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XWI�bfOEU$Xc[-I�b«�hX<I��:IN`GO}LWI��=LWO¡KVXWOEL<I�[-L<\a^$�¯LW�$I�T?OGbfL�X<I r I�`E��^:L«[pO��:I¯bdIN�}T?IN^�LubpM®û�\a^£� rar eGv7�E\a`GI�^ LW�VI
r ��XW�EIg`}�hXW\§� s \ r \]Lde	\]^8�$O�k¹\a^D��\a`�\o�:UD� r bfe$bfLWINT�bS�hXWI«[pU$XWX<IN^:L r e	[pOE^:¸D�}U$XWI0�/v/KD��Lu[u�$I��/v)��^D�8UDbfI��/v/kjI
[-OE^"!WI�[-LWUVXWI¥L<�D�hLj�$��Lu� s �EbfI�b7�hLj�:\³¬�INX<IN^�L7bd\]LWI�b�kjOEU r � r \>�GI r e¦��\³¬�INXPIN^VOEU$�}��L<OT?ININL"LW�VISK$XW\]^D[-\aK r I7OhQ
U$^$\§t2U$I�^$I�bWb)bfLu��LWI��¦I��hX r \aI�XNM)¤¥�$\§b \§b/\aT?KDO}XWLu��^:L/QAO}XP��^$OEL<�$INX"XWI��}bdO}^nB®\]LP[-O}U r �K$X<O�`:\§�:Ij� s IN�D�N`�\aO}Xu� r
bd\]�E^D��LWU$X<IGv:O}X¥\o��IN^:L<\aLfeGvNQAOEX¨�²[-O}T?K$U$L<INX7LW�D��L¥\obPT«UD[u���D�hXc�:INX¥L<O Q � r bd\QAe�LW�D��^)v2QAO}X¥INnV�hT�K r IGv»�h^	±1%
�E�$��XWI�b<b-M ýZU$X�XWI�bfU r Lcb-vD�$O�k¥IN`GINX�vD�hX<I�tGU$\aL<I²K$X<I r \]T?\a^D��XWeGv���^D�����EX<I��hL��:I�� r OhQ¨�}�$�:\aL<\aO}^D� r L<I�bdL<\a^$�
�h^D�	�:I�`GI r O}K$T?IN^�Lj�hXWI¦^$I�I��:I�� s I-QAO}XWI���bdeVbdLWI�T s U$\ r LSOE^	L<�$I�bdI¦\§�:I��EbZ[-O}U r � s Ig�:INK r OheGI0�/M

N	%&,-�0*h%(wHM ���8xOyg �!V#{z���N	�2�0�nPE��%A(D#

¤¥�$I¦bdI0[-OE^D�«INn$��T?K r I s OEX<XWO�kZb¥T?OEX<I[ r OGbfI r e²QAX<OET¶T?I0[|�D��^$\obfT	b)UDbdI��«\a^?L<�$IJ\]T?T«U$^$IjbdeVbdL<INT�M
¤¶[-I r]r b²��XWI	��^=\aT?KDOEX<Lu��^:L�[ r �}bWb²OhQ��:INL<I�[-L<OEX�[pI rar b�\]^¡LW�VI°\]T?T�U$^$I«bfe$bfLWINT©M�¤¥�$INX<I	�hX<I8bfIN`GINXc� r
�:\³¬�INX<IN^�L|�:\]^D�$bJO�QZ¤ [-I rar b-v/I0�E[u��OhQZkS�$\§[|��K r �Ne$bJ\]LubO�kS^�X<O r I�\]^�LW�$I«\aT?T�UV^$I¦XWI�bfK+O}^DbdI»M qJr]r ¤
[-I r]r b-v"�$O�k¥IN`GI�XNv��£�0`GI s \a^D��\a^$��X<IN�E\]OE^Db²L<�D�hL«[N��^ �:INLWI0[-L���^:L<\a�EI�^�QAXu���ET?IN^�Lub � KDINK$L<\o�:I0b|�uMª¤¥�$I�bfI
s \a^£�:\a^$��XWIN�}\aOE^£b¥�hX<I[pXWI���LWI���LW�$X<OEU$�}�	�KDbdI�UD�:Oh{ Xu��^D�:O}T �EIN^VINLW\§[¥K$XWO�[-I0bWb-vGkS�$\§[|�«k¥IZ[��h^?L<�$\a^6�gOhQ
�h^D� r O}�EOEU£b r e	L<O��}IN^$INXc�hLW\]^$��Xu��^D�:O}TÿbfLWX<\a^$�»b-M@IJ\]`GIN^	LW�D��LSLW�$I s \a^£�:\a^$��X<IN�E\]OE^DbpvD[N� r]r I��«XWI�[-I�K$LWO}Xub-v
�hX<I²[pXWI���LWI���Xc�h^D��OET r eGv:L<�$INXWI�\obS���$\a�}�°KVXWO s � s \ r \aLfe«LW�D��LZbdO}T?Ig¤ [-I rar b7kS\ r]r �:INL<I�[-L¨bdI r Q"K+I�K$LW\§�:I�b-M
¤¥�$I\]T?T�U$^$I¨bdeVbdLWI�T bfO r `GI0b¢LW�V\ob¢KVXWO sVr INT s e?bfIN^D�:\]^$�²^VOE^:QAU$^£[-LW\]OE^D� r ¤®[-I rar bPLWO«�h^�OEXW�»�h^©[N� r]r I��
LW�$I	L<�:e�T�U£b²LWO¯T	�hL<U$XWIGM ¤¥�$INX<I���XWI�bfIN`GINXc� r bdLc�h�}I�b�OhQ�¤¢{ [-I r]r T	�hL<U$Xu��LW\aO}^)v7OE^$I�OhQgkS�$\o[u�=\ob«�
[-IN^DbfOEX<\a^$�ZK$XWO�[pI�bWb�\]^²kS�$\§[|��¤¡[-I r]r b/L<�D�hL s \a^D�¦kS\aLW�«bfI r QVK$X<OELWI�\a^DbP[p\aXu[pU r ��LW\a^V�SLW�$X<OEU$�}��LW�$IjLW��e:T«UDb
�hX<I8��I�bdL<XWO�eGI��/M ¤ [-I r]r b¦LW�D��L´Q ��\ r LWO s \a^D�¡L<O¡bfI r Q��hX<I�� r]r O�k¥I0� L<O�T��hLWUVXWIGv r I��N`GI?LW�$I�LW��e:T«UDbpv
�h^D� s I�[-O}T?I8KD��XWL	OhQ�LW�$Iª�E[pLW\a`GI�\aT?T«U$^$I�bfe$bfLWINT�M ¤¥�$\§b�KVXWO�[-I�b<b-v¦[N� rar I��4^$I��G�hL<\a`GI¯bfI r I�[pLW\aO}^)v
\ob�\ rar UDbdL<Xu�hL<I��4\]^ û�\a�}U$XWI¯z�M ýZ^D[-I�\]^ [-\aXc[-U r ��LW\]OE^)v¥\Q��4¤ [-I r]rJs \]^D�$b�L<O �h^�LW\a�}IN^®\a^ bfUn#�[-\aIN^�L
[-OE^£[-IN^�LWXu��LW\]OE^)vD��X<I�[-O}�E^$\]LW\aO}^	IN`GIN^�LZ[N�h^ s I«b<�h\§�°LWO��D�N`GI O�[�[-U$XWX<I��/vDLWX<\a�E�}INXW\]^$�«LW�$I�[-OET?K r INn�bdINL
OhQ�IN`GIN^�Lub7LW�D��L r I��E�$b¥L<O�I r \aT�\a^D��LW\aO}^�OhQ7L<�$Ig�h^�LW\]�EIN^)M
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Immature T-cells
in the thymus

Self proteins Those that bind, die

self-tolerant

T-cell death

û�\a�}U$XWIgz�ü¥R7IN^DbdO}XW\]^$�?¤ [-I rar b¢\]^°L<�$I¦LW��e:T«UDbpM

¤¥�$I¯¤ÿ[-I rar [-IN^DbfOEXW\]^$�=K$XWO�[pI�bWb	[N��^ s I�LW�VOEU$�}�:L�OhQ��Eb��:I-¸D^$\]^$�=�¡K$X<OELWI0[-LWI��®[pO rar I�[-L<\aOE^ OhQ
�$�hLc� � LW�VI«bdI r Q¥KVXWOEL<IN\a^£b|�S\]^�L<INXWT	bSOhQj\]Lub¦[-OET�K r INT«IN^�Lu��XWe«KD�hL<LWINX<^Db � LW�VI�^$OE^DbfI r Q¨K$XWO}LWIN\]^Db|�cM²·¯I
[N�h^�UDbdI�L<�$\obSK$X<\a^D[-\]K r I¦L<O	�:I�bf\a�E^©�?�:\§bdLWX<\ s UVLu� sVr I�[u�D��^$�EI-{ �:INL<I�[-L<\aOE^©� r �EOEX<\aL<�$T kS\aLW��\]^:L<INXWI0bdLW\]^$�
K$XWO}KDINXWL<\aI�bpM¥YGU$K$KDOGbfI�k¥I�£�0`GIgbfOET?I¦[pO rar I�[-L<\aOE^�OhQj�:\]�E\]Lu� r �V�hLu��v+kS�V\o[u�?k¥I¦kS\ r]r [N� rar bfI r Q<v�LW�D��LJkjI
kS\obf��L<O T�OE^$\]LWOEX"QAOEXj[|�£�h^$�}I�b-M7¤¥�$\§bPT?\a�}�:L s I¦�h^��E[-L<\a`�\aLfe¦KD�hL<LWINX<^)v$�}bP\a^«LW�$IZ\a^�LWX<UDbd\]OE^:{ �:INL<I�[-LW\]OE^
� r �EOEX<\aL<�$T��:I0bW[-X<\ s I���� s O�`GIGv)�	[-O}T?K$\ r I��?K$X<OE�EXc�hT�v)O}X¦��¸ r I�O�QZ�$��Lu�:M�¤¥�$I?� r �}OEXW\]LW�$T k¥O}X	�Vb �}b
QAO r]r O�kZb-ü

y}M}IZIN^VINXu��LWIg��bfINLSOhQ¢�:INLWI0[-LWO}Xub¥LW�£�hL¥Q �h\ r LWO«T	�hLc[|��bdI r Q<M

��MJ_�bdI¦LW�$Ig�:I�LWI�[-L<OEXcb¥LWO«T?OE^$\]LWO}X¥LW�VI KVXWOEL<I�[-L<I��	�$�hLc�:M

z�MB·®�VIN^$IN`GINXg���:INLWI0[-LWO}X \§b¦�E[-L<\a`}�hL<I��/vP��[|�£�h^$�}I�T«UDbdL��D�N`GI�O�[N[pU$XWX<I��/vP��^D��L<�$I r O�[N�hL<\aO}^¡OhQ
L<�$Ig[|�£�h^$�}I²\ob���^$O�kS^)M

¤¥�$INX<I��XWI�bdIN`GINXc� r �:INLc�h\ r bPLW�D��L¥T«UDbdL s I�bdKDI�[-\¸DI�� s IpQAOEXWI�k¥IZ�D�N`GI��^?\aT?K r INT«IN^�Lu� sVr Ij� r �EOEX<\aL<�$T�ü
� y��S�$O�k �hXWI�L<�$I���INLWI�[pLWOEXcbJXWI�K$XWI�bfIN^�LWI��~C � �2���JO�k¹\ob���T	�hLc[|���:Ip¸D^$I��~C � z2�S�VOhk ��XWI«�:INL<I�[-L<OEXub
�EIN^VINXu��LWI��~C � = ���JO�k IX#�[-\]IN^:L�\ob²LW�VI8� r �}OEXW\]LW�$T�C ¤¥�VI�bdI�tGU$I�bdL<\aO}^Db��hX<I°I�n:K r OEX<I���\a^ �:I�Lu�h\ r \]^

��GvDz*��v s U$LSkjI �}\a`GIgbdO}T?I�$\]�E� r \a�}�:Lcb¥�$INXWI»M
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± ^ OEUVX¯[-OET?KVU$LWINX�\aT?T�U$^VI�bdeVbdL<INT�v s \a^D��\a^$� s I�LdkjININ^ �:INL<I�[-LWO}Xub	�h^£� QAO}XWIN\]�E^ KD�hL<LWINX<^Db8\ob
T?O��:I r I�� �}b8bfLWXW\]^$�=T	�hLc[|�V\a^$� s INLfkjININ^®KD��\aXub?O�Q�bdLWX<\a^$�»b-M YGI r Qg\§b°��I-¸D^$I�� �Eb��=bdINL	OhQ«I0t2UD� r {
r IN^V�ELW�¯bfLWX<\a^$�»b � I»Mç�$M]v s e r O}�E\§[N� r]r e�bfIN�ET�IN^:L<\a^$�«LW�VI�K$X<OEL<I�[-LWI0���$�hLc�°\a^�LWO�I�t2U£� r { bd\]þNI«bdU s bdL<XW\a^V�Gb|�cv
�h^D��I��}[|�¯�:I�LWI�[-L<OEX¦\ob��:I-¸D^$I0� L<O s I��	bdLWX<\a^$�	O�QSLW�VI?b<�hT?I r IN^$�EL<�¯�Eb¦LW�$I«bfU s bdL<XW\]^$�$M q K+I�XdQAI�[-L
���E���u�	s I�LdkjININ^¡LfkjO�bdL<XW\]^$�Gb²O�QI�tGUD� r¢r IN^$�}LW�=T?I���^DbLW�D��L«�hL�I��}[|� r O�[N�hL<\aO}^¡\a^¡L<�$I�bdL<XW\a^V�$vPLW�VI
bde�T s O r b²��XWI	\o��IN^:L<\o[N� r MF�JO�k¥I�`GINXNv"K+I�XdQAI�[-L�T��hLu[u�$\]^$�	\ob²Xu��XWI	\a^=L<�$I	\aT?T�U$^VI«bdeVbdLWI�T�M�%P��XWL<\o� r
T	�hLc[|�V\a^$�Z\a^�bde�T s O r bdL<XW\a^V�Gb7[N�h^ s I��I-¸D^$I���UDbf\a^$����hT?T�\a^$�Z�:\§bdLc�h^D[-I»v2I0�:\aL7��\obdLc�h^D[pIGvGOEXj� T?O}XWI
\aT?T�UV^$O r OE�E\§[N� r]r e?K r �hU£bd\ sVr I«XWU r I?[N� rar I��U�-{ [-OE^�LW\]�EU$O}UDb s \]Lub�
³y}yX��M�¤¥�$\§b�X<U r I«\ob s �EbfI���O}^¡XWIN�}\aO}^Db
OhQ�[-O}^:L<\a�}U$OEUDbST	��Lu[u�$I�b-M"±�L r OGO*�Vb¢QAOEX��g[-OE^�LW\]�EU$O}UDb¥T	�hLc[|�VI�b s I�LdkjININ^	bfe:T s O r bµ\]^�[-OEX<XWI�bfK+O}^D�:\]^$�
KDOGbd\]LW\]OE^DbpM7¤¥�:UDbpvEQAOEXS��^:e�LfkjO²bfLWX<\a^$�»b��?��^D���DvEk¥I�bW�Ne�LW�£�hL@���g�E�X� � �R���$��\obPLWX<U$IJ\QH�?��^D���g�h�EX<INI
�hLZ��L r I��EbfL��²[-O}^:L<\a�EUVOEUDb r O�[N��LW\]OE^DbpM

HJINLWI0[-LWO}XubZ[N�h^ s I��EI�^$INXu��LWI��8\]^�bfIN`GINXu� r k¨�Ne$bpM q �EI�^$INXu� r T?INL<�$O�� � OE^$IgLW�D��L¦k¥OEXE�$bSQAOEX¦��^:e
T	�hLc[|�V\a^$��XWU r IE�¦\ob«� r bdO¯LW�$I�OE^$I©�hK$KD��XWIN^�L r e¡UDbfI�� s e=LW�$I	\aT�T�U$^VI?bfe$bfLWINT�M Y»\aT?K r e��}IN^$INXc�hL<I
�:INL<I�[-LWO}XubS��LJXc�h^D�:O}T�vD[-O}T?KD�hX<ILW�VINT �h�»�h\]^DbdL¦bfI r Q<v$I r \aT�\a^D��LW\a^V� L<�$OGbfI²L<�D�hLZT	�hLc[|��bdI r Q<M¥û$OEXZLW�VI
���-{ [-OE^�LW\]�EU$O}UDb s \]Lub	�SXWU r Ij�:I-¸D^VI��²� s O�`GIGv�LW�VI¥Xu��^D�:O}TÀ�}IN^$INXc�hL<\a^$�KVXWO�[-I���U$XWIj\ob)tGU$\aL<I¢\]^$IX#�[-\aI�^:L1B
XWO}U$�E� r e²INn�KDOE^$I�^:L<\o� r \a^�L<�$ISbf\aþNISO�QCbdI r Q<M��?�ZOhkjIN`GINX�vNT?OEX<I¥IX#�[-\aI�^:L"� r �EO}XW\]LW�$T	b s �}bdI���OE^«�:e�^D��T?\o[
K$XWO}�EXc�hT?T?\]^$�¥T�INLW�$O��Vb�� rar O�k¡U£b L<O�EIN^VINXu��LWIS��INLWI�[pLWOEXcb/\a^ r \a^VI��hX"LW\]T?I�QAOEX�[-INX<Lu��\a^¦T	�hLc[|�V\a^$�SX<U r I�b

çz���M�¤¥�$ISLWO}Lu� r ^�U$T s INX)OhQ �:INLWI0[-LWO}Xub�L<�D�hLj�hX<ISXWI�tGU$\]XWI��¦LWO¦�:I�LWI�[-L�^$OE^DbfI r Q � UDbd\]^$�LW�VI���{ [-O}^:L<\a�EUVOEUDb
s \aLcb¥T	�hLc[|�V\a^$�¦XWU r IE�7\§b¥LW�$IgbW��T?IO}Xu�:INXSO�Q7T	���E^$\]LWUD�:I��EbSLW�$Igbd\]þNIO�QjbdI r Q<M��

¤¥�$I«� r �EOEX<\aL<�$T��D�Eb¦bfIN`GINXu� r \]^:L<INXWI0bdLW\]^$�«K$XWO}K+I�XWLW\]I�b-M�û�\aXcbdLNv�\aL¦[N��^ s I«I��Ebf\ r e8��\obdL<XW\ s U$LWI0� s Ip{
[N�hU£bdI²I0�E[u�¯�:INLWI0[-LWO}X[-O�`GINXcbJ��bdT	� rar KD��XWLO�QS^$O}^DbdI r Q<M q bfINLOhQj^$I��G�hL<\a`GI��:INLWI0[-LWO}XubZ[N�h^ s I«bdK r \aL
U$K¡O�`GINX¦T«U r L<\aK r I�bd\]LWI�bpvPkS�$\o[u�¯kS\ rar X<I��:UD[-I�LW�$I	[pOh`GI�Xu�h�}I?��L«�h^�e��}\a`GIN^ªbd\]LWI s U$L²K$X<O�`:\§�:I?�EOGO��
bdeVbdL<INT�{ kS\o�:I«[-O�`GINXc�h�}IGM�¤)O¯�E[u�$\aIN`GI�bd\]T?\ r �hX¦bfe$bfLWINT«{�kS\§�:I?[pOh`GI�Xu�h�}I�kS\]LW�=KDOGbf\aLW\]`GI?��INLWI�[pLW\aO}^¡\ob

� ÑoÇ�ÔÊÝGÔÊÆNÇAÅfÄ&ÅfÝAÇ&ÔÌÆh×"ÇAË)ÆhËpÇAÅ+ÇAÏ}Í|Ç�ËpÆhÈÌÉ���?Ë|Þ�ÇAÏ�ÅDÔÊßJß�ÍuÇ&Ã�ÄAÅGÒ²ÖfÅfÈÊÈÊÝ�ÅdÆ�Ç&ÅfÄAÔÊÆ�×�ÇAÏ�Å+ÇAÏNÉNßSÃ�ÝGÖfËpßJä�ÈÊÅfÇAÅ:ÇAÏ�Å+ß�ÍuÇ&Ã�Ä Í|ÇAÔÊËpÆ
ä�Ä&ËNÖfÅfÝAÝZÍ|Æ�Ü�ÙEÅfÖfËpßJÅ¥Þ]Ã�Æ�ÖdÇAÔÊËpÆ�ÔÊÆ�×Ò¡ÖfÅfÈÊÈÊÝ<ÚÑoÇ¢ÔÌÝ¢Æ�ËpÇo�NÆ�Ëuæ)Æ�ÏhËuæªßSÃhÖ Ï²ËuÞ)ÇAÏhÔÌÝ¥Ü�ÅfÈÊÅfÇ&ÔÊËpÆ�Ö<Í|Æ�Ù}ÅÍuÇAÇ&ÄAÔÊÙ�Ã�Ç&ÅfÜ«Ç&Ë
Æ�Åd×�ÍuÇ&ÔÊÎpÅ"Ý&ÅfÈÊÅfÖfÇ&ÔÌË-Æ8.�ÙhÃ�Ç)ÔÊÇ)ÔÌÝ)Ç&Ï�ËpÃh×pÏNÇ�Ç&ËSÙ}Å¢ÝAÔ-,<ÍuÙhÈÌÅ-Ú

� Ò)Ï�ÔÊÝ)ÔÊÝ"Í¥×pÄAË-ÝAÝ)Ý&ÔÌßJä�ÈÊÔçÕ}Ö<ÍuÇ&ÔÊËpÆ�ÚGÒ)ÏhÅµÍ|ÖfÇAÃEÍuÈ�ÆNÃ�ßSÙEÅfÄ/ÔÊÝ)Ï�Å<ÍWÎNÔÊÈÌÉSÜhÅfä}ÅdÆ�Ü�ÅfÆNÇPËpÆÏ�Ëuæ	Ç&Ï�Å7Ý&ÅfÈçÞ£Ý&ÅfÇ"ÔÊÝ)Ë-ÄA×�Í|Æ�Ô-,fÅfÜ8.
æ)Ï}Í|ÇDÞoÍuÈÊÝAÅ�ëoÆ�Åf×NÍuÇ&ÔÌÎ-Å"Ä�ÍuÇAÅPæ/Å7ÍuÄAÅ�æ)ÔÊÈÌÈÊÔÊÆ�×7Ç&ËjÇ&ËpÈÊÅfÄ�ÍuÇAÅX.}ÍuÆhÜZÖ�Ï�ËpÔÊÖfÅPË|ÞVß�Í|ÇAÖ�Ï�ÔÊÆ�×PÄAÃhÈÌÅ-Ú��NÅfÅZà���.��WãGÞaËpÄ)Í7ßJËpÄAÅ)ÖWÍuÄAÅ Þ]Ã�È
Í|Æ}ÍuÈÊÉNÝAÔÊÝ<Ú
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T�U£[|�	T?O}XWI�INn�KDIN^Dbd\]`GIGüJI�\aLW�VINX¦�°^VI��hX r e�[pOET?K r INLWI�bdINL¦O�QSKDOGbf\aLW\]`GI«�:INL<I�[-LWO}XubkS\ r]rPs I�^VINI��:I�����L
IN`GINX<e�bd\]LWIGv"XWI�bfU r L<\a^$��\a^¡T«U r LW\aK r I�[pOEK$\]I�bOhQ�LW�$I	��INLWI�[pLW\aO}^¡bfe$bfLWINT©v O}X�LW�$I�bd\aL<I�bT�U£bdLg[-OET�T�U:{
^$\o[��hLWIZQAXWI�tGU$IN^�L r e�L<O?[-OGO}Xu�:\]^D�hL<I²L<�$IN\aXSX<I�bdU r LubpM q bfI�[-OE^£��KDO}\a^�L� s O}U$LL<�$\obS� r �EO}XW\]LW�$T \ob¥L<�D�hLZ\aL
[N�h^�LWO r INXc�hLWIg^$OE\§bdIGvC�:INKDIN^D�:\]^$�«OE^¯LW�$I��:INLu��\ r bBO�Q¥�VOhk¹L<�$I²T	��Lu[u�$\a^V�²QAU$^D[-L<\aOE^�\ob��I-¸D^$I���M R7OE^�{
bdI�tGU$IN^�L r eGv/L<�$I?� r �}OEXW\]LW�$T�\ob r \>�GI r e	LWO s I?T?OEX<I«�hK$K r \o[�� s$r I�L<O��:e�^D�hT�\o[²OEXg^$OE\§bde¯�$��Lu� r \��GI�LW�VI
\a^�LWX<UDbd\]OE^:{ �:INL<I�[-LW\]OE^«INnV�hT?K r ISLW�D��^)v:QAOEXS\]^DbdLc�h^D[pIGv:\]^	[-XWe�K$L<OE�EXc�hK$�V\o[¦�hK$K r \o[��hLW\]OE^Db7kS�$INX<I I#	[-\]IN^�L
[|�£�h^$�}I-{f��INLWI�[pLW\aO}^�T�INLW�$O��Vb¥� r XWI��}�:e�INn�\obfLNMP¤¥�VI²� r �}OEXW\]LW�$T:9Êb QAI��}bd\ s \ r \aLfe²k¨�Eb¥OEX<\a�}\a^D� rar e«bf�$O�kS^	OE^
LW�$I�K$XWO s$r INT¶O�Q7[pOET?K$UVLWINX7`�\aXWU£b¥�:INL<I�[-L<\aOE^«\a^�H ý¦Y�I�^:`�\aX<OE^$T?I�^:Lcb@
�����MP±�^?L<�$\ob7k¥O}X	��v:LW�VIK$XWO}LWI�[u{
LWI��«�$��Lu�²k¥I�XWI�H ý¦Y«bdeVbdL<INTº¸ r I0b-vGLW�$I�bdI r Q"bdI�L¥kS�}b¢�}IN^$INXc�hLWI0� s e r OE�}\o[N� rar e«bfIN�ET�IN^:L<\a^$��MÊ[-O}Tº¸ r I�b
\a^�LWOI0t2UD� r { bd\]þNIZbdU s bdLWX<\a^$�»b¥OhQ zE� �As \a^£�hXWeD��[|�£�hXu�}[-LWI�Xub-v��:I�LWI�[-L<OEXcb � zE�N{ s \]LSbfLWXW\]^$�Gbu�"k¥INX<IJ�}IN^$INXc�hLWI0�
Xu��^D�:OET r eGvDLW�$I��-{f[-O}^:L<\a�}U$OEUDb s \aLcbJT	��Lu[u�$\a^$��X<U r I�k¨�EbUDbfI��8kS\aL<��LW�$X<I�bd�$O r �$bZXu�h^V�E\a^V�°QAXWO}T�w�L<O
yNz�v)�h^D��\a^�QAI�[-LW\]OE^DbSk¥I�XWI²�}IN^$INXc�hL<I�� s e	`}�hX<\aO}UDbB¸ r I-{�\]^:QAI�[-L<OEXZ`:\]XWUDbfI�b-M¦û$O}XINnV�hT?K r IGv:O}^$I«bdI r Q¨bdINL
[-OE^£bd\obfLWI��«OhQµ~*�*�«bdI r QµbdLWX<\a^$�»bS�h^D�?k¨�EbSK$XWO}LWI�[-L<I���kS\]LW�	I�bWbfIN^�LW\o� rar e	y��*�gq¶XWI r \o� s \ r \aLfe s e	�}b¢QAINkm�}b
y��«�:INL<I�[-LWO}XubpM¢YG\]T?\ r �hX7XWI�bfU r Lcb¥k¥INX<I r �hL<INXSO s Lu�h\]^$I��?kS\aL<� s OGO}Ld{ bdI�[pLWOEX�`:\]XWUDbfI�b-M

yg(D#�PG@(M�,�%&(D#

½BINL<U$XW^V\a^$�¦LWOgLW�$IZQAOEU$XjK$XW\]^D[-\aK r I�b�L<�D�hLjk¥I��:\ob<[-UDb<bdI���I0�hX r \aINX�vELW�VIJ\]^:L<XWUDbf\aOE^�{f�:I�LWI�[-L<\aO}^?bfe$bfLWINT
[-OEU r � s I¦KD�hX<LJO�Q7�²T«U r LW\³{ r �NeGINX<IN�«bdeVbdL<INT�vEQAOEXSI�n$��T?K r I»vGbd\]LWLW\]^$� s IN�$\]^D�	[-XWe�K$LWO}�EXc�hK$�$\§[¦�h^D�	UDbdINX
�hU$L<�$IN^�LW\§[N�hL<\aOE^�bdeVbdL<INT	b-M"±�L7[-O}U r � s I�:\§bdL<XW\ s U$LWI��g�hT?O}^$�¦bf\aLWI0b-vhQAO}XPINnV�hT?K r IGvNUDbf\a^$�L<�$IS^$IN�»�hL<\a`GI-{
bdI r I�[-L<\aOE^ª� r �EO}XW\aL<�$T�M�¿¥I�[N��UDbdI?L<�$I	�$��Lu� s �EbfI�b´O�Q^VOEXWT�� r7s IN�D�N`:\]OEX«��XWI?�}IN^$INXc�hLWI0� I�T?K$\aX<\o[N� rar eGv
s �EbfI��?OE^ r O�[N� r OEKDINXu��LW\]^$�?[pOE^D�:\]LW\]OE^Dbpv$I��E[u���:\³¬�INX<IN^:L¨bd\]LWI¦kS\ r]r �D�N`GI¦U$^$\§t2U$I�K$XWO}LWI�[-L<\aO}^)M7û�\a^£� rar eGv
s e¦QAO�[-UDbf\a^$�¦OE^��h^VOET	� r e²\]^:L<XWUDbf\aO}^«�:INLWI0[-LW\]OE^)vE\]LPLWX<\a`�\o� rar e¦T?I�INLub)LW�$ISX<I�tGU$\aX<INT?IN^�L/L<O s I�bdIN^£bd\aL<\a`GI
LWO�^$I�k QAO}XWT	b¥O�Q7��LWLu�}[���M

·�Ig�D�N`GI �}\a`GIN^�Lfk¥O�[-OE^D[pXWINL<I \ rar UDbdL<Xu�hL<\aO}^DbBO�Q7�$O�k¹K$XW\]^D[-\]K r I�b¥O�Q7\aT�T�U$^VO r O}�Ee�[N�h^ s I�\a^D[-O}Xd{
KDOEXu��LWI��¯\a^�LWO��8[-O}T?K$U$L<INX¦bfI�[-U$X<\aLfe°QAXc�hT?INkjOEXE�/M«¤¥�$I�bfI?INnV�hT?K r I�bSXWINKVXWI�bfIN^:LgbfOET?I�\]^$\aL<\o� r bdLWI�KDb
LWO�kS��Xu�$bSLW�VI r ��XW�}INX\a^�LWI rar I0[-LWUD� r `:\§bd\aO}^8O�Q¥X<O s U£bdL¦��^D�8�:\§bdL<XW\ s U$LWI��	K$XWO}LWI�[pLW\aO}^�bfe$bfLWINT	b¢QAO}X¦[-O}T�{
K$U$L<INXubpM�·¯IS�D�N`GIS\a�E^VOEXWI0�´T	��^:e¦\]T?KDOEXWLc�h^�L7[-O}T?K r I�n:\]LW\aI0b/OhQ)L<�$IS\aT�T�U$^VI7bdeVbdL<INT�vGbfOET?IjOhQ)kS�V\o[u�

yNz



kS\ r]r �D�N`GI¦LWO s I²\a^£[-OEX<K+O}Xu��LWI�� s IpQAOEXWIgk¥I��E[u�$\aIN`GIZOEUVX�EO»� r M¨û£O}XJI�n$��T?K r I»v2\]LS\obS�D�hXc�°L<O�\]T	�h�}\a^$I
�$O�k kjI�[-O}U r �?\]T?K r I�T�IN^�LPL<XWU r e	�:\obfLWX<\ s U$L<I��?K$XWO}LWI�[pLW\aO}^	kS\aLW�VOEU$L��E�:O}K$LW\]^$�?L<�$I¦\aT?T«U$^$IZbfe$bfLWINT
bdL<Xu�hL<IN�Ee�OhQµbdI r Qo{�X<INK r \§[N�hL<\a^$�g[-O}T?KDOE^$I�^:Lcb¢OEXZbfOET?I�OhQ�LW�$Ig[-O}T?K r I�n²T?O r I�[-U r �hXjbf\a�E^£� r \]^$��T?I�[u�D��^:{
\obfT	b � IGMç�VMavE\]^:L<INX r INU6��\a^Dbu�/U£bdI���LWOg[-O}^:L<XWO r L<�$IS\aT?T«U$^$I7X<I�bdKDOE^£bdIGM q ^VOELW�VINX7�EbfKDI�[-L¥O�Q)L<�$I��^D� r OE�}e
LW�D��L��£�Eb�^$OEL?eGI�L s ININ^ bdKDI�[-\¸DI��¡\a^�`GO r `GI�b L<�$I�[-\]Xu[-U r �hL<\aO}^¡KD�hL<�:k¨�Ne$b s e=kS�$\§[|�=\]T?T�U$^$I�[-I r]r b
T?\a�}Xu��LWI«LW�$X<OEU$�}� LW�VI s O��:e»M l8O}XWI?�}IN^$INXc� rar eGvPT	��^:e¯OEL<�$INX s \]O r O}�E\§[N� r T?I�[u�D�h^$\§bdT	bZ�D�N`GI s INI�^
\a^D[pOEXWKDO}Xu�hL<I���\]^:L<O8[pOET?K$UVLu�hL<\aO}^D� r bfe$bfLWINT�b-v)\a^D[ r UD�:\]^$�?IN`GO r U$L<\aO}^)v)^$INU$Xc� r T?O��:I r b-v)`�\aXWU£bdI�bpv���^D�
KD�hXc�Ebf\aLWI0b-v/T	��^:e�OhQSkS�V\o[u�8T?\]�E��L s I�X<I r I�`E��^:LZLWO�LW�$I«[-O}T?K$U$L<INXZbdI0[-U$XW\]Lfe°KVXWO sVr INT�MZ±�^�LW�VI²^$I���X
QAU$LWUVXWIGv"k¥I?�$O}KDI°L<O�\a^�LWIN�}Xu��LWI?L<�$I?^$IN�»�hL<\a`GI-{ bdI r I�[-L<\aOE^ª� r �EO}XW\aL<�$T�kS\aLW�=O}U$X�\a^�LWX<UDbd\]OE^:{ �:INL<I�[-LW\]OE^
k¥O}X	��v$�h^£�°LW�VIN^ s I��E\a^©�hU$�}T?IN^�LW\]^$�²L<�$IgbdeVbdLWI�T kS\aL<�°O}LW�$I�XS\aT?T«U$^$IZbfe$bfLWINT¶QAI��hL<U$XWI0b-M

qJr L<�$OEU$�}�8L<�$\obZ�hX<LW\o[ r I¦�D�Eb�bdLWX<I�bWbfI��°L<�$I�bf\aT?\ r ��XW\aL<\aI�b-vGLW�VINXWI��hXWI�� r bdO?T	��^:e«\aT�K+O}XWLc�h^�L�:\¬�INXd{
IN^D[-I0b s INLfk¥ININ^�[-O}T?K$U$L<INXubP��^D� r \a`�\a^$�¦bfe$bfLWINT�b-MP¤¥�VIbfUD[N[-I�b<bPOhQ"LW�VI��^D� r OE�Ee�kS\ rar U r L<\aT	��LWI r e X<I�bdL
OE^�O}U$Xg� s \ r \aLfe?L<O	\o�:IN^�LW\QAe?LW�VI«[-OEX<XWI�[-L r I�`GI r OhQB� s bfLWXu�}[-LW\]OE^)v�K$XWI�bfINXW`�\a^V�?kS�D�hL¦\§bJI�bWbfIN^�LW\o� r QAX<OET
�h^¯\a^:QAO}XWT	��LW\]OE^:{ K$XWO�[pI�bWbf\a^$��K+I�XubdKDI�[pLW\a`GI«��^D�¡�:\§bW[N��Xu�:\]^$�	kS�D�hLg\ob^$O}LNM	¤¥�$\§b \ob¦[-O}T?K r \o[N��LWI�� s e
LW�$I�Q �E[pL²LW�£�hL�^D��LWU$Xc� r \aT�T�U$^$I�bfe$bfLWINT�b�KVXWO�[-I�b<b�[-I r]r b��^D�¡T?O r I�[-U r I�b-v s U$L«[-OET�K$U$LWI�X\aT?T«U$^$I
bdeVbdL<INT	b¢kjOEU r � s Ig�D�h^£� r \]^$��OEL<�$INX��:\]^D�$b¥OhQ¢�$�hLc�:Mj± ^	L<�$Ig[N�EbfI²OhQµ�«[-OET?KVU$LWINXf{�`�\obf\aO}^?OEX�bdKDINI�[u�:{
XWI�[pOE�E^V\aLW\]OE^�bdeVbdL<INT�v$L<�$I¦\a^$K$UVL�$��Lu��L<O�L<�$I�bfe$bfLWINT \§b¥\a^8KVXW\a^£[-\aK r ILW�VI�bW��T?Ig�EbJL<�D�hLZK$X<O�[-I�bWbfI��
s e�LW�$I«^D��LWU$Xc� r bfe$bfLWINT�B®K$�$O}LWO}^DbJOEX�bdO}U$^D��k¨�0`GI0b-M«¤¥�:U£b-v"�:I�[-\§�:\a^V�°I�n$�}[-L r e°�VOhk¶L<O��:Xu�Nk¶LW�VI
�h^D� r O}�Ee¯\ob²���:\$#�[-U r L¦Lu�Eb1�/v7��^D��L<�$INXWI��hX<I	[-INX<Lu��\a^ r e�T	�h^�e��:\¬�INXWIN^�LgbdL<Xu�hL<IN�E\]I�b L<�D�hL«[pOEU r � s I
LWX<\aI��/M"·�I¦�D�N`GI¦[u�$O»bdIN^	LWO�T�O��:I r KDINKVLW\o��I�bS�EbSbfI�t2UVIN^D[-I�b¥O�Q7bfe$bfLWINT [N� rar bS��^D�°L<O�T?O��:I r�s \a^£�:\a^$�
�EbPbfLWX<\a^$�¦T	��Lu[u�$\a^$�VM)¤¥�$INX<IZ�hX<IST	�h^�e¦OELW�VINX7K+O»bWbf\ s$r IZ[|�$O}\o[-I0b-v}bdOET�I¥OhQCkS�$\o[u�²kjIS�$OEKDIZLWOI�n:K r OEX<I
\a^�QAUVLWU$X<I kjOEXE�/M

y =



Building

open, read, mmap, mmap, open, read, mmap

open, read, mmap
read, mmap, mmap
mmap, mmap, open
mmap, open, read

Checking

open, read, mmap, mmap, open, mmap, mmap

mmap, open, mmap
open, mmap, mmap

(2 misses out of 5 = 40%)

û�\a�}U$XWI = ü Y»I�t2UVIN^D[-I¯�$��Lu� s �EbfI�b°QAOEX�bdeVbdL<INT [N� rar b«\a^ _i±/Y�K$XWO�[pI�bWbfI�b-M ¤¥�$\ob?LWXc�E[-I¯OhQ´bdIN`GI�^
bdeVbdL<INT�[N� r]r bK$X<O��:UD[-I�bg�8�$��Lu� s �EbfI°O�QZ^$OEX<T	� r KD��LWL<INXW^Db¦LW�D��L�[-O}^:Lc�h\]^Db�QAO}U$X²U$^V\otGU$I?bfI�tGU$IN^D[-I0b-M
q ^�INnV�hT?K r I���^$OET�� r O}UDb L<Xu�}[-I�\§b[-O}^DbdL<XWUD[-L<I�� s e8X<INK r �}[-\a^V�°O}^$I�p [8cg_ kS\aL<�¡� a8aJc m � bd�$O�kS^¡\]^
XWI��}�+�uM ¤¥�$\§b´\§b��:INLWI0[-LWI��¯\a^ L<�$I�[|�VI�[���\a^V�8K$�D�}bdI s I0[N�hUDbfI8L<�$I��h^$O}T	� r OEUDb�LWXc�E[-I�[-O}^:Lc�h\a^£b´Lfk¥O
bdU s bdI�tGU$IN^D[pI�b¢L<�D�hL��:O«^$OELZ��K$KDI��hX\]^	LW�$I¦^$O}XWT	� r �$��Lu� s �EbdI»M

�)%(x"�nw"!$*X�SN	!:�0!6w�!V,N�8(:9}�8(D*�;4!V@4QZ!:�N�0�:*�#",

¤ O s U$\ r ���?�V�hLu� s �EbfI?OhQ¨^$OEX<T	� r KD��LWLWI�XW^Dbpv kjI´¸£XubdL�[-O r]r I�[-L��?LWXc�E[-I�O�QZbdeVbdL<INT�[�� rar bJINT?\]LWL<I��
s e��²^$O}XWT	� rar e�X<U$^$^$\]^$��K$X<O�[-I�bWbpM¢·¯I¦LW�$I�^	b r \o�:I¦��kS\a^£�:O�k O�Q7bf\aþNI����}[-XWO»bWbSLW�$I¦LWXc�E[-I»v:XWI0[-OEXc�:\a^$�
I��E[u�¡U$^V\otGU$I��2{fbfe:T s O r bdI�tGU$IN^D[pIGM=¤¥�$\ob²L<I�[u�$^$\otGU$I?�}OGI�b s e¡`}��XW\aO}UDb�^D�hT?I0b-v7\a^D[ r UD�:\]^$�O�<LW\aT�I-{
�:I r �0e�INT s I0�$�:\a^V�g�?��^D���W^�{��}Xu�hT �h^£� r eVbd\§b-M �¶± L¦\§b�\ rar UDbdL<Xu�hL<I��8\a^ªû�\]�EU$X<I = OE^ª�°LWXc�E[-I«OhQBbdIN`GI�^
bdeVbdL<INT�[N� rar b ��^D�¡�?kS\a^£�:O�k¶bd\]þNI«OhQSL<�$XWI�IGv)XWI�bfU r L<\a^$�	\a^ª�	�$�hLc� s �}bdI?O�QSQAOEU$X¦U$^V\otGU$I?bfI�tGU$IN^D[-I0b-M
¤¥�$\ob¥T�INLW�$O����:\³¬�INXcbJb r \a�}�:L r e�QAXWO}T LW�D��LZ�:I�b<[-XW\ s I0��\]^�
 = �"��^D�°�}\a`GI�bjbd\]�E^$\¸�[N�h^�L r e s INL<LWINXSX<I�bdU r LubpM

ýJ^£[-I¦LW�$Ig�$��Lu� s �EbdIgOhQ7^VOEXWT�� r)s IN�D�N`�\aOEXS�£�Eb s I�IN^�[-OE^DbfLWX<UD[-LWI0�/v$^$INk s IN�£�0`�\aO}XZ[N�h^ s I T�OE^:{
\aL<OEXWI0�ªQAO}X?��^$OET�� r \]I�b-v s e4L<Xu�}[-\a^$�¯LW�VI�bdeVbdL<INT [N� rar b��h^D�®[u�$I�[��:\]^$�8L<�$INT �h�»�h\]^DbdL?L<�$I	INn�\obdL<\a^$�
�$�hLc� s �}bdI � û�\]�EU$X<I = �cM��JI�XWIGv��²OE^VI-{fbfe:T s O r [|�D��^$�EI � XWI��}��L<O�T�T	�hK/�C\a^	OE^$I¦KDOGbf\aL<\aOE^�[N��UDbdI0bBLfk¥O
T?\obfT	�hLc[W�$I�bP\a^�LW�$Ig[u�$I�[��:\]^$�²K$X<O�[-I��:UVXWIGM

q ^	\aT?KDOEX<Lu��^:LZ[-O}^Dbd\§�:INXc�hLW\]OE^	\obS�$O�kmL<O«[|�$OGO»bdIgLW�$Ig^$OEX<T	� r�s I��D�N`:\]OEXZLW�D��LJ\§b¥UDbdI��	LWO��:I-¸D^VI
LW�$IS^VOEXWT�� r �$�hLc� s �}bdIGM7·�IS�£�0`GISI�n:KDINX<\aT?IN^�LWI0�JkS\aL<��Lfk¥O�T?INLW�VO��$b-vGbfe:^�LW�VINLW\§[¥�h^£���}[-LWUD� r M7±�^�LW�VI
¸DXubfL"[N�EbfIGvEkjI¢L<Xu�}[-Ij�BX<U$^$^$\]^$�JKVXWO�[-I�b<b kS�V\ r I7kjI¢I�n:INXc[-\obfIP\aL)`�\o�Z�ZbdINL)O�Q�bde�^:L<�$INL<\o[7[-OET�T	�h^D�Vb-M�û£O}X
INnV�hT?K r IGvGk¥I¦�D�N`GIg�?bdUV\aLWI¦O�QZyEy��?�hX<LW\³¸+[-\o� r INT	�h\ r T?I0bWbW���EI�b¥L<�D�hLZk¥IgUDbdIgLWO«INn�INXu[-\§bdI Zg[^]6_*aJc`egf v
kS�$\o[u�=XWI�bfU r Lcb´\]^®���V\a�E� r e [-OET�KD�E[-L«�V�hLu� s �EbfI�O�QgwE��y¯�:\³¬�INX<IN^:L«bfI�tGU$IN^D[-I0b-v¥I��}[|� OhQ r IN^$�}LW� ~:M

y��



¤¥�$\ob?L<I�bdL�bdUV\aLWI�\§b?`GINXWe UDbdI-QAU r QAO}X	XWINK r \o[N��LW\]^$�¡XWI0bdU r Lub-v�[-OET�KD�hX<\a^$�=KDINXdQAO}XWT	��^D[-I�\]^ �:\³¬�INX<IN^:L
bdINL<LW\]^$�GbS��^D�°O}LW�$INX���\a^D�$bSOhQµ[-O}^:L<XWO r]r I��?INn�KDINXW\]T?IN^�LubpM�·¯I²��XWI�� r bfO?�}[-LW\]`GI r e�[-O rar I0[-LW\]^$�²L<Xu�E[pI�b¥OhQ
^$OEX<T	� r"s IN�D�N`�\aOEX¦\]^ r \a`GI²U£bdINX¦IN^�`:\]XWO}^$T?IN^�LubpM¦¤¥�$I�bdI��$��Lu�	�hX<I?�:\0#	[pU r LL<O�[-O r]r I�[-L��h^£���D�hXc� L<O
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