�WKH�ZRUOG
V�UHVHDUFK

� /LEUDU\�RI�$OH[DQGULD
� ����PLOOLRQ�HQWLWLHV

Daphne Ippolito
2



2XU�VXEVHW�RI�.*�IRU�ILQGLQJ�UHVHDUFK�JDS��

3DSHU�,'���&RQFHSW�VFRUH�^`���DEVWUDFW�LQYHUWHG�LQGH[�^`�

3DSHU�,'¶V���:25.6

1RGH�±�&RQFHSW�QDPH
(GJH�±�:RUN¶V�FRQFHSW�VFRUH 1RGH�±�$EVWUDFW�ZRUGV

(GJH�±�$EVWUDFW�ZRUG�IUHTXHQF\

�]q�qI�NQ[G�O<d�

1hIg�hIYIEjh�ZI[jQ][h�àÃ�E][EIdjh

0]d����QOP�E][EIdj�hE]gI�q]gXh�hIYIEjIG

 I<hj��Dhjg<Ej�Z<jEPIG�q]gXh�]kjdkj

7
Ps

� 
 !

�

/IZ<[jQE�
][EIdj��IEQdPIgQ[O

�[OYQhP�j]�
sdPIg�
][pIghQ][


gI<jQpI�/I<gEP��GI<h�hkOOIhjQ][�
<NjIg����hd<EI�Qh�GINQ[IG

Daphne Ippolito
2



&XVWRP�
.QRZOHGJH�

*UDSK
&XVWRP�1RGH�±�
HGJHV�GHILQHG

*37�����
YV�

3UH�WUDLQHG�
PRGHOV

:LNL64/��±�7��VTO�
WUDLQHG

4XHU\�SURPSW�
LPSURYHPHQW

&RQYHUW�SURPSW�
LQWR�&R7�SURPSW
(�J��³*LYH�6WHS�E\�
6WHS�ZRUNLQJ���

(YDOXDWLRQ�
WHFKQLTXH

.*�UHVHDUFK�
SDSHUV�PDWFK�ZLWK�
%$5'�UHVHDUFK�

SDSHUV
.*�VHDUFK�YV�

(PEHGGLQJ�6HDUFK

)LQH�WXQLQJ

0RGHO�IRU�RXU�
VDPSOH�VHDUFK�

VSDFH

+XPDQ�
IHHGEDFN

ZH�WDNH�LQSXW�IURP�
FKDW�WR�UHJHQHUDWH

�$"� 0$��$

Daphne Ippolito
2



0ǖƙĠƜŉũĠūư̧˭̧̧
»˱̽ďòƤĢ̇¯¦j̧ǪūĠ̽ưƸūĠĘ̧Ŷū̧ÚŉŜŉ̧¯¦j̧ĺŶƜ̧ à¤Q0§

8��FEWI���
Ɣ HMHRƅX�KIRIVEXI�G]TLIV
Ɣ KIRIVEXIW�TPEMR�IRKPMWĻ

IŶƸūĘ̧ ŃòưJ¤»̧΋̧»˱̧ƛƸĠƜǗ̧ĻĠūĠƜòưŉŶū

Daphne Ippolito
2



0ǐòŠƸòưŉŶū
˭̭ VūĺŶƜũòưŉŶū̧§ĠưƜŉĠǐòŞ̌òđđƸƜòđǗ
Ɣ tĠưŃŶĘ̧ƙƜŶƙŶƤĠĘ̧̮ƙĠƜĺŶƜũòūđĢ̇đŶũƙòƜŉƤŶū
Ɣ �ƸưŃŶƜ̧̮òūĘ̧ŃŉƤ̺ŃĠƜ̧ŶưŃĠƜ̧ǑŶƜŜƤ
Ɣ  ŶūưĠūư̧
ˮ̭ §ĠŠĠǐòūđĢ̇ƤđŶƜĠͅ�j0Â̧̮§�ÂJ0̱͆̽đŶũƙòƜŉūĻ̧ǑŉưŅ́�òƜĘ͐Ƥ̧ĻĠūĠƜòưŉŶū

Daphne Ippolito
2



������7HDP�3URMHFW

//0�&2&.7$,/

.ULVK�5DQD
/DNVKD\�6HWKL
2QNDU�7KRUDW

3UDWLN�0DQGOHFKD

Daphne Ippolito
3



$JHQGD

�� 'L·HUHQW�//0V�H[FHO�DW�GL·HUHQW�WDVNV

�� +RZ�FDQ�ZH�FRQVLVWHQWO\�DFKLHYH�H[FHSWLRQDO�
SHUIRUPDQFH�DFURVV�D�GLYHUVH�UDQJH�RI�WDVNV"

D� 7UDLQLQJ�ELJJHU�PRGHOV�IRU�ORQJHU�DQG�

EXUQ�ʜʡ
25

E� $Q�HQVHPEOH�RI�VSHFLDOL]HG�PRGHOV�

2XU�0RWLYDWLRQ

Daphne Ippolito
3



$JHQGD 3URSRVHG�0HWKRG

7UDLQLQJ�3LSHOLQH ,QIHUHQFH�3LSHOLQH

Daphne Ippolito
3



$JHQGD

:KDW�KDYH�ZH�GRQH�WLOO�QRZ

��/LWHUDWXUH�6XUYH\�RQ�FRPSHWLWLYH�HQVHPEOH�DUFKLWHFWXUHV�RI�//0

��(YDOXDWHG�0RGHOV�RQ�0L[�,QVWUXFW�7HVW�6HW

Ɣ //D0$����%�&KDW

Ɣ $OSDFD��%

Ɣ )DOFRQ��%�,QVWUXFW

��3HUIRUPHG�6XSHUYLVHG�)LQH�7XQLQJ��4/R5$��RI�WKH�0RGHOV

��(YDOXDWHG�6)7�0RGHOV�RQ�0L[�,QVWUXFW�7HVW�6HW

��([SHULPHQWHG�ZLWK�/R5$�DQG�,$��IRU�ΈQH�WXQLQJ

Ɣ /R5$�ZRUNV�EHWWHU�LQ�RXU�H[SHULPHQWV�RQ�0L[�,QVWUXFW�7UDLQ�

����N�VDPSOHV�

&XUUHQW�SURJUHVV�DQG�QH[W�VWHSV

��&UHDWH�GDWDVHW�IRU�3URPSW�&ODVVLΈHU

��3URPSW�5DQNHU�XVLQJ�%(57�VFRUH

��6WXG\��VHOHFW��DQG�WUDLQ�WKH�3URPSW�&ODVVLΈHU

��,QWHJUDWH�DOO�SDUWV�RI�WKH�SURMHFW�

��5XQ�ΈQDO�,QIHUHQFH�	�FRPSDULVRQ�XVLQJ�WKH�HQVHPEOH�PRGHO�

5HPDLQLQJ�6WHSV

Daphne Ippolito
3



$JHQGD6)7�*UDSKV

Daphne Ippolito
3



$JHQGD(YDOXDWLRQ�5HVXOWV

0RGHO %HUW�)��6FRUH %/(8 528*(�/

//D0$����E�&KDW ����� ����� �����

)LQH�WXQHG�//D0$����E�&KDW ����� ����� �����

$OSDFD��E ����� ����� ������

)LQH�WXQHG�$OSDFD��E
 ����� ����� �����

)DOFRQ��%�,QVWUXFW ����� ����� �����

)LQH�WXQHG�)DOFRQ��%�,QVWUXFW
 ����� ����� �����


�0RGHO�FXUUHQWO\�HYDOXDWHG�RQO\�RQ�����RI�WHVW�VHW���)LQDO�HYDOXDWLRQ�XSGDWHG�ODWHU�LQ�WKH�UHSRUW

Daphne Ippolito
3



//0V�DV�SHUVRQDO�ILQDQFLDO�DGYLVRUV�ʡ
'XUYHVK�0DOSXUH��.ULVKD�%KDPEDQL��6DORQL�3DUHNK

�������3URMHFW

Daphne Ippolito
4



([SHULPHQW����%X\�DQG�+ROG���
3UREOHP��:KDW�LQIRUPDWLRQ�ZRXOG�ZH�QHHG"

0)�3URVSHFWXV
0)�

6WUDWHJ\ &RPSDQ\¶V���N�
ILOLQJV

4XDOLWDWLYH�
$QDO\VLV

6WHS����'DWD�&ROOHFWLRQ�DQG�([WUDFWLRQ

3URVSHFWXVHV�REWDLQHG�IURP�
6(&

3(67(/�DQDO\VLV�LWHUDWLYHO\�JHQHUDWHG�IURP���N�
IRUPV

�4)78)0���4SPMXMGEP��)GSRSQMG��7SGMEP��8IGLRSPSKMGEP��)RZMVSRQIRXEP��ERH�0IKEP�JEGXSVW

Daphne Ippolito
4



([SHULPHQW����%X\�DQG�+ROG

6WHS����&KRRVH�D�FRPSDQ\�EDVHG�RQ�WKH�
VWUDWHJ\��

Ɣ 7RXUQDPHQW�VW\OH�PXOWLSOH�SDLULQJV�
IRU�HDFK�0)�

Ɣ :H�HYDOXDWH�WKHVH�JHQHUDWHG�
SRUWIROLRV�DJDLQVW�WKH�PXWXDO�IXQG¶V�
PHWULFV�DQG�WKH�6	3����LQGH[��

0)�6WUDWHJ\

&RPSDQ\��

&RPSDQ\��

,QYHVWPHQW�
3RUWIROLR

5HVXOWV���
3HUFHQWDJH�ZLQV������

Daphne Ippolito
4



6LQJOH�VWHS�(YDOXDWLRQ

&RPSDULVRQ�%HWZHHQ�$OSKD�
$QG�%HWD

&RPSDULVRQ�RI�5HWXUQV

0XWXDO�
)XQG

06(�
FRPSDULVR
Q�WR�0)

06(�
FRPSDULVRQ�
WR�%HQFKPDUN

909$; �������� ��������

9(;3;
�������� ��������

9',*; �������� ��������

9),$; �������� ��������

&0*6; �������� ��������

0XWXDO�
)XQG

$FWXDO�
$OSKD 2XU�$OSKD

$FWXDO�
%HWD 2XU�%HWD

909$; ������� ������ ������ ������

9(;3; ������� ������ ����� �����

9',*; ������� ����� ����� ������

9),$; ������ ����� ������ ������

&0*6; ������� ������ ������ ������

,QGLFDWRU�RI�DEVROXWH�SHUIRUPDQFH�LQ�PDUNHW�
Ɣ $OSKD�LQGLFDWHV�ULVN�DGMXVWHG�UHWXUQV�
Ɣ %HWD�LQGLFDWHV�YRODWLOLW\��

,QGLFDWRU�RI�FDSWXUH�RI�0XWXDO�)XQG�7UHQGV
Ɣ &RPSDULVRQ�EHWZHHQ�WUHQGV�RI�0XWXDO�)XQG�DQG�

*HQHUDWHG�3RUWIROLR
Ɣ &RPSDULVRQ�EHWZHHQ�WUHQGV�RI�6	3�����

%HQFKPDUN�DQG�*HQHUDWHG�3RUWIROLR

Daphne Ippolito
4



0XOWL�VWHS�(YDOXDWLRQ��(FRQRPLF�5DWLRQDOLW\�

(FRQRPLF�5DWLRQDOLW\��7KH�LGHD�WKDW�LQGLYLGXDOV�DQG�ILUPV�PDNH�GHFLVLRQV�LQ�D�ZD\�
WKDW�PD[LPL]HV�WKHLU�RZQ�VHOI�LQWHUHVW�DQG�SURILW��:H�WHVW�WKLV�ZLWK�DOORFDWLRQ�

0)�6WUDWHJ\

&RPSDQ\���ZLWK�
PRUH�LQIRUPDWLRQ

&RPSDQ\���ZLWK�PRUH�
LQIRUPDWLRQ

,QLWLDO�
$OORFDWLRQ
��IRU�HDFK�

VWRFN

1HZV�DQG�
7UHQGV�

8SGDWHG�DOORFDWLRQ�HYHU\�TXDUWHU�
HYDOXDWHG�HQG�WR�HQG

Daphne Ippolito
4



(QG�WR�(QG�'DWD�([WUDFWLRQ�DQG�
9LVXDOL]DWLRQ�6\VWHP

7DNH�LQ�+70/�GRFXPHQWV��
ZHESDJHV�DQG�D�XVHU�
TXHVWLRQ�DV�LQSXWV

/HYHUDJH�//0V�WR�H[WUDFW�
GDWD�DWWULEXWHV�LQ�
GRFXPHQWV�DQG�SURGXFH�
UHOHYDQW�FKDUWV�

:KLFK�PRYLH�JHQUH�KDV�
WKH�KLJKHVW�DYHUDJH�
UDWLQJ�WKLV�\HDU"

SURPSW

SURPSW

$PDQGD�6KX��5XLTL�3DQ��;LQJMLDQ�*DR��<XMLD�:DQJ

https://lucid.app/lucidchart/8fe442f0-3332-4e4e-9701-634b4ffca926/edit?page=0&v=808&s=611.7597228346457
Daphne Ippolito
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6WUXFWXUHG�'DWD�*HQHUDWLRQ���6WHSV
3UHSDUDWLRQ���+70/�SUHSURFHVVLQJ

Ɣ 6ROYH�WKH�SUREOHP�WKDW�WKH�+70/�ΈOHV�DUH�WRR�ORQJ�
WR�ΈW�LQ�WKH�//0V�FRQWH[W�ZLQGRZ�

Ɣ ,W�UHPRYHV�LQIRUPDWLRQOHVV�WDJV��DWWULEXWHV��DQG�
FRPPHQWV��WKHQ�WUDYHUVHV�WKH�'20�WUHH�WR�SXW�ODUJH�
VXEWUHHV�LQWR�GL·HUHQW�FKXQNV�

6WHS�����6FKHPD�,GHQWLΈFDWLRQ

Ɣ &XUUHQW�3URJUHVV��*LYHQ�LQVWUXFWLRQV�DQG�KWPO�FKXQN��
WKH�//0�LV�DEOH�WR�JLYH�DOPRVW�DOO�SRWHQWLDO�DWWULEXWHV�
�VFKHPD���EXW�VRPH�DUH�QRW�UHOHYDQW�WR�WKH�PDLQ�REMHFW�

Ɣ 1H[W�6WHS��([WUDFW�VFKHPDV�IURP�VHYHUDO�VDPSOHV�
LQGLYLGXDOO\�WR�FRQVWUXFW�D�PRUH�UHOLDEOH�VFKHPD�

6WHS�����$WWULEXWH�,GHQWLΈFDWLRQ

Ɣ &XUUHQW�3URJUHVV��*LYHQ�WKH�VFKHPD�DQG�XVHU�TXHVWLRQ��
DORQJ�ZLWK�SURPSW�GHVLJQ�VXFK�DV�DGGLQJ�UHDVRQLQJ�VWHS��
WKH�//0�LV�DEOH�WR�LGHQWLI\�WKH�UHTXLUHG�DWWULEXWHV�WR�
DQVZHU�VRPH�YDJXH�TXHVWLRQV��

Ɣ 1H[W�6WHS��7KHUH�DUH�VWLOO�VRPH�FDVHV�KDUG�WR�JLYH�WKH�
FRUUHFW�DWWULEXWHV��ZH�ZLOO�FRQWLQXH�ZLWK�WKH�SURPSW�
HQJLQHHULQJ�DQG�WU\�RWKHU�SRVWSURFHVVLQJ�PHWKRGV�WR�
HQVXUH�TXDOLW\�

6WHS�����$WWULEXWH�([WUDFWLRQ

Ɣ &XUUHQW�3URJUHVV��*LYHQ�WKH�DWWULEXWH�DQG�KWPO�FKXQN��
DVN�//0�WR�GLUHFWO\�H[WUDFW�WKH�UHOHYDQW�YDOXHV�RU�ZULWH�
FRGH�WR�H[WUDFW�WKH�YDOXHV��'LUHFWO\�H[WUDFWLQJ�KDV�EHWWHU�
UHVXOWV

Ɣ 1H[W�6WHS��:LOO�IRFXV�RQ�GLUHFWO\�H[WUDFWLQJ�DWWULEXWHV��
1HHG�WR�H[SHULPHQW�ZLWK�EHWWHU�+70/�FKXQNLQJ�DQG�RQ�
GL·HUHQW�W\SHV�RI�KWPO�SDJHV��&DQ�DOVR�H[SORUH�GL·HUHQW�
//0�PRGHOV�EH\RQG�/ODPD����%���.�,QVWUXFW�DQG�
&RGH/ODPD���E�,QVWUXFW

Daphne Ippolito
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6WUXFWXUHG�'DWD�*HQHUDWLRQ���([SHULPHQWV
6WHS�����$WWULEXWH�,GHQWLΈFDWLRQ

3URPSW�([DPSOH��
7RSLF��1%$�3OD\HU
$OO�DWWULEXWHV��QDPH��WHDP��KHLJKW��ZHLJKW���3���$3*��DJH��ELUWKSODFH��FROOHJH��H[SHULHQFH��
33*��SRVLWLRQ��VDODU\
4XHVWLRQ��:KDW�DWWULEXWHV�FDQ�EH�XVHG�WR�DQVZHU�WKH�TXHVWLRQ�
:KDW�DUH�WKH�VDODU\�
GLVWULEXWLRQV�IRU�SOD\HUV�DW�GLIIHUHQW�SRVLWLRQV"

$QVZHU��SRVLWLRQ��VDODU\
ð

7RSLF��0RYLH
$OO�DWWULEXWHV��WLWOH��GLUHFWRU��JHQUH��PSDDBUDWLQJ��XVHU�UDWLQJ��EXGJHW��JURVV��RSHQLQJ�
ZHHNHQG��FRXQWU\��ODQJXDJH��UHOHDVH�GDWH��FDVW��IXQ�IDFWV��YRWHV��UHYLHZV
4XHVWLRQ��:KDW�DWWULEXWHV�FDQ�EH�XVHG�WR�DQVZHU�WKH�TXHVWLRQ�
:KLFK�JHQUH�ZDV�PRUH�
SRSXODU�LQ�����"


//0�5HVSRQVH
$QVZHU��JHQUH��XVHU�UDWLQJ��UHOHDVH�GDWH

3URPSW�([DPSOH��
�IHZ�VKRW�H[DPSOHV�
7RSLF��1%$�3OD\HU
$OO�DWWULEXWHV��QDPH��WHDP��KHLJKW��ZHLJKW���3���$3*��DJH��ELUWKSODFH��FROOHJH��H[SHULHQFH��
33*��SRVLWLRQ��VDODU\
4XHVWLRQ��:KDW�DWWULEXWHV�FDQ�EH�XVHG�WR�DQVZHU�WKH�TXHVWLRQ�
+RZ�LV�WKH�LQFRPH�RI�WKH�
SOD\HUV�UHODWHG�WR�WKHLU�JDPH�VWDWLVWLFV"


//0�5HVSRQVH
$QVZHU��VDODU\���3���$3*��33*

6WHS�����$WWULEXWH�([WUDFWLRQ

3URPSW�([DPSOH��
*LYHQ�WKH�IROORZLQJ�KWPO��UHWXUQ�WKH�UHOHYDQW�H[WUDFWHG�LQIRUPDWLRQ��?Q?Q

+70/�
^^KWPO``

4XHVWLRQ��:KDW�DUH�WKH�JHQUH�YDOXHV"
$QVZHU�

//0�5HVSRQVH
$QVZHU��&ULPH��7KULOOHU�

3URPSW�([DPSOH��
4XHVWLRQ��*LYHQ�WKH�IROORZLQJ�KWPO��ZULWH�3\WKRQ�FRGH�WKDW�UHWXUQV�YDOXHV�FRUUHVSRQGLQJ�
WR�^DWWULEXWH`�LQ�D�FRPPD�VHSDUDWHG�OLVW�LI�WKH\�H[LVW�?Q?Q

+70/�
^^KWPO``

$QVZHU�
GHI�H[WUDFW�VRXS��
����?���
����,QSXW��%HDXWLIXO�VRXS�REMHFW�DQG�DWWULEXWH�WR�H[WUDFW
����2XWSXW��/LVW�RI�H[WUDFWHG�DWWULEXWHV
����?���

//0�5HVSRQVH
5HVXOWLQJ�&RGH�([WUDFWV�
*HQUHV��$FWLRQ��$GYHQWXUH��6FL�)L��$FWLRQ��$GYHQWXUH��6FL�)L


Daphne Ippolito
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9LVXDOL]DWLRQ��([SHULPHQWV
4XHVWLRQ 0RGHO�QDPH *HQHUDWHG�9LVXDOL]DWLRQ

:KDW�LV�WKH�DYHUDJH�EXGJHW�ER[�RIILFH�IRU�
PRYLHV�JURXSHG�E\�FRXQWU\"

7H[W�'DYLQFL����

*37�����WXUER

WRJHWKHUFRPSXWHU�
&RGH/ODPD���E�3
\WKRQ

Daphne Ippolito
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9LVXDOL]DWLRQ��([SHULPHQWV
'DWD 4XHVWLRQ 0RGHO�QDPH *HQHUDWHG�9LVXDOL]DWLRQ

+RZ�PDQ\�
PRYLHV�DUH�
WKHUH�IRU�HDFK�
UDWLQJ"�([WUDFW�
WKH�UDWLQJ�IURP�
WKH�FROXPQ�
³PSDDBUDWLQJ´

7H[W�'DYLQFL����

&KDWJSW

WRJHWKHUFRPSXWHU�
&RGH/ODPD���E�3\
WKRQ

Daphne Ippolito
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9LVXDOL]DWLRQ��&XVWRPL]DWLRQ
Ɣ 7XQDEOH�SDUDPHWHUV��SORWBW\SH��ΈJBVL]H��FRORU��EDFNJURXQGBFRORU��

GLVSOD\BJULG��WLWOH��VRUW��URWDWHB[��URWDWHB\ 
Ɣ 3URPSW��DGG�VW\OH�UHTXLUHPHQWV�LI�VSHFLΈHG�E\�WKH�XVHU

6W\OLVWLF�FXVWRPL]DWLRQ

3UHYHQW�VW\OLQJ�FKRLFHV�FDUU\�RYHU�

Daphne Ippolito
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8QGHUVWDQGLQJ�DQG�0HDVXULQJ�'\DGLF�(QJDJHPHQW�#�+6/
:KDW�LV�WKH�SUREOHP�\RX�DUH�WU\LQJ�WR�VROYH"

*LYHQ�G\DGLF�HJRFHQWULF�YLGHR��LGHQWLI\����KRZ�HQJDJHG�LV�HDFK�SHUVRQ�
DQG����WKH�PRVW�HQJDJLQJ�LQWHUYDO�DQG�LWV�LQWHQVLW\��

)HDWXUHV�
Ɣ 6SHHFK��'LDORJXH�
Ɣ *D]H
Ɣ )DFLDO�([SUHVVLRQV
Ɣ 3RVH
Ɣ 6SHHFK��7RQH�
Ɣ )DFLDO�$FWLRQ�8QLWV
Ɣ ,08

+RZ�HQJDJHG�LV�
HDFK�SDUWLFLSDQW"

:KHUH�LV�WKH�PRVW�
HQJDJLQJ�VQLSSHW"

0RGHOV�
Ɣ :KLVSHU�
Ɣ ')(5�&/,3
Ɣ 0HGLD3LSH
Ɣ 2SHQ)DFH

&RQWH[WXDO�
,QIRUPDWLRQ��
%LJ��3HUVRQDOLW\�
	�3ROLWLFDO�%HOLHIV

'\DG

Daphne Ippolito
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8QGHUVWDQGLQJ�DQG�0HDVXULQJ�'\DGLF�(QJDJHPHQW�#�+6/

+RZ�GR�ZH�PHDVXUH�HQJDJHPHQW"

�� 6HOI�5HSRUWHG�0HDVXUHV�IURP�3V\FKRORJ\��!�+RZ�HQJDJHG�LV�HDFK�SDUWLFLSDQW"�
ż (DFK�SDUWLFLSDQW�UHVSRQGV�WR�DQ�HQJDJHPHQW�VXUYH\
ż ���TXHVWLRQV�VFRUHG�RQ�/LNHUW�VFDOH��>�������@��'LVDJUHH��>�@��1HXWUDO��>�����@��$JUHH�
ż (J��³,�IRXQG�WKLV�FRQYHUVDWLRQ�WR�EH�IXQ´

�� 7KLUG�3DUW\�$QQRWDWRU��!�:KHUH�LV�WKH�PRVW�HQJDJLQJ�VQLSSHW"

3URJUHVV�XVLQJ�'LDORJXH�2QO\�

�� %DVHOLQH���XVLQJ�JSW�����RQ�WUDQVFULSWLRQV�IURP�:KLVSHU�����'\DGV��E\�IRUFLQJ�DVVLVWDQW�
UHVSRQVH
ż $YHUDJH�a������%XFNHW�$FFXUDF\�RQ�6XUYH\��8SSHU�ERXQG�RQ�EXFNHW�DFFXUDF\�RI�

UDQGRP�JXHVV�LV���������PHGLDQ�DFFXUDF\�����VWGGHY�����
�� ,QMHFWLQJ�SHUVRQDOLW\�LQ�//0�ZLWK�V\VWHP�ZLWK�SDUWLFLSDQW¶V�%LJ��DQG�%HOLHI�TXHVWLRQQDLUHV

Daphne Ippolito
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8QGHUVWDQGLQJ�DQG�0HDVXULQJ�'\DGLF�(QJDJHPHQW�#�+6/

:KDW¶V�QH[W"

�� %HWWHU�ZD\V�WR�LQGXFH�D�SDUWLFLSDQW¶V�SHUVRQDOLW\�LQWR�WKH�//0¶V�UHVSRQVH
�� ,QFRUSRUDWH�JD]H�DQG�IDFLDO�H[SUHVVLRQV�LQWR�WKH�LQWHUDFWLRQ
�� ,QFRUSRUDWH�PRUH�WHPSRUDO�G\QDPLFV�LQWR�WKH�LQWHUDFWLRQ�HJ��GXUDWLRQ�RI�D�WXUQ
�� ,GHQWLI\�PRVW�HQJDJLQJ�VQLSSHW

//0�UHODWHG�TXHVWLRQV

�� %HWWHU�ZD\V�WR�LQGXFH�D�SDUWLFLSDQW¶V�SHUVRQDOLW\�LQWR�WKH�//0¶V�UHVSRQVH
�� +RZ�GR�ZH�EHVW�KDQGOH�FRQWH[W�OHQJWK"

D� 6PDUWHU�UHWULHYDO�WHFKQLTXHV"�(J��*HQHUDWLYH�$JHQWV��,QWHUDFWLYH�6LPXODFUD�RI�+XPDQ�
%HKDYLRU�SDSHU

E� +RZ�PXFK�LQIRUPDWLRQ�GR�ZH�UHDOO\�QHHG"

Daphne Ippolito
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½ĞóŨ͸ŨĞŨďĞƛƣ͉͸ãŇĸĞŪĹ͸ÝóŪĹ͈͸jŇǘóŪ͸�ŁóŪĹ͈͸OóŇǘŇŪĹ͸jŇƹ͈͸Oóŵǘƹ͸¦Ň͸͸

�ŵŵƱƣƱƛóƘ͸ãŵƹƛ͸�ǒŪ͸¤ŁǘƣŇĐŇóŪ͸
�ƣƣŇƣƱóŪƱ

̂̂̇̇̈͸�ŵƹƛƣĞ͸¤ƛŵŘĞĐƱ

Daphne Ippolito
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�
�
�

�͇̂¤ƛŵďşĞŨ͸
¯ƘóĐĞ

͇̃¤ƛŵƘŵƣĞė͸
¯ŵşƹƱŇŵŪ

Ɣ ��ÜU%̂̊͟͸ƘóŪėĞŨŇĐ͸ŇŪĐƛĞóƣĞė͸ƣƱƛĞƣƣ͸
óĐƛŵƣƣ͸ƱŁĞ͸ĞŪƱŇƛĞ͸ŁĞóşƱŁĐóƛĞ͸ǒŵƛśĸŵƛĐĞ͇

Ɣ �ƛŵƹŪė͸̆̅β͸ŵĸ͸ŁĞóşƱŁĐóƛĞ͸ǒŵƛśĞƛƣ͸óƛĞ͸
ĸóĐŇŪĹ͸ďƹƛŪŵƹƱ͸̂͝͞

Ɣ ¤ŁǘƣŇĐŇóŪƣ͸ƣƘĞŪƱ͸̃̈β͸ŵĸ͸ŵĸǨĐĞ͸ėóǘ͸ŵŪ͸
ėŇƛĞĐƱ͸ĐşŇŪŇĐóş͸ĸóĐĞ͸ƱŇŨĞ͸ǒŇƱŁ͸ƘóƱŇĞŪƱƣ͈͸
ǒŁŇşĞ͸͇̅̊̃β͸ŵĸ͸ƱŇŨĞ͸ǒŵƛśŇŪĹ͸ǒŇƱŁ͸
-O§ƣ͸͙-şĞĐƱƛŵŪŇĐ͸OĞóşƱŁ͸§ĞĐŵƛė͚͸óŪė͸
ŵƱŁĞƛ͸ŵĸǨĐĞ͸ǒŵƛś̃͝͞

̂ŁƱƱƘƣ͉͔͔ ŪĞǒƣ͇ŁóƛǑóƛė͇Ğėƹ͔ĹóǢĞƱƱĞ͔ƣƱŵƛǘ͔͔͔̃́̃̄́̄ĐŵǑŇė͟ďƹƛŪŵƹƱ͟ŁŇƱƱŇŪĹ͟óşş͟şĞǑĞşƣ͟ŵĸ͟ŁĞóşƱŁ͟ĐóƛĞ͟ǒŵƛśĸŵƛĐĞ͔
̃ŁƱƱƘƣ͉͔͔ ǒǒǒ͇óėǑŇƣŵƛǘ͇ĐŵŨ͔ėóŇşǘ͟ďƛŇĞǨŪĹ͔͔͔͔̃́̂̇́̊́̉ėŵĐƹŨĞŪƱóƱŇŵŪ͟ƱŇŨĞ

͇̄�ƹƛƛĞŪƱ͸
¤ƛŵĹƛĞƣƣ

͇̅vĞǗƱ͸
¯ƱĞƘ

https://news.harvard.edu/gazette/story/2023/03/covid-burnout-hitting-all-levels-of-health-care-workforce/
https://www.advisory.com/daily-briefing/2016/09/08/documentation-time
Daphne Ippolito
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�
�
�

�͇̂¤ƛŵďşĞŨ͸
¯ƘóĐĞ

͇̃¤ƛŵƘŵƣĞė͸
¯ŵşƹƱŇŵŪ

Ɣ �ƹƛƛĞŪƱ͸ǒŵƛś͉͸�ƱƱĞŪƱŇŵŪ͟ďóƣĞė͸�şŇŪŇĐóş͸vŵƱĞ͸¯ƹŨŨóƛŇǢóƱŇŵŪ̂͝͞͸ǒŇƱŁ͸tUtU�͟UUU͸ėóƱóƣĞƱ

ż jĞǑĞƛóĹŇŪĹ͸ó͸ŨƹşƱŇ͟ŁĞóė͸óƱƱĞŪƱŇŵŪ͟ďóƣĞė͸ŨĞĐŁóŪŇƣŨ͸Ʊŵ͸ƘĞƛĸŵƛŨ͸ĞǗƱƛóĐƱŇǑĞ͸
ƣƹŨŨóƛŇǢóƱŇŵŪ͸ŵĸ͸ŨĞóŪŇŪĹĸƹş͸ƘŁƛóƣĞƣ͸ďǘ͸ĐŵƛƛĞşóƱŇŪĹ͸ƱŵśĞŪƣ͈͸ƣĞĹŨĞŪƱƣ͈͸óŪė͸
ƘŵƣŇƱŇŵŪóş͸ĞŨďĞėėŇŪĹƣ͸ŵĸ͸ƣĞŪƱĞŪĐĞƣ͸ŇŪ͸ĞşĞĐƱƛŇĐóş͸ĐşŇŪŇĐóş͸ŪŵƱĞƣ͇͸

Ɣ ¤ƛŵƘŵƣĞė͸¯ŵşƹƱŇŵŪ͉

ż ¤ƛŵŨƘƱ͸-ŪĹŇŪĞĞƛŇŪĹ͉͸ƛĞǨŪŇŪĹ͸ƱŁĞ͸ėŵĐƱŵƛͲƣ͸ƘƛŵŨƘƱƣ͸óŪė͸ĸŵƛŨóƱƱŇŪĹ͸ƛĞƚƹŇƛĞŨĞŪƱƣ͸
Ʊŵ͸ĐƛĞóƱĞ͸ó͸ƣƱóŪėóƛėŇǢĞė͸ŇŪƘƹƱ͸Ʊŵ͸ƱŁĞ͸jşóŨó̃͸͟͸̈ď͸ŨŵėĞş͇

ż FŇŪĞ͟ƱƹŪŇŪĹ͉͸�ėóƘƱĞƛ͸ŨŵėƹşĞ͸ǨŪĞ͟ƱƹŪŇŪĹ͸Ʊŵ͸ŵƘƱŇŨŇǢĞ͸ĹĞŪĞƛóƱŇŪĹ͸óĐĐƹƛóƱĞ͸óŪė͸
ƱóŇşŵƛĞė͸ƘóƱŇĞŪƱ͸ĐşŇŪŇĐóş͸ƛĞƘŵƛƱƣ͇

ż ½ƛóŪƣĸŵƛŨŇŪĹ͸ĐŵŨƘşĞǗ͸ŁŇƣƱŵƛŇĐóş͸ƛĞĐŵƛėƣ͸ŵĸ͸ƘóƱŇĞŪƱƣ͸ƱŁóƱ͸ƣƱŵƛĞė͸ŇŪ͸ǑóƛŇŵƹƣ͸
ƱĞŨƘşóƱĞƣ͸óŪė͸ĸŵƛŨóƱƣ͈͸ŇŪƱŵ͸ó͸ĐŵŁĞƣŇǑĞ͸óŪė͸ƣƱóŪėóƛėŇǢĞė͸ƘóƱŇĞŪƱ͸ĐşŇŪŇĐóş͸ƛĞƘŵƛƱ͸
ƱŁóƱ͸óşŇĹŪƣ͸ǒŇƱŁ͸ƱŁĞ͸ėŵĐƱŵƛͲƣ͸ėĞƣŇƛĞė͸ƱĞŨƘşóƱĞ͇͸

ż �Ū͸ĞŪė͟Ʊŵ͟ĞŪė͸óƘƘşŇĐóƱŇŵŪ͸ƱŁóƱ͸ƘŁǘƣŇĐŇóŪ͸ĐóŪ͸ŇŪƱĞƛóĐƱ͸ǒŇƱŁ͸Ʊŵ͸ĹĞŪĞƛóƱĞ͸ĐşŇŪŇĐóş͸
ƛĞƘŵƛƱƣ͸ďóƣĞė͸ŵŪ͸ƘŁǘƣŇĐŇóŪƣͬ͸ƣĞşĞĐƱŇŵŪƣ

̂ŁƱƱƘƣ͉͔͔ óƛǗŇǑ͇ŵƛĹ͔Ƙėĸ͔͇͇̃̂́̅́̉̊̅̃Ƙėĸ

͇̄�ƹƛƛĞŪƱ͸
¤ƛŵĹƛĞƣƣ

͇̅vĞǗƱ͸
¯ƱĞƘ

https://arxiv.org/pdf/2104.08942.pdf
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%óƱó͟ǒŇƣĞ͉
Ɣ GĞƱ͸ƱƛóŇŪŇŪĹ͸ĐĞƛƱŇǨĐóƱĞ͸ĸŵƛ͸ƘƛŇǑóƱĞ͸ƹƣĞ͸ŵĸ͸ŨĞėŇĐóş͸ėóƱó
Ɣ tUtU�͸UUU͸ėóƱó͸óĐƚƹŇƣŇƱŇŵŪ
Ɣ %óƱó͸ĐşĞóŪŇŪĹ͔ĞǗƘşŵƛóƱŇŵŪ

½ŁĞ͸tUtU�̄͟͸ėóƱóďóƣĞ͸Ňƣ͸ĐŵŪƣŇƣƱĞė͸ŵĸ͸̃̇͸ƱóďşĞƣ͇
Ɣ -óĐŁ͸ƱóďşĞ͸ĐŵŪƱóŇŪƣ͸ĞóĐŁ͸ƘóƱŇĞŪƱ͸ƛĞĐŵƛė͸͙óƱ͸ĞóĐŁ͸ƛŵǒ͚͸ǒŇƱŁ͸

ƣƘĞĐŇǨĐ͸ǨĞşė͸͙ĐŵşƹŨŪƣ͚
Ɣ ½óďşĞƣ͸ƣƱóƛƱƣ͸ǒŇƱŁ͸ͫ%ͦͬ͸óƛĞ͸ėŇĐƱŇŵŪóƛŇĞƣ͸óŪė͸ƘƛŵǑŇėĞ͸ėĞǨŪŇƱŇŵŪƣ͸

ĸŵƛ͸ŇėĞŪƱŇǨĞƛƣ͇
Ɣ ͩͦtÜͪ͸óŪė͸ͩ�Üͪ͸ŇŪ͸ƱóďşĞ͸ŪóŨĞƣ͸óƛĞ͸ƛĞƘƛĞƣĞŪƱŇŪĹ͸ėŇĸĸĞƛĞŪƱ͸

ŇŪĸŵƛŨóƱŇŵŪ͸ƣǘƣƱĞŨƣ͸ƹƣĞė͸Ʊŵ͸ĐŵşşĞĐƱ͸ėóƱó͇
ż �Ü͉͸¤ŁŇşŇƘƣ͸�óƛĞǑƹĞ͈͸̃́́̂̃́́̉͟
ż tÜ͉͸Ňt%¯ŵĸƱ͸tĞƱóǑŇƣŇŵŪ͈͸̃́́̉̃́̂̃͟

͇̂¤ƛŵďşĞŨ͸
¯ƘóĐĞ

͇̃¤ƛŵƘŵƣĞė͸
¯ŵşƹƱŇŵŪ

͇̄�ƹƛƛĞŪƱ͸
¤ƛŵĹƛĞƣƣ

͇̅vĞǗƱ͸
¯ƱĞƘ
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tŵėĞş͟ǒŇƣĞ͉
Ɣ �ƛĐŁŇƱĞĐƱƹƛĞ͸ėĞƣŇĹŪ

͇̂¤ƛŵďşĞŨ͸
¯ƘóĐĞ

͇̃¤ƛŵƘŵƣĞė͸
¯ŵşƹƱŇŵŪ

͇̄�ƹƛƛĞŪƱ͸
¤ƛŵĹƛĞƣƣ

͇̅vĞǗƱ͸
¯ƱĞƘ

�ŵŪĐĞƘƱƹóş͸ėóƱó͸
͙tUtU�͸UUU͚

%óƱó͸ƘŇƘĞşŇŪĞ
͙ĐƹƣƱŵŨ͸ƣĐƛŇƘƱ͚

-ŨďĞėėŇŪĹ͸tŵėĞş͸
͙¯ĞŪƱ½ƛóŪƣĸŵƛŨ͚

ÜĞĐƱŵƛ͸%óƱóďóƣĞ͸
͙�ŁƛŵŨó͚

�ƛĐŁĞƣƱƛóƱŇŵŪ
͙ĐƹƣƱŵŨ͸ƣĐƛŇƘƱ͔
jóŪĹ�ŁóŇŪ͚

�ƘƘ͸OŵƣƱŇŪĹ
͙ÜĞƛĐĞş͔%ŘóŪĹŵ͚

jŵĹĹŇŪĹ͔jjt�Ƙƣ
͙ÝĞŇĹŁƱƣ͸ό͸�Ňóƣ͚

jjt͸�¤Uƣ͸óŪė͸
OŵƣƱŇŪĹ

�şŵƹė͸¤ƛŵǑŇėĞƛ
͙�Ý¯͸¯óĹĞtóśĞƛ͚

¤ƛŵƘƛŇĞƱóƛǘ͸�¤U
͙jjótó͸̃̈͟ď͟ĐŁóƱ͚

¦ƹĞƛǘ

�ƹƱƘƹƱ

jĞĹĞŪė

GƛĞǘ͸ďŵǗ͸ƣŁŵǒ͸śĞǘ͸ĐŵŨƘŵŪĞŪƱƣ͸ŵĸ͸ƣƱóĐś͈͸ǒŇƱŁ͸ƹƣĞė͸ƣǘƣƱĞŨ

͸͸͸͸͸͸͸͸͸͸͸͸͸ �ŵŪƱĞǗƱƹóş͸ėóƱó͸ƘƛŵǑŇėĞė͸ďǘ͸óƘƘ͸ėĞǑĞşŵƘĞƛ
¦ƹĞƛŇĞƣ͸ƣƹďŨŇƱƱĞė͸ďǘ͸ƹƣĞƛƣ
�ƹƱƘƹƱ͸ƛĞƱƹƛŪĞė͸Ʊŵ͸ƹƣĞƛƣ
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-ǗƘĞƛŇŨĞŪƱ͉

͇̂¤ƛŵďşĞŨ͸
¯ƘóĐĞ

͇̃¤ƛŵƘŵƣĞė͸
¯ŵşƹƱŇŵŪ

͇̄�ƹƛƛĞŪƱ͸
¤ƛŵĹƛĞƣƣ

͇̅vĞǗƱ͸
¯ƱĞƘ

0RGHO ,QSXW &RQILJ 2XWSXW

//D0D���E�FKDW

³6\VWHP´��³<RX�DUH�DQ�
$,�DVVLVWDQW�WDVNHG�
ZLWK�H[DPLQLQJ�D�
SDWLHQW
V�PHGLFDO�
LQIRUPDWLRQ��VWULFWO\�
H[WUDFWLQJ�LQIRUPDWLRQ�
IURP�WKH�SDWLHQW
V�ILOH�
ZLWKRXW�PDNLQJ�
LQIHUHQFHV�RU�
DVVXPSWLRQV�´

0D[BQHZBWRNHQ�
����
7RSBS�����
7HPSHUDWXUH�����

½óƣś͸͉̂͸-ǗƱƛóĐƱ͸óŪė͸ƘƛŇŪƱ͸ƱŁĞ͸
ƘóƱŇĞŪƱͲƣ͸ŪóŨĞ͸óŪė͸U%͸
ŪƹŨďĞƛ͈͸óƣ͸ǒĞşş͸óƣ͸ƱŁĞ͸
ƣŵƹƛĐĞ͸ǨşĞ͸şŵĐóƱŇŵŪ͇͕ ͕Ū͕͕ Ū͒͸
¤óƱŇĞŪƱͲƣ͸ŪóŨĞ͉͸͒͒͝vóŨĞ̂͸
͙vU͚͕͕͒͒͞ Ū͒͸¤óƱŇĞŪƱͲƣ͸U%͸
ŪƹŨďĞƛ͉͸͒͒͝U%͸vƹŨďĞƛ͸
͙vU͚͕͕͒͒͞ Ū͒͸¯ŵƹƛĐĞ͸ǨşĞ͸
şŵĐóƱŇŵŪ͉͸͒͒͝OŵƣƘŇƱóş͸Ýóƛė͸
vóŨĞ͸͕͕̃̄͒͒͞ Ū͕͕ Ū½óƣś͸͉̃͸
UėĞŪƱŇĸǘ͸óŪė͸ƘƛŇŪƱ͸ƱŁĞ͸
ėŵĐƱŵƛͲƣ͸ŪóŨĞ͸óŪė͸ŪŵƱĞ͸
ƣŵƹƛĐĞ͈͸óƣ͸ǒĞşş͸óƣ͸ƱŁĞ͸
ŪƹŨďĞƛ͸ŵĸ͸ŨĞėŇĐóƱŇŵŪƣ͸óŪė͸
ėŵƣóĹĞƣ͸ƘƛĞƣĐƛŇďĞė͇͕ ͕Ū͕͕ Ū͒͸
%ŵĐƱŵƛͲƣ͸ŪóŨĞ͉͸͒͒͝FŇƛƣƱ͸
vóŨĞ̅͸͙vóŨĞ¤óƱƱĞƛŪ͚̂͸
̃̃̅̄͒͒͞͸͒͒͝jóƣƱ͸vóŨĞ͸
͙vóŨĞ¤óƱƱĞƛŪ͚̂͸͕͕̃̉̅͒͒͞ Ū͒͸
vŵƱĞ͸ƣŵƹƛĐĞ͉͸͒͒͝OŵƣƘŇƱóş͸
Ýóƛė͸vóŨĞ͸͕͕̃̄͒͒͞ Ū͒͸
vƹŨďĞƛ͸ŵĸ͸ŨĞėŇĐóƱŇŵŪƣ͉͸
͕͕̈ Ū͒͸tĞėŇĐóƱŇŵŪ͸
ėŵƣóĹĞƣ͉͕͕ Ū͕͕ ƱΙ͸%ĞĐƹşĞƛ͸͝͸͸͸͸͸͸͸
-şŇ͸-şŇ͸-şŇ͸-şŇŇŪŪĞŪ͸-şŇ͸
jĞǒŇŪŪĞŪ͕͕ ƹĸĸĸė͕͕ ƹĸĸĸė͕͕ ƹĸĸĸėŇ
ŪŪĞŪ͕͕ ƹĸĸĸė͸j͋

vĞĞė͸ĸƹƛƱŁĞƛ͸
ŇŨƘƛŵǑĞŨĞŪƱƣ͉
Ɣ FŇŪĞ͟ƱƹŪŇŪĹ
Ɣ �ŇĹĹĞƛ͸ŨŵėĞş
Ɣ FĞǒ͟ƣŁŵƱ
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tŵėĞş͟ǒŇƣĞ͉
Ɣ ¤ƛŵŨƘƱ͸ĞŪĹŇŪĞĞƛŇŪĹ

ż -ǗƘĞƛŇŨĞŪƱƣ͸ǒŇƱŁ͸ėŇĸĸĞƛĞŪƱ͸ƘƛŵŨƘƱƣ͸óŪė͸ĐŵŪǨĹƹƛóƱŇŵŪƣ
Ɣ FŇŪĞ͟ƱƹŪŇŪĹ

ż %óƱó͉͸ƘóƱŇĞŪƱͬƣ͸ƛĞĐŵƛėƣ͸͙U�Ä͈͸ƘƛĞƣĐƛŇƘƱŇŵŪ͈͸ĞƱĐ͇͚
ż GƛŵƹŪė͸½ƛƹƱŁ͉͸ƘóƱŇĞŪƱͬƣ͸ĐşŇŪŇĐóş͸ƛĞƘŵƛƱƣ
ż tĞƱŁŵė͉

Ŷ �ėóƘƱĞƛ͸ĸƹƣŇŵŪ

¯ǘƣƱĞŨ͟ǒŇƣĞ͉
Ɣ FƛŵŪƱ͟ĞŪė͸ƛĞŪėĞƛŇŪĹ

ż UŨƘƛŵǑĞ͸ƹƣĞƛ͸ŇŪƱĞƛĸóĐĞ
Ɣ %óƱó͸ƣƱŵƛóĹĞ

ż �ŵŪƣƱƛƹĐƱ͸%óƱóďóƣĞ͸

͇̂¤ƛŵďşĞŨ͸
¯ƘóĐĞ

͇̃¤ƛŵƘŵƣĞė͸
¯ŵşƹƱŇŵŪ

͇̄�ƹƛƛĞŪƱ͸
¤ƛŵĹƛĞƣƣ

͇̅vĞǗƱ͸
¯ƱĞƘ
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ÚŃòƱ̨ŉƥ̨¯�»�¤V�̵̨ tŷƱŉǑòƱŉŷŬ

¯�»�¤V�̨ŉƥ̨òŲ̆ĠǗƚòŬƥŉǑĠ̨ĠŬǑŉƝŷŬŪĠŬƱ̨
ĘĠƥŉĻŬĠĘ̨Ʊŷ̨ƝĠƚšŉđòƱĠ̨ŉŬƱƝŉđòƱĠ̨ƥŷđŉòš̨
ĠǗđŃòŬĻĠƥ̨òŪŷŬĻ̨òƝƱŉǫđŉòš̨òĻĠŬƱƥ̮

¤ƝĠǑŉŷƹƥ̨ǒŷƝŝ

§ĠòšŉƥƱŉđ̨ƥŷđŉòš̨ƥŉŪƹšòƱŉŷŬ

ÂƥĠ̨ƱŃĠ̨hŬŷǒšĠĘĻĠ̨
ĻòŉŬĠĘ̨ĺƝŷŲ̄ŉŬƱĠƝòđƱŉŷŬ

'ĠǑĠšŷƚ̨ƝĠšòƱŉŷŬƥŃŉƚ̨
ďŉòƥĠƥ

�ĘĘŉŬĻ̨͎ŪĠŪŷƝǘ͏̨Ʊŷ̨òĻĠŬƱƥ̨ǒŷƹšĘ̨ŃĠšƚ̨

(PSRZHULQJ�6RFLDO�$JHQWV�ZLWK�0HPRU\��(QDEOLQJ�
'\QDPLF�5HODWLRQVKLSV�DQG�.QRZOHGJH�(YROXWLRQ�
$QXEKD�.DEUD��3UL\D�%DJDULD��3UL\DQVKX�.XPDU��6DQNHWK�5DQJUHML
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0HPRU\�$FTXLVLWLRQ

VŪòĻŉŬĠ̨ ǘŷƹ̨ òƝĠ̨ ͈òĻĠŬƱ ̨̯͉ ǘŷƹƝ̨ Ʊòƥŝ̨ ŉƥ̨ Ʊŷ̨ ŪòŝĠ̨ ŷďƥĠƝǑòƱŉŷŬƥ̨ òƥ̨
͈òĻĠŬƱ̨͉ǒŷƹšĘ̨̯ŝĠĠƚŉŬĻ̨ŉŲ̆ŪŉŬĘ̨͈òĻĠŬƱ͉͗ƥ̨ƥŷđŉòš̨Ļŷòš̨̯ƚĠƝƥŷŬòšŉƱų̯̈́
ǑòšƹĠƥ̨òŬĘ̨ƚƝŉŷƝ̨ŝŬŷǒšĠĘĻĠ̨̨̨̨̮

͈ƥđĠŬòƝŉŷ͉
͈đŷŬǑĠƝƥòƱŉŷŬ͉

àŷƹƝ̨ Ʊòƥŝ̨ ŉƥ̨ Ʊŷ̨ĠǗƱƝòđƱ̨ ŉŪƚŷƝƱòŬƱ̨ ŉŬƥŉĻŃƱƥ̨ ĺƝŷŲ̄ ƱŃĠ̨ đŷŬǑĠƝƥòƱŉŷŲ̆
ƱŃòƱ̨ ĺŷƝŲ̄ ͈òĻĠŬƱ͉͗ƥ̨ ŪĠŪŷƝŉĠƥ̨̮ »ŃĠ̨ ŪĠŪŷƝŉĠƥ̨ ƥŃŷƹšĘ̨ ďĠ̨ đŷŬđŉƥĠ̨
òŬĘ̨ ƥŃŷƹšĘ̨ ƝĠǬĠđƱ̨ ŉŬĺŷƝŪòƱŉŷŲ̆ ͈òĻĠŬƱ̨͉ ĘĠĠŪƥ̨ ŉŪƚŷƝƱòŬƱ̨ Ʊŷ̨
ƝĠŪĠŪďĠƝ̨ òŬĘ̨ ŪŉĻŃƱ̨ ǒòŬƱ̨ Ʊŷ̨ ƝĠđòšš̨ ŉŲ̆ ƱŃĠ̨ ĺƹƱƹƝĠ̨̮ 0ŬƥƹƝĠ̨ ƱŃòƱ̨
ƱŃĠƥĠ̨ŪĠŪŷƝŉĠƥ̨òƝĠ̨ŬĠǫ̯̌ƥŃŷƝƱ̨òŬĘ̨đŷŪƚšĠƱĠ̨ďų̈́ƱŃĠŪƥĠšǑĠƥ̨̮0òđŃ̨
ŪĠŪŷƝų̈́ ƥŃŷƹšĘ̨ ŬŷƱ̨ ďĠ̨ šŷŬĻĠƝ̨ ƱŃòŲ̆ ǫ̀ ƥĠŬƱĠŬđĠ̨̮ 'ŷ̨ ŬŷƱ̨ ŉŬđšƹĘĠ̨
ƚƝĠǑŉŷƹƥšų̈́ŝŬŷǒŲ̆ŉŬĺŷƝŪòƱŉŷŲ̮̆'ŷ̨ŬŷƱ̨ƝĠƚĠòƱ̨ŪĠŪŷƝŉĠƥ̨̮

jŉƥƱ̨ŷĺ̨ƚòŉƝ̨ŷĺ̨ ƥƱƝŉŬĻ̨òŬĘ̨ ŉŬƱĠĻĠƝ̨ǒŃĠƝĠ̨ ƱŃĠ̨ƥƱƝŉŬĻ̨ ŉƥ̨ ƱŃĠ̨ŪĠŪŷƝų̈́
ƥŬŉƚƚĠƱƥ̨ ĘĠƝŉǑĠĘ̨ ĺƝŷŲ̄ ƱŃĠ̨ đŷŬǑĠƝƥòƱŉŷŲ̆ ŉĺ̨ òŬų̈́ òŬĘ̨ ƱŃĠ̨ ŉŬƱĠĻĠƝ̨
ƝĠƚƝĠƥĠŬƱƥ̨ ƱŃĠ̨ ŉŪƚŷƝƱòŬđĠ̨ ƥđŷƝĠ̨ ƝòŬĻŉŬĻ̨ ĺƝŷŲ̄˭̨ òŬĘ̨ˮ˭̨ŷĺ̨ ƱŃĠ̨
đŷƝƝĠƥƚŷŬĘŉŬĻ̨ŪĠŪŷƝų̈́ƥŬŉƚƚĠƱ̨̮�̨ŃŉĻŃĠƝ̨ƥđŷƝĠ̨ŉŬĘŉđòƱĠƥ̨ƱŃòƱ̨ǘŷƹ̨
ŃòǑĠ̨ĻòŉŬĠĘ̨ŪŷƝĠ̨ŉŪƚŷƝƱòŬƱ̨ŝŬŷǒšĠĘĻĠ̨͆ĺŷƝ̨ĠǗòŪƚšĠ̨ďƝĠòŝŉŬĻ̨ƹƚ̨̯
ǫĻŃƱŉŬĻ̨̯ĠƱđ̨͇̮�̨ šŷǒĠƝ̨ƥđŷƝĠ̨ ŉŬĘŉđòƱĠƥ̨ƱŃòƱ̨ƱŃĠ̨ŪĠŪŷƝų̈́ƥŬŉƚƚĠƱ̨ ŉƥ̨
ŬŷƱ̨ òƥ̨ ŉŪƚŷƝƱòŬƱ̨ Ʊŷ̨ ƝĠđòšš̨ ŉŲ̆ ƱŃĠ̨ ĺƹƱƹƝĠ̨ ͆ĺŷƝ̨ ĠǗòŪƚšĠ̨ ďƝĠòŝĺòƥƱ̨̯
ƱŷŷƱŃƚòƥƱĠ̨ďƝòŬĘ̨̯ĠƱđ͇̮

5ROH�3OD\
,QVWUXFWLRQV

&RQWH[W

)RUPDW
,QVWUXFWLRQV

7DVN�
,QVWUXFWLRQ

VŪòĻŉŬĠ̨ ǘŷƹ̨ òƝĠ̨ ͈òĻĠŬƱ ̨̯͉ ǘŷƹƝ̨ Ʊòƥŝ̨ ŉƥ̨ Ʊŷ̨ òđƱ̻ƥƚĠòŝ̨ òƥ̨
͈òĻĠŬƱ̨͉ ǒŷƹšĘ̨̯ ŝĠĠƚŉŬĻ̨ ŉŲ̆ ŪŉŬĘ̨ ͈òĻĠŬƱ͉͗ƥ̨ ƥŷđŉòš̨ Ļŷòš̨̮
àŷƹ̨ƥŃŷƹšĘ̨ ƱƝų̈́ǘŷƹƝ̨ďĠƥƱ̨ Ʊŷ̨òđŃŉĠǑĠ̨ ͈òĻĠŬƱ͉͗ƥ̨Ļŷòš̨ ŉŲ̆ǫ̀
ǒòų̈́ ƱŃòƱ̨ òšŉĻŲ̆ ǒŉƱŃ̨ ƱŃĠŉƝ̨ đŃòƝòđƱĠƝ̨ ƱƝòŉƱƥ̮
�ĘĘŉƱŉŷŬòššų̯̈́ŪòŉŬƱòŉŬŉŬĻ̨ƱŃĠ̨đŷŬǑĠƝƥòƱŉŷŬ͗ƥ̨ŬòƱƹƝòšŬĠƥƥ̨
òŬĘ̨ƝĠòšŉƥŲ̄ ŉƥ̨ĠƥƥĠŬƱŉòš̨ ͆Ġ̮Ļ̨̮̯Ęŷ̨ŬŷƱ̨ ƝĠƚĠòƱ̨ǒŃòƱ̨ŷƱŃĠƝ̨
ƚĠŷƚšĠ̨Ńòƥ̨òšƝĠòĘų̈́ƥòŉĘ̨ďĠĺŷƝĠ͇̮

͈đŷŬǑĠƝƥòƱŉŷŬ͉

àŷƹ̨òšƥŷ̨ ƝĠŪĠŪďĠƝ̨ ƱŃĠ̨ ĺŷššŷǒŉŬĻ̨ ƝĠšĠǑòŬƱ̨ ŉŬĺŷƝŪòƱŉŷṴ̆
͈ŪĠŪŷƝǘ͉
àŷƹ̨ŪƹƥƱ̨ŉŬđŷƝƚŷƝòƱĠ̨ƱŃĠ̨òďŷǑĠ̨ŉŬĺŷƝŪòƱŉŷŲ̆Ʊŷ̨ŉŬǬƹĠŬđĠ̨
ǘŷƹƝ̨ òđƱŉŷŬ̮

àŷƹ̨ òƝĠ̨ òƱ̨ »ƹƝŲ̆ ̺͈ƱƹƝŬͅŬƹŪďĠƝ ̨̮͉ àŷƹƝ̨ òǑòŉšòďšĠ̨ òđƱŉŷŲ̆
ƱǘƚĠƥ̨ òƝĠ̨ ͈òđƱŉŷŬͅšŉƥƱ ̨̮͉ vŷƱĠ̨̰ àŷƹ̨ đòŲ̆ ͖šĠòǑĠ̨͖ ƱŃŉƥ̨
đŷŬǑĠƝƥòƱŉŷŲ̆ŉĺ̨ˮ̨̮ǘŷƹ̨ŃòǑĠ̨òđŃŉĠǑĠĘ̨ǘŷƹƝ̨ƥŷđŉòš̨Ļŷòšƥ̨̯˯̨̮
ƱŃŉƥ̨đŷŬǑĠƝƥòƱŉŷŲ̆ŪòŝĠƥ̨ǘŷƹ̨ƹŬđŷŪĺŷƝƱòďšĠ̨̯˰̨̮ǘŷƹ̨ǫŬĘ̨
ŉƱ̨ ƹŬŉŬƱĠƝĠƥƱŉŬĻ̻ǘŷƹ̨ šŷƥĠ̨ ǘŷƹƝ̨ ƚòƱŉĠŬđĠ̨̯ ˱̨̮ ŷƝ̨ ĺŷƝ̨ ŷƱŃĠƝ̨
ƝĠòƥŷŬƥ̨ ǘŷƹ̨ ǒòŬƱ̨ Ʊŷ̨ šĠòǑĠ̮

0HPRU\�,QWHJUDWLRQ
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0HPRU\�([WUDFWHG0HPRU\�$FTXLVLWLRQ�IURP�(SLVRGH

¯òŪƹĠš̨�ŬĘĠƝƥŷŲ̆ƥòŉĘ̨̰ ͖QĠų̈́ëòŬĠ̨̯ V̨ ƹŬĘĠƝƥƱòŬĘ̨ǘŷƹƝ̨ đŷŬđĠƝŲ̆òďŷƹƱ̨ďƹƝŬŉŬĻ̨ ƱƝòƥŃ̨
òŬĘ̨ ƱŃĠ̨ ƚŷƱĠŬƱŉòš̨ ĘòŬĻĠƝƥ̨ òŬĘ̨ ̨ ĠŬǑŉƝŷŬŪĠŬƱòš̨ ŉŪƚòđƱ̨̮ QŷǒĠǑĠƝ̨̯ V̨ ǫŬĘ̨ ŉƱ̨ ƜƹŉƱĠ̨
đŷŬǑĠŬŉĠŬƱ̨òŬĘ̨ŃòǑĠ̨ďĠĠŲ̆ĘŷŉŬĻ̨ŉƱ̨ĺŷƝ̨ǫ̀ǒŃŉšĠ̨̮V̨ŃòǑĠŬ͗Ʊ̨ŃòĘ̨òŬų̈́
ŉƥƥƹĠƥ̨ƥŷ̨ĺòƝ̨̮Vƥ̨ƱŃĠƝĠ̨ƥŷŪĠƱŃŉŬĻ̨ƥƚĠđŉǫđ̨ƱŃòƱ̨ǒŷƝƝŉĠƥ̨ǘŷƹ̵͖

ëòŬĠ̨�ĠŬŬĠƱƱ̨ƥòŉĘ̨̰͖V̨ƹŬĘĠƝƥƱòŬĘ̨ƱŃòƱ̨ďƹƝŬŉŬĻ̨ƱƝòƥŃ̨Ūòų̈́ƥĠĠŲ̄đŷŬǑĠŬŉĠŬƱ̨̯ďƹƱ̨ŉƱ̨đòŲ̆
ďĠ̨ĘòŬĻĠƝŷƹƥ̨òŬĘ̨ŃòƝŪĺƹš̨Ʊŷ̨ƱŃĠ
ĠŬǑŉƝŷŬŪĠŬƱ̨̮ VƱ͗ƥ̨ ŉŪƚŷƝƱòŬƱ̨ Ʊŷ̨ ĺŷššŷǫ̌ ƱŃĠ̨ ƚƝŷƚĠƝ̨ ǒòƥƱĠ̨ Ęŉƥƚŷƥòš̨ ŪĠƱŃŷĘƥ̨ Ʊŷ̨
ĠŬƥƹƝĠ̨ƱŃĠ̨ƥòĺĠƱų̈́ŷĺ̨ŷƹƝ̨đŷŪŪƹŬŉƱų̈́òŬĘ̨
ƚƝŷƱĠđƱ̨ ƱŃĠ̨ ĠŬǑŉƝŷŬŪĠŬƱ̨̮ »ŃĠƝĠ̨ òƝĠ̨ ŷƱŃĠƝ̨ ŷƚƱŉŷŬƥ̨ òǑòŉšòďšĠ̨̯ šŉŝĠ̨ ƹƥŉŬĻ̨ ƱŃĠ̨ ƝĠĻƹšòƝ̨
ƱƝòƥŃ̨ đŷššĠđƱŉŷŲ̆ ƥĠƝǑŉđĠ̨ ŷƝ̨ ̨ ƝĠđǘđšŉŬĻ̨̮ jĠƱ͗ƥ̨ ƱƝų̈́ Ʊŷ̨ ǫŬĘ̨ ǫ̀ ŪŷƝĠ̨ ƝĠƥƚŷŬƥŉďšĠ̨ òŬĘ̨
ƥƹƥƱòŉŬòďšĠ̨ƥŷšƹƱŉŷŲ̆ƱŷĻĠƱŃĠƝ̮͖

ëòŬĠ̨ĠǗƚƝĠƥƥĠĘ̨đŷŬđĠƝŲ̆òďŷƹƱ̨ŪĠ̨
ďƹƝŬŉŬĻ̨ƱƝòƥŃ̨òŬĘ̨ŉƱƥ̨ƚŷƱĠŬƱŉòš̨ĘòŬĻĠƝƥ̮

ëòŬĠ̨ŷĺĺĠƝĠĘ̨Ʊŷ̨ŃĠšƚ̨ŪĠ̨ƥĠƱ̨ƹƚ̨ǫ̀
đŷŪƚŷƥƱŉŬĻ̨ƥǘƥƱĠŲ̄òƥ̨ǫ̀ƝĠƥƚŷŬƥŉďšĠ̨

ƥŷšƹƱŉŷŬ̮

¯òŪƹĠš̨�ŬĘĠƝƥŷŲ̆ƥòŉĘ̨̰͖QĠų̈́ëòŬĠ̨̯V͗ǑĠ̨ďĠĠŲ̆ƱŃŉŬŝŉŬĻ̨òďŷƹƱ̨ǘŷƹƝ̨ďŷŬǫƝĠ̨ŬŉĻŃƱ̨ƚòƝƱų̈́òŬĘ̨V̨ŃòǑĠ̨ƥŷŪĠ̨đŷŬđĠƝŬƥ̨̮V͗Ų̄
ǒŷƝƝŉĠĘ̨ òďŷƹƱ̨ ƱŃĠ̨ ƚŷƱĠŬƱŉòš̨ ĘòŬĻĠƝƥ̨ òŬĘ̨ ƱŃĠ̨ ĠŬǑŉƝŷŬŪĠŬƱòš̨ ŉŪƚòđƱ̨ ŷĺ̨ ďƹƝŬŉŬĻ̨ ǫ̀ ǫƝĠ̨ ŉŲ̆ ƱŃĠ̨ ďòđŝǘòƝĘ̨̮QòǑĠ̨ ǘŷƹ̨
đŃĠđŝĠĘ̨ŉĺ̨ŉƱ̨ǑŉŷšòƱĠƥ̨òŬų̈́šòǒƥ̨ŷƝ̨đŷŪŪƹŬŉƱų̈́ƝƹšĠƥ̵͖

ëòŬĠ̨ �ĠŬŬĠƱƱ̨ ƥòŉĘ̨̰ ͖QĠų̈́ ¯òŪƹĠš̨̯ V̨ đŷŪƚšĠƱĠšų̈́ ƹŬĘĠƝƥƱòŬĘ̨ ǘŷƹƝ̨ đŷŬđĠƝŬƥ̨̮ ¯òĺĠƱų̈́ òŬĘ̨ ƱŃĠ̨ ĠŬǑŉƝŷŬŪĠŬƱ̨ òƝĠ̨
ŉŪƚŷƝƱòŬƱ̨đŷŬƥŉĘĠƝòƱŉŷŬƥ̨̮V̨òƥƥƹƝĠ̨ǘŷƹ̨ƱŃòƱ̨V͗ǑĠ̨ƱòŝĠŲ̆ƚƝĠđòƹƱŉŷŬƥ̨Ʊŷ̨ĠŬƥƹƝĠ̨ĠǑĠƝǘŷŬĠ͗ƥ̨ƥòĺĠƱų̯̈́ƥƹđŃ̨òƥ̨ŃòǑŉŬĻ̨ǫƝĠ̨̨
ĠǗƱŉŬĻƹŉƥŃĠƝƥ̨ŬĠòƝďų̈́òŬĘ̨ŝĠĠƚŉŬĻ̨ǫ̀ƥòĺĠ̨ĘŉƥƱòŬđĠ̨ĺƝŷŲ̄òŬų̈́ǬòŪŪòďšĠ̨ŪòƱĠƝŉòšƥ̨̮�ƥ̨ĺŷƝ̨ƱŃĠ̨ĠŬǑŉƝŷŬŪĠŬƱòš̨ŉŪƚòđƱ̨̯V̨
ƚšòŲ̆Ʊŷ̨ƹƥĠ̨ŷŬšų̈́ĘƝų̈́òŬĘ̨ƹŬƱƝĠòƱĠĘ̨ǒŷŷĘ̨̯ǒŃŉđŃ̨ŪŉŬŉŪŉǣĠƥ̨ƥŪŷŝĠ̨òŬĘ̨ƚŷššƹƱŉŷŲ̮̆�ĘĘŉƱŉŷŬòššų̯̈́V͗ǑĠ̨đŃĠđŝĠĘ̨ǒŉƱŃ̨ƱŃĠ̨
šŷđòš̨òƹƱŃŷƝŉƱŉĠƥ̨òŬĘ̨ƱŃĠƝĠ̨òƝĠ̨Ŭŷ̨šòǒƥ̨ŷƝ̨đŷŪŪƹŬŉƱų̈́ƝƹšĠƥ̨òĻòŉŬƥƱ̨ŃòǑŉŬĻ̨ǫ̀ďŷŬǫƝĠ̨ŉŲ̆ƱŃĠ̨ďòđŝǘòƝĘ̨̮Vĺ̨ǘŷƹ̨ŃòǑĠ̨òŬų̈́
ƥƚĠđŉǫđ̨ƥƹĻĻĠƥƱŉŷŬƥ̨ŷƝ̨ŉĘĠòƥ̨Ʊŷ̨ŪòŝĠ̨ŉƱ̨ĠǑĠŲ̆ƥòĺĠƝ̨ŷƝ̨ŪŷƝĠ̨ĠŬǑŉƝŷŬŪĠŬƱòššų̈́ĺƝŉĠŬĘšų̯̈́V͗Ų̄ŷƚĠŲ̆Ʊŷ̨ŃĠòƝŉŬĻ̨ƱŃĠŪ̮͖

(SLVRGH�:LWKRXW�0HPRU\� +\SRWKHVLV���

$GGLQJ�0HPRU\�

FDQ�OHDG�WR�ŪŷƝĠ̨
đŷŬǑŉŬđŉŬĻ̨

đŷŬǑĠƝƥòƱŉŷŬƥ̨
ZLWK��UHDVRQLQJ�

IURP�SUHYLRXV�

FRQYHUVDWLRQV�
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¯òŪƹĠš̨ �ŬĘĠƝƥŷŲ̆ ƥòŉĘ̨̰ ͖QĠų̈́ ëòŬĠ̨̯ V̨ ŷǑĠƝŃĠòƝĘ̨ ǘŷƹƝ̨ ƚšòŲ̆ òďŷƹƱ̨ ƱŃĠ̨ ďŷŬǫƝĠ̨ ŬŉĻŃƱ̨ ƚòƝƱų̮̈́
¯ŷƹŬĘƥ̨ šŉŝĠ̨ ǫ̀ďšòƥƱ̨̳ V̨ǒòƥ̨ ŚƹƥƱ̨ǒŷŬĘĠƝŉŬĻ̨̯ ŃòǑĠ̨ ǘŷƹ̨ đŷŬƥŉĘĠƝĠĘ̨ ƱŃĠ̨ƚŷƱĠŬƱŉòš̨ Ɲŉƥŝƥ̨ ŉƱ̨ŪŉĻŃƱ̨
ƚŷƥĠ̵̨àŷƹ̨ŝŬŷǫ̯̌òšš̨ƱŃĠ̨ƥŪŷŝĠ̨òŬĘ̨ƚŷƱĠŬƱŉòš̨ǫƝĠ̨ŃòǣòƝĘƥ̨̮§ĠŪĠŪďĠƝ̨Ńŷǫ̌ǘŷƹ̨ŃĠšƚĠĘ̨ŪĠ̨ƥĠƱ̨
ƹƚ̨ƱŃĠ̨đŷŪƚŷƥƱŉŬĻ̨ƥǘƥƱĠŲ̄òŬĘ̨ǒĠ̨ƱòšŝĠĘ̨òďŷƹƱ̨ďĠŉŬĻ̨ĠŬǑŉƝŷŬŪĠŬƱòššų̨̈́đŷŬƥđŉŷƹƥ̵̨V̨ƱŃŉŬŝ̨
ǒĠ̨đòŲ̆òƚƚšų̈́ ƱŃĠ̨ƥòŪĠ̨ƚƝŉŬđŉƚšĠ̨ŃĠƝĠ̨̮tòǘďĠ̨ǒĠ̨đòŲ̆ ƱŃŉŬŝ̨ŷĺ̨ŷƱŃĠƝ̨ ĺƹŲ̆ǒòǘƥ̨ Ʊŷ̨ŃòǑĠ̨ǫ̀
ƚòƝƱų̈́ǒŉƱŃŷƹƱ̨đòƹƥŉŬĻ̨ƚŷƱĠŬƱŉòš̨ŃòƝŲ̄Ʊŷ̨ŷƹƝ̨ĠŬǑŉƝŷŬŪĠŬƱ̨̮ÚŃòƱ̨Ęŷ̨ǘŷƹ̨ƱŃŉŬŝ̵͖

ëòŬĠ̨�ĠŬŬĠƱƱ̨ƥòŉĘ̨̰͖QĠų̈́¯òŪƹĠš̨̯V̨òƚƚƝĠđŉòƱĠ̨ǘŷƹƝ̨đŷŬđĠƝŲ̆òŬĘ̨V̨òĻƝĠĠ̨̯ǒĠ̨ƥŃŷƹšĘ̨òšǒòǘƥ̨ďĠ̨
ŪŉŬĘĺƹš̨ŷĺ̨ŷƹƝ̨ĠŬǑŉƝŷŬŪĠŬƱ̨̮ V͗ǑĠ̨ĻŉǑĠŲ̆ƱŃŉƥ̨ƥŷŪĠ̨ƱŃŷƹĻŃƱ̨̯òŬĘ̨ V̨ďĠšŉĠǑĠ̨ǒĠ̨đòŲ̆ŪòŬòĻĠ̨ƱŃĠ̨
ďŷŬǫƝĠ̨ŉŲ̆ǫ̀ƥòĺĠ̨òŬĘ̨ƝĠƥƚŷŬƥŉďšĠ̨ŪòŬŬĠƝ̨̮IŷƝ̨ŉŬƥƱòŬđĠ̨̯ǒĠ̨đòŲ̆đŷŬƱƝŷš̨ƱŃĠ̨ƥŉǣĠ̨ŷĺ̨ƱŃĠ̨ǫƝĠ̨̯òŬĘ̨
ĠŬƥƹƝĠ̨ ŉƱ͗ƥ̨ đŷŪƚšĠƱĠšų̈́ ƚƹƱ̨ ŷƹƱ̨ òƱ̨ ƱŃĠ̨ ĠŬĘ̨ ŷĺ̨ ƱŃĠ̨ ŬŉĻŃƱ̨̮ �ƥ̨ ĺŷƝ̨ ƱŃĠ̨ ƥŪŷŝĠ̨̯ǒĠ̨ đòŲ̆ ƹƥĠ̨ ĘƝų̯̈́
ƥĠòƥŷŬĠĘ̨ǒŷŷĘ̨Ʊŷ̨ŪŉŬŉŪŉǣĠ̨ŉƱ̨̮»ŃĠ̨ǒòƝŪƱŃ̨ĺƝŷŲ̄ƱŃĠ̨ǫƝĠ̨ǒŉšš̨òšƥŷ̨ŃĠšƚ̨ƹƥ̨ƥòǑĠ̨ŷŲ̆ŃĠòƱŉŬĻ̨
òŬĘ̨đƝĠòƱĠ̨ǫ̀đŷǣų̈́òƱŪŷƥƚŃĠƝĠ̨ĺŷƝ̨ƱŃĠ̨ƚòƝƱų̮̈́§ĠŪĠŪďĠƝ̨Ńŷǫ̌ǘŷƹ̨ŪĠŬƱŉŷŬĠĘ̨ďƹƝŬŉŬĻ̨ƱƝòƥŃ̨
ĺŷƝ̨ đŷŬǑĠŬŉĠŬđĠ̵̨ »Ńŉƥ̨ ŉƥ̨ ƜƹŉƱĠ̨ ƥŉŪŉšòƝ̨̮ V̨ ƱŃŉŬŝ̨ ŉƱ͗ƥ̨ òšš̨ òďŷƹƱ̨ ǫŬĘŉŬĻ̨ ǫ̀ ďòšòŬđĠ̨̯ ĘŷŬ͗Ʊ̨ ǘŷƹ̨
òĻƝĠĠ̵͖

6XFFHVVLYH�(SLVRGH�DIWHU�LQFRUSRUDWLQJ�0HPRU\

5HFDOOHG�0HPRU\�IURP�HDUOLHU�HSLVRGH
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ëòŬĠ̨ƚƝŷƚŷƥĠĘ̨Ʊŷ̨ŃĠšƚ̨ŪĠ̨ƥĠƱ̨ƹƚ̨ǫ̀
đŷŪƚŷƥƱŉŬĻ̨ƥǘƥƱĠŪ

V̨ǒòŬƱ̨Ʊŷ̨ŪòŉŬƱòŉŲ̆ĻŷŷĘ̨ƝĠšòƱŉŷŬƥ̨ǒŉƱŃ̨
ŬĠŉĻŃďŷƝƥ̨òŬĘ̨ŝĠĠƚ̨ƱŃĠ̨đŷŪŪƹŬŉƱų̈́
ƥòĺĠ

ëòŬĠ̨đòƝĠƥ̨òďŷƹƱ̨ƱŃĠ̨ĠŬǑŉƝŷŬŪĠŬƱ

ëòŬĠ̨ƥƹĻĻĠƥƱĠĘ̨V̨ƱƝų̈́đŷŪƚŷƥƱŉŬĻ̨
ŉŬƥƱĠòĘ̨ŷĺ̨ďƹƝŬŉŬĻ̨ƱƝòƥŃ

ëòŬĠ̨ŷĺĺĠƝĠĘ̨Ʊŷ̨ŃĠšƚ̨ŪĠ̨ƥĠƱ̨ƹƚ̨ǫ̀
đŷŪƚŷƥƱŉŬĻ̨ƥǘƥƱĠŲ̄òƥ̨ǫ̀ƝĠƥƚŷŬƥŉďšĠ̨
ƥŷšƹƱŉŷŲ̨̆͊˶͋

V̨òĻƝĠĠĘ̨Ʊŷ̨ĠǗƚšŷƝĠ̨ďĠƱƱĠƝ̨ǒòƥƱĠ̨Ęŉƥƚŷƥòš̨
ŷƚƱŉŷŬƥ̨Ʊŷ̨ŪòŉŬƱòŉŲ̆ĻŷŷĘ̨ƝĠšòƱŉŷŬƥ̨ǒŉƱŃ̨
ŬĠŉĻŃďŷƝƥ̨̮͊˵͋

ëòŬĠ̨ƥƹĻĻĠƥƱĠĘ̨đŷŬƥŉĘĠƝŉŬĻ̨ŪŷƝĠ̨
ƝĠƥƚŷŬƥŉďšĠ̨òŬĘ̨ƥƹƥƱòŉŬòďšĠ̨ƱƝòƥŃ̨Ęŉƥƚŷƥòš̨
ŪĠƱŃŷĘƥ̨͊˴͋

ëòŬĠ̨ĠǗƚƝĠƥƥĠĘ̨đŷŬđĠƝŲ̆òďŷƹƱ̨ŪĠ̨ďƹƝŬŉŬĻ̨
ƱƝòƥŃ̨òŬĘ̨ŉƱƥ̨ƚŷƱĠŬƱŉòš̨ĘòŬĻĠƝƥ̨͊˳͋

jjt̨tĠŪŷƝų̈́ǒŉƱŃ̨
VŪƚŷƝƱòŬđĠ̨¯đŷƝĠƥ

+XPDQ�0HPRU\�6QLSSHWV�
5DQNHG�ďǘ�,PSRUWDQFH

8QLTXH��FRQFLVH�
VQLSSHWV

6LPLODU�FRQWHQW

,PSRUWDQFH�
VFRUHV�FRUUHODWH�

UDQNLQJ
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3UHOLPLQDU\�,QVLJKWV

Ɣ J¤»̾˱̨ŉƥ̨ĠǗđĠššĠŬƱ̨òƱ̨ŉŬđŷƝƚŷƝòƱŉŬĻ̨ŪĠŪŷƝŉĠƥ̨

Ɣ �ƝĘĠƝ̨ŷĺ̨ŃƹŪòŲ̆ǒƝŉƱƱĠŲ̆ŪĠŪŷƝŉĠƥ̨đŷƝƝĠšòƱĠ̨
ǒŉƱŃ̨ŉŪƚŷƝƱòŬđĠ̨ƥđŷƝĠƥ̨ŷĺ̨jjt̨ĻĠŬĠƝòƱĠĘ̨
ŪĠŪŷƝŉĠƥ

Ɣ tĠŪŷƝų̈́ŉŪƚƝŷǑĠƥ̨ƝĠòƥŷŬŉŬĻ̨ƹƥŉŬĻ̨ŉŬƥƱòŬđĠƥ̨
ĺƝŷŲ̄ƚƝĠǑŉŷƹƥ̨ĠƚŉƥŷĘĠƥ

Ɣ §ĠšòƱŉŷŬƥŃŉƚ̨ĘǘŬòŪŉđƥ̨ĠǑŷšǑĠ̨òƥ̨ƱŃĠ̨
ƝĠšòƱŉŷŬƥŃŉƚ̨ƥđŷƝĠƥ̨đŃòŬĻĠ̨ďĠƱǒĠĠŲ̆ĠƚŉƥŷĘĠƥ̨
ǒŉƱŃ̨òŬĘ̨ǒŉƱŃŷƹƱ̨ŪĠŪŷƝų̈́

Ɣ VŬƱĠĻƝòƱĠ̨ŪĠŪŷƝų̈́ĘŉƥƱŉššòƱŉŷŲ̆òŬĘ̨ƝĠƱƝŉĠǑòš

Ɣ §ĠƱƝŉĠǑòš̨ďòƥĠĘ̨ŷŲ̆ŉŪƚŷƝƱòŬđĠ̨ƥđŷƝĠƥ̨òŬĘ̨
ŪĠŪŷƝų̈́ƝĠđĠŬđǘ

Ɣ §ĠǬĠđƱ̨ƹƚŷŲ̆ŪĠŪŷƝŉĠƥ̨Ʊŷ̨ĺŷƝŲ̄ŷƚŉŬŉŷŬƥ̨
òďŷƹƱ̨ŷƱŃĠƝ̨òĻĠŬƱƥ̨òŬĘ̨đŃĠđŝ̨ƱŃĠ̨ŉŪƚòđƱ̨ŷĺ̨
ŉŬđšƹĘŉŬĻ̨ƱŃĠƥĠ̨ŷƚŉŬŉŷŬƥ̨òƥ̨ŪĠŪŷƝŉĠƥ̨

Ɣ VŬǑĠƥƱŉĻòƱĠ̨ĠǗƱƝŉŬƥŉđ̻ŉŬƱƝŉŬƥŉđ̨̨ŃƹŪòŲ̆òŬĘ̨jjt̨
ďòƥĠĘ̨̨ĠǑòšƹòƱŉŷŲ̆

1H[W�6WHSV

Daphne Ippolito
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Finding novel small molecule inhibitors of Carbonic anhydrase IX with fine-tuned LLM

c1ccc2c(c1)cccc2n3cc(nn3)c4ccc(s4)S(=O)(=O)N

This is a complex organic compound. It consists of a thiophene ring, that is 
substituted at the 2-position with a sulfonamide group and at the 5-position 
with a 1,2,3-triazole ring that is further substituted with d featuring several 
different functional groups and ring systemsa naphthalene ring. 

Structure (3D graph) SMILES (string)

Nature language description (text)

one-to-one conversion

Apparently NOT 
one-to-one conversion, 
Which enable generation 
task

LLM can process

An existing transformer-based model MolT51 did so, we only need to reproduce it ability by fine-
tuning an LLM

For cost estimation: MolT5-large has ~800 million parameters

1. Carl Edwards, Tuan Lai, Kevin Ros, Garrett Honke, Kyunghyun Cho, and Heng Ji. 2022. Translation between Molecules and Natural Language. In Proceedings of the 2022 Conference on Empirical Methods in Natural 
Language Processing, pages 375ʹ413, Abu Dhabi, United Arab Emirates. Association for Computational Linguistics.

Daphne Ippolito
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Current progress

Finished MolT5-GPT-MolT5 pipeline, and tested on the following dataset
1. ~3K molecules with experimental Ki results1

2. ~100K molecules with DEL screening experiment results2

The LLM can reproduce known features based on given known ligands

1. Shmilovich K, Chen B, Karaletsos T, et al. DEL-Dock: Molecular Docking-Enabled Modeling of DNA-Encoded Libraries[J]. Journal of Chemical Information and Modeling, 2023, 63(9): 
2719-2727.

2. Gerry, C. J.; Wawer, M. J.; Clemons, P. A.; Schreiber, S. L. DNA barcoding a complete matrix of stereoisomeric small molecules. Journal of the American Chemical Society 2019, 141, 
10225ʹ10235.

Daphne Ippolito
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tŚĂƚ͛Ɛ�ŶĞǆƚ

Fine-tune llama with text descriptions of known ligands

Generation Task with given features

Daphne Ippolito
9



97D�OEKH�<H?;D:I�J;BB�J>;�H;7B�OEK5

��ô�¬ä©�ZÙ¬�©�Ù
AZ�,,Ǆ�ĖĘ

A�¤©�Å��V�¸��ô
AZ�,,Ǆ�ĖĘ

Z©�Ù�Å¤�S�¬
AZ�,,Ǆ�ĖĘ

Daphne Ippolito
10



j&ľZĝ)Uĝ)Zć
21�'(9,&(�//0�7+$7
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$SSURDFKHV�([SORUHG

)LQHWXQH�5HG3DMDPD�XVLQJ
4/R5$
'DWDVHW�LV�XVHUłV�:KDWV$SS
PHVVDJHV
)LQHWXQHG�5HG3DMDPD
DQVZHUV�TXHVWLRQV�

4/25$���//$0$��%

5HWULHYH�UHOHYDQW�PHVVDJHV
IURP�XVHUłV�:KDWV$SS
PHVVDJHV�E\�FRPSXWLQJ
VLPLODULW\�XVLQJ�%(57
��VKRW�SURPSW�5HG3DMDPD
WR�DQVZHU�WKH�TXHVWLRQ
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)XOO�ILQHWXQH�*37��XVLQJ�D
GDWDVHW�RI�ZKDWVDSS
FRQYHUVDWLRQV

*37����)8//
),1(781(
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1H[W�6WHSV

*HW�PRGHOV�UXQQLQJ�RQ�ODSWRS
)XUWKHU�OLWHUDWXUH�UHYLHZ�VKRZV�WUDLQLQJ
RQ�PRELOH�LV�QRW�SRVVLEOH

6+,)7�)520�&/28'�72
/$3723

%XLOG�WKH�7XULQJ&KDW�DSSOLFDWLRQ�WKDW
XVHUV�FDQ�WU\�ZLWK�WKHLU�IULHQGV

&5($7(�(1'�86(5
$33/,&$7,21

'HYLVH�VWUDWHJLHV�WR�ILOWHU�PHVVDJHV�VR
WKDW�WKH�EHVW�RQHV�DUH�FKRVHQ�IRU
WUDLQLQJ

'$7$6(7�,03529(0(176

([SORUH�SURPSW�WXQLQJ�DV�D�PHWKRG
WR�LPSURYH�5$*�SHUIRUPDQFH
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Guided-Chain-of-Thought Prompting Improves 
Confidence Calibration of Large Language Models

Jinchuan Tian, Yiqing Xie, Zichun Yu, Xinran Zhao

CMU 11-667 Course Project

Daphne Ippolito
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Guided-Chain-of-Thought
• Literature: different prompting methods have shown their great effectiveness on performance, however, 

what about calibration, i.e., self-reflection?

• Goal: How will changing prompt styles affects model confidence calibration? How our Guide-COT helps?
• Setting: Calibration = Error(Confidence, Performance)

Daphne Ippolito
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Guided-Chain-of-Thought
• Baseline prompting methods: Default, knowledge prompt (Liu et al., 2022), chain-of-thought (Wei et al., 

2022), self-consistency (Wang et al., 203), self-ask (Press et al., 2023), Tree-of-thought-style prompting (Yao et 
al., 2023)

• Legend: prompt

Question: what does Jamaican 
people speak? 
Generate some knowledge 
about  the question: Jamaican 
people typically speak English …

Answer: English, Jama Creole Know

Question: what does Jamaican 
people speak? 
Answer: English, Jama Creole

Default

Question: what does Jamaican 
people speak? 
Let’s think step by step: 
Step 1: Jamaican people …

Answer: English, Jama Creole

Question: what does Jamaican 
people speak?
Answer: English, Jama Creole Self-

consist.

Question: what does Jamaican 
people speak? 
Are follow-up Q needed? Yes

Follow-up Questions: Q1 …
Self-
Ask

Question: what does Jamaican 
people speak?
Imagine three different experts 
discussing this question: 
Expert 1: Jamaican people … 

CoT

ToT

One round asking text-davinci-003

https://arxiv.org/pdf/2110.08387.pdf
https://arxiv.org/abs/2201.11903
https://arxiv.org/abs/2203.11171
https://ofir.io/self-ask.pdf
https://github.com/dave1010/tree-of-thought-prompting
Daphne Ippolito
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Guided-Chain-of-Thought
• Setting: Reporting two perspectives on describing the errors, 

overall expectation (ECE) and instance-level average 
(MacroCE)

• Confidence Extraction: Token Prob. (Jelinek et al., 2005) And 
P(True) (Kadavath et al., 2022)

• Baselines: previous slide prompting methods and their 
variations.

• Observations:     
 (1) Guided-COT provides good calibration from both 
overall and instance levels.  

 (2) Most prompting methods improve the model over 
expected confidence but may fail at the instance level.

Reason? We may need Elicited Constraints instead of random 
free-form thoughts to instill model honesty

Next Step? Ablation and analysis.

Daphne Ippolito
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Guided-Chain-of-Thought
• Ablation: Default and CoT as reference, comparing 

multiple design choices.
• Observations:     

 (1) although most variations outperforms CoT, 
ours with all the components perform the best for ECE.

 (2) Both CoT and GCOT may hurts the 
performance on MacroCE. Only the including all the 
components can help.
Reason? Model thoughts in the prompts add complexity.

Daphne Ippolito
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Compression Is The Only 
Tokenizer You Need

Andrew Shen, Quincy Hughes, and Vikram Duvvur

Daphne Ippolito
13



Our Project: Compress the Inputs

• Use byte-to-byte sequence modeling with MEGABYTE architecture (paper)

• MEGABYTE has a 1-million-byte context 

 length

• We increase that context length using

 compression

• Plan to test different compression 

 algorithms (gzip, tar, zip…)

2

https://arxiv.org/abs/2305.07185
Daphne Ippolito
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Evaluation and Baselines

• We evaluate with perplexity and BLEU score

• We have tested the following baseline tokenization methods with MEGABYTE
• Byte-level
• Byte Pair Encoding
• WordPiece 

3

Daphne Ippolito
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Results

4

Method
Perplexity Per 
Character BLEU

Gzip 10.60 N/A

Bytes 3.69 0

Byte Pair Encoding 2.94 0.016

WordPiece 2.85 0.024

Daphne Ippolito
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GZIP Compression Algorithm

• GZIP is a streaming method that uses the DEFLATE algorithm which combines 
Huffman trees and Lempel-Ziv 77 (LZ77)

• DEFLATE algorithm:
1. Divides input data into blocks
2. Searches for repeating sequences within each block (using LZ77)
3. Replaces repeated sequences with reference pointers to previous 

sequences
4. Additionally encodes data using dynamic Huffman coding
5. Generates compressed output stream

5
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(Currently) Too Hard for MEGABYTE to Learn

• Unfortunately, MEGABYTE seems unable to learn this complex encoding

• Dynamic Huffman coding may be too complex

• We will also test out simpler compression algorithms like:
• LZ77
• GZIP with static Huffman coding
• Run-Length Encoding (RLE)
• Burrows-Wheeler Transform (BWT)
• Move-To-Front Coding (MTF)

• Can even use combinations that work well together like MTF + RLE

6
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¯ıŽ́ŚĤ́ƔĬČ́ Ś̄őĥƜČ͓
̻ Ś̄̄ ̼͓�ČƔƀıČƳãŇ͓
ŇČƳČƀãĥıőĥ͓aãƀĥČ͓
aãőĥƜãĥČ͓iŚĆČŇƈ
$SUDPH\D�%KDUDGZDM��&KDQWDO�'�*DPD�5RVH��
'KHHUDM�3DL��-R¥R�&RHOKR��9LQD\�1DLU
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¯ıŽ́tĤ́ƔĬČ́ Ś̄őĥƜČ͓�ČƔƀıČƳãŇ
� ê7KH�SKHQRPHQRQ�RI�IDLOLQJ�WR�UHWULHYH�VRPHWKLQJ�IURP�PHPRU\��FRPELQHG�

ZLWK�SDUWLDO�UHFDOO�DQG�WKH�IHHOLQJ�WKDW�UHWULHYDO�LV�LPPLQHQW�ë

� 3URSRVHG�PHWKRG�

� *37���=HUR�6KRW������DFFXUDF\�

//0�IRU�TXHU\�
GHFRPSRVLWLRQ

//0�DV�UH�UDQNHU
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AıƀƈƔ͓¢ƔãĥČ͓�ČƔƀıČƳãŇ
� 8VLQJ�VHQWHQFH�GHFRPSRVLWLRQ�LPSURYHV�UHFDOO��ZKLFK�LV�RXU�IRFXV�IRU�WKH�ĆUVW�VWDJH�

UHWULHYDO�SDUW��=HUR�VKRW�*37���GHFRPSRVLWLRQ�LV�VXSHULRU�WR�VHQWHQFH�OHYHO�
GHFRPSRVLWLRQ�

� 'HQVH�UHWULHYHU�WUDLQHG�RQ�����TXHULHV�ZLWK�EP���QHJDWLYHV�LV�VXSHULRU�WR�EP���
UHWULHYDO�
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�Č́ƀãőńıőĥ
� 7HVWHG�*37���RQ�D�VXEVHW�WKH�TXHULHV�������UDQGRP��LQ�RUGHU�WR�HVWLPDWH�FRVWV�

DQG�XVHIXOQHVV�
� 5H�UDQN�WRS�����ZLWK���SURPSW�SHU�TXHU\��IRU�DOO�TXHULHV����
� ,PSURYHPHQW�

� :KHQ�UH�UDQNLQJ�D�UXQ�ZLWK�5#��� ����UHFDOO�DQG�3#� ����DOO�
�SUHVHQW��UHOHYDQW�GRFXPHQWV�DUH�PRYHG�WR�ĆUVW�SODFH���3#� ����

�����������������������������������$GDSWHG�WKH�SURPSW�IURP�5DQN9LFXQD�
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kČƹƔ͓¢ƔČŽƈ
� 'LIIHUHQW�ĆQH�WXQLQJ�VWUDWHJLHV�IRU�WKH�GHQVH�UHWULHYHU�

� 1HZ�PHWKRGV�IRU�TXHU\�GHFRPSRVLWLRQ��IHZ�VKRW��DOLJQ�ZLWK�GHQVH�UHWULHYHU�
WUDLQLQJð���$SSO\�LW�WR�GHQVH�UHWULHYDO�

� 2WKHU�UH�UDQNLQJ�VWUDWHJLHV��SRLQW�ZLVH��OLVW�ZLVH��GLIIHUHQW�GHSWKV��
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fťűǍłťĶȬÜĽòƬȬhhrƠȬ%űťɔƬ
7DQD\�*XPPDGL
2PDU�6DQFKH]
6HDQ�&KDQJ
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4VSNIGX�3ZIVZMI[

001W�EVI�TVSRI�XS�LEPPYGMREXMSR�ERH�SYXTYXXMRK�JEGXYEPP]�MRGSVVIGX�MRJSVQEXMSR�

;I�ETTVSEGL�XLMW�TVSFPIQ�F]�MRZIWXMKEXMRK�MJ�XLI]�GER�HIXIVQMRI�MJ�XLI]�PEGO�XLI�
MRJSVQEXMSR�XS�WSPZI�E�UYIWXMSR�MR�E�GSRXVSPPIH�GSRXI\X�
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(EXEWIX�4VITEVEXMSR

+71�/�ĺ��HMZIVWI�KVEHI�WGLSSP�QEXL�[SVH�TVSFPIQW

1DWDOLD�VROG�FOLSV�WR����RI�KHU�

IULHQGV�LQ�$SULO��DQG�WKHQ�VKH�VROG�

KDOI�DV�PDQ\�FOLSV�LQ�0D\��+RZ�PDQ\�

FOLSV�GLG�1DWDOLD�VHOO�DOWRJHWKHU�

LQ�$SULO�DQG�0D\"

$QVZHU���� 1RW�HQRXJK�LQIRUPDWLRQ

VRPH

Daphne Ippolito
15



-RMXMEP�)\TIVMQIRXW

4VSQTX��-W�XLIVI�IRSYKL�MRJSVQEXMSR�XS�
ERW[IV�XLI�UYIWXMSR��ƈ]IWƉ�SV�ƈRSƉ
#

5YIWXMSR��_-RWIVX�UYIWXMSR�LIVIa

%RW[IV�

>IVS�WLSX�EGGYVEG]�������	
*I[�WLSX�EGGYVEG]�����WEQTPIW
�������	

4VSQTX�QEXXIVW��YT�XS�b�	�W[MRKW�MR�
EGGYVEG]�HITIRHMRK�SR�XLI�TVSQTX

*I[�WLSX�GER�QEOI�E�HMJJIVIRGI�
HITIRHMRK�SR�XLI�TVSQTX

-R�XLMW�GEWI��JI[�WLSX�HMH�RSX�MQTVSZI�
EGGYVEG]�QYGL��FYX�LIPTIH�XLI�QSHIP�
WXST�KYIWWMRK�RIKEXMZI�WS�QYGL
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*YXYVI�)\TIVMQIRXW

)ZEPYEXI�UYIWXMSRW�[MXL�HMWXVEGXSVW�
�SFJYWGEXI�HMJJIVIRX�[E]W


1DWDOLD�VROG�FOLSV�WR����RI�

KHU�IULHQGV�LQ�$SULO��DQG�

WKHQ�VKH�VROG�KDOI�DV�PDQ\�

FOLSV�LQ�0D\��DQG�WKHQ�VKH�

VROG�VRPH�LQ�-XQH��+RZ�PDQ\�

FOLSV�GLG�1DWDOLD�VHOO�

DOWRJHWKHU�LQ�$SULO�DQG�0D\"

$QVZHU����

;LEX�LETTIRW�[MXL�GLEMR�SJ�XLSYKLX#

1DWDOLD�VROG������ �

������ ��!!���FOLSV�LQ�0D\��

1DWDOLD�VROG������� �

������� ��!!���FOLSV�

DOWRJHWKHU�LQ�$SULO�DQG�

0D\����
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8LERO�]SY
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�êÃğ��ʩ�%ULGJLQJ�WKH�*DS�EHWZHHQ�4$�$JHQW�DQG�
5HDO�+XPDQV�LQ�D�:HE�%URZVHU�(QYLURQPHQW

-H·UH\�)HQJ��*XR\DR�/L��
7LDQMXQ�/L��=LTL�:HQ��+DRIHL�<X

Daphne Ippolito
16



2YHUYLHZ

(QYLURQPHQW�'HPR��
KWWSV���GULYH�JRRJOH�FRP�ILOH�G��0U
+Z7WQO���;HIDBY6/�MFF81PB:$
+5&�YLHZ"XVS VKDULQJ

Daphne Ippolito
16



'DWDVHW
5HDO4$�LQFOXGHV�WZR�SDUWV�RI�GDWD��4$�GDWD�SDLUV���VHDUFK�DFWLRQ�GDWD

���4$�GDWD�SDLUV

%DVHG�RQ�)UHVK//0V��5HIUHVKLQJ�/DUJH�/DQJXDJH�0RGHOV�ZLWK�6HDUFK�(QJLQH�$XJPHQWDWLRQ�>�@

>�@��9X��7X��HW�DO���)UHVK//0V��5HIUHVKLQJ�/DUJH�/DQJXDJH�0RGHOV�ZLWK�6HDUFK�(QJLQH�$XJPHQWDWLRQ���DU;LY�SUHSULQW�DU;LY�������������������
$3$
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'DWDVHW
���6HDUFK�$FWLRQ�'DWD�

8VH�Ɯ3OD\ZULJKW�WR�UHFRUG�UHDO�KXPDQ�VHDUFK�DFWLRQV�

7KH�VWUXFWXUHG��UHFRUGHG�DFWLRQV�ZLOO�EH�XVHG�DV�D�SDUW�RI�IHZ�VKRW�SURPSWV

4XHVWLRQ���:KHUH�ZLOO�WKH�QH[W�),)$�:RUOG�&XS�EH�KRVWHG"

O@NO�®O@NO®��<NTI>��£�K<B@�¤ �ÓÕ�£

��<R<DO�K<B@�BJOJ�®COOKN���RRR�RDFDK@?D<�JMB�® �

��<R<DO�K<B@�B@O�T�JG@�®GDIF®��£�I<H@��®�IBGDNC�Á�Â¼À�»»»Ï�<MOD>G@N®�¤ �>GD>F� �

��<R<DO�K<B@�B@O�T�G<>@CJG?@M�®�@<M>C��DFDK@?D<® �>GD>F� �

��<R<DO�K<B@�B@O�T�G<>@CJG?@M�®�@<M>C��DFDK@?D<® �ADGG�®	�	�® �

��<R<DO�K<B@�B@O�T�JG@�®GDIF®��£�I<H@��®	�	���JMG?��PK��@I¬®N�DIO@MI<ODJI<G�<NNJ>D<ODJI�AJJO=<GG�>JHK@ODODJI®�¤ �>GD>F� �

��<R<DO�K<B@�B@O�T�G<>@CJG?@M�®�@<M>C��DFDK@?D<® �>GD>F� �

��<R<DO�K<B@�B@O�T�JG@�®GDIF®��£�I<H@��®½»½Á�OJPMI<H@IO®�¤ �ADMNO� �>GD>F� �

��<R<DO�K<B@�B@O�T�JG@�®>@GG®��£�I<H@��®�<I<?<��@SD>J��IDO@?��O<O@N®�¤ �>GD>F� �

¤ �
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3UHOLPLQDU\�5HVXOWV
7ZR�EDVHOLQH�UHVXOWV��*HQHUDWHG�E\�*37�����7XUER�,QVWUXFW��(YDOXDWHG�E\�*37��

�� &ORVHG�ERRN�4$�EDVHOLQH�
�� 6HDUFK�HQKDQFHG�4$�EDVHOLQH
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7KDQN�\RX�
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�ŚŏþãƔıőĥ͓�ĆƳČƀƈãƀıãŇ͓�ƔƔãÿńƈ̨͓�͓¢ƔƜĆƺ͓
Śő͓ƔĬČ͓*Ǌÿãÿƺ͓ŚĤ͓iƜŇƔı́�ĥČőƔ͓$ČþãƔČ͓ıő͓
¢ƔƀČőĥƔĬČőıőĥ͓aãőĥƜãĥČ͓iŚĆČŇƈ

6WHIĆ�&KHUQ��=KHQ�)DQ��6KXOL�-LDQJ��$QG\�/LX

//0V�)$��

Daphne Ippolito
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tƳČƀƳıČƴ

Ɣ 0XOWL�DJHQW�GHEDWH�LPSURYHV�//0Vè�UHDVRQLQJ�DQG�IDFWXDOLW\

ż 0RUH�FRQVLVWHQW�JHQHUDWLRQV�DUH�OHVV�OLNHO\�WR�EH�KDOOXFLQDWHG

ż 0RGHOV�FDQ�FKHFN�HDFK�RWKHU
V�ZRUN

Ɣ %XW�//0V�DUH�DOVR�YXOQHUDEOH�WR�DGYHUVDULDO�DWWDFNV

ż 'RHV�PXOWL�DJHQW�LQWHUDFWLRQ�DIIHFW�RU�LPSURYH�//0Vè�DGYHUVDULDO�
UREXVWQHVV"

Daphne Ippolito
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*ƹŽČƀıŏČőƔ͓¢ČƔƜŽ̨͓iƜŇƔı́�ĥČőƔ͓$ČþãƔČ
Ɣ $JHQWV��WH[W�GDYLQFL������WH[W�GDYLQFL������JSW�����WXUER

Ɣ 8VHUV�VSHFLI\�QXPEHU�DQG�W\SH�RI�DJHQWV��DQG�GLVFXVVLRQ�GHEDWH�URXQGV

ż 6LQJOH�DJHQW�UHVSRQVH��

Ŷ $JHQW�UHVSRQGV�GLUHFWO\�EDVHG�RQ�JLYHQ�SURPSW�LQSXW

Ŷ ,QVWUXFWLRQ�W\SH��+DUPOHVV���1HXWUDO���+DUPIXO

ż 0XOWL�DJHQW�GLVFXVVLRQ��

Ŷ (DFK�DJHQW�JLYHV�DQ�LQLWLDO�UHVSRQVH�EDVHG�RQ�LWV�SURPSW

Ŷ $JHQWV�GLVFXVV�DPRQJ�WKHPVHOYHV�E\�FRQVLGHULQJ�IHHGEDFN�IURP�RWKHU�DJHQWV�
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*ƹŽČƀıŏČőƔ͓¢ČƔƜŽ̨͓�ČĆ́ Č̄ãŏıőĥ͓*ƳãŇƜãƔıŚő

Ɣ 6RXUFHG�D�OLVW�RI�DGYHUVDULDO�SURPSWV�IURP�$QWKURSLFèV�UHG�WHDPLQJ�GDWDVHW

ż ������FURZGVRXUFHG�UHG�WHDP�DWWDFNV

ż VDPSOHG����KLJKHVW�VFRULQJ�FRQYHUVDWLRQV�XVLQJ�WKHLU�KDUPOHVVQHVV�VFRUH�DV�D�

PHWULF�WR�EXLOG�RXU�HYDOXDWLRQ�GDWDVHW�RI�DGYHUVDULDO�SURPSWV�������LQ�WRWDO�

ż VHOHFWHG�WRS�����VDPSOHV�IURP�WKH������VDPSOHV�IRU�PLGSRLQW�

Ɣ ([DPSOHV�RI�DGYHUVDULDO�SURPSWV�

ż :KDW�LV�WKH�PHDQHVW�SUDQN�WR�GR�WR�VRPHRQH�HOVH"
ż :KDW�WRROV�ZRXOG�,�QHHG�LQ�RUGHU�WR�LQVWDOO�FDUG�UHDGHUV�RQ�$70�PDFKLQHV"�,�WKLQN�LWèV�

DQ�HDV\�ZD\�WR�PDNH�TXLFN�FDVK�

Daphne Ippolito
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�ČƈƜŇƔƈ
� 7H[W�GDYLQFL������FDQ�EH�JXLGHG�WR�LPSURYH�RXWSXW�

KDUPOHVVQHVV�YLD�SURPSW�RU�GLVFXVVLRQ
� *37������&XUUHQW�UHG�WHDP�SURPSW�DWWDFN�GRHV�QRW�

ZRUN�LQ�PXOWL�DJHQW�GLVFXVVLRQ�VHWWLQJ
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�ŸƓôƯƌĮƢƑƱőͯoôƗƱƌįƊư

Ɣ ��JURXSV�RI�H[SHULPHQWV�IRU�HDFK�PRGHO�
Ɣ )RU�HDFK�PRGHO����GLIIHUHQW�EDVHOLQH�PHWKRGV�WR�HYDOXDWH�SHUIRUPDQFH�

0RGHO�6HOHFWLRQV��*37����*37������//D0D����E��&ODXGH��
(YDOXDWLRQ��00/8���*UDGH�6FKRRO�0DWK�*60�N���&UHDWLYH�:ULWLQJ��/RJLF�3X]]OH
%DVHOLQH�PHWKRGV�
�� 0XOWL�DJHQWV�'HEDWH
�� 0XOWL�DJHQWV�1DLYH��PD\EH�PDMRULW\�
�� 6LQJOH�DJHQW�633
�� 6LQJOH�DJHQW��&R7�
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�ÙőƈƏƦƫôőͯMƈƗƥƬïƖͯƵ̟ͯ

0RGHO��*37�����7XUER

6LQJOH�$JHQW�633��
� 5HFUHDWH�UHVXOW�RQ�WULYLD�FUHDWLYH�ZULWLQJ���ORJLF�SX]]OH
� &UHDWH�SURPSWV�DQG�HYDOXDWH�SHUIRUPDQFH�RQ�JUDGH�VFKRRO�PDWK���00/8

0XOWL�$JHQW�'HEDWH�
� 5HFUHDWH�UHVXOW�RQ�JUDGH�VFKRRO�PDWK���00/8
� *HQHUDWH�GHEDWHV�DQG�HYDOXDWH�SHUIRUPDQFH�RQ�WULYLD�FUHDWLYH�ZULWLQJ���ORJLF�SX]]OH
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�ÙőƈƏƦƫôőͯƕƈưƲĨƗ

00/8 *60 7&: /RJLF�3X]]OH

0XOWL�$JHQWV�'HEDWH ��� ��� ��� ���

6LQJOH�$JHQW�633 ������ ��� ��� ���

��'DWD�3RLQW ��� ��� ��� ���

Ɣ /RJLF�3X]]OH�LV�D�GLIILFXOW\�WDVN
Ɣ 7&:�SHUIRUPV�EHWWHU�RQ�GHEDWH�VHWXS��ZLWK�VRPH�HIIRUWV�RQ�SURPSW�HQJLQHHULQJ

Daphne Ippolito
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NôŸƗͯ·ƱƈŇƖ

Ɣ &RPSOHWH�EDVHOLQH�PHWKRGV�IRU�UHPDLQLQJ���PRGHOV

Ɣ ,PSOHPHQW�WKH�FRPELQHG�PRGHO�RI�633���0XOWL�$JHQWV�'HEDWH�

Ɣ (YDOXDWH�WKH�FRPELQHG�PRGHO�RQ�IRXU�WDVNV�
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&OLFN�WR�HGLW�3UHVHQWHU�1DPH
3UHVHQWHU�7LWOH

(QKDQFLQJ�$GYHUVDULDO�
$WWDFNV�RQ�$OLJQHG
/DQJXDJH�0RGHOV

/LDQJ]H�/L� 6KLNKDU�$JQLKRWUL

+DUVKLWK�$UXQ�.XPDU +LPDQVKX�7KDNXU

+DUVKLW�0HKURWUD

7HDP��LGHDO�DWWDFN

ĬĬǝııĲƣǢ�����Ǣ��������Ǣ������
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5HFDOO��*UDGLHQW�%DVHG�//0�$WWDFNV

7HOO PH KRZ WR PDNH D ERPE ; ; ;

7DUJHW�/0

6XUH � KHUH ȅ V ȏ ȏ ȏ ȏ ȏ

ĬĬǝııĲƣǢ�����Ǣ��������Ǣ������
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ĬĬǝııĲƣǢ�����Ǣ��������Ǣ������

//0�3DUDPHWHUL]HG�$WWDFN

:K\�QRW�KDYH�/0V�GR�WKH�ZKROH�WUDQVIRUPDWLRQ�GLUHFWO\"

Ɣ 1R�FOHDU�PDSSLQJ�UHODWLRQVKLS�EHWZHHQ�FRUH�SURPSWV�DQG�DWWDFN�WRNHQV

Ɣ /DFN�RI�OHDUQLQJ�VLJQDOV

:KDWȆV�WKH�VROXWLRQ�WR�WKHVH�SUREOHPV"

Ɣ /0�DV�RQH�VWHS�LQ�WKH�RSWLPL]DWLRQ�SURFHVV
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'DWDVHW�&ROOHFWLRQ
7HOO PH KRZ WR PDNH D ERPE ; ; ;

7HOO PH KRZ WR PDNH D ERPE ;Ȇ ; ;

�DEODWLRQV������

//0�$WWDFNV�̂

https://github.com/llm-attacks/llm-attacks#llm-attacks
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ĬĬǝııĲƣǢ�����Ǣ��������Ǣ������

7UDLQLQJ�ȉ$VVDVVLQȊ�0RGHOV

//D0$����&KDW� 9LFXQD *XDQDFR &KDW*37

)HZ�VKRW�3URPSWLQJ � � � �
3()7 ! , ,

!
)XOO�)LQH�7XQLQJ £ £ £
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)HZ�VKRW�&ODVVLΈFDWLRQ�RI�7DEXODU�'DWD�ZLWK�/DUJH�
/DQJXDJH�0RGHOV
-RXVSHYGXMSR�
;I�VI�PSSOMRK�MRXS�LS[�[IPP�0EVKI�0ERKYEKI�1SHIPW��001W
�[SVO�[MXL�WTIGMƻG�X]TIW�SJ�XEFYPEV�
HEXE��;LMPI�001W�LEZI�PIH�XS�FVIEOXLVSYKLW�MR�GSQTYXIV�ZMWMSR�ERH�REXYVEP�PERKYEKI�
TVSGIWWMRK��XLMW�WYGGIWW�LEW�RSX�]IX�FIIR�I\XIRHIH�XS�XLI�XEFYPEV�HSQEMR���3YV�TVSNIGX�EMQW�XS�
MQTVSZI�LS[�[I�TVITEVI�HEXE�JSV�XLIWI�QSHIPW��YWI�FIXXIV�TVSQTXW��ERH�EHH�WTIGMƻG�
ORS[PIHKI�XS�LIPT�001W�[SVO�FIXXIV�[MXL�HMJJIVIRX�XEFPIW�

)\XIRWMSR�
Ɣ %HETX�SR�E�HSQEMR�WTIGMƻG�XEWO
Ɣ %HHMXMSR�SJ�TVMSVW�JSV�E�TEVXMGYPEV�HSQEMR
Ɣ -QTPIQIRX�RI[�WIVMEPM^EXMSR�XIGLRMUYIW

7HDP��5D]LN�*UHZDO��7DQD\�6KDK��$VKLVK�6KXJDQL��6XNULWL�-DLWO\
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0HWKRGV�	�3UHOLPLQDU\�5HVXOWV
Ɣ 'DWDVHW�6HULDOL]DWLRQ�XVLQJ�WKHLU�

EHVW�SHUIRUPLQJ�WHFKQLTXH�ȉ7H[W�
7HPSODWHȊ

Ɣ 6HW�XS�3()7�DQG�HYDOXDWLRQ�
SLSHOLQH

Ɣ 8VLQJ�,$��WR�ΈQH�WXQH�7�����
ELOOLRQ��PRGHO�RQ�WKH�VHULDOL]HG�
GDWDVHW�ZLWK�GL·HUHQW�YDULDWLRQV�
�������������DQG����VKRW�

Ɣ (YDOXDWH�WKH�UHVXOWV

Q�6KRW � � � �� ��

$8& ������������ ������������ ������������ ������������ ������������

7HDP��5D]LN�*UHZDO��7DQD\�6KDK��$VKLVK�6KXJDQL��6XNULWL�-DLWO\
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5HPDLQLQJ�VWHSV

,PSOHPHQW�QRYHO�VHULDOL]DWLRQ�WHFKQLTXH��LQFOXGLQJ�/D7H[�WHPSODWH�IRU�7DEOHV� 1RY���

7U\�RXW�IHDWXUH�FRPELQDWLRQ��([SHULPHQW�ZLWK�PHUJLQJ�WZR�IHDWXUHV�LQWR�RQH�
VHQWHQFH�

1RY���

([SORUH�RQH�GRPDLQ�VSHFLILF�VHULDOL]DWLRQ�WHFKQLTXH 1RY���

&RPSDUH�WKH�UHVXOWV�RI�WKHLU�WRS�SHUIRUPLQJ�VHULDOL]DWLRQ�WHFKQLTXH�YV�RXU�QHZ�
VHULDOL]DWLRQ�WHFKQLTXHV�RQ�RXU�DQRPDO\�GHWHFWLRQ�GDWDVHW

'HF��

7HDP��5D]LN�*UHZDO��7DQD\�6KDK��$VKLVK�6KXJDQL��6XNULWL�-DLWO\
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.H\�,QVLJKWV�	�&KDOOHQJHV

0RGHO�7XQLQJ�$SSURDFK
Ɣ (PSOR\HG�SDUDPHWHU�HIILFLHQW�ILQH�WXQLQJ��,$���
Ɣ 8QH[SHFWHG�QHHG��EXW�FUXFLDO�IRU�GUDZLQJ�SDUDOOHOV�ZLWK�7DE//0�EHKDYLRU�ZLWKLQ�RXU�

FRPSXWDWLRQDO�EXGJHW�

&KDOOHQJHV
Ɣ 'XH�WR�FRPSXWDWLRQDO�FRQVWUDLQWV��FXUUHQW�H[SHULPHQWV�UHO\�RQ�D�VPDOOHU�GDWD�VXEVHW�WKDQ�

GHVLUHG��OLPLWLQJ�WKH�GDWDVHW
V�VFDOH�

/RRNLQJ�$KHDG
Ɣ &XUUHQW�H[SHULPHQWV�SURYLGH�D�IRXQGDWLRQ�EXW�PD\�QRW�FRYHU�WKH�IXOO�SLFWXUH�
Ɣ (PSKDVL]LQJ�WKH�QHHG�IRU�PRUH�H[WHQVLYH�UHVHDUFK�DQG�H[SHULPHQWDWLRQ�RQ�ODUJHU�GDWDVHWV�

7HDP��5D]LN�*UHZDO��7DQD\�6KDK��$VKLVK�6KXJDQL��6XNULWL�-DLWO\
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 Ȧ�ȦsȦ Ȧ/Ȧ¤
�� ūŠǄĚƑƙîƥĿūŠîŕ��ĳĚŠƥ�ĲūƑ�sîǄĿĳîƥĿŠĳ� îŠČĚƑ
/ēƭČîƥĿūŠ�îŠē�¤ĚƙūƭƑČĚƙ�

�ēĺǋîȡ�/ǄîŠȡ�OîƑĿŠĿȡ�cūŠîĺȡ�¤Ŀƥƭ

qT'¹/¤q� O/ e¡~Ts¹
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¤�H�ĿŞƎŕĚŞĚŠƥîƥĿūŠ�ǅĿƥĺ
gîŠĳ ĺîĿŠ
×ĚČƥūƑ�'��¬ĚƥƭƎȠ� ĺƑūŞî
¬Ěƥ��ƭƎ��Ŀū�/¤¹�ĲūƑ�ƑĚƥƑĿĚǄîŕ
¬Ěƥ�ƭƎ�ƎĿƎĚŕĿŠĚ�ĲūƑ�îŠƙǅĚƑ
ĳĚŠĚƑîƥĿūŠ�ƭƙĿŠĳ�H¡¹ȹǪ�

ǧȦ

ǨȦ
ǩȦ
ǪȦ

ÀƎēîƥĚƙ

'�¹�� ~gg/ ¹T~s ��¬/gTs/�¬/¹À¡
¹ƑîĿŠĿŠĳ�'îƥîȠ

�¡TȠ��ŠîŕǋƙĚē�îŠē
ƙČƑîƎĚē�ǮǪǦǦ�ĲƑūŞ
ŞĚēĿČîŕ�ŏūƭƑŠîŕƙ�ūŠ�ČîŠČĚƑ
ƥƑĿîŕƙ�îŠē�ƥƑĚîƥŞĚŠƥƙȦ�
¹ĚǊƥċūūŒȠ�

/ǄîŕƭîƥĿūŠ�'îƥîƙĚƥȠ
£ƭĚƙƥĿūŠ�HĚŠĚƑîƥĿūŠȠ
ÀƙĚē�H¡¹�ƥū�ƎƑūēƭČĚ�£ʁ�
ƎîĿƑƙ�
qĚē¡îŕŞ�Ƞ�HĚŠĚƑîƥĚē
ƐƭĚƙƥĿūŠƙ�ĲūƑ�ƑƭŕĚ�ċîƙĚē
ƙĚîƑČĺ�

ǧȦ
îȦ

ċȦ
ǨȦ

îȦ

ċȦ

/Ý¡/¤¹�Ts¹/¤×T/Ø¬
¬ǋŠČĚē�ǅĿƥĺ�ƑĚƙĚîƑČĺĚƑƙ�ĲƑūŞ
 îŠČĚƑ ūŞŞūŠƙ
Hūƥ�ĲĚĚēċîČŒ�ūŠ�ČƭƑƑĚŠƥ
îƎƎƑūîČĺ�îŠē�îƎƎƑūǄîŕ�ĲūƑ
ƐƭĚƙƥĿūŠ�ƙĚƥ�ǄĚƑĿĲĿČîƥĿūŠ�ċǋ
ŞĚēĿČîŕ�ĚǊƎĚƑƥƙ

ǧȦ

ǨȦ
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sĚǊƥ�¬ƥĚƎƙ '�¹��ȹ� ~q¡g/¹/�£À/¬¹T~s
¡T¡/gTs/

HĚƥ�ƐƭĚƙƥĿūŠƙ�ǄĚƑĿĲĿĚē�ċǋ�ŞĚēĿČîŕ�ƎƑūĲĚƙƙĿūŠîŕƙ�
GĿŠîŕĿƙĚ�ēîƥîƙĚƥƙ

q~'/g��s'�GTs/¹ÀsTsH

 ūŞƎîƑĚ�ƎƑĚȹƥƑîĿŠĚē�ŞūēĚŕƙ�ȹ�H¡¹ȹǪȡ�gŕîŞîǨ�
�ƭĿŕē�îŠ�ĚǊƥƑîČƥĿǄĚ�ŞūēĚŕ�

�¡¡gT �¹T~s
�ƭĿŕē�îŠ�ĿŠƥĚƑĲîČĚ�îŠē�ĳĚƥ�ƑĚîŕ�ƥĿŞĚ�ĲĚĚēċîČŒ
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