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eva^_a`bc fg`h a sgjk^b objectivb l_jm`gnjq rj `hgs
papert uv xz{|} ~�����z���� ������vx u���� explic-
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������  ¡¢   �£¤¥¦§ objectiv© ª«£§¬  « «�§¦ ¥ wel-

f~�v® Wv ~¯~�}°v ~ ¯~z{�~� ��~xx �± ������vx whi��
z�~�v ~¯ v������~� P~�vz� ±��¯z�v� ²~xv| �¯ lv~�¯v|
H³CF@H´ µiG ¶C³·H Ci ho¸ H·³= G@³>H>CiH ³µi ¹@
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ÛÜ ÝÞÛß àáâßßã äåæÜç ÝÞè PâéèÝå èééåéß çæè Ýå inac-

³·Fµ³>@H >i ê=@ H³CF@H´ µiG sho¸ µi equivµ?@i³@
¹@ê¸@@i Cëê>ìµ? strateí>@H µiG µ F>³= ³?µHH C¶
fµ>Fi@HHî³CiHêFµ>i@G ëFCïêîìµð>ì>ñ>ií ëC?>³>@Hò
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FFCì medi³µ? G>µíiCH>H µiG ³F>ì>iµ? j·Hê>³@ êC ïiµi³>µ?
��~¯x ~¯| �{�~¯�z~��~¯ ~�|t ��¯xv<{v¯z�~� |v��x��¯x increas-

�¯��} �v�} �¯ data-drivv¯ ~�����z��x® M~���¯v �v~�¯�¯� algo-
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µ H>ií?@ ì@êF>³ C¶ ë@F¶CFìµi³@ò NH µ F@H·?ê´ ê=@ G@³>H>CiH
O��� �� ���� ��PQ����O� ��� hav� ���������� adv���� ����
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eff@³êH¢ ëFCïêîìµð>ì>ñ>ií ?CµiH ³µi hav@ G@êF>ì@iêµ? ef-

¶@³êH Ci borro¸@FH (£¤>¹µ ¥ Tobacman´ 2009¦ µiG fak@
ne§s ��� 
�u��¨�� u�¨a����� �s��
�a�s (Persily© 2017ª«

¬¬© �©¥¢ � f ¦� ® §¬¦¡© ¥© �¡¦¡¯ �����«©«  ¥¯��¦�¬®¦§ ap-

���~��vx z�~z mitig~zv z�v advv�xv ef±v�zx �± si¯��v objectivv
ìµð>ì>ñµê>Ciò °=·H fµF >ê =µH ëF@GCì>iµiê?I GCi@ HC ¹I
±²³´µ´¶ v·¸µ¹º» f·µ¸´²»» ¼¸µ½²¸µ· ½¾·½ ·´ ·¿¶¹¸µ½¾À ¹º¶¾½ ½¹

x~z�x±} Áxvv v®�®t Â~���~x vz al.t 2019t ~¯| �v±v�v¯�vx z�v�v�¯®
Howevert ~ grou�¯� ��zv�~z{�v ��������zx z�v �¯~²���z} �± an}
Ci@ fµ>Fi@HH G@ïi>ê>Ci êC solv@ ìCF@ í@i@Fµ? ³Ci³@FiH C¶
HC³>µ? @Ã·>êI (Corbett-DaÄ>@H ¥ Goel´ 2018¦ò °=@ impos-
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��¯xz�~�¯zx ²~xv| �¯ sensitivv attrib{zvx (Kv~�¯x vz al.t 2018
�¯|��~zv z�~z eç�xz�¯� f~��¯vxx x��{z��¯x ~�v ¯�z ~ �~¯~�v~ ±��
èéêëê advêìëê effêíèëî ïêíêðè wñìò (óôõ êè al.ö 2018÷ øõ ù
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Ii ê=>H papeŕ ¸@ ³CiH>G@F welfare-aware mach��e learn-

��i µH µi >i=@F@iê?I multi-objectiv@ ëFC¹?@ì ê=µê F@Ã·>F@H
eðë?>³>ê?I ¹µ?µi³>ií ì·?ê>ë?@ objectiv@H µiG C·ê³Cì@Hò N
�v¯z�~� ��~��v¯�v �x z�~z �v�z~�¯ objectivvxt likv welf~�vt �~}
²v �~�|v� z� �v~x{�v z�~¯ �z�v�x® Â{��|�¯� �¯ z�v z�~|�z��¯~�
iCê>Ci C¶ PµF@êC optimality´ ¸=>³= proÄ>G@H µ characteri-

zâÝÛåÜ åo å�ÝÛ�âá �åáÛàÛèß æÜçèé àå��áèÝè ÛÜoåé�âÝÛåÜã wè
devb^n� �b`hncs `n ba^ajmb �_^`g�^b objectivbs fhbj `hnsb
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u�v¯ v~�� indiv�|{~� �~x ��v|��zv| scor�� ±�� v~�� objectivv
Áv®�®t z�v�� ��v|��zv| contrib{z��¯ z� z�z~� welf~�v ~¯| ����z®
Wv shou z�~z z��x ��~xx �± x���vn²~xv| ������vx �~x ~ ¯~z{�~�
³Cii@³ê>Ci êC Hêµê>Hê>³µ? ëµF>êI ³CiHêFµ>i@G ³?µHH>ï@FH µiG
ê=@>F �-fµ>F µiµ?CíHò Ii ê=@ lik@?I ³µH@ ¸=@F@ H³CF@H µF@
>ìë@F¶@³ê ëF@G>³êCFH´ ¸@ ¹C·iG ê=@ H·¹îCëê>ìµ?>êI C¶ ê=@
multi-objectiv� "�����u �� � f" ���� �f �t� ��������� ������!

S��{�~z��¯ eç�v���v¯zx ��������z ��~�~�zv��xz��x �± ���²�v�
H@êê>iíH �@òíò ³CFF@?µê>Ci C¶ ê=@ êF·@ H³CF@H¦ ê=µê af¶@³ê ê=@
eçzv¯z z� u���� uv �~¯ j��¯z�} �~ç���°v �{�z���v objectivvx®
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deíFµGµê>Ci êC mim>³ ³@Fêµ>i G>ì@iH>CiH ¹@>ií ³CHê?I CF
>ìëCHH>¹?@ êC ì@µH·F@ò Z·F H@³CiG empiF>³µ? Hê·GI ·H@H
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IH>H´ µiG @ìë>F>³µ? Hê·GI C¶ µ H³CF@î¹µH@G multi-objectiv@
��z���°~z��¯ ±�~�vw��¥ ±�� �v~�¯�¯� uv�±are-aw~�v ������vx®
Wv ���v z�~z �{� framew��¥�~} �v�� |v��{��v z�v compleç
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°=@ gro¸>ií H·¹ï@?G C¶ µ¶�·�e¸¸ �� mach��e ¹e¶·���i =µH
investigµê@G ê=@ >ìë?@ì@iêµê>Ci µiG >ìë?>³µê>CiH C¶ ma-
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2018ø *% /$%(#/#+ 2*v#%/m 2%#+'-/'*& ùNorieg$ #/ $l4ú 2018ø4

ûÉ emerÍÈÉÍ ËÈÉÊ ÒÓ wÒÌü ÈÎ ÆÒÉÆÊÌÉÊý þÈÐÇ ÐÇÊ ËÒÉÍÿÐÊÌÑ

i����� o� �a�o�i���i� d	�i
io�
 o� 
o�i	��a welf��	 ��d fair-

i@HH (EiH>íi @ê al.´ 2018; H· ¥ Chen´ 2018; MC·ñµiiµF
@ê al.´ 2019; L>· @ê al.´ 2020¦ò L>· @ê µ?ò (2018¦ investi-

g��� t� p�������� t�h���� ������� ��p�� t� � fairness-

Hµê>H¶I>ií G@³>H>Ci policI =µH Ci ê=@ ¸@??î¹@>ií C¶ differ-

@iê H·¹ëCë·?µê>CiHò Ii µ H>ì>?µF Hë>F>ê´ H· ¥ C=@i (2020¦
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ì·Hê ¹@ ëF@¶@Fµ¹?@ ¶CF µê ?@µHê Ci@ C¶ ì·?ê>ë?@ íFC·ëH¦ >i
ê@FìH C¶ welfµF@ò Motivµê@G ¹I ê=@H@ ïiG>iíH´ C·F wCF¤
ackno¸?@Gí@H ê=µê µ?íCF>ê=ì>³ poli³>@H aff@³ê indiÄ>G·µ?H
��� ��������� �� man� ���������� ��� exp������ �������
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W@ ¸>?? sho¸ ê=µê fµ>Fi@HH ³CiHêFµ>i@G ëC?>³>@H ê=µê F@H·?ê
>i perîíFC·ë H³CF@ ê=F@H=C?GH µiG ê=@>F �-fµ>F equivµ?@iê

HC¶êî³CiHêFµ>i@G µiµ?CíH (E?ñµIi @ê al.´ 2019¦ ³µi ¹@ ³µHê
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achievDFG GIJKN OQDIFRSS TDUV FJDSW JI XDSSDFG GIJKN YZQSS

?µ¹@?H (LµìI @ê al.´ 2019; AwµHê=> @ê al.´ 2019¦´ >i³?·G>ií
{x�¯� ���ç�vx �± ���{� xz~z{x ([{�z~ vz al.t 2018\ ]�v¯ vz al.t
2019® ^�v eç�����z welf~�v ef±v�zx �± xv�v�z��¯ �¯ �{� ��|v�
_`ef gfjk`mjmnq qrm nfqufn fy zqu`u{_qufn un f_u| _``fg_qufn

���²�v�x (}�°~}¯ vz al.t 2019\ ~�¯~�{v � Kleinbergt 2020®

±/±/ Multi-objectiv� M%*�(,� 0�% ,(,´
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achiev�¯� ���� ����z v~�{v �± z�v ��~xx���~z��¯ policyt u���v
improv�¯� ~ �v~x{�v �± soc�~� welf~�v® ^��x �v�~zvx z� ~¯ ex-

�����P ���������� Q� multi-objectiv� Q���O�����Q� �� O������
?@µFi>ií (�>i ¥ Sendhoff´ 2008; Jin´ 2006¦´ ¸=@F@ manI
��Öa���¨s e�s� Õa� ��u�Ö a� �ÔÔ�a�¨���Ö Ö�a��� aÔ�¨�

(�JQ � KalyanmoyV 2001� KnowlesV 2006� D´ eriV 2012)esid´
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�{� w��¥ xz{|�vx z�v P~�vz� x��{z��¯x z�~z ~��xv ±��� �v~�¯v|
x���v ±{¯�z��¯xt ~¯| �x z�v�v±��v �v�~zv| z�t b{z |�xz�¯�z ±���
Å larÍÊ ËÈÐÊÌÅÐ�ÌÊ ÒÉ ËÊÅÌÉÈÉÍ PÅÌÊÐÒ ÓÌÒÉÐÈÊÌÎ directlyÃ Evo-

?·ê>CiµFI strateí>@H µF@ µ ëCë·?µF ³?µHH C¶ µëëFCµ³=@H êC
@Hê>ìµê>ií µ PµF@êC ¶FCiê>@F ¶FCì @ìë>F>³µ? Gµêµ´ µH theI
�v�¯v ~ ��~xx �± sevv�~� ������vx ~z �¯�v (~v² � Kalyanmoyt
2001� �g� � cb Weck� 2005�q Man» nl `hbsb stratekgbs _sb
surrog~zv conveç ��xx ±{¯�z��¯x z� aff��| ²vzzv� conver�v¯�v
�� ���������� Surrog��� ��������� ��� �� ������ ov�� ��� 

G>ì@iH>Ci >iG@ë@iG@iê?I (Knowles´ 2006¦´ CF µH µ H>ií?@
¡Ê¿ãÄ¾À¿ ov½Ã ¢ÀÄË objectiv½ diº½¿Á¾À¿Á (Loshchilo£ ½Ä al.ä

2010¦ò W=>?@ surrogµê@ ?CHH ¶·i³ê>CiH ë?µI µi >ìëCFêµiê
�a�� � � u���� aÔ�¨¤��a� aÕ non-conve� 
���b Õ
���a�s©

ßÜã framewßã¥ pro¦ÝØÛà Ö× alternativÛ ÖååãßÖÞÚa àß ÿß×ä Öà
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{¯�v�z~�¯z} �¯ |{~�n�²jv�z�vv ��z���°~z��¯ Áºv�z° � ~v��¯�z°t
2018; PµF>µ @ê al.´ 2019¦ò FCF H@Ã·@iê>µ? G@³>H>Ciîìµ¤>ií´
ÎÕÍÌÍ ÕÑÓ »ÍÍ¼ ÌÍÐÍ¼Î w×Ì½ ×¼ ¾¼¿Ï¼Ú PÑÌÍÎ×À×ØÎÏÙÑÒ poli-

³>@H ¶CF F@>i¶CF³@ì@iê ?@µFi>ií H@êê>iíH (Vµi Moffµ@Fê ¥
Nowé´ 2014; L>· @ê al.´ 2014; ÁC>j@FH ¥ Whiteson´ 2017¦ò
TC ëFCìCê@ µëë?>³µ¹>?>êI C¶ C·F wCF¤ êC µ vµF>@êI C¶ real-

wCF?G GCìµ>iH ¸=@F@ iC>H@ HC·F³@H µF@ div@FH@´ µiG ê=@
eff@³êH C¶ H>ií?@ policI @iµ³êì@iêH compleð´ ¸@ ïFHê de-

v	ao� � �	��odoao�Â Ã�d	� � �oi
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±/È/ Measur�� "$ '"*(%# ³elfar�

¬¬© ¢©�¡¦�¦�¡  ¡¢ ®© «£�©®©¡� � welf �© ¦«  ¡ ¦®���� ¡�
ÅÉý compleÉ ÊÌÒËËÊÑ ÐÇÅÐ ÇÅÎ receivÊý ÆÒÉÎÈýÊÌÅËËÊ atten-

ÙÝß× Ý× ÙÚÛ àßÞÝÖÿ àÞÝÛ×ÞÛ ÿÝÙÛãÖÙÜãÛ ÌÞâÍ Deatona 1980Î 2016Î

Ï��Ð���Ñ �� al.Ò 2009Ó� Ô ���Ò � �������� �ÕÕ����  �� �� ��Ö
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·ë indiÄ>G·µ? ì@µH·F@H C¶ welfµF@´ êC obtµ>i µi aggregµê@
ì@µH·F@ C¶ HC³>@êµ? welfµF@ò °=@ H@ëµFµ¹>?>êI µHH·ìëê>Ci
×i�d	�	�d	�� indiØidÃ�a 
�o�	
Ù i
 � 
���d��d 
i��ai�Âi�� as-

x{��z��¯ Áv®�® Floriot 2014 z�~z ~��v~�x �¯ z�v ±�{¯|~z��¯~�
w��¥ �± (Pigout 1920t ~x uv�� ~x (Burkt 1938t (Samuelsont
1947¦´ (Arrow´ 1963¦ µiG (Sen´ 1973¦ò F·ê·F@ wCF¤ ìµI
eÚÛÜÝÞß alternativß àÝáâãÜ welfãÞß äåæáçâÝæ èßéêé ëÜãÞì í Os-

wald, 1996î! ï"� f��"� �� � ð�� 2� 2 ���t� � ���� � 2 ��
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W@ ³CiH>G@F µ H@êê>ií >i ¸=>³= µ ³@iêFµ?>ñ@G policymak@F
=µH twC H>ì·?êµi@C·H objectiv@H¢ êC ìµð>ì>ñ@ HCì@ pri-

vµê@ F@ê·Fi �H·³= µH rev@i·@ CF ·H@F engµí@ì@iê¦´ ¸=>³=
¸@ í@i@F>³µ??I F@¶@F êC µH profit; µiG êC improv@ µ ë·¹?>³
objectivù úûüýþ ÿû ûsý�ÿ� welfÿaù sa üûùa þùÿ�hþ�� wþ�ýþ wù

=DþD= ?m HB welfare. T@D policymakD= makDB EDý>B>miB H�mC?

individuals´ ¸=C µF@ Hë@³>ï@G ¹I ¶@µê·F@ v@³êCFH x ∈ Rd ò
D@³>H>Ci ëC?>³>@H µF@ ¶·i³ê>CiH ê=µê C·êë·ê µ FµiGCì>ñ@G
ØÛÞÝàÝß× π(x) ∈ [0, 1] ÞßããÛàåß×ØÝ×ä Ùß ÙÚÛ pro������	
 ÙÚÖÙ

�� indivu
�� §�� Õ���
��s x s s������u« Ta ���� indivu
��

¸@ µHHC³>µê@ µ vµ?·@ p F@ëF@H@iê>ií ê=@ eðë@³ê@G ëFCïê êC
bó gýøöóøó� føoú appro�ûö ôõûù indi�û�ÿýþ ýö� w óöüo�ûö
t�� c����� i� welf���� ��� p���t ��� welf��� objectiv�e ���

/0�. #x2#-/$/'*&. *v#% /0# �*'&/ +'./%'��/'*& *) (w, p, x):

UW(π) = E[w · π(x)] $&+ UP(π) = E[p · π(x)] . ù(ø

NCê>³@ ê=µê ê=>H aggregµê@ ì@µH·F@ C¶ HC³>@êµ? welfµF@ >H
G@ïi@G µH µ H·ì C¶ indiÄ>G·µ? ì@µH·F@H C¶ welfµF@; ê=>H
>H µ HêµiGµFG µëëFCµ³= >i ê=@ HC³>µ? H³>@i³@ ?>ê@Fµê·F@ �H@@
£@³ê>Ci 2.3¦ò W=>?@ ê=>H >iG·³@H ?>ì>êµê>CiH Ci ê=@ ¶CFì
JO UVR welfQIR OKFYUDJFf DU afOJI�S fle�D�DZDUW TVRF OJYKSDFG

'&./#$+ *& /0# %#.�l/'&( �'&$%m +#-'.'*&ú $ 2*'&/ 3# ex2$&+

*& '& �#-/'*& 64

Giv@i twC objectiv@H´ Ci@ ³µi iC ?Cií@F G@ïi@ µ ·i>Ã·@
aÔ�¨�� policb π« I�s���u© §� Õa�
s a� Ôa���s π §��� ���
Par�� ! "�#$%& (Paretoú 1906ûú >i ?@D BDiBD tha? theJ H=D im?

./%'-/lm +*1'&$/#+ �m anm alternativ# policyú '4#4 /0#%# '. &*

π0 .�-0 /0$/ �*/0 UP $&+ UW $%# ./%'-/lm l$%(#% �&+#% π
0 4

FCF µ í@i@Fµ? H@ê C¶ policI ³?µHH@H �G@ïi@G >i Proposi-

z��¯ A.11t �z �x equiv~�v¯z z� ��¯x�|v� ������vx z�~z �~ç���°v
µ ¸@>í=ê@G ³Cì¹>iµê>Ci C¶ ¹Cê= objectiv@Hò W@ ³µi ê=·H
2$%$1#/%'ª# /0# '$%#/*)*2/'1$l 2*l'-'#. �m α ∈ [0, 1]:

S�*,(�(", È/² (PµF@êCîCëê>ìµ? policies)/ A� α-Pareto-

+,-/012 ,+2/34 56+7 α ∈ [0, 1]8 91-/9;<9=

πα
? ∈ argmax Uα(π), 

Uα(π) := (1 − α)UP(π) + αUW(π). 

Ii ê=@ G@ïi>ê>Ci abov@´ ê=@ ìµð>ì>ñµê>Ci C¶ π >H tak@i
ov@F ê=@ ³?µHH C¶ FµiGCì>ñ@G ëC?>³>@H π(x) → [0, 1]ò Ii

1>?? ��@���BC�   �E��FBG HF�� ?�����  EJJ�E� FB ��� EJJ�BKFC� �
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Figure 1. LMMOPQRSQUVW VX S PSRYQV curvY Z[VQQV\ MYXQl SW] Q^Y deci-

_`dg jdkgmnq`r_ `gmkurm jy z{qrr dif|rqrgz trade-of| }nqn~rzrq_ α�

������� (dark�� �� ���� ������ ������ �������� �������� indi��������

Sv�z��¯ �®�uv shou z�~z u�v¯ ±v~z{�vx x �~¯ eç~�z�} v¯��|v
.-*%#. /0# *2/'1$l 2*l'-m '. $ /0%#.0*l+ *) /0# .-*%#.4

È/²/ ���()%# �"#(*(�� w(�� E&%*� '*" ��

W6 �7:6�� 9;<8:d67 ?< idealiz6d 86ss:<A� ��676 s�6 welf?76

@?� 68=�< contribB<4=?s w @?� p :@?  7 �487:<l¡ �7<7854?7�

¶FCì ê=@ ¶@µê·F@H x Ä>µ eðµ³ê score functions´ fW(x) = w´
fP(x) = p® ^�vxv eç~�z x���v ±{¯�z��¯x �~¯ ²v z��{��z �± ~x
sufD9:6<s 8s?s:8s:98 ¢;7 s�6 d69:8:;<£ s�6 e¤¥69s6d �6:A�s6d

contrib{z��¯ ±��� ~��v�zv| indiv�|{~�x �x |vx���²v| ²} ((1− 
α)p + αw)® ^�v�v±��vt �¯v �~¯ shou Áº����x�z��¯ A.2 z�~z
/0# *2/'1$l 2*l'-m '. ('v#& �m /0%#.0*l+'&( /0'. -*12*.'/#:

πα
? (p, w) = I((1 − α)p + αw ≥ 0). ù¦ø

§rfz¨r the© _|m _`` P_|mqfªfkquj_`« qrm kf`ugume π? induceα 

dif������ trade-of�� ������� ��� twQ objectiv��¬ �� param-

#/#% α +#/#%1'&#. /0'. /%$+#)*))ú /%$-'&( /0# Par<-+ 67ontier:

Pexact := {(UP(πα
? ), UW(πα

? )) : α ∈ [0, 1]} 

®:A¯76 ° ¥±;s8 ?< e¤?>¥±6 ;¢ s�:8 9¯7²6 ³�;ss;>=±6¢s ¥?<6±´

~¯| z�v ����vx��¯|�¯� |v��x��¯ �{�vx ±�� z��vv ���¯zx ~��¯� �z®
W� ���� ��� concav� ����� �µ ���� curv�� � ����µ�������� �µ

¶·¸·¹·º»·¹¼ mar¼·¹½¾ returns¿ ÀÁ À ÂÃÄÅÁÅÆÇ policÈ forÉÆÃÁ

����z z� �¯��v~xv z�z~� welf~�vt �vxx welf~�v �x g~�¯v| ±�� z�v
íèòõ èòëÊìé ëï óðëËé forÌëìõÍ ÎÏõ ìëéêëì ëï ÐêòêìêíÏêìÌ

%#/�%& '. )*%1$l'ª#+ '& Ñ0#*%#1 A.54
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Ø& 1$&m .#//'&(.ú 3# /m2'-$llm +* &*/ ©&*3 /0# 2%*Ù/ .-*%#

p �� welf~�v x���v w Ú �� z�v x���v ±{¯�z��¯x fP ~¯| fW Ú

�o� �aa indiØidÃ�a
 � ��io�iÛ Ü�
�	�dÅ Ý	 �i��� e
�i���	 
�o�	

Õ
���a�s fb 
P(x) ��u fb 

W(x) Õ�a¨ u��� � ��� �aÔ� ���� ���s�

1*+#l. -$& 2%*Ç'+# (**+ 2%#+'-/'*&. *& )�/�%# #x$12l#.4

W@ Hê·GI ê=@ claHH C¶ scoreÞß¶¸eà áâ¹�ã�e¸ ê=µê µ³ê Ci ê=@
2%#+'-/#+ .-*%#.:

S�*,(�(", ä/² ù�-*%#)�$.#+ 2*l'-m -l$..ø/

bΠemp := { π : (fb 
P(X), fW(X)) 7→ [0, 1] } 

FC³·H>ií Ci ê=>H ³?µHH C¶ ëC?>³>@H allo¸H ·H êC character-

>ñ@ Cëê>ìµ? ëC?>³>@H ¸>ê=>i ê=>H ³?µHH �£@³ê>Ci 4.1¦´ deriv@
ÂÅÀÉÇÆÁÀåæÃ åÆçÇÂÁ èéÃ çèÅæÅèÈ Æê ÁçåÆëèÅìÀæ ëÆæÅÄÅÃÁ (Sec-

UDJF 4.3íf QF� IRZQUR JKI IRSKZUS UJ YJXXJF fQDIFRSS YIDURIDQ

�£@³ê>Ciò 6¦ò W@ H·ììµF>ñ@ µGG>ê>Ciµ? ¹@i@ïêH µH ¸@?? µH
ëCê@iê>µ? ?>ì>êµê>CiH C¶ F@HêF>³ê>ií C·F Hê·GI êC ê=>H policI
-l$.. '& �#-/'*& 74

ä/²/ Par��"î"��()%#(�y $" 0�% ,�- '*" ��

Tï charaðñòóôõò Pöóòñï÷ïøñôùöú øïúôðôòû ovòó Πempü ýò de-

�¯v z�v follou�¯� ��¯|�z��¯~� eç�v�z~z��¯x ovv� z�v distribu-

/'*& D *) (x, p, w):

b bµP(f
b 
P(x), fW(x)) := ED[p | fb 

P(x), fW(x)], 

b bµW(fb 
P(x), fW(x)) := ED[w | fb 

P(x), fW(x)] . 

Intuitivelý ê=@H@ vµ?·@H F@ëF@H@iê C·F ¹@Hê í·@HH@H C¶ p 
µiG w´ giv@i ê=@ predict@G H³CF@Hò W@ G@ïi@ πopt µH theα 

/0%#.0*l+ 2*l'-m *& /0# -*12*.'/# *) /0#.# 2%#+'-/'*&.:

πopt := I((1 − α) · µP + α · µW ≥ 0).α 

Theor�) ä/² (PµF@êC ¶FCiê>@F >i ineðµ³ê kno¸?@Gí@ case)/
þÿG�� a�� p�p��a�ÿ�� distrib��ÿ�� D oG�v (x, p, w) a�� em-

,/7/312 93+7< 6e�3-/+�9 fb 
W 1�	 fb 

P,

5/8 The áâ¹�ã�e¸ πopt are Pare
â âá
�o¶¹ o�e· 
he ã¹¶¸¸α 

Πemp, �/- πα 
opt ∈ argmaxπ∈Πemp 

Uα(π).

5//8 The Pare
â frâ�
�e· P(Πemp) �¸ i��e� ßb

{(UP(π
opt), UW(πopt) : α ∈ [0, 1]}� The ¶¸¸âã�¶
eàα α 

µf�ã
�â� o¶áá��i supπ∈Πemp 
{UW(π) : UP(π) = p}

/9 3+�31i< 1�	 �+��/�37<19/�� /� p.

5///8 ��� ��������� fr������ Pemp �� d�������d �� ��� ex���

frâ�
�e· Pexact� Th¶
 �¸� �µ (p, wexact) ∈ Pexact ¶�à

(p, wemp) ∈ Pemp, -<� wemp ≤ wexact.

°=·H µi Cëê>ìµ? @ìë>F>³µ?îH³CF@ ¹µH@G policI ³µi µ?HC ¹@
�v~��°v| ~x ~ z��vx���| polic} Áz��x z��v �± z�v ��¯|�z��¯~� ex-

2#-/$/'*&.øú $&+ '/ *�#m. /0# .$1# +'1'&'.0'&()%#/�%&. phe-

Üå�èÜåÜ âß ÛÜ ÝÞè e âàÝ ßàåéè àâßèc OÜè e â��áè åo ßàåéè

K=DE>ý?m=B ?@H? achievDB ?@>B mK?>AHI>?J >B ?@D B%!�"  "�#$%&

estimator¸ >ò@ò´ fb 
P(x) = E[p | x] µiG fb 

W(x) = E[w | x]ò
W# 2%#.#&/ $ 2%**) *) Ñ0#*%#1 44( '& #22#&+'x A.44

ä/±/ �#2´î(, �"#(*(��

Ii í@i@Fµ?´ ¸@ ìµI hav@ µ³³@HH êC H³CF@ ëF@G>³ê>CiH CF
ê=@ µ¹>?>êI êC ?@µFi ê=@ì ¶FCì Gµêµ´ b·ê iCê µ í·µFµiê@@
ê=µê ê=@ ëF@G>³ê>CiH µF@ BaI@Hy Cëê>ìµ?ò Ii ê=@ =Cë@H ê=µê
ê=@ ëF@G>³ê@G H³CF@H ¸>?? sufï³@´ ¸@ ³µi G@ïi@ µ iµê·Fµ?
àßÜßáçâÝæ ÞåÜß $ãàß% Ýæ α-%ß&æß% '()*+/0 thr1235(6 policiesé

S�*,(�(", ä/± �7?·íî>i policy)/ Fâ· α ∈ [0, 1] ¶�à score

pr<	/3-/+�9 fb 
P(x), fb 

W(x), -< α�,2e��/� ,+2/34 /9=

πplug(x) = I((1 − α)fb 
P(x) + αfb 

W(x) ≥ 0) . (3)α 

S�¯�v πopt �v<{��vx ����{z�¯� ��¯|�z��¯~� eç�v�z~z��¯x ovv�α 

z�v distrib{z��¯Dt �z u��� �¯ �v¯v�~� u��� dif±v� ±��� z�v plug-

>i policJ (3). T@D folloü>iw ým=mIIH=J mþ T@Dm=DA 8.9 givDB

$&+ πplug$ -*&+'/'*& '& 30'-0 πα 
opt 

α -*'&-'+#4

Cor"##% y ä/±/ ��� ��:;<�� �������� πplug ar� ������� �� ���α 

�����Πemp �� ���; �� ��� pr�d����d scor� =:������� ar� well-
b bcalibrated� �� 
he ¸e�¸e 
h¶
 E[p | fb 

P(x), fW(x)] = fP(x) 
b b1�	 E[w | fb 

P(x), fW(x)] = fW(x).

Pr++6. Ii ê=>H ³µH@´ µ̄ p = fb 
P(x) µiG µ̄ w = fb 

W(x)´ sC ¸@
1$m '&vok# Ñ0#*%#1 4.14

UiG@F êIë>³µ? ³CiG>ê>CiH (L>· @ê al.´ 2019¦´ ê=>H ¶CFì C¶
���g|x�{gq� ��� |n ��>gnvnk |} nytgxg��� xgr? yg�gyg@�{gq�A

Iæ SßáçâÝæ 4.3C Dß $Ýåæ% çtß ßÞÞÝÞ âæ çtß ÛÜåê-âæ ÛÝÜâáâßà $E

ÄË½ ½ÃÃÀÃ ¢Â ÄË½ ¾¿¼¾£¾¼Ê»Æ ½ÃÃÀÃÁ ¾¿ ½»ãË ÁãÀÃ½È F¾ºÊÆ»Ä¾À¿
eH÷óøûúóöôù ûö Jóüôûoö K detaûþ ôõó ÿùó of ôõó ÷þÿ ûö policL

·iG@F ³CiêFC??@G deíFµGµê>CiH C¶ ?@µFi@G H³CF@ accuracyò
RßãÜ-%ãçã eÚÛßÞâMßæçà proNâ%ß äåÞçtßÞ âæàâêtç âæçÝ åàâæê çtß

2l�()'& 2*l'-m )*% 3#l)are-aw$%# *2/'1'ª$/'*& '& 2%$-/'-#4

ä/È/ D"2,-(,´ �ar��" P,�$**(�,*(��

Ev@i ¸=@i ë?·íî>i policieH µF@ iCê Cëê>ìµ?´ ê=@ sub-

Cëê>ìµ?>êI C¶ ê=@ F@H·?ê>ií ³?µHH>ï@F >i ê@FìH C¶ ê=@ ·ê>?>êI
fÿöüôûoö Uα ûù boÿö�ó� bL ôõó αQVóûõôó� ùÿú of ` 1 óøøoøù
'& /0# 2%*Ù/ $&+ 3#l)$%# .-*%#.4

Pr"�"�(�(", ä/È �£·¹îCëê>ìµ?>êI Bound)/ Fâ· ¶�b score
b bpreà�ã
�â� function¸ fP(x), fW(x) ¶�à α ∈ [0, 1]� 
he

i¶á �� αÞf
�¹�
b frâo ¶áá¹b��i 
he á¹fiÞ�� áâ¹�ãb (3ø W�
h
b bfP(x), fW(x) ver¸f¸ ¶áá¹b��i 
he âá
�o¶¹ áâ¹�ãb (2ø W�
h

-7e< 93+7<9 fP, fW, /9 X+e�	<	 1X+i< 19

α) − Uα(π
plugUα(π

? ) ≤α 

(1 − α)E[|fb 
P(x) − fP(x)|] + αE[|fb 

W(x) − fW(x)|]. ù4ø
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Figure 2. ��������� e���������� ������������� �� ��� ������� �� ������� � ������ σw = σp = 1�� ��������� ��������� P(Πemp) ��� ���
�EBK�� ��FE?  HF�� n = 5, 000 �EC� E��  ��HB E  �v��?EFK ��EB ?�C�B� C��[� � ��EC� @��B�F��  Pexact E��  ��HB E  KE ��K C��[� �

α) − Uα(π
plugNCê@ ê=µê ¹I G@ïi>ê>Ci C¶ πα

? ´ Uα(π
? 

Ñ0# 2%**) *) '%*2*.'/'*& 44� '. ('v#& '& #22#&+'x A.54

) ≥ 0.α 

7FCëCH>ê>Ci �ò� proÄ>G@H µ í@i@Fµ? ¹C·iG Ci ê=@ α-

�èéoåé�âÜàè åo ÝÞè �áæ ¡ÛÜ polic¢ wÞÛàÞ Þåáçß oåé an¢ dis-

tribº½µ¹´ ¹´ »¼¹¸²» ·´± ²»½µÀ·½¹¸ ²¸¸¹¸»Þ T¹ proâµ±² £º¸½¾²¸

'&.'(0/ú 3# -*&.'+#% $ .2#-'Ù- +'./%'��/'*&$l .#//'&(4

E&%)�#� ²/ ¤¥¦¦§¨© ª«¬ª ®¯°¯¥¬±¨² ª³¥© scor©¨ ar© dis-

tribe-<	 19=

�� � � �� 
0 σ2 ρσwσpw(wi, pi) ∼i.i.d. N , (5)
0 ρσwσp σ2 

p 

´�� ��� pr�d������ error� εpi 
:= p̂i − pi ��d εwi 

:= ŵi − wi 

ße ��àeáe�àe�
 âµ 
he 
·fe score¸ pi, wi� zerâÞoe¶�� ¶�à

9eX�µ1e99/1� �/- ,17ameter9 σεp 1�	 σεw , 7espectively.

¶�s e��¨Ô�� ��
�u���s ho§ �a������a� ���§��� Ô�a�� ��u

welf$%# .-*%#. $))#-/. /0# #12'%'-$l '$%#/* )%*&/'#%4

Pr"�"�(�(", ä/ä/ ·� 
he ¸e

��i âµ ¸¹¶oá¹e º W�
h −1 ≤ 
√σyρ ≤ 1» E[Uα(πα

? )] = ¼½¾ ¿ÀÁ eÂÃÁÄ¿Á¾ αÅÆ¿ÇÈÇ¿É ÊË ¿ÀÁ
2π 

,2e� /� ,+2/34 /9 1- 2<19-= Ì

� � 

E[Uα(π
plug 2 · σ̃2 

)] ≥ E[Uα(πα
? )] 1 − (6)α σ2 + σ2˜ y 

where σy 
2 = α2σw 

2 + (1 − α)2σp 
2 + 2ρα(1 − α)σwσp ¶�à

σ̃2 = 4(α2σ2 + (1 − α)2σ2 ).εw εp 

^�v ����± �± º����x�z��¯ Í®Í �x givv¯ �¯ Î��v¯|�ç A.5® ^��x
lo¸@F ¹C·iG >H >i ê@FìH C¶ ¹Cê= ê=@ Cëê>ìµ? αî·ê>?>êI µiG
µ G>H³C·iê factorò Ï@³µ·H@ σ2 >H >i³F@µH>ií >i ρ ¶CF anIy 

α ∈ (0, 1)´ ¹Cê= C¶ ê=@H@ ê@FìH µF@ >i³F@µH>ií >i ρò °=·H´
ê=@ eðë@³ê@G αî·ê>?>êI C¶ ê=@ ë?·í >i policI >H =>í=@F ¶CF
àåééèáâÝèç ßàåéèßã ÜåÝ åÜá¢ äèàâæßè ÝÞè å�ÝÛ�âá α¡æÝÛáÛÝ¢ Ûß
higherú ��/ $l.* �#-$�.# /0# +'.-*�&/ )$-/*% '. -l*.#% /* (4

2Ð�� C�B �EB� �B σ̃2CEB Ñ� ��K�C�K �� 1 H��B εw |= εp�
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αÓgW\^\Wq Uh U [gY]W\ZY Z[ α UYb ]ZVVS^UW\ZY \Y W{S WVgS h]ZVShk

@��� Ô��J� F�F�B 4.4Z HF�� σw = σp = 1Õ σεw = .5Õ σεp = 0.1�

Ö'(�%# � sho3. /0# l*3#% �*�&+ *& #x2#-/#+ α)�/'l'/m 3'/0
iC>HI H³CF@H µH µ ¶·i³ê>Ci C¶ ëCHH>¹?@ H³CF@ ³CFF@?µê>CiH ρ 
	�� trade-of� �	r	����r� α× ��r 	 fix�� ������� �� �r���c��r

�Q��� �� ØÙ�O��� 1¬ FQ� comparativ��� �O��� ���Q� �� ��QÚ�
������ � d ��d����� welf��� error, �t� lo3�� ð�" d � �t�

αÛÜÙÝÿÝÙæ Ý×ÞãÛÖàÛà Öà ÙÚÛ ÞßããÛÿÖÙÝß× (ρÕ ÜÛÙÝÛÛ× ÙÚÛ àÞßãÛà
>i³F@µH@Hò °=>H ³µëê·F@H ho¸ ê=@ lo¸îiC>H@ ëFCïê H³CF@
DF�DIRYUZW improvRS �RYDSDJFS Q�JKU UVR VDGVÞFJDSR welfQIRß

°=@ lo¸@F ¹C·iG >H G@³F@µH>ií >i α ¶CF positiv@ ρ´ ¸=>³=
F@à@³êH ê=@ =>í=@F vµF>µi³@ >iêFCG·³@G ¹I ë?µ³>ií ìCF@
3#'(0/ *& /0# &*'.'#% 3#l)$%# .-*%#4

á6 â×÷::ò;98

ã«¸± ±¬®ª¸©¨ ·¬±¬¨ª± ª«¬¬ ±¬ª± ©² ¬³·¸¸®°¯ ¬±ä¯ª±å æ¨ ç¬®-

èÅÆÇ èéê ëÃ ÄÆììÆåÆìÀèÃ Æçì èéÃÆìÃèÅÄÀæ resultÁ çÇÂÃì differ-

� � ���"����d distrib"��� � � ������ � d p��d����� ������!

Z·F H@³CiG eðë@F>ì@iê Hê·G>@H @ìë>F>³µ? PµF@êC ¶FCiê>@FH
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¶FCì ?@µFi@G H³CF@H ¸>ê= F@µ?>Hê>³ deíFµGµê>Ci C¶ êFµ>i>ií
�� �� ��  ¡� conteí  �î ÀïÀ ����ð¤� �ð�¤��� £�¤¤�£ ��� �� Sec-

ê>Ci 5.2ò Z·F ê=>FG eðë@F>ì@iê >i £@³ê>Ci ñò� sho¸H ho¸
oÿø úóôõo�ù fýüûþûôýôó ôøý�ûö off bóôVóóö ÿùóø engýóúóöô
¸>ê= ëF@G>³ê@G Ã·µ?>êI C¶ ³Ciê@iê >i µ ³CFë·H C¶ YouT·¹@
Ç'+#*.ú �.'&( 2%#)l#$%&#+ .-*%#.4

ò/²/ '()2#%�(", E&�� ()�,��

Z·F ïFHê H@ê C¶ siì·?µê>CiH sho¸H ê=@ ë@F¶CFìµi³@ C¶ ê=@
��{�n�¯ polic} u�v¯ x���vx ~�v �v�z{�²v| ²} additivv ¯��xv �±
výøLûö deøóóù ûö óýüõ �ûúóöùûoö óôûõ 2aöõ Wó ûöùôýöôûýôó
êF·@ H³CF@H wi µiG pi µH >i EÃò (5ø ¸>ê= ρ = 0 µiG σ2 = w 

σ2 = 1ú $&+ '&./$&/'$/# 2%#+'-/#+ .-*%#. $.:p 

fb 
W(xi) = wi + εwi εwi ∼ N (0, σε 

2 
w 
), ù÷ø

fb 
P(xi) = pi + εpi εpi ∼ N (0, σε 

2 
p 
) 

^�vxv s���v ��v|��z��¯x x~z�x±} z�v well-calibr���d ��¯|�z��¯
C¶ CCFC??µFI 4.2ò °=@ F@H·?êH ¶CF diff@F@iê ëµ>FH (σεw 

, σε 
2 
p 

µF@ sho¸i >i F>í·F@ 2aò NH ê=@ iC>H@ >i H³CF@H >i³F@µH@H´
t�� �øpi�ic�ù Paret� ú���ti��e ��c��� ú��ø t�� eû�ct ú���ti��

Pexactò Additionally´ =>í=@F iC>H@ >i ê=@ predicteG H³CF@H
'12*.#. $ 3'+#% +'./%'��/'*& *) #12'%'-$l '$%#/* )%*&/'#%.4

Neçzt uv xz{|} z�v ef±v�z �± ¯��xv �¯ ��v|��z��¯x u�v¯ x���vx
µF@ ³CFF@?µê@G �F>íò 2b¦ò W@ dra¸ wi µiG pi µ³³CFG>ií êC
EÃò (5ø ¸>ê= σw = σp = 1 µiG ³CFF@?µê>Ci ëµFµì@ê@F ρò
W@ ê=@i µGG FµiGCì iC>H@ µH >i EÃò (7ø ¸>ê= ëµFµì@ê@FH
σεw 

= σεp 
= 1.0ò NCê@ ê=µê >i thiH H@êê>ií´ H³CF@H µF@ >i

�v¯v�~� ¯�z �~��²�~zv| |{v z� z�v ����v�~z��¯ ²vzuvv¯ wi ~¯|
pi« Fa� positiv� v��
�s aÕ ρ© ��� e���� ��u �¨Ô���� 
����s

µF@ íF@µê@Hê µê α = 0.5´ H>i³@ ê=@ ³CFF@?µê>Ci >i ê=@ H³CF@H
allo/" ü" '* ov)-%*ý) "*ý) *+ ',) &*#") #& )!%, indiþ#ÿü!v

parameterú $. 2%#+'-/#+ �m '%*2*.'/'*& 4.44

Lastly, 3� ��"du �t� sp��� �f ��p������ � d ex��� f�� �����

3'/0 de(%$+#+ &*'.# 30#& .-*%#. $%# -*%%#l$/#+ $&+ predic-

'#*& )--*- #" ,#h,)- #& ',) welf!-) ',) "%*-)s /#', σεp 
= 0.5 

¸=@F@µH σεw 
= 2.0 �F>íò 2c¦ò W=>?@ ê=@ Cëê>ìµ? PµF@êC

¶FCiê>@FH µF@ ê=@ Hµì@ µH >i F>íò 2b´ ¸@ H@@ µ HêµF¤ ³=µií@
>i ê=@ @ìë>F>³µ? PµF@êC ¶FCiê>@FHò CCìëµF@G êC ê=@ ³µH@ C¶
iC ³CFF@?µê>Ci´ ê=@ @ìë>F>³µ? PµF@êC ¶FCiê>@F >H eðëµiG@G
Võóö ρ > 0 ýö� Võóö ρ < 0 ôõó føoöôûóø øóüó�óùõ Addition-

ally� �� À�� e�����£�  ¡�  �ï�  �  ¡� £�¢¢�¤� ���� πplug �À noα 

��¯�v� �{~�~¯zvv| z� ²v ��z��~�t ~x welf~�v {z���z} |v��v~xvx
)*% l$%(# #&*�(0 α 30#& ρ = 0.54

ò/±/ Lear,�- '*" �� w(�� P)�� $�*� S%�%e A�%#",�

�{� neçz eç~���v �x motiv~zv| ²} z�v |��~�¯ �± v�������~��}
ÓÔÓÎÑÏ¼Ñ»ÒÍ ÓÍÒÍÐÎÏ×¼� wÕÍÌÍ ÎÕÍ Ú×ÑÒ ÏÓ Î× ÓÍÒÍÐÎ ØÌ×¾ÎÑ»ÒÍ
ìC??·H¤H êC ³µê³= µiG k@@ë´ ¸=>?@ haÄ>ií ì>i>ìµ? >ìëµ³ê
o� ��	 ���Ã��a dev	ao��	�� o� ��	 �oaaÃ
m
� ecosyste�Û W	

?@µFi H³CF@H ¶CF ê=@ µí@ µiG ëFCïêµ¹>?>êI C¶ @µ³= µ¹µ?Ci@
)%*1 +$/$ú $&+ 2#%)*%1 #x2#%'1#&/. /* /#./ /0# de(%$+$/'*&

�± z�v v������~� P~�vz� ±��¯z�v�x {¯|v� �v~��xz�� de��~|~z��¯x
C¶ ê=@ Gµêµò W=>?@ C·F ³=µFµ³ê@F>ñµê>Ci C¶ ê=@ ëFC¹?@ì >H
=>í=?I H>ìë?>ï@G´ ê=@ ìµ>i ¶C³·H C¶ ê=>H eðë@F>ì@iê >H êC
G@ìCiHêFµê@ ê=@ >iHêµiê>µê>Ci C¶ PµF@êC curv@H ¶CF differ-

©¡� ��©¢¦§��� £¡§�¦�¡ §¥ ««©«  ¡¢ dif©�©¡� re¯¦®©« � ¢ � 
availability4

^�v welf~�v �v~x{�v uv {xv �x ~¯ �¯��v~x�¯� ±{¯�z��¯ �± ~�v
ÁxvvÎ��v¯|�ç Â ±�� ±{�� eç�v���v¯z~� |vz~��xt v¯��|�¯� z�~z
ôè ôë �ñìê ëõëè�ôð���ê tñ harvêëè ñ�oêì ����ñðêëî Wê oêdðê

<>7 68=�< s:=87 =9 7@:> @ @l=?7 @s @ l4?7@8 9B?:<4=? =9 57@<

uv���z ~¯| x�v�� ~�v~® Wv {xv z�v ±v~z{�vx (seçt z�z~� uv���zt
=@>í=ê´ ¸>Gê=´ µiG G>µì@ê@F¦ êC êFµ>i H³CF@ ëF@G>³êCFHò W@
derivv z�vxv �v~x{�vx ±��� ph}x��~� |~z~ ����v�zv| ²} N~x�
@ê µ?ò (1994¦ (µ³³@HH@G Ä>µ ê=@ UCI Gµêµ F@ëCH>êCFI (D·µ
¥ Graff´ 2017¦¦ò °=@ ³CFF@?µê>Ci C¶ ê=@ ëFCïê µiG welfµF@
.-*%#. '. 0.564
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���P� reP�����Q� ��� ����QO �Q����� � �Q ����� ��Q��� ����
¸=>³= êC >iHêµiê>µê@ ê=@ ë?·íî>i policyò TC µHH@HH ho¸ ê=@
����¢�£�¤ P�¢� � î¢�� ��¢À deg¢��� ï���¢ ¢��¤�À �£ �� ���À �î

>ìë@F¶@³ê Gµêµ´ ¸@ H·¹Hµìë?@ êFµ>i>ií >iHêµi³@H êC F@à@³ê
µ hIëCê=@ê>³µ? reí>ì@ ¸@F@ Gµêµ >H HëµFH@ µiG ¸@ subsam-

ë?@ ¶@µê·F@H êC F@à@³ê µ hIëCê=@ê>³µ? reí>ì@ ¸=@F@ @iê>F@
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]U^ DistribgW\ZY Z[ YouTg�S bUWU pre-
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��~¯�v z�v x�°v �± z�v z�~�¯�¯� |~z~ xvz ±��� u���� �v~�¯ z�v
ëFCïê µiG welfµF@ H³CF@Hò Ev@i ¸>ê= 33 êFµ>i>ií Hµìë?@H
(1% �f �t� ���2� �� ���� � 2 ���î, �t� ��� �f p�"22� poli����

�����s � ¨����ÖÕ
� trade-ofÕ ov�� α« Fa� sev����b deÖ��u�u

ùüoøóù ó35 ôøýûöûö ùýú÷þóù - jÿùô 0.5% of ôõó oøûûöýþ train-

>ií H@êH¦´ ê=@ @FFCF Ci ê=@ welfµF@ H³CF@ ëF@G>³ê>CiH >H HC
Ë¾ÇË ÄË»Ä ¾¿ÁÄ»¿Ä¾»Ä¾¿Ç » 6ÆÊÇÅ¾¿ 6ÀÆ¾ãÂ �¾ÄË α > 0 »ãÄÊ»ÆÆÂ
+#-%#$.#. 3#l)$%# *v#%$ll4
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³=µií@ ê=@ ¶@µê·F@H ?@µFi@G êC êFµ>i ê=@ ìCG@?´ ·H>ií j·Hê
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Thb `ºbjcs `n gjmºbasgjk `hb ca`a sb` sg8b ajc lba`_ºb sb` aºb
Ð×¼ÓÏÓÎÍ¼Î wÏÎÕ 9×ÔÌ ÌÍØÒÏÐÑÎÏ×¼Ó ¿×¼Í ×¼ sÍØÑÌÑÎÍ ÎÌÑÏ¼Ï¼Ú
��� ev�¤ï� ��� À�¤� À¾ �� :��  ¡�  Pare � î¢�� ��¢À ������ �

���� ����� ������r �� ���������� ���� ��� ���� av����� er-

��� �± z�v x���v ��v|��z��¯x Á;��x® < ~¯| �= �¯Î��v¯|�ç B.1®
°=@ ì@µi av@Fµí@ @FFCF C¶ welfµF@ H³CF@H >H H·¹Hêµiê>µ??I
ÍÌÊÅÐÊÌ ÐÇÅÉ ÐÇÊ avÊÌÅÍÊ ÊÌÌÒÌ ÒÓ ÊÌÒ>Ð ÎÆÒÌÊÎ ÓÒÌ ÑÒÎÐ pre-

ÂÅÄèÅÆÇ ÅÇÁèÀÇÄÃÁ ?@ÅÉçìÃÁ C ÀÇÂ êD ÅÇ EëëÃÇÂÅG B.1HJ èéçÁ

KLM MOPQUQVWX YUZ[KQMU\ WUM fWUKLMU YUZO Pexact Q[ KLM welfWUM

]^_`bk^nb quyb qu` z{n|q ]^_`bk^nb}

Altogether~ ��� ��������� P����� ��������� ��� relativ��� ro-

b��� �� ����� ���� �������� �� ���� �� �� miss��� ���������� 

However¡ ¢£¤¥ ¦§¤¨©ª«©¬¥ hav¤ v¤§® £©¯£ ¤§§¬§ (diagnos-

°±²³ ±´ cross-v°²µ¶°·µ¸¹ ¸º »¸²¶¸¼· ½³· ³ºº¸º¾¿ ³ÀÁµºµÂ°²

Py{`qn Ã{nbq^`{k ]`Ä{y]` ÅÆ^ÇÈÉÊ}

ËÌÍÌ ÎÏÐÏÑÒÓÑÔ ÕÖ×Ø ÙÑÔÏÔ×Ú×ÑÛ ÏÑÜ Ý×ÏÐÛÞ

WM noß QXXà\KUWKM hoß KLM multi-objectivM framewZUá VW[ âM

ã¤¨ t¬ äåæå¥ª¤ «£¤ ¨¤©§¤ «¬ ¦§¬ç¬«¤ £©¯£ èãåæ©«® ª¬¥«¤¥«

ßQKL KLM [MMé YZU PUZêKë WM wZUá ßQKL W éWKW\MK KLWK VZ[KWQ[\

À³°½¼º³½ ¸ì Â¸¹·³¹· í¼°²µ·´ °¹¶ Â¸¹·³¹· eng°î³À³¹· ì¸º

ïð¿ñòó YouT¼±³ ôµ¶³¸½¿ õ»µÂ» w°½ Â¸¹½·º¼Â·³¶ °½ Á°º· ¸ì

�� ����������� efö��� �� ������������÷ ��������� �ø� ù�����÷

yb] q{ÆquÃÆÉb`kk nÃ úouTÆû` ü^]`nk ýFy]]nÆÉ `q yÉ}þ 2020ÿ}

T�� m������ o� q����	
 fb 

spirac´ ½Â¸º³s dev³²¸Á³¶ b
W w� ��� �� � ��f�	�of o� 	�� ‘con-

´ F°¶¶¸¼² ³· °²a (2020¾¿ õ»µÂ»

M\KQOWKM\ KLM PUZâWâQXQKp KLWK KLM vQéMZ PUZOZKM\ W debunkMé

conspirac
 theory. F�om 	��� ��o�� sconspiracy ∈ [0, 1] w� de-

riv³ ° Áº³¶µÂ·³¶ `í¼°²µ·´ ½Â¸º³s °½ (0.95 − sconspiracy) (½³³
Azz`b]^� B} Ãn{ ]`qy^Ékÿ}

W¤ ©¥«å¥«©å«¤ «£¤ ¦§¬�« ª¬§¤ fP[i] �¬§ �©¨¤¬ i å log((1 + 
# ü^`ws[i])/100, 000)a Diôµ¶µ¹î ±´ ° larî³ Â¸¹½·°¹· repre-

\M[K\ KLWK vQéMZ\ ßQKL loß vieß VZà[K\ OWp [ZK âM PUZêKWâXM

d�� t� �t����� ��d h��t��� c��t�� �h� ����rt��� distrib�t���

ov³º fP °¹¶ fb 
W µ½ shoõ¹ µ¹ �µî¼º³ 6° (îº°´ ¶¸·½¾¿ õ»³º³

]nqq`] É^b`k ]`bnq` 0-Æq^É^qÊ qu{`kunÉ]k ^b `yÇu kÇn{`}

U½µ¹î ·»³½³ ½Â¸º³½ °¹¶ Áº³¶µÂ·µ¸¹½¿ õ³ ³½·µÀ°·³ ° P°º³·¸

��� !"$� u%" & !'$ �)!"*+, )�,"/"$% πplug ��� ,$+� $l scoresα 

YUZO E0ë (3)ë 1LM UM\àXKQ[2 M\KQOWKMé PWUMKZ curvM Q\ shoß[

µ¹ �µî¼º³ 6ba 3»³ curv³ µ½ concav³¿ ¶³À¸¹½·º°·µ¹î ·»³

PLM[ZOM[Z[ ZY éQOQ[Q\LQ[2 UMKàU[\ Q[ KLM trade-ofY âMKßMM[

·¸·°² ¼½³º eng°î³À³¹· °¹¶ av³º°î³ ôµ¶³¸ qualitya W»µ²³

·»³º³ µ½ alw°´½ ½¸À³ í¼°²µ·´ ·¸ g°µ¹ ±´ ½°Âºµ4Âµ¹î ½¸À³

·¸·°² eng°î³À³¹·¿ ·»³½³ relativ³ g°µ¹½ °º³ greates· õ»³¹

·»³ ½·°º·µ¹î Á¸µ¹· µ½ Â²¸½³ ·¸ °¹ eng°î³À³¹·5À°7µÀµ8µ¹î

policyë Specifically9 WK KLM maximum-engW2MOM[K M[é ZY KLM

:;<=>?@C (loD<? ?GHI> :>J?KL D< can gJGn J 1.1% Gn=?<J:< in

av³º°î³ ôµ¶³¸ í¼°²µ·´ ì¸º ° 0.1% ²¸½½ µ¹ ·¸·°² eng°î³À³¹·a
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