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¥�¦A¶mèI¢{¯Eª�«�±f¢�¯WªA¶|®+¦Cµ � ®[³�¤� p®t©k®p¤a¦xµf®+©[®[«A¶{¶m¦;³k«I¤�®[è�¤a¦x«I¯�¦I¤�¥P®t©�¦Cµ � ®[³�¤
¦Vö�¤�¥b®�±t«I¬�®�¤°çt¨P®�«I¯�è�«A¶ ¢|ªI¯P¬/®t¯P¤°²
¤�¥b®t¯-èE®t©k®{ö;®t©[®t¯�³�¢{¯Eª�èC«I¯WªA¶ ¢�¯Wª
¨�¦R¢{¯b¤�®t©f±8¤a¦/¤�¥b®�¨�©[®tþ;¢N¦I§W±pöt©k®k®[èy¦Cµ � ®k³�¤�³k«I¯P¯�¦I¤�³k«I§W±�®�«�¤°çf¨P®8þ;¢°­
¦I¶m«I¤°¢N¦I¯SX6c+sPh|v3qPdkhmnbrwhmqPo|u�hm~�qbomhmuwv3iksbeRi3ikl�}A�beRdfeRnWiku�uy~�uw~�lRd[�
vke$z{u�i��E�P�puxgPl8nblRi�nbuwu;g/ikl3q�dkuw�CuwnEi�gPeInb}Iomh|nP}�q�lAhmnEiku�dkv�lRd�iksPuwhjd
�PvkeI}Iuwv�hmnÅiksPu�v[lI�Pdkrwu&Y��pu#¿V�bv�i�nPuwu;g�ikl�uwnbv[��dku�iksbeRi-iksPu��
rweInbnPlIi���u�gPutdku�z{u�dku�nbrwu;g#h|n-e3iV��q�u��bnPvkeRz�ux~/eInbnPu�d;�Tc+sbu�q�dkh|n��
r�h|qPomu�eIomoml;��v�rwlId[dku�r�i+q�dklA}IdfeR~�v)»�¢�X�®�X5q�dklA}RdfeI~�v���hjiks/nbl��Pv[uwvplRz
gPeInP}Aomhmnb}�q�lAhmnEiku�dkvf¼t�5ikly�plIdk��rwlId[dkuwrtikom����hjiksblA��i8eInE��dk�PnEikh|~�u
l$�Cutdksbu;eIg���Ü5dklA}IdfeR~�vx��hmiks�gbeInP}Aomhmnb}-q�lIhmnWikutd8utd[dklIdkvx��hmo|o�u�¾�u��
r��Piku�vkeRz�uwoj���b��iT�pu�r;eInPnblIi�»NeInbg�gPl�nPlIi�nbuwuwg3iklE¼5qPdkuw�Cu�nWi£v[�Prts
utd[dklIdkv�z{lId�iksPuwv[uxqPdklI}IdfeI~�vw�
û�v[hmnb})iksPu�eI��l$�Cu�qPdkhmnPrwhmqbomu�gPhjdkuwr�ikoj�E�AlAnbu�v[hm~�qbomu+�P�PiThm~�qPdfeRr��
ikhmr;eRo5v[lAom�PikhmlIn�hmv�ikl�v[u�q�eRdfe$iku8iksPu�sPu;eIq�hmnEikl�gPhmv{¿�lIhmnWi)q�lElAomv)z�lId
g�hmv�ikh|nPr�i�gbe$ife�i��Pq�u�v�eInbg½nPuw�Cu�d�eIomoml$�'~�uw~�lRd[���bv[uwg�z�lId�lAnPu
q�lElIo
ikl���uxdkuw�Pv[u;gyo|eRiku�d�z{lRdxe�g�h � utdkuwnEi�q�lElIo°��c+sbhmv�h|v�hm~�qPdfeRr��
ikhmr;eRo���u�r;eI�Pv[u3hji�r;eIn�omu;eAg�iklyo|eRdk}Iu�hmnbr�dkuweIv[uwv�hmn�iksPu3hmnbv�ifeRnEifeR�
nPuwlA�Pv�~�uw~�lRd[�yrwlInbv[�P~�qPikhmlAn��xc+sbu��+lRdkv�i[��rweIv[u�hmnbrtdku;eIv[u�z{lIdxe
q�dklA}RdfeI~ ��hmiks&Z q�lElIo|v��+lI�bo|g-��u�dklA�P}Asboj�-e3z°eIrtiklId�lRz[Z]\6�A�
��sPuwn#e8qPdklI}IdfeR~ úbdkv�i�eRomo|lErweRikuwv�gbe$ife�lRz
iV��q�u��A�Wz�dkuwu�v�eIomoºlIzYhji;�
iksPuwn-eRomo|lErweRikuwv)gbeRife8lIz5iV��q�u�ðE�Pzëdkuwuwv�eIomo�lIz£hji;��eRn�g�v[l�lAn��
Ã)��d�v[lAom�PikhmlAn�hmv�uwv[v[uwnEikh|eIomoj��e-~�lIdku�v[lIqbsbhmv�ikhmr;e$iku;g�eIqPqbomhmr;eR�
ikhmlIn�lIz�iksPh|v£�beIv[hmr�qPdkhmnbrwhmqPo|uI�E�bv[hmnb}�Ý��PiklI~/eRikhmr�ÜYlElIo�Ý�omomlEr;e$ikh|lIn
ikl#eIrfsbhmuw�Au8iV��q�u��asPlA~�lA}Iuwnbu�lA�bv�q�lElAomv���hjiks�~8�brfs�v[sblRd[iku�dxomhjz{u��
ikhm~�uwv)h|n�lIdfg�u�d�iklye$�AlAh|g�v[hm}Inbhjú�r;eRnEi�~�uw~�lId[�yh|nPr�dku;eRv[uwv�eIv�z{eRd
eRv�q�lIv[v[hm�bomuA�

3.3.1 Background: The Automatic Pool Allocation
Transformationc+sPu�Ý���iklA~/eRikhmryÜYlElAo�Ý�omomlEr;eRikhmlAn�i[dfeRnbv�z�lIdk~/eRikhmlIn���eRv#g�u��

�AuwomlAq�u;g/eIvpex}AuwnPu�dfeIo�rwlI~�qbhmomu�dTikuwrtsPnbh|�E�bu�z{lRd+uwnbeI�Po|hmnP}�¬�«C³�©[¦A­
±t³k¦t¨�¢°³/lIqPikhm~�h��;eRikhmlInbv/lAn½o|lI}Ahmr;eRo�gbe$ife�v�i[dk�Pr�ik�Pdkuwv�Çj� �$ÙN�¡c+sbhmv
i[dfeRnbv�z�lIdk~/eRikhmlInyhmnEi[dklWgP�br�uwvpq�lElIom�a�beIv[u;g�~�uw~�lId[�8~/eInbeI}Au�~�uwnEi
z�lId�e�v[�b�bv[uti£lIzbiksPu+g�h|v{¿VlAhmnEiTgbe$ife�v�i[dk�brtik�PdkuwvYhmn8eIn8lIdfgPhmnbeRd[��hm~��
q�utdfeRikhm�Cu�q�dklA}IdfeR~ iks�e$i��bv[u�v�u�¾�qbomhmrwhji�eIomomlEr;eRikhmlIn�»°uA� }P� � GCZCZAOE_ ¼
eRn�g#gPu;eRo|omlEr;e$ikhmlAn�»°uA� }P�m� � DEXCX ¼t�Tò�i�dkut��dkhmiku�v�iksPuxeIomomlEr;e$ikh|lIn�eIn�g
g�u;eIomomlEr;e$ikh|lIn-lAq�utdfeRikhmlAnPv+ikl��Pv[u)v[uwqbeRdfe$iku)q�lElAomv�lRz
~�uw~�lRd[�3z�lId
uweIrfs�o|lI}Ahmr;eRo�gbe$ife�v�i[dk�br�ik��dku�h|nPv�ifeInPrwu�»°uA� }P�m�We�q�e$d[ikhmrw�bo|eRd�omhmnb�Cu;g
omhmv�i�lId#e�}RdfeIqPs�¼8iks�e$i/hmv�nPlIi�ut¾Pq�lIv[u;g6ikl��bnb�WnPl$��n6u�¾Wiku�dknbeIo
z��bnPr�ikhmlAnbvw��Ý q�lElAophmv�r�dku;e$iku;g���u�z{lRdku/iksPu�úbdkv�i3eIomomlEr;eRikhmlIn6z�lId
hjikv�gPeRife#v�i[dk�Pr�ik�Pdku8hmnbv�ifeInPrwu�eRn�g�gPuwv�i[dkl;�Eu;g�eRixe#q�lAhmnEi���sPu�dku
iksPu�dku�eRdkuxnPl�eIr�rwuwv[v[hm�bomuxdku�z{utdkuwnbrwu�v�ikl�gPeRife3hmn�iksbuxq�lElAo°�
Â�u��bv[u½e¡q�lElIo�eIomomlEr;eRikhmlIn omhm�PdfeRd[����hjiks�ú��Au6v[hm~�qPo|u�lIqP�
utdfeRikhmlAnPvwÚ »NeC¼=^ OCOCZCJ$\PJRH ��_�OCOCZ ��� _+_£K/`6a ^ X�bWXWSC_ � `�b � r�dku��
e$ikuwv6e¡nPu�� q�lElAo/z{lRd�lA�W¿�uwrtikv6lRzyiksPu�v[q�uwrwhjúbu;gÄi��Pq�uI� »°��¼
^ OCOCZI?EXESRHCDWO�a �c_�OCOCZ � _6_ � gPu�v�i[dkl$��v�e�q�lElAoºeRn�g�dkuwomu;eRv[uwv�hjikvpdku��

~/eIhmnPh|nP}-~�uw~�lRd[����eIrf��iklyiksbu�v���v�ikuw~.sbuweIqL��»°r$¼d^ OCOAZCGCZCZCOC_
�c_�OAOCZ � _6_ � eInbge^ OCOCZCGCZAZCOE_AGIDADWG�a �c_WOCOCZ � _6_£K�J$\CHIf � eRomo|lR�
r;e$ikuye�v[hmnb}Io|u#lA�W¿�uwrti�lId�eIn6eRd[dfew��lRzdZ lA�W¿�u�r�ikv�hmn�iksbu/q�lElAo°�
»Ng�¼&^ OCOCZ � DEXCX �c_�OAOCZ � _6_£Kg` � ^ HAD � gPuweIomomlEr;eRikuwv½eIn lA�W¿�uwrti
��hjiksbhmn�iksbu�q�lElIo��E�3~/e$dk��hmnP}�hjikv�~�uw~�lRd[�8eIv�e$�IeIhmo|eI�Pomu�z�lIdpdkuweIoj�
omlEr;eRikhmlIn��W�d^ OCOCZCGAZCZCOE_ lIdh^ OAOCZCGCZCZAOE_AGIDCDEG�a ��c+sbu+q�lElIoPomhm�Pdfe$d[�
hmnEiku�dkn�eRo|oj���Pv[uwvplRdfgPhmn�e$d[� � GCZAZCOE_ eRn�g � DEXAX ikl�lA��ifeIhmn�~�uw~�lId[�
z�dklI~øiksbu�v���v�ikuw~øsbuweIq�eRn�g½dku�ik��dkn�hji/��sbuwn�qbeRd[i�lIz�e�q�lElIo
��uwrwlI~�uwv��bnW�bv[uwg�lRd�iksPuxq�lElAo�hmv�g�uwv�i[dkl;�Eu;gº�
c+sbuxq�lElIo
eRomo|lErweRikhmlAn�i[dfeInPv�z{lRdk~/eRikhmlAn�lIq�u�dfeRikuwv�eRv�z�lAomoml$��vwÚ
�A� !�èE®t¯b¤°¢ öfç6èC«I¤a«6±k¤°©f§P³�¤°§�©[® ��� æ ��¢�¯b±k¤a«I¯�³f®t±RÚ�Â�u-i[dfe;�Cu�dkv[u
iksbu�ßxe$ife�ÛEi[dk�br�ik��dku ��dfeIqPsylRz5u;eIrfs#z��bnPr�ikhmlAn�»Ng�uwv[r�dkhm��u;g
h|n�Û�uwr�ikhmlIn�Æ�� ðA¼-ikl�h|gPu�nWikhjzë� ~/e$¾Phm~/eRo�r�lAnbnPuwr�iku;g¡v[�b���
}IdfeIqPsbv�rwlInEifeIhmnbhmnb}�lAnPom�6sPu;eIq6nblWg�uwvw��êTeIrfs�v[�Prts6v[�b���
}IdfeIqPs-dkuwqPdku�v[uwnEikv)e�g�h|v�ikhmnPr�i)sPu;eIq���eIomomlEr;eRiku;g�gPeRife�v�i[dk�brt�
ik�PdkuA�
ðW� !�èE®t¯b¤°¢ öfç� 5¥P®t©k®�¤a¦�³�©k®[«I¤�®?i�èC®t±f¤°©�¦Iç�¨�¦;¦A¶ ±RÚ�ÀblRd�u;eIrfs�qPdklR�
rwu;gP��dkuA�TiksbuyßxÛ � rweIn6��uy�bv[uwg�ikl�h|gPuwnEikhjz���iksPlAv[u-gPeRife
v�i[dk�br�ik��dkuwv)iks�e$i�eRdku8nblRi�eIrwr�uwv[v[hm�bomu/eRzëiku�dxiksbu8qPdklErwu;g��Pdku
dku�ik�PdknPv�»°hN� uA�m��g�l�nblRi�÷Vuwv[r;eRq�uwùxz�dklI~îiksPu+qPdklEr�u;gP��dku+ikl�hjikv
r;eIomomu�dkvf¼t��ÀblRdxu;eIrfs�v[�brfs�gPeRife�v�i[dk�brtik�PdkuA���pu3hmnbv[u�d[i�r;eIomomv
ikl#r�dkuweRiku�eRn�g�gPuwv�i[dkl;��q�lElAomvxlRz+~�uw~�lRd[��»°lAnPu3q�lElIo�q�u�d
gbeRife�i��Pq�u��bv[uwg/hmn�iksbu�gbe$ifexv�i[dk�br�ik��dku$¼�e$i+iksbu�uwnEi[d[��eRn�g
u�¾�hmi8lIz�iksPu�qPdklErwu;g��PdkuA� � ò�n�lA��d8dk�PnbnPh|nP}�u�¾PeI~�qPo|uI�Yiksbu
o|hmnP�Cu;g-omhmv�ixgPlEu�v�nblRi)uwv[rweIq�u8zëdklA~ iksbu�qPdklEr�u;gP��dku�� � � ikl
hmikv8r;eIomomu�dkv�eRn�g�v[l��+u/r�dkuweRiku#eIn�g�g�uwv�i[dkl;��iksPu�q�lElIo+z{lRd
iksbu�omhmv�i)hmn#qPdklErwu;g��Pdku � � � ��eRv�v[sPl;��n-hmn-ÀYhm}A��dku3ðE�
Æ�� � ©[«I¯P±ëöw¦I©f¬ ��èE® �R«A¶{¶m¦;³k«I¤°¢N¦R¯Å¦t¨P®t©[«R¤°¢N¦I¯b±y«I¯�è3öt§W¯�³�¤°¢°¦I¯�¢{¯b­
¤�®t©{öw«A³t®t±kÚ-Â�u#i[dfeRnbv�z{lRdk~øeIomo � GCZCZAOE_ eInbg � DEXCX r;eRomo|v/hmn
iksbu-lRdkh|}Ihmn�eIo�qPdklI}IdfeI~øikl��bv[u-iksbuyq�lElAo�eRomo|lErweRikhmlAn��Cutd[�
v[h|lInbvw�ºeRv)hmomom�bv�i[dfeRikuwg�hmnyz��bnPr�ikhmlAn @���� ��ÀblId)eInE��z{�bnPr�ikhmlAn
rwlAnEifeIhmnPh|nP}-v[�brfs�lIq�u�dfeRikhmlAnPv8lIn�eyq�lElIopr�dkuweRiku;g�lI�Pikv[h|gPu
iksbuxz{�Pnbr�ikhmlAn����+u8eAgPg-u�¾Wi[dfe/eRdk}A�P~�uwnEikv�ikl�qbeIv[v�iksbu�eIq��
qPdklAq�dkh|eRiku3q�lElIo£q�lAhmnEiku�dkv�hmnEikl�iksPu8z{�Pnbr�ikhmlIn½»NeRn�g�gPl/iksbu
vkeI~�u�z{lRd3q�lIv[v[h|�Pomu#r;eRomo|utdkv�lIz�v[�Prts�z��bnbrtikh|lInbvw�TeRn�g�iksbu�hmd
r;eIomomu�dkv+eRn�g�v[lxlAn�¼t� j/c+sbhmvTh|vThmomo|�Pv�i[dfeRiku;g8�W��iksbu�z{�bnPr�ikhmlAnPv
� ��� eInbg @���� eRn�g/iksbuwhjd�hmn��AlEr;eRikhmlAnPv�h|n-ÀYh|}I�Pdku�ðE�

c+sbu8dkuwv[�boji�lIzpiksbhmvxi[dfeInbv�z�lIdk~/e$ikh|lIn�z�lId�iV��q�u��avkeRz�u�qPdklI}IdfeR~�v
hmv½iksbeRi½eIomo-sPu;eIq��VeRomo|lErweRiku;g lA�W¿�uwrtikv�eRdku¡eRv[v[h|}Inbu;g¸ikl¹iV��q�u��
sblI~�lA}IuwnbuwlI�bv�q�lElAomvw�3gPhmv{¿�lIhmnWi�gbe$ife�v�i[dk�brtik�Pdku�hmnbv�ifeRnbrwuwv�»NeRv
gPutú�nbuwg�eI��l$�Cu;¼�eRdku�eIv[v[hm}AnPu;g½ikl�g�hmv�ikh|nPr�i�v[u�ikv/lIz�q�lElIo|vw��eRn�g
hmn�g�h|�Wh|gP�beIo+hjikuw~�v3eRdkuyeIomomlEr;eRiku;g½eInbg�zëdkuwu;g�z�dklI~ iksbu�hmn�g�h|�Wh|g��
��eRo
q�lElIo|v�eRi�iksbuxvkeR~�uxq�lAhmnEikv�iksbeRi�iksbut���pu�dku���u�z{lRdkuA��Ý q�lElIo
hmv�gPuwv�i[dkl;�Eu;g���sbu�n½iksbutdku�eRdku�nPl�~�lIdkuyo|hm�Cu�»°hN� uA�m��dku;eRrtsbeI�Po|u;¼
dku�z�u�dkuwnbr�uwv�ikl8iksbuxgPeRife3hmnyiksPu�q�lElAo°�
í)lRiku�iksbeRi+iksPu�i[dfeInPv�z{lRdk~/eRikhmlAnyeIv�gPu�v[r�dkhm��u;g�v[l�z°e$d�èC¦$®t±�¯�¦R¤
®t¯b±k§W©k®+¨�©�¦kªI©[«I¬ ±t«�ö;®t¤°çR�Tê£¾�qPo|hmrwhji�g�u;eIomomlEr;e$ikh|lIn-�Wh|e�»T^ OAOCZ � DEXAX ¼
r;eRn�dku�ik�Pdkn�z�dkuwuwg�~�uw~�lId[�yikl-hjikv�q�lElIo+eRn�g�iksPuwn��beIrf��iklyiksbu
v���v�ikuw~-�W��sbhmrfsyr;eRn#iksbu�nyeRo|omlEr;e$iku�hmi�ikl3e�gPh � u�dku�nWi+q�lElAo°�TßxeIn��
}Aomhmnb}xq�lIhmnWikutdkvTikl)iksPu+z�dkuwuwg�~�uw~�lId[��rwlI�bo|g��WhmlAo|eRiku�iV��q�u+vke$z{u�i��E�

3.3.2 Exploiting Pool Allocation for Heap Safetyc+sbu/�beIv[hmr/qPdkhmnbrwhmqPo|u/lRz�iV��q�u�sblI~�lA}Au�nbuwhjiV��~�uwnEikhmlAnPu;g�u;e$d[�
omhmu�dxr;eRn���u8eIqPqbomhmu;g-ikl#uwnPv[�Pdku�qPdklI}IdfeI~'vkeRz�u�iV��e$z�iku�d�iksPu8q�lElIo
� Ã)��d�q�lElAomv�g�l�nblIi�dku;�E�PhmdkuxnPuwv�iku;gyomhjz{utikh|~�u�vw�+Â�uxrwlI�bo|g-~�l$�Cu
^ OCOAZEJ$\PJRH o|eRikutd3hmn�iksPu�z{�Pnbr�ikhmlAn�eInbg�~�l$�Cu8iksPuD^ OCOCZR?EXWSRHCDEO�au;e$dko|hmu�d+lId�hmnEikl�e�rweIomomuwu)�Pv[h|nP}�eAgbg�hjikh|lIn�eRo�ô�l;��eRn�eIoj��v[hmvw���b�PiT�+ugPl3nblIi�g�l�v[l�rw��d[dkuwnEikoj�E�
j ß�eRife�ÛEi[dk�br�ik��dku�Ý�n�eIoj��v[hmv�eIomv[l�h|gPu�nWikhjúbuwv+iksbu�ifeRdk}Autikv�lRz
z��bnbrt�ikhmlAnÅq�lAhmnEiku�dkvyeIn�g�r�lAnbv�i[dk�Pr�ikv-e�r;eRomox}IdfeIqPsL�)eIomoml;��h|nP}��Pv�ikls�eRn�g�o|uxq�dklA}RdfeI~�v+��hjiks-hmn�g�hmdku�r�i�r;eIomomv)eRn�g#dku�rw�Pdkv[hmlAn��
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eRomo|lErweRikhmlAn�i[dfeInbv�z�lIdk~/e$ikh|lInL��ÛWh|nPrwu�lA��dpq�lElIo|vpeRdku�eIojdku;eIg��3i���q�u��
sPlA~�lI}AuwnPuwlA�Pvw���pu#v[hm~�qboj��nbuwu;g�ikl�uwnPv[�Pdku�iks�e$i3iksbu�~�uw~�lRd[�
��hjiksPh|n�v[lA~�u�q�lElIo
� � hmv�nPlIi��bv[u;g-z{lRd�eInE�ylIiksbutd�g���n�eR~�hmr;eIomoj�eRomo|lErweRiku;g6gbe$ife�»°uwhjiksbu�d8eInPlIiksPu�d3q�lElIo�� � lId8sbuweIq�eRo|omlEr;e$ikhmlAnbv��hjiksPh|n�i[dk�bv�ikuwg-o|hm��dfeRdkhmuwvf¼)�bnEikhmo�� � hmvxgPu�v�i[dkl$�Cu;g��)c+sbhmv�r;eRn���ug�lAnPu�uweIv[hmoj���E�y~�lWg�hmzë��h|nP}�iksbu�dk�PnWikhm~�uxomhm�Pdfe$d[�-v[l�iks�e$i)~�u�~��
lRd[��lIz�e�q�lElAo£hmvxnblRi�dkuwomu;eIv[uwg�ikl�iksPu3v���v�ikuw~�sPu;eIq�u�¾�rwuwq�ix�E�
^ OCOCZI?EXESRHCDWO�a ��c+sbhmv�rtsbeInb}Iuxr;eInys�e;�Cu)iksPuxvkeI~�uxg�h|vkeIgP�IeInEifeI}Iu
eRv�iksbu�nbe�� hm�Cu)i��Pq�ut���beIv[u;g/q�lElAomv Y�iksPu�~�uw~�lId[�3dku;�E�bhjdkuw~�uwnEi�lRz
iksPuxqPdklI}IdfeI~¸r�lA�bo|gyhmnPr�dku;eIv[u�v[hm}AnPhjú�r;eRnWikoj�E�
í�lIikuA��sbl;�+uw�Au�d;�biksbeRi�lA�Pd�q�lElAomv)eRdku�~3�brfsy~�lRdkuxv[sblRd[i[��omhm�Cu;g
iksbeIn�hmn�iksbu�n�e � hm�CuyeIqPqPdklCeRrts6eRn�g�eRdku�ikh|uwg�ikl�g���nbeI~�hmr�gbeRife
v�i[dk�Pr�ik�Pdkuyh|nPv�ifeInPrwuwv/hmn½iksbuyqPdklA}RdfeI~-��nPlIi/v�ife$ikh|r-i���q�uwvw��Â�u
ut¾Pq�u�r�i;��iksPu�dku�z�lIdkuA��iks�eRiygP��dkhmnb}�iksbu�omhjz{u�ikhm~�u�lIz8e�q�lElAo°�)iksPu
~�lIv�i�hm~�q�lId[ifeInEi�dkuw�Pv[uxlIz5~�u�~�lId[��»°hjz£eInE�b¼phmvx T¢�¤�¥W¢{¯�iksPu�q�lElAo
dfe$iksbu�d/iksbeIn6��u�iV�puwuwn�iksPu-q�lElAo�eInbg½lIiksPu�d/q�lElAomvw� Ã)nboj��iksPu
o|e$i[iku�d£r;eI�Pv[uwv£eInE�xq�lRikuwnEikh|eIoWhmnbr�dku;eRv[u+hmn�~�uw~�lId[�)rwlAnPv[�b~�qPikhmlInL�
í�uw�Cu�d[iksPuwomuwv[vw�IeInE�xv[�Prtsxhmnbrtdku;eIv[uwv£e$dku�omhm�Cuwoj��ikl���uTlIzPv[hm}Anbhjúbr;eInEi
r�lAnbr�u�dknyikl�q�dklA}IdfeR~�~�u�dkv�lIzYuw~3��u;gPgPu;g/v���v�ikuw~�vw�
c+sPu3}IlCeIo5lRz+lI�Pd)z��Pd[iksPu�dxeRn�eIoj��v[hmvxhmv�ikl#gPhmv�ikhmnb}A�Phmv[s�iksPu8v[hji[�
�beRikhmlAnPvxlA��iko|hmnPu;g�eR��lR�AuA�YeRn�g�hmnPz{lRdk~�iksbu8qPdklA}RdfeI~�~�u�dxeI��lA��i
gPeRife�eIomomlEr;eRikhmlAn�q�lIhmnWikvL��sbu�dku+q�lRikuwnEikh|eIoW~�uw~�lId[�)hmnbr�dku;eRv[uwv£r;eIn
lEr�rw�Pd;�£Â�uxrweInyr�oëeRv[v[hjz���u;eRrtsyq�lElAo��¹h|nEikl3iks�dkuwuxr;e$ikuw}AlRdkh|u�vwÚ
È�Õ�ÒwÎ �����yÉ½Ï$Î�ÌYÒwÎ��!O �pu�iV�puwuwn�eInE��^ OCOCZ � DEXCX z�lId�q�lElIo
�
eRn�g�iksbu ^ OCOCZR?EXWSRHCDEO�a z{lRd��3�Eiksbu�dku�eRdku�nbl�r;eIomomv+ikl ^ OCOCZCGCZAZCOE_
zëdklA~ eInE��q�lElAo+hmnPrwom��gPhmnP}�� hjikv[uwojz���òVn�iksPhmv�rweIv[uA�5iksPu�dku/h|v�nbl
dku��bv[u�lRz���� v�~�uw~�lId[���bnEikhmo�� hmv�gPuwv�i[dkl;�Eu;gº�TÀYhm}A�Pdku�ÆP»NeC¼phmomom�bv��
i[dfe$ikuwv�iksbhmv�v[hjik�beRikhmlAn���í)lRiku�iksbeRi�eIomoV^ OCOCZ � DEXCX rweIomomv�ikl��îr;eIn
��u�®�¶ ¢{¬3¢{¯�«I¤�®[è/«I±x«�¨P®t©�öw¦I©f¬�«I¯�³t®8¦t¨�¤°¢{¬8¢��;«I¤°¢N¦I¯P�pc+sPhmv�h|v�uwv[v[u�nP�
ikh|eRo|oj��v�ife$ikhmr)}Ce$dk��eR}Au�rwlAomomuwr�ikhmlAn/z{lRd+iksbu�q�lElIo�v[hmnbrwu�hjikvp~�uw~�lRd[�
hmv
dku�rwo|eIhm~�u;g��W�)iksbuh^ OCOCZI?CXWSRHCDWO�a h|nEi[dklWg��brwu;gx�E�)iksPu�r�lA~�qbhmomu�d;�
È�Õ�ÒwÎ ���kÐ�Î9R�à 
[Ï$Î�ÌYÒwÎ��!O �pu�iV�puwuwn�eInE��^ OCOAZ � DEXCX lIq�u�dfeRikhmlIn
lIn q�lElIo!� eRn�g�iksbu�r;eIomo�ikl ^ OCOAZI?EXWSRHADWO�a z{lRd"�3�)iksbu�lInboj�
^ OCOCZCGCZAZCOE_ lAq�u�dfe$ikh|lInbv�eRdkuxikl3iksPuxvkeI~�u�q�lElIo��3�TòVnyiksPhmv�rweIv[uA�
iksPu�lAnPoj��dkuw�bv[u�lRz5~�uw~�lRd[��hmv+��hmiksPhmnyq�lElAo��3�PeInbg/iksPu�u�¾�qbomhmrwhji
g�u;eIomomlEr;e$ikh|lIn��Whëe.^ OCOAZ � DEXCX u�nbv[�Pdku�v�iks�eRi3nbl�h|nPr�dku;eRv[u-hmn6iksPu
q�dklA}RdfeI~ � v/~�uw~�lId[��r�lAnbv[�P~�qPikhmlAn6��hmo|o�lErwrw��d;�Åc+sbhmv/hmv�hmomom�bv��
i[dfe$iku;gyhmn�ÀYhm}A��dku�ÆP»°��¼tÚpe$z�iku�d�iksPu�úbdkv�i ^ OCOAZ � DEXCX lIn/^$#�iksbutdku
e$dku�nbu�� eIomomlEr;eRikhmlInbv�hmn-q�lElIo ^$#/»°�Wh|e8iksbu�z��bnbrtikh|lIn GI?C?&%$HEX � S ¼t�
�P�Pi�nPlIi��E��eInE��lIiksbutd�q�lElIo°�
È�Õ�ÒwÎ ���[È�Ï$É�Ò;Ò�
[Ï$Î�ÌYÒwÎ��!O �pu�i��+uwu�n�iksPuxúbdkv�id^ OCOCZ � DCXCX lIqP�
utdfeRikhmlAn½lAn'�!eInbg�iksPu�^ OAOCZI?EXWS$HCDWO�a z�lId/q�lElAo��3��iksPu�dkuye$dku
^ OCOCZCGCZAZCOE_ lAq�u�dfe$ikhmlAnbvYz�lIdTlIiksPu�d5q�lElIo|vw�TÜYlElIo)(L�phmn8ÀYh|}I�Pdku�Æ�»°r$¼

z°eRomo|vph|n8iksbhmv�rweRikuw}IlId[����uwrweI�bv[u�iksPu�dku�eRdku�eIomomlEr;eRikhmlInbv+z�dklI~ q�lElIo
^&*��Wh|e�iksPupr;eRo|oWikl�«CèAè�!f¤�®t¬3±��m¨,+C²{¤ �;��Ã)��d5i[dfeInbv�z�lIdk~/e$ikh|lIn�hmn�iksPhmv
r;eRv[u�~/e;��omu;eIg8ikl)hmnPr�dku;eIv[uwg3~�uw~�lId[��rwlAnPv[�b~�qPikhmlInL�AeIn�gx�+u+dkut�
�E�bhjdku�iksbhmv�ikl���u�eIqPqPdkl$�Cu;g��E��iksbu�qPdklI}IdfeR~�~�u�dp�Wh|e�exrwlA~�qPh|omu�d
lAq�ikhmlAnL�Åò�n½v[�Prts½v[hjik��eRikhmlInbvw��e�q�dklA}RdfeI~�~�u�d/v[sPlA�bo|g6��u�eI�Po|u
ikl/uwv�ikhm~/eRikuxiksbu�q�lRikuwnEikhëeRoY~�uw~�lRd[�#hmnPr�dku;eIv[u�iksPdklI�b}Is�~/eInW��eRo
eInbeIoj��v[hmvxlId�qPdklRú�omhmnb}��8ò�n�q�dfeIr�ikhmrwuI�L�pu3u�¾�q�uwr�i)iksbu�eR~�lA�PnWi)lIz
~�uw~�lRd[��dkuwomu;eIv[u;g��E��lAnPu�q�lElAo�eInbg��bv[u;g��E��eRnblRiksbu�d;�5��utz{lIdku
iksbu�úbdkv�i�q�lElAo�hmv)g�uwv�i[dkl;�Eu;g��W��hmomo
��u�dkuwo|e$ikh|�Auwoj�yv[~/eRo|o°�
í)lRikupiks�e$i£iksbu+q�lElIobhmn3lI�Pd£dk�bnPnbhmnb}�u�¾PeI~�qbomu+lRzºÀYhm}A��dku�ð�s�eRv
lAnPoj�xv[uwojz��Ndkuw�Pv[uA�IeIn�g��pu�r;eRn�}A��e$dfeInEikuwuT~�uw~�lId[��vkeRz�u�iV�)��hmiksPlA��i
eInE��hmnbrtdku;eIv[u�hmn�~�u�~�lId[�-r�lAnbv[�P~�qPikhmlAn���Ã)��dxu�¾�q�u�dkhm~�uwnEikv�hmn
Û�u�r�ikhmlAn �#sbe;�Cu�qPdklWg��brwuwg��Cu�d[��z�u�� hmnPv�ifeInbr�uwv�lIz�r;eRv[u/Æ��£eRn�g
hmn-lAnPoj�-ð�lA�Pi�lRzYiksbu3� �3uw~3��uwgbgPuwg�rwlWg�uwv��+uxu�¾PeR~�h|nPu;g��

3.3.3 Compiler Implementationc+sbu)rwlA~�qPh|omu�dpúbdkv�i�eIqPqbomhmuwv+iksbu�iV��q�u)rfsbu�rt�Whmnb}��Pv�ifeRrt��vke$z{u�i��E�
eInbg�e$d[dfe;��vke$z{u�i���eRn�eRom��v[uwvxikl�iksbu�lRdkh|}Ihmn�eIo�qPdklI}IdfeI~-�3ò�i�iksPuwn
eIqPqbomhmuwv5Ý��PiklA~/e$ikhmr�ÜYlElIoWÝ�omomlEr;eRikhmlIn8ikl�i[dfeInPv�z{lIdk~¡iksbuTqPdklI}IdfeI~
eIv�g�uwv[r�dkhm��u;g�u;eRdkomhmu�d;�£Â�u�s�e;�Cu)~�lWg�hjú�u;g�lA��d�dk�bnEikhm~�u�q�lElIo�eIoj�
omlEr;eRikhmlInyomhm�PdfeRd[�/v[l8hji�gPlEuwvpnblIi�dkuwomu;eIv[u�zëdkuwu)~�u�~�lId[��hmn#e�q�lElIo
��eRrt��ikl�iksbu/v���v�ikuw~.sbu;eRq��bnEikhmopiksbu/q�lElAoph|v3gPuwv�i[dkl;�Euwg���c+sbu
�Cu���}AlAeIo�lIz�iksbu�nbu�� rwlA~�qPhmo|utd�eInbeIoj��v[hmv�hmv3ikl�h|g�uwnEikhmzë��v[hjik��e$�
ikhmlAnPv���sPu�dku�iksbhmv�r;eRnyomu;eIg#ikl�e3q�lRikuwnEikh|eIo�h|nPr�dku;eRv[uxh|ny~�uw~�lId[�
rwlInbv[�b~�q�ikhmlAny�E�/r;e$ikuw}AlRdkh��whmnb}/q�lElAomv�eIv�gPuwv[rtdkh|��uwg-eI��l$�CuA�
·+eRiku�}AlIdkh��whmnP}#q�lElIo|v�dku;�E�bhjdkuwv�eInbeIoj� �whmnb}�iksPuxq�lIikuwnEikh|eIoLlIdfgPutd
lIz�u�¾�uwrw��ikhmlAn6lIz�q�lElAo�lAq�u�dfe$ikhmlAnbv�«A³�©[¦I±k±�¤�¥b®�®t¯b¤°¢{©[®�¨b©[¦kªI©[«R¬3�
�bv[hmnP}�eRn�hmnWikutdkqPdklErwu;g��PdfeRo+rwlAnEi[dklIopô�l;�¸eRn�eRom��v[hmvw��Ý���iklA~/eRikhmr
ÜYlElAo�Ý�omomlEr;e$ikh|lIn�dkuwrwlRdfgPv�hmnPz�lIdk~/e$ikh|lIn�eR��lA�Pi3iksbuyq�lElIomv��Pv[u;g
hmn�u;eIrfs�z��bnbrtikh|lInÅeInbg½iksbu�omlEr;eRikhmlInbvylRz�r;eIomomv#iklG^ OCOCZCGCZAZCOE_ �
^ OCOAZ � DEXCX eIn�g=^ OAOCZI?EXWS$HCDWO�a hmnbv[utd[iku;gÅz�lId�uweIrfs¡q�lElIo°� ÜYlElAo
q�lAhmnEiku�dkv#eRdku�q�eRv[v[u;g���u�iV�puwuwn�q�dklErwu;g��Pdkuwv#�b�Pi�iksPu���eRdku�nblIi
lIiksPu�d[��hmv[u#r�lAqbhmu;g�eIn�g�iksbuwhjd8eAgPg�dkuwv[v�hmv8nPuw�Cu�dxifeR�Cuwn��5v[l-u;eRrts
q�lElAo�q�lIhmnWikutd3�IeRdkh|eI�Pomu���hjiksbhmn6e-z{�Pnbr�ikhmlAn�h|g�uwnEikhmúbuwv�e��Pnbh|�E�bu
q�lElAo°�pÃ)�Pdprw�Pd[dku�nWipq�lElAo�eIomomlEr;e$ikh|lInyi[dfeInPv�z{lRdk~/eRikhmlAn�qbo|eIr�uwv+iksbu
r;eRo|omvxikl ^ OCOCZI?CXWSRHCDWO�a eRixiksbu8uwn�g�lRzpiksbu�z{�Pnbr�ikhmlAn�rwlInWifeRhmnbhmnb}
iksbu)r;eIomoLiklA^ OCOCZEJ;\PJRH z{lRd�iksbeRi�q�lElAo°� -
c+sbuTeRo|}IlIdkhjiksb~¡z{lRdYh|gPuwnEikhjz���hmnb}�eRn�g�r;e$ikuw}AlRdkh��whmnb}�dkuw�bv[u5��hjiksbhmn
eInbgÁeRr�dklAv[v�q�lElAomv�hmv�v[sbl;��n hmnÁÀYhm}A�Pdku�ãP�!Â�u�vkew�Áe6z��bnbrt�
ikhmlAn�. »°lId/e�r;eIomo�v[hjiku�/x¼8hmn�g�hmdku�r�ikoj�½rweIomomv/e�q�lElAo�lAq�utdfeRikhmlAn
»°uA� }P�m� ^ OCOCZ � DEXCX ¼)hjz+hji�r;eRomo|vxv[lI~�u8z��bnbrtikh|lIn�iksbeRix~/ew��g�hmdku�r�ikoj�
lId)hmn�gPhjdkuwrtikom�-r;eIomo
iksbeRi�lAq�u�dfe$ikh|lInL��c+sbu�v[u�ikv	0 DEXCX21EJ$HEXWS � 0 Kc_ �
eInbg43 ZCZCOE_51CJRHEXWS � 0 Kc_ � dkuwv[q�uwr�ikhm�Cu�om�îh|g�uwnEikhmzë��iksbu½r;eIomo�v[hmiku�v
��hjiksbhmnxz{�Pnbr�ikhmlAn�.�iks�e$iYg�hjdkuwr�ikoj��lRdYhmn�g�hmdku�r�ikoj��hmnW�ClA�Cu ^ OAOCZ � DEXAX
eInbg ^ OCOCZAGCZCZCOE_ lAn�q�lElAo _ ��c+sbu6v[u�ikv _�OCOCZES 0 DEXCXA? � 0 � eRn�g
_�OCOAZES 3 ZCZAOE_IXA? � 0 � dkuwv[q�u�r�ikhm�Cuwoj�¹e$dku�v[u�ikv�lIz/hmnbr�lA~�hmnb}½q�lElAomv
»°h°� uA�m�Az{lRdk~/eIoWq�lElAo�q�lAhmnEiku�d£e$dk}A�P~�uwnEikv
ikl�z��bnbrtikh|lIn!.�¼ºz{lId£��sPh|rfs
.¹~/ew�#gPhjdkuwr�ikoj��lId�hmn�g�hmdku�r�ikoj�yr;eRomo ^ OCOAZ � DEXCX lRd ^ OCOCZCGCZAZCOE_ �
·plAnPv[h|gPu�d�úbdkv�ipe�v[h|nP}Aomu��aqPdklEr�u;gP��dku�q�dklA}IdfeR~ r�lAnEifeIhmnbhmnP}xr;eIomomv
ikl,^ OCOCZ � DEXCX �d^ OCOCZCGAZCZCOE_ eRn�g=^ OCOAZI?EXWSRHADWO�a � c+sPu�eRn�eIoj��v[hmv
iksbu�nÁi[dfe;�Cu�dkv[uwv�qbeRiksbv�zëdklA~ e ^ OCOAZ � DEXCX z�lId�e�q�lElAo�ikl�iksbu
�bnPh|�W�Pu�^ OCOCZR?EXWSRHCDEO�a lIz�iksbeRi#q�lElAo°��omlElA�Whmnb}�z�lId�eRomoxr;eIomomv#ikl
^ OCOAZCGCZCZCOC_ iks�e$i�eIqPq�u;eRd3lAn�v[�brfs�e�q�e$iksL��c+sbhmv3hmv�v[sPl$��n6eRv
dklA��ikhmnbu�3 \�GCZ�a �EX 0 BA\P_RH�JAO$\ hmn�ÀYh|}I�Pdku�ãP��»°òai�h|v�u;eIv��#ikl�s�eRn�gPomu
eIomoPq�lElAomv�hmn�e�v[h|nP}Aomu�omh|nPu;eRd[�Nikhm~�u+i[dfe;�Cu�dkvkeRoPlRz�iksbu�·plAnEi[dklIobÀYoml;�
��dfeIqPsL�5�P�PixiksPu��Cu�dkv[hmlAn�hmn�iksPu�ú�}I�Pdku�hmv8~8�brfs�uweIv[hmu�d�ikl��bnP�
gPutdkv�ifeIn�gº� ¼3ê�eRrts#q�lElAo�hmv�iksPuwn�r;eRikuw}IlIdkh��wu;g�eRrwrwlRdfgPhmnb}3ikl���s�e$i
hmnbv�ifeRnbrwuwv�lRz ^ OCOCZCGAZCZCOE_ ��hmz5eInE�E�PeRdkuxz{lI�bn�g�lAn-v[�Prts#q�e$iksbvw�
·plAnPv[h|gPu�d�nPu�¾Wi�eRn�hmnbqP�Pi)qPdklA}RdfeI~!��hjiksPlA�Pi)dkuwrw�Pdkv[hmlInL��c+sbu
eIom}IlIdkhjiksb~ iksPuwn�~/eI�Auwv�eÅ��lIi[iklI~����Pq i[dfe;�Cu�dkvkeRo�lIz�iksbu6r;eIomo
- c+sPu+eRo|}IlIdkhjiksb~�v
gPuwv[rtdkh|��uwg�hmnxiksbhmvLv[uwr�ikhmlAn�r;eRn���uTu;eRv[h|oj��~�lWg�hm�ú�uwg�hjz@^ OAOCZEJ$\PJ$H eRn�g ^ OCOCZR?EXWSRHCDEO�a r;eIomomvpe$dku+qbo|eRrwu;g3g�h � u�dkuwnEikoj��E�#ÜYlElAoYÝ�omo|lErweRikhmlAn��
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