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¨�¦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��




�1 % 
�4�4 " �#���7���#����
� % F6 �������(!���9��
�1���
� :�� " �9� ����� �.�
!(�4!*���������(!���9��
�1�JL�6��

��(!�����!4#F6�	�7�!�7F�����
�1�JL�6��

'
��(!������(!���9��
�1�JL�6��

�4�4 "�
 ������(�4�����
�1���


�1 % 
�4�4 " �#���7���#����
� % F6 �������(!���9��
�1���
� :�� " �9� ����� �.�
!(�4!*���������(!���9��
�1�JL�6��

��(!�����!4#F6�	�7�!�7F�����
�1�JL�6��
 ������7�!�7F�����
�1�JL�6�� ��� ��� " ����(!��)+���

'
��(!������(!���9��
�1�JL�6��

�4�4 "�
 ������(�4�����
�1���


�1 % 
�4�4 " �#���7���#����
� % F6 �������(!���9��
�1���
� :�� " �9� ����� �.�
!(�4!*���������(!���9��
�1�JL�6��

��(!���	�7�!�7F�����
�1�JL�6��
 ������7�!�7F�����
�1�JL�6�� ��� ��� " ����(!��)+���
 ������7�!�7F�����
�@JL�6�� ��� *�(�4!������(!��)+���

'
��(!������(!���9��
�1�JL�6��

�4�4 "�
 ������(�4�����
�1���

»NeC¼��yÉ�Ï$Î�ÌYÒwÎ � UIÕ�ÒwÎ ��� »°��¼�Ð�Î9R�à 
[Ï$Î�ÌYÒwÎ � UAÕbÒwÎ��$� »°r;¼�ÐºÎ�Rëà 
xÕbÖQP�È�ÏRÉ�Ò;Ò�
[Ï$ÎPÌ
ÒwÎ'�?UAÕ�ÒwÎ �$�

N�×�Ô�Ì
Ï$Î �VO�� WLÕ�Ê�Ë R�Î�×TR R{ÌYÒwÍwÏ$ÕbÍw×{Ö
Ô���ÍtÑ�Ë£Î�Ò3É�à�ÏRÎ�ÌYÒwÎ��£Î��
Õ��L×�É�Ï/à�ÉbÏ�Õ�Ë£É�É@R ^$#	�

}RdfeIqPsL��rwlI~�qb��ikh|nP}�iksbu�z{lI�Pd���hmnbgPv�lIz#v[u�ikv�eR��lR�Au6z�lId�u;eRrts
z��bnPr�ikhmlAnL�¸c+sbu���lRi[iklA~��a�bq½i[dfe$�Au�dkvkeIoxuwnPv[�Pdkuwv#iks�eRi#iksbu�v[u�ikv
_WOCOCZES 0 DEXCXA? ��� � eRn�g _WOCOCZES 3 ZCZCOE_IXI? ��� � ��hmo|oL��u�rwlI~�qb�Pikuwg/z�lId
eRomo�q�lAv[v[hm�bomu�rweIomomuwuwv /ølIzye�z��bnPr�ikhmlAn 0b�x��u�z�lIdku½��hmv[hjikhmnb}�0b�
cLl�rwlI~�qb��iku/iksPu/v[u�ikv3z{lRd�.3�£�+u��Wh|v[hji�uweIrfs6rweIomo�v[hjiku��Áhmn .
eRn�g6eAgPg�iksPhmv�r;eIomo�ikl 0 DEXCX21CJRHEXWS � 0 Kc_ � hjz)hji�rweI�bv[u�v/eIn6h|nW�ClR�
rweRikhmlAn�lIz ^ OCOCZ � DCXCX �c_ � �TeIn�g�ikl 3 ZCZCOE_)1EJRHEXWS � 0 Kc_ � v[h|~�hmo|eRdkoj�E�
Â�uxeIomv[l�eIgbg/u;eIrfsyq�lElIoLv[l3uwnbrwlI�bnEiku�dku;g�ikl _WOCOCZES 0 DEXCXA? � 0 � lId
_WOCOCZES 3 ZCZCOE_IXI? � 0 � ��Â�u�rweIn�nbl;��h|nW�ClI�Cu�3 \�GAZ�a �EX 0 BC\P_RH�JIOR\�� 0 �
g�hjdkuwr�ikoj�)ikl�rwo|eIv[v[hjzë��eIomoCq�lElAomvLh|n 0P�;í)lRiku£iksbeRi�3 \�GCZ�a �EX 0 BA\P_RH�JAO$\�� 0 �
~/eR�Cuwv�nbl�gPhmv�ikhmnbr�ikhmlAn���utiV�+u�uwn�omlEr;eIo�eRn�g hmnbgPhjdkuwr�i�r;eIomomv�ikl
^ OCOCZ � DCXCX 
!^ OCOCZCGCZAZCOE_ z{lRdpq�lElIo _ v[hmnbrwu���lRiks��Wh|nbgPv£lIzºrweIomo�v[hjikuwv
e$dku�h|nPrwom��g�u;g#hmn 0 DEXCX21EJ$HEXWS � 0 Kc_ � eRn�g 3 ZCZCOE_)1EJRHEXWS � 0 Kc_ � �
cLl s�eRn�gPomu dku�rw�Pdkv[hm�Cu�eRn�g nblAn��Ndkuwrw�Pdkv[hm�CuÁqPdklI}IdfeI~�vÅ�Pnbhj�
z�lIdk~�oj�E�W�+u�eRr�ik��eRo|oj�#q�u�d[z{lRdk~ iksbu���lRi[iklA~��a�bq�i[dfe;�Cu�dkvkeRoLlIn#iksPu
ÛEi[dklAnP}Aoj�y·plAnbnPuwr�iku;gy·plA~�q�lInbuwnEikv�»aÛP·�·�� vf¼+lRzYiksbu�r;eIomo�}IdfeIqPsL�
Â�hmiksPhmn�u;eIrfsÅÛP·�·����pu��bv[u�e�v[hm~�qbomu�hjiku�dfe$ikh|�Au�eIom}AlRdkhmiksP~ h|n
��sPhmrts�iksPu-v[u�ikv�eRdku�q�dklAqbeI}Ce$iku;g½zëdklA~ e�z��bnbrtikh|lIn�ikl�hjikv/r;eIomo
v[hjikuwv� £¢{¤�¥W¢�¯�iksbu�Ûb·�·��bnEikhmo�iksbu�v[utikv 0 DEXCX21EJ$HEXWS � 0 Kc_ � eIn�g
3 ZCZCOE_51CJRHEXWS � 0 Kc_ � v�ifeR�bhmomh��wu�z{lIdyeIomo)z��bnPr�ikhmlAnbv�0�hmn�iksPu�Ûb·�·
eRn�g�uw�Cutd[��q�lElAo _ �PÃ)nbrwu�iksbu��3s�e;�Cu�v�ifeI�Phmo|h��wuwg��Wiksbu�v[u�ikv+r;eRn/��u
q�dklAqbeI}Ce$iku;g�zëdklA~ u;eIrfs�z��bnPr�ikhmlAn�h|n/iksbu�Ûb·�·6ikl�uw�Cutd[��r;eIomoºv[hjiku
lRz5iks�e$i�z{�bnPr�ikhmlAn-lI�Pikv[h|gPu�iksPu�Ûb·�·���3 \�GAZ�a �EX 0 BC\P_RH�JIOR\ hmv�iksbuwn
eRqbqPo|hmu;gyikl�uweIrfs-z{�bnPr�ikhmlAn 0/hmn-iksbuxrw��d[dkuwnEi)Ûb·�·ÁeRv�ut¾PqPo|eIhmnbu;g
uweRdkomhmu�d;�

4. ARRAY RESTRICTIONSò�n�}AuwnPu�dfeIo°��e$d[dfe;�-��lA�bnbgPv�rtsPuwrf��hmnP}�h|n�}IuwnbutdfeIo5qPdklI}IdfeR~�v�hmv
�Pn�g�uwrwh|gbeR�bomuA��ò�n�lI�Pd�q�dkuw�Wh|lI�bv��plIdk�ÅÇj� �$ÙN���pu�gPuwv[hm}AnPu;g½o|eRnP�
}I��eR}Au8dku�v�i[dkh|rtikh|lInbv�lAn�eRd[dfew�-�PvkeI}Iuy»{dk�bomuwv�»NÝ���YWÝ�ÆC¼�hmn�ÀYhm}P� �I¼
iksbeRi�u�n�eI�Pomu-rwlA~�qPomu�ikuyv���~3��lIomh|r�rfsbuwrf�Wh|nP}�lRzxe$d[dfe;�½eRrwrwuwv[v[uwvw�
ï�uwv�i[dkhmr�ikhmlAn�� ��vkew��vpiks�e$i+uw�Cutd[��hmn�gPut¾�u�¾�qPdkuwv[v[hmlIn#hmn�eIn#eRd[dfew�
dkutz{u�dkuwnPrwux~3�Pv�i+sbe$�Au�e8q�dkl$�AeR�boj�/e ��nbu)dkuwo|e$ikh|lInbv[sPh|q#ikl�iksPuxeIoj�
omlEr;e$iku;g-e$d[dfe;�#v[h��wu�z{lRd�iks�eRi�g�hm~�uwnbv[hmlAn��YÂ�u�eIomv[l�gPu�v[r�dkhm��u;g-eIn
hmnEiku�dkq�dklErwu;gP��dfeIo�rwlAnPv�i[dfeIhmnEi£qPdklIq�eI}AeRikhmlAn�eIom}AlRdkhmiksP~¹iks�e$i5qPdklIqP�
eR}Ce$ikuwv)e ��nbu)rwlAnPv�i[dfeIhmnEikv�lIn-hmnEikuw}Au�d��IeRdkh|eR�bomuwv�z�dklA~¸rweIomomu�dkv�ikl
rweIomomuwuwv/»{z{lRdxhmnbrwlI~�h|nP}#hmnEikuw}Iu�d�eRdk}I�b~�uwnEikv)eIn�g�}Io|lI��eRoTv[rweIo|eRdkvf¼
eRn�g�zëdklA~ r;eIomomuwuwvyikl�r;eRomo|utdkv�»{z{lRd-hmnEikuw}Au�d�dku�ik��dkn��AeRo|�Puwv#eIn�g
}IomlA��eRoLv[rweIo|eRdkvf¼t��eIv�gPuwv[rtdkh|��uwg#hmn�Çj���$ÙN��Â�u)r;eRn#iksPuwn#q�utd[z{lIdk~ e
v���~8��lAomhmr���lA�bnbgPvxrfsbuwrf��z{lRd3u;eRrts�h|nbgPu�¾�u�¾�qPdku�v[v[h|lIn��bv[hmnP}-hmnP�
iku�}Au�d8qPdklI}IdfeI~�~�hmnP}�»°lA��d3rwlI~�qbhmomu�d��bv[uwv�iksbu#Ã)~�uw}Ae-âLhm��dfeRd[�
zëdklA~'ý-eRd[��o|eInbg�Çj�wãRÙ{¼t�
ÀPlId�e$d[dfe;��vke$z{u�i��E��lA�Pd�qPdkhm~/eRd[��}IlCeRoThmn�iksbhmv)�plIdk��s�eRv���uwuwn
ikl8uw�IeIom��e$iku)iksbuxeIgPu;�E�beIr��/lRz
iksbu�v[u)dk�bomuwv+z�lId�e8��dklCeAg/dfeInP}Au�lRz
u�~3��u;gPgPu;g�qPdklA}RdfeI~�vw�ºeRn�g#ikl�dku�oëe$¾-iksbu�dk�Pomuwv�hmn�omhm~�hjiku;g#��ew��v
iksbeRi�r;eRn-v�ikhmo|oL��u�rfsbuwrf�Cu;g/��hmiksyu�¾�h|v�ikhmnP}�rwlA~�qPhmo|utd)eRn�g�h|nEikuw}Iu�d
q�dklA}RdfeI~�~�hmnb}�ikuwrtsPnblIo|lI}I�E�5Â�u�s�e;�Cu)z�lA�Pn�g�»°nPlIi�v[��dkqPdkhmv[hmnb}Aoj�b¼
iksbeRi
uw~3��u;gPgPu;g�rwlWgPuwv�iV��qbhmr;eRomom���bv[u�eRd[dfew��vYhmnx~3�brfs�~�lRdku�rwlI~��
qPomu�¾½�+ew�Pv�iksbeIn½iksPu-rwlInWi[dklIo�r�lWgPuwv/v�ik��g�hmu;g�hmn�lI�Pd�qPdkuw�WhmlA�Pv

�+lRdk����eRv�lI�Pd�u�¾�q�u�dkhm~�uwnEifeIo�dkuwv[�Pojikv�hmn�ÛWuwr�ikhmlAn �8v[sbl;�x�
Ã)nbu�q�dfeIr�ikhmr;eRophmv[v[�bu/z{lRd3u�~3��u;gPgPu;g�qPdklA}RdfeI~�v�hmv�iksbeRi�iksbut�
~/eI�Au#v[hm}AnPhjú�r;eRnWi/�Pv[uylRz�ò�
IÃ'lAq�utdfeRikhmlAnPvw�+iksbu#v�i[dkh|nP}�omhm�Pdfe$d[�E�
eInbg�r�lA~�~/eInbgxo|hmnPu�eRdk}I�b~�uwnEikvw�
Â�u+eIgbgPuwg�dk�Po|u	����� �Thmn�ÀYhm}P���
ikl�eRo|oml;� rwu�d[ifeIhmn i[dk�Pv�iku;gÁv�i[dkhmnP}�eInbg ò�
IÃ o|hm��dfeRd[�¡dklA�PikhmnPuwvw�
c+sbu�dk�bomu�eIomv[l�v[q�uwrwhjú�uwvTiks�e$ipiksbu�e$dk}A�b~�u�nWikv£iklxi[dk�bv�iku;g�omhm�Pdfe$d[�
dklA��ikhmnbuwv�~3�bv�i�vkeRikhmv�zë��v[lA~�u�vkeRz�u�iV��q�dkuwrwlAnbgPhjikhmlAnPvw��ikl�q�dkuw�CuwnEi
�b� � u�d/l$�Cu�d[dk�Pnbv���hjiksbhmn½iksPu-omhm�PdfeRd[�6dklA��ikhmnbuwvw�ÁÛWlA~�uyomhm�Pdfe$d[�
dklA��ikhmnbuwv)eIomv[lyq�dklR�Wh|gPu�rwlInbv�i[dfeRh|nEikv)dku�oëe$ikhmnb}/iksbu�lA�PikqP�Pi�lIzTiksbu
dklA��ikhmnbu�ikl8hjikv+hmnbqb��ikvp��sbhmrfs#~8�bv�ip��u)�bv[uwg/�E��iksPu�rwlI~�qbhmomu�d+ikl
rfsbuwrf�#�P� � u�d�lRd)v�i[dkhmnP}�vkeRz{utiV�E��ÀPlId�u�¾PeI~�qPo|uI�biksbuxut¾Pq�dkuwv[v[hmlAn \
� DEXCGI? � � ?YK��CB � K�_IORBC\EH � ��sbu�dku �CB ��hmv5e�rfs�e$dfeIr�iku�dTe$d[dfew�xs�eRv
iksbu�vkeRz�u�iV��q�dkuwrwlIn�gPhjikhmlAn�� � �AB � `[SCJ��EX"! � _AO$BC\EH � eRn�g�e�rwlAn��v�i[dfeIhmnEi/lAn�iksbu�dku�ik�Pdkn��IeIom�buI� ��\$# � _AORBA\EH � v[hmnbrwu DEXEGI? r;eInlAnPoj��dku;eAg��bq�ikl _AORBC\CH �E��iku�vw�TÛ�lI~�u�i[dk�Pv�iku;g�o|hm��dfeRd[�/r;eRo|omv�eRn�g
iksbu)rwlId[dkuwv[q�lIn�g�h|nP}�rwlAnPv�i[dfeIhmnEikv�eRdku�omh|v�ikuwgyhmn-ÀYhm}A��dku8äW�
%p×&�YÏ$ÕbÏ$ÑÅÈ�Õ;RTR '�ÎWÍ;Ì
ÏRÖ)(xÕ@R�Ì
Î Ð�ÕbàaÎWÍtÑ ��Ï$Î2


È�É�Ö
ÒwÍwÏ$Õ�×{ÖºÍ;Ò UAÉ�ÖQPY×ëÍ;×�É�ÖYÒ
\ � DEXEGI? � � ?5K��CB � K \"# � _AORBC\CH �CB � `[SAJ �EX

_IORBC\EH � ! � _AORBC\EH\ � ^ BEH�S �[S � � �
^ � � X � _ ^ a � ^$# K ^ * K ^ `[SAJ �EX � ^,# `[SCJ �CX ^$# `[SCJ��EX

\ � ! � ^&* `[SAJ �EX
�+^ � � O ^ XR\�� ^ K � � � �
\ � � XAH�_ �[S � � �
\ � SRHCDWZAXR\��kS � \"#�S
`[SCJ �CX �
^ � SRHCD�_ ^ a �kS # K[S * � ^ `[SAJ �EX � S # `[SCJ �CX S # `[SCJ��EX

! � S * `[SCJ��EX
^ � SRHCDC?AB ^ �kS � ^ `[SAJ �EX � SL`[SCJ �EX �
^ � SRHCDA\P_ ^ a �kS # K�S * K ^ `[SAJ �EX � S # `[SCJ �CX S # `[SCJ��EX"!�\

\ �
N�×�Ô�Ì
Ï$Î+*VO�Ð�ÉºÊ�Î��+ÏRÌYÒwÍwÎ9P$%p×&�YÏ$ÕbÏ$Ñ$'�É�Ì
Í;×�Ö
Î�Ò/á�×�Í��",wÊ 

Ë R{×ëÎ�P¡È�É�ÖYÒwÍwÏ$Õ�×�Ö�Í;Ò�ÕbÖQP ��Ï$Î9UAÉ�ÖQP
×�Í;×�É�Ö
Ò
c+sbu�eAgP�IeInEifeR}Au�lRz�qPdkl$�Wh|gPhmnb}6i[dk�bv�iku;g�dklA��ikh|nPuwv���hjiks qPdkut�
gPutú�nbuwg�rwlInbv�i[dfeRh|nEikvx»{dfe$iksbu�d�iksbeIn�h|nPrwom��g�h|nP}8iksPuwhjd�v[lA�Pdkr�u�rwlWgPu
hmn�lI�Pd/eRn�eIoj��v[hmvf¼�h|v�i��+lI�Nz�lAo|g���ò�i/eRo|oml;��v/iksbuy��lWgW�6lIz)iksPuyomhj�
�Pdfe$d[��dklA��ikh|nPu3ikly�Pv[u3nPlAnP��e ��nbu3eRd[dfew��eIrwrwu�v[v[uwv8lRdxnblInP�NiV��q�u��
vkeRz�u#r�lWgPuA�-Ý�omv[lP�5�pu#g�l-nblRi3nPuwu;g�ikl�r�lA~�qb��iku�lId8qPdklIq�eR}CeRiku
gPutifeIhmomu;g½rwlInbv�i[dfeRh|nEikv�z�dklI~ iksbu#��lWg���lIz)iksbuyomhm�Pdfe$d[��dklA�PikhmnPuA�
iksW�bv�v[q�uwuwgPhmnb}��Pq#iksPuxeInbeIoj��v[h|vw�
ÀYhmn�eRo|oj�E�$ikl�uwnbv[��dkuTiksbeRiYv�i[dkhmnP}�dklI�Pikhmnbuwv���hmo|oWnPlIi
dkuweAg���u��ElAnbg
iksbu�v[h��wu8lIzTiksbu�eRd[dfew�E���pu�eIoj�+e;��v�h|nPhjikhëeRomh ��u3iksbu�o|eIv�ixrfs�e$dfeIr�ikutd
hmn�eRnW�8e$d[dfe;��lRz�rtsbeRdfeRr�iku�dkv£ikl)��u+nW�bomo°�YÂ�u+eAgPgPu;g�dk�bomu�����-$�£ikl
dku;�E�bhjdku£iks�e$i
iksbuTqPdklI}IdfeR~¹~3�Pv�iLnPlIi5~�lWg�hjz��)iksPu�o|eRv�i£rtsbeRdfeIrtiku�d;�
eInbg�uwnPz�lIdkrwu�iksbhmv8dk�Pomu��E��u�¾�rwom��gPhmnP}-iksbu/o|eIv�i�uwomuw~�u�nWi�hmn�iksbu
eRd[dfew�#v[h��wuxu�¾�qPdkuwv[v[hmlIn��bv[u;g/z{lId�vke$z{u�i��-rfsbuwrf�Wh|nP}P�



�!(!�����+�7�!�������KJ �6��� ����� 4��C*� "�" ���7�!���C�#��� ��:� ���F6 �C*� "�" 
�4�4 " ��(!��� 4��&
�4�4 " �.�6�7(!��*�� " �G4�(��#�!�6�7(!��*�� " �
� "�" 4!*��+�7�!�������KJ �6���g����� 4��C*� "�" ���7�!���C�#��� ��:� ���F6 �C*� "�" 
�4�4 "  "�" 4!* 4��.
�4�4 " �.�6�7(!��*�� " �G4�(��#�!�6�7(!��*�� " �
��4�4 " ���!(!������������� ����� 4��.
�4�4 "  �( 	 )�F6���!��� 4��	� ��:� ���F6 �&:� �$!�  /
�4�4 " ��(!��� �#��� 4�( 4���� 4��,�7��� *� "�" �����
��4�4 " � � "�" 4!*������������g����� 4��.
�4�4 "  �( 	 )�F6���!��� 4��	� ��:� ���F6 �&:� �$!�  /
�4�4 "  "�" 4!*,�#���C4�( 4���� 4����7���&*� "�" �����
� �� " ��8!�
��)��+*��6��4��;����)��+*��6��4������
<�� 	 �#�

��4�(=�?�� �*�:&
�4�4 " 
�4��#�!�!��( ��� � $! �(6�� �< " � �G�#����� ��� ��4�(�F6 "  �( 	 )�F6���!�C4�( " 4!*� " $! �(6�� �< " �
��4�(I�?�� �*�:,*� "�" ���7�!��� �&�#��!(!�����+�7�!�������KJ!�6���

��4�(=�?�� �*�:,*� "�" � �&�#� � "�" 4!*��+�7�!�������KJ!�61�� � :���(!���61�� % �6�
�7�I�c��:���(!� ���6�������& /
� ���: ��(�4#F�� �g��4 � �&�#� ��:����!4��!��(�4 " � " 4 �� (! �
�:��

� "  ������7���e���KJ �6�/ ��������� ���������
��4�(=�?�� �*�:,*� "�" � �&�#� � "�" 4!*��+�7�!�������KJ!�6���

�7�I�c��:���(!� ���6�������& /
� ���: ��(�4#F�� �g��4 � �&�#� ��:����!4��!��(�4 " � " 4 �� (! �
�:��
� "  ������7���e���KJ �6�/ ��������� ���� �����

�7���7���� ���� ������� ������+�
� "  ������7���e���KJ �6�� ��������� ����,1����

���!�S
� �� " ��8!� ��(�4 	 (! 7FK����(�4 	 (! 7F! ��
<�� 	 �#�

��4�(=�?�� �*�: �����,�#�"�� "�" � (! �
�:,4��� ��#�.
�4!������4�(��!��(6�
� :�� " � �#*�:� �� 	 � %�% ��(�)��+�

*�:� �� 	 � % �! " ���
��4�(=�?�� �*�: ��)��+*��6��4��� �#� ��:�� �����+�

��4�(I�?�� �*�: 
�4�4 " 
�4��#�!�!��( $! �(6�� �< " � ���#�	��� ��� ��4�(�F6 "  �( 	 )�F6���!�G4�( " 4!*� " $! �(6�� �< " �
��4�(I�?�� �*�:,*� "�" ���7�!����G�#�	� ��:� ��&:� �� �& ��� ��  �( 	 )�F6���!�6�

��4�(I�?�� �*�:C��)��+*��6��4��#�� "�" ���$�C��:� ��C*� ��&<�� *� "�" ���C �����+�
�7�I���� "�" ���$�I����
�4�4 " ��(!��� ��4�(��"��� ��4�4 " ���!(!���������� "�" ���$���C*�4��!�! +�#�+���6�

�7�=���!(!�����+�7�!�������KJ �6�&��4�������4��C*�4��!�! +�#�%���+�
*�:� �� 	 � % ��(�)��
 �������.��4&�!(!�����+�7�!�������KJ �6�
�7� ���,���� ��  �( 	 )�F6���!�,4������

 ������.��4 ��4�4 " ���!(!�����������
�7�I���� "�" ���$�I����
�4�4 "  "�" 4!* 4�� �"��� ��4�4 " � � "�" 4!*��������� "�" ���$���G*�4��!�! +�#�+���6�

�7�=� � "�" 4!*��+�7�!�������KJ��6� ��4����/��4��C*�4��!�! +�#�#���+�
*�:� �� 	 � % ��(�)��
 �������.��4 � "�" 4!*��+�7�!�������KJ �6�
�7� ���,���� ��  �( 	 )�F6���!�,4������

 ������.��4 ��4�4 " � � "�" 4!*����������
��4�(I�?�� �*�: ��)��+*��6��4��"���#�&��:�� �����+�

� �� " ��8!�
��)��+*��6��4��;�����
���!�S

N�×�Ô�ÌLÏRÎ � O ��R�ÔbÉ�ÏR×�Í��5Ê9ÍwÉ�×TP
Î�Ö�Íw×�à�Ñ6Õ�Ö P=U6R�ÕbÒ;Ò;×�à�Ñ6Ë£É�ÍwÎ�ÖºÍ;×�Õ@R�Ê�ÎPÊ�ÉbÏRÑ�Ï$Î�ÌYÒwÎ�á�×ëÍ��Y×{Ö�ÕbÖQP)�£ÎWÍtá�ÎWÎPÖ�Ë£ÉºÉSR{Ò

c+sPu�qPdku��arwlIn�gPhjikhmlAnPvyeRn�g�dku�ik��dknP�a�IeIom�bu�rwlInbv�i[dfeRh|nEikvyeRdku�gPhj�
dku�r�ikoj�'hmnPrwlIdkq�lRdfeRiku;g!hmnEiklÄlA�PdÅut¾Phmv�ikhmnb} eInbeIoj��v[h|v�z�lIdÁeRd[dfew�
��lI�bnbgPvw��g�uwv[r�dkhm��u;g-hmn�Çj� �;Ùa��Â�uxu�¾�qbo|eIhmn-iksbu��beIv[hmrwv)lRz£lA��d�eRqP�
q�dklCeRrtsy��hjiksyiksPu�sbu�o|qylIzYiksPu�u�¾PeI~�qPo|u)h|n-ÀYh|}I�Pdku �E�
*�:� �( �('*) 1,+S ��� "  ����C*�:� �(! �*��!��( ���&�����&��4���) "�"
������ % (!�� ����c���SJ � J ) 2+�� ��� (!� M )��7(!��� � � ���78!� � % ) 2�7�I� �C��2+���
" ��� % ����( " ���;� � �� ��� �cF�
 " ����� " ���CB � � ���78!���4�(=��� % 2@H��B " ���K �7E�E6�
�7�I� �(' �,+ %�% ���-� �
<!(!�� ��K

����� ��� ��4&4���:���(,����)!��� � �7��: � J �'

N�×�Ô�Ì
Ï$Î�.KO �/Ï$Ï$Õ�Ñ0/#ÒwÕbÔ�Î�� WLÕ�Ê�Ë R�Î
cLl�qPdkl$�CuyiksPu-vkeRz�u�iV��lIz�eRnE��e$d[dfew��eRrwrwuwv[v/�+u-úPdkv�i/rwlAomomuwr�i
r�lAnbv�i[dfeRhmnWikv+zëdklA~Äiksbu�h|nbgPu�¾�u�¾�qPdkuwv[v[hmlAnyeInbg�iksPu)e$d[dfew�/v[h ��u�u�¾W�
q�dkuwv[v[hmlAn-�E��z�lAomoml$��hmnP}yÛPÛPÝ¡gPu�zë�a�bv[u�u;g�}Auwvw�beInbg#rwlIomo|u�r�i��PdfeInPrts
r�lAn�g�hjikh|lInbv�lAn���sPh|rfs�iksPlAv[u�gPu�úbnbhjikhmlAnPv8g�uwq�uwnbg��E���Pv[hmnb}yiksPu

rwlInWi[dklIo)g�uwq�uwnbgPuwnPrwu-}IdfeRqbs��Áò�n�lI�Pd�u�¾PeI~�qPo|uI�+z{lRd-e$d[dfe;��eIrt�
rwuwv[v 321 J43 �Ciksbu�rwlInbv�i[dfeIhmnEikv£�+u�}AuwnPu�dfeRiku�eRdku � 3 `[SCJ �EX ��5 #76�# �
�bv[hmnP}½iksbu�gPu�zë�a�bv[u�uwgP}Au�v-z�dklA~ iksbu�e$d[dfew�¡gPuwrwo|e$dfeRikhmlAn »°nPlIiku
iks�e$i�iksPu�o|eIv�i�rfs�e$dfeIr�ikutd�hmv�ut¾Pr�o|�bgPu;g¡z�dklA~&iksbu�v[h��wu$¼t� �[ZAXI\
# 3 `�SCJ �EX�898½M # �!59: � �bv[hmnP}#iksbu�gPu�zë���Pv[u�u;g�}Auwv�eRn�g�dkutik�Pdkn�IeIom�bu�rwlAnPv�i[dfeIhmnEikvplIn�omhm�Pdfe$d[��z{�Pnbr�ikhmlInbv S$HCDWZAXI\ eInbg DEXEGI? �PeRn�g
�kJ)#½ZAXI\;898½M ! : � zëdklA~9iksPu�rwlInEi[dklAo�gPu�q�uwn�g�uwnbrwu�}RdfeIqbs��òVnbgP�Pr�ikhmlAn��IeRdkh|eR�bomu�dkuwrwlI}AnbhjikhmlAn6eRo|oml;��v3�Pv�ikl-}Au�nbu�dfe$iku��Pv[u�z{�Po
rwlInbv�i[dfeIhmnEikv�eR��lA�Pi�o|lElIq�hmn�g�u�¾��IeRdkh|eR�bomuwv�»°uA� }P�m� J ! �!: ¼t�+eRn�g»{iklA}Iu�iksbutd8��hjiks�iksbu�dku�n�eI~�hmnP}�lIz��IeRdkh|eI�Po|u�v3hmn�ÛbÛ�Ý z{lRdk~�¼xeIoj�
oml;��v3�bvxikl�g�hmv�dkuw}Ce$dfg�h|nPrwlAnPv[hmv�ikuwnEi3u;�E�beRikhmlAnPv�omhm�Cu J � J�< #
z{lRdy��lRiks�hmn�g��br�ikhmlAn��Ae$dkhëeR�bomuwv#eInbg½lIdfg�hmn�eRd[���Ae$dkh|eI�bomuwvw� c+sbu
rwlI~�qbomu�iku�v[u�i�lIz3rwlAnPv�i[dfeIhmnEikvyiks�e$i-�+u�}AuwnPu�dfeRiku�z{lRd�iksbhmv�eIrt�
rwuwv[v
eRdku � 3 `[SCJ��EX �;59: 8=8�ZAXR\ # 3 `[SAJ �EX�8=86M # �;5>: 8=8ÅJ
#�ZAXR\!8=8½M ! : 8=8�J)! ��: � ��»°í)lRiku�iksbeRi+iksPu�hmnEiku�dkqPdklEr�u;gP���dfeIo�rwlAnPv�i[dfeIhmnEi�qPdklAqbeI}AeRikhmlAn�hmv�nblIi/nPuwrwuwv[vke$d[��hmn�iksPh|v/v[hm~�qbomu
u�¾PeI~�qPomu��b�Pi/hmv�uwv[v[uwnEikh|eIo�z{lId#~�lAv�i/dku;eRomh|v�ikhmr�eIqPqbomhmr;eRikhmlAnPvyhmn
qPdfeRr�ikhmrwuA� ¼ ÀYhmnbeIomoj�E�T�pu-eIgbg�iksbu�hmo|omuw}AeIo�eRd[dfew����lI�bnbgPv3r�lAn�g�hj�
ikhmlAnPv+z{lId�iksPu�dku�z�u�dkuwnPrwu�» �kJ # :@?=? J ! � 3 `�SCJ �EX � hmn/iksbu�u�¾W�
eI~�qPomu$¼t�PeIn�g/iksbuwn��bv[u�iksbuxÃ)~�u�}Ce8omhm�Pdfe$d[��Çm��ãIÙLikl3rfsbuwrf��hjzYiksbu
dkuwv[�PomikhmnP}�rwlAnPv�i[dfeIhmnEi�v��Pv�iku�~ hmv�vke$ikhmv�ú�eI�PomuA�Tò�z5nPlIi�»NeIv��pu�s�e;�Cu



���������	��
������
��	��
�������������
� �"!$#�% ��&('���)�&+*,&+*$�$��&�����'�
���-���&�).'��"���������/��0,������&�����12-$��3&+4�����-����&(�
5�64�����-�&7�8' ���'��.���&(9:
�-���)$��
�;<���&=�����/��0�>
� �,?:#�@ 
��A�����	)$0B����1C'�������� 0,������
B�����&�)"��������0B���B���&D��'�E�&(
�;<���&D�����/��0,16-���39:&D�2�:
���' �' 4�&(&+*$�$��&�����'�
��	>
� �GFH#�I ;J���"�����/��0�� � ��'��8������&�����&�)"'�����'�)�&D�6��
K
��	�����&��

� � # ���&(9:
�-���)��8
�;L���&(��
K
���16-���39:&(����
�4���9�� 0.��MC��&(���������;N
���1G���'�
����O
�;L���&(��'�E�&(
�; � ����).
�-$�&��8��
K
���'���)�&+*G4�����'P��9���&��A
��O4B'���&74�&����/�$Q
� 9 # ���&7'���)�&+*G&+*B����&�����'�
��.'��C���&(�����/��05��&+;R&���&��$��&��$12-��SO9:&(�=�$��
�4���9�� 0,��MC��&A���������;N
���1G���'�
��G
�;T��$&�4�&����
��8
�;<��
B
��,'���)�&+*C4�����'P��9���&����B
��

���"��M5��&7���������;N
���1G���'�
��G
�;L���&(��'�E�&(
�; � Q:����)
� � # ' ;:��$&A'���)$&�*6&+*$�$��&�����'�
��C'��2��$&������/��0=��&�;N&���&�����&8)�&��H&���)$�U
��G�7��0B129:
���'��U4�����'P��9���& � �8��'��/�C'��V'���)�&��:&��$)�&��K3
�;:���&���
K
��5'���)�&+*=4�����'P��9���&

� ' > &�>��H���$�H&������7'������&2��
����S/����7�&���1W'������&5��MC�$&6��&��$��&���&���/���'�
�� # �	���&��X���&=1C&�1C
���0,��
B�����'�
����(������&�����&�)X9�0������(��&+;N&���&�����&6����4�&
�
59:&(����
�4���9�� 0XY[Z:\K]S^$]�Z:\�]�Z�_T
�;L���&74�����-$&=
�; � >

� �C`a#�b ��&�D
�;J���-����&�)X��'�9��/���S0"��
�-B�'���&��7�8' ��c���:&���' d�&�)X����&���
���)$' �'�
����D1G��0"9:&2-���&�)	�T���$)e����f�-�1C&��K��(��������&�)g�
G��$
���&5��
�-$�'��$&��(16-�����/���'���;[0
���&D����&���
���)�' �'�
�����>

� �,h:#�% ��&(�P����8&���&�1C&��K8
�;V�2�/�����/���+�&��������/��0G��������
�A9H&(1C
K)�' d�&�).9K0G���&(����
�f�����1">

N�×�Ô�Ì
Ï$Î -VO8ÐºÎbÊ�Õ�ÖºÍ;×TU '�Î�ÒwÍwÏR×TUAÍ;×ëÉ�ÖYÒ/É�Ö)�/Ï$ÏRÕWÑ�/yÒwÕPÔ�Î

sPu�dku$¼t�CiksPu+rwlInbv�i[dfeIhmnEikvTs�e;�Cu���uwuwn3qPdkl$�Cuwn�hmnPrwlAnPv[h|v�iku�nWi�eRn�g8iksPu
e$d[dfew�-eRrwrwuwv[v�hmv�vke$z{uA�
cLl��Au�dkhjz���iksPu�q�dkuwrwlAnbgPhjikhmlAnxz{lRdYiksbu£i[dk�bv�ikuwg�o|hm��dfeRd[�xr;eRomo DCXEGI? �
�pu�v[h|~�qPoj�/nbuwu;g�ikl�rtsPuwrf��hjzYiksPuxnbuw}AeRikhmlAn�lRzYiksbuxq�dkuwrwlIn�gPhjikhmlAn
� 3 `[SCJ �CX"! �;59: � eIomlInb}���hmiks/�Wnbl;��n/rwlInbv�i[dfeIhmnEikvplIn �CB � `[SAJ �EX
eRn�g _AORBC\EH dkuwv[�Pojikv�hmnyeInyhmnPrwlAnPv[h|v�iku�nWi�v���v�ikuw~-� � u�dkuA� � 3 `[SAJ �EX
# 59: 8=8 3 `[SCJ �CX �!59: � i[dkhm��h|eRo|oj��dkuwv[�Pomikv)h|n�eIn�hmnbrwlInbv[hmv�ikuwnEiv���v�ikuw~-��òVn�iksbhmv�~/eInbnPu�d;�W�+u�}Au�nbu�dfe$iku8eRn�gyrfsbu�rt��iksbuxq�dkuwrwlInP�
g�hjikh|lInbv�z{lRd)u��Cu�d[�/i[dk�bv�iku;g�omh|��dfeRd[�#r;eIomoL�bv[u;g��W�/iksPu�qPdklI}IdfeI~-�

5. RESULTSò�nxiksbhmv
v[uwrtikh|lInL�$�+upeAgPg�dkuwv[vYv[lI~�u�lRzPiksPu£�Cu��x�E�Puwv�ikhmlAnbvYeI��lA��i
iksPu#u � uwr�ikhm�CuwnPuwv[v3lRz)lI�Pd�v[u�~/eInEikhmr/dku�v�i[dkh|rtikh|lInbv�eRn�g�rwlI~�qbhmomu�d
iku�rtsPnbh|�E�buwv��Pv[u;g#ikl3rfsbu�rt�/~�uw~�lRd[�/vkeRz{utiV�ºÚ
�I� � l;�'~3�Prts½u � lId[i#hmv�dku;�E�Phmdkuwg�ikl�rwlAnW�Cu�d[i/iksPu�u�¾�h|v�ikhmnP}uw~8��u;gbg�u;g½q�dklA}IdfeR~�v�ikl�rwlAn�z{lIdk~ ikl�lI�Pd#v[uw~/eInEikhmr-dku��
v�i[dkhmr�ikhmlAnPv5i
ðE��Ý�dkuTiksbuTq�lElAo�eIomomlEr;e$ikh|lIn3i[dfeInPv�z{lRdk~/eRikhmlAn3eIn�g�sbuweIq�vkeRz�u�iV�
eInbeIoj��v[hmv�q�l;�+u�d[z��boYuwnPlA�P}As-ikl/uwnPz�lIdkrwu�q�lAhmnEiku�d�eIn�g-sPu;eIq
vkeRz�u�iV�#v�ifeRikhmr;eRomom�yhmn�gPh � u�dkuwnEi�uw~8��u;gbg�u;g/qPdklA}RdfeI~�v�i
ÆW� � l;��lIz�iku�n8g�l+�+uTuwnbr�lA�bnEiku�d
q�lElAomvLzëdklA~Áu;eIrfsxlIz�iksbu5iksPdku�ur;e$ikuw}AlRdkh|u�v)hmn#iksPuwv[uxqPdklI}IdfeI~�v�i
ã���Ý�dku�iksPu�e$d[dfew��dkuwv�i[dkhmr�ikhmlAnPvyô�u�¾�hm�bomu�uwnPlA�b}Is�ikl�q�u�dk~�hji
u�¾�hmv�ikhmnb}xuw~8��u;gbg�u;g8rwlWg�uwv�»{��hmiksPlA��ipu�¾WikuwnPv[hm�Cu�rtsbeInP}Auwvf¼+i

�E��Ý�dku�iksbu�v[uw~/eInEikhmr#dku�v�i[dkh|rtikh|lInbv/eRn�g�v�ifeRikhmr�eRn�eIoj��v[uwv�z�lId
v�ifeIrf��vkeRz{utiV�#v[����rwhmuwnEi�z{lRd�u�¾�h|v�ikhmnP}�uw~3��uwgbgPuwg�rwlWg�uwv�i

5.1 Methodology and Porting EffortÃ)��d�ikuwv�i�rwlWgPu�v��pu�dku�gPu�dkhm�Cu;g/z�dklI~ i��+l�u�~3��u;gPgPu;g�eIqPqbomhmr;eR�
ikhmlIn½��uwnPrtsP~/eRdk��v[�bhjikuwvwÚ��;Æ�z�dklI~øýyh �puwnPrtsÅÇj�$ð;Ù�eIn�g�ã�z�dklI~
ýyuwgPh|e �pu�nbrfs Çj�;ñ$Ùa� j�ýyh �puwnPrts¡rwlAnPv[hmv�ikv�lIz�u�~3��u;gPgPu;g�rwlWg�uwv
zëdklA~ e½�IeRdkhmu�i��¡lIz/g�lA~/eIhmnPv�h|nPrwom��g�h|nP}�ikuwomuwrwlI~�~3�Pnbhmr;eRikhmlInbvw�
v[u�rw�PdkhjiV�E�pnbu�i��+lRdk��hmnP}P��u�ikrI��ýyu;g�h|e �puwnPrts�eRdku-q�dku;gPlI~�h|nbeInEikoj�
~8�bojikhm~�u;gPh|e�rwlWg�uwvw��c+sPu3qPdklI}IdfeR~ DWGES$HWG �Pv[u�e�omh|��dfeRd[��r;eRomo|uwg
ZCJ �PS ^ @EXADEX ��sblIv[u+v[lA��dkrwup��eRv£nblIi5e$�IeIhmo|eI�PomuA�£c+sbupu�¾�q�u�dkhm~�uwnEikv
z�lId DWGESRHWG eIv[v[�P~�u;g#iksbeRi�iksbhmv�omhm�Pdfe$d[�-hmv)vke$z{u8eInbgyrtsPuwrf�Cu;g#iksPu
vke$z{u�i���lIz5iksPu�e$�IeIhmo|eI�Pomu8v[lI�PdkrwuA��c+sbu���uwnbrfsb~/e$dk��vw�WiksPuwhjd)v[h��wuwvw�
eRn�gylI�Pd�dkuwv[�Pojikv�z�lId�u;eIrfs�e$dkuxv[sbl;��n-hmn�cYeR�bomu��A�
j Ã�iksbu�d�r�lWgPuwv/hmn½iksPuy��uwnPrtsP~/eRdk�Wv�eRdkuynblIi�eRrwrwuwq�iku;g½�E��iksPur��Pd[dkuwnEi/âLâAÿxý2·îz�dklAnEi[�auwnbg����b�Pi8��hmo|o���u#uw�AeRom��eRikuwg��Pv[hmnb}�enPu��¡�Cu�dkv[hmlAnylIz5iksbu�z�dklAnEi[�auwnbg#hmn#iksPuxnbu;e$d�z��Pik��dkuA�

Â�u�z{lI�bn�g�iks�e$i�e#z{u��ÄomhmnbuwvxlRz�rwlWg�u�s�eAg�ikl-��u�rfs�eRnb}Iu;g�hmn
v[uw�CutdfeIo���uwnPrtsP~/eRdk�WvTikl�rwlInPz�lIdk~ ikl�lI�Pd+dk�Po|u�vw�Wq�eRd[ikhmrw�Po|eRdkoj��z{lRd
iV��q�u�vkeRz�u�iV��eRn�g�eRd[dfew��vkeRz�u�iV�E�xc+sbuwv[u3eRdku3v[sPl;��n�hmn�iksbu�iksbhjdfg
eInbg6z�lA�Pd[iks�rwlAom�b~�nPv�lIz�c
eI�bomu��A�¡c+sPu-iV�pl�o|eRdk}Au�v�iyrfs�eRnb}Au�v
�+utdku�z�lId3dk�Pomu � ���$��hmn DWGESRHEG eRn�g ��k2*&#A�£��sbhmrts�uweIrfs��bv[u;g�e
�bnPhmlAn���hjiks�eyô�lAeRi3eInbg�eIn�e$d[dfe;��lIz�z�lA�Pd8rfs�eRdkv�ikl�v���eRq�iksbu
�E�Wikuwv3lRz)iksbu�ô�lAeRi��IeIom�buI�6Â�u�dkut��dklIiku-iksbu�rwlWg�u-�bv[hmnb}�v[sbhjzëi
lAq�utdfeRikhmlAnPv�eIn�g�uwomhm~�hmn�e$iku;g�iksbu��bnbhmlInL�Tc+sbu�lIiksPu�d�rfs�eRnb}Au�vpz{lRd
iV��q�u�vkeRz�u�iV���pu�dku-�Cu�d[��v[~/eIomo°�puA� }��|�phmnbhjikh|eIomh��whmnb}�omlEr;eRo�q�lIh|nEiku�d
�IeRdkh|eI�Po|u�v���u�z{lRdkuy�Pv[u/��hjiksPh|n�iksbu�hmd8q�e$dkuwnEi3z��bnbrtikh|lInL��ÀblId8iksbu
eRd[dfew�/vke$z{u�i���dk�Pomuwvw�W�+u)sbeAg�ikl�dkut��dkhmiku�e�z�u��Åomh|nPuwv�lIz
rwlWgPu�hmn 
qPdklI}IdfeR~�vw�£c+sbu�rtsbeInb}Iuwv
�pu�dku+}Au�nbu�dfeRo|oj��~�hmnbhm~/eIoCeIn�gxlI���WhmlA�Pvw�
ÀblRd#hmnPv�ifeInbr�uA��hmn ��ZCO$Q � JCS$@ e�r�lA~�~/eInbg�o|hmnPu�eRdk}A�P~�uwnEi���eRv
eIr�rwuwv[v[u;g��E��hmikutdfeRikhmnb}/eRn�gyrfsbuwrf�Whmnb}�hjz5iksbuxo|eRv�i�rfs�eRdfeRr�iku�d���eRv
nW�bomo°�C��sbhmrfs�s�eIg3iklx��u�dkut��dkhmi[iku�n�iklx�bv[u SRHCDWZAXR\���� z{lId�iksbu�omlElAq
��lA�Pn�gº�

�puwv[h|g�uwv6dkuw�W�Phjdkh|nP}¹�Cu�d[�îz�u��9~�lWg�hjú�r;e$ikh|lInbvw��iksbu�rfs�eRnb}Au�v
iksbu�~�v[uwom�Cuwv8�pu�dku-v[hm~�qbomu#eInbg6omlEr;eRo�eRn�g�hmn½~�lIv�i�r;eRv[uwv�lA�W�Whj�
lA�Pv+z�dklI~ dku;eAg�h|nP}3iksbu)rwlWgPu�lRd�z�dklA~¸r�lA~�qbhmomu�d�u�d[dklRd�~�uwv[vkeI}Iuwvw�
Ã)�Cu�dfeRomoN�A�+u���uwomh|u��Cu�iksbu�q�lId[ikhmnP}xu � lId[iTiklx�bv[u�lA��dpr�lA~�qbhmomu�dTz{lRd
v�ifeInbgbe$dfg�·�qPdklA}RdfeI~�v�hmv�v[~/eIomo�ikl3nbuw}Io|hm}Ih|�PomuA�

5.2 Effectiveness of Pointer and Heap Safety
Analysisc+sbuml�®[«t¨Á«I¯�è�é�¦I¢�¯b¤�®t© æ «�ö;®t¤°ç#rwlAom�b~�n6hmn�cYeR�bomu���v[sPl;��v

iks�e$i/lA��d#r�lA~�qbhmomu�d��+eIv�eI�Po|u-ikl�uwnPz�lIdkrwu�vke$z{u�i���lRzxsbu;eRq�eRn�g
q�lAhmnEiku�d��bvkeR}Au�z�lId8«A¶{¶Jn�o�µf®t¯�³f¥W¬�«I©k´R±��+uxv�ik�bgPhmu;g��TÝ���lA��i�s�eIojz
iksbu���uwnPrtsP~/eRdk�Wv5�bv[u�nPl�g���n�eR~�h|rp~�uw~�lId[�8eIomomlEr;e$ikh|lIn�»{iksPlA�P}As
iksbut�3v�ikhmomob�Pv[u�q�lIhmnWikutdkvf¼t�£ÀblIdTiksbu�lRiksbu�d���uwnPrtsP~/eRdk�Wvw�IiksPu�vkeI~�u
rwlIo|�P~�n�v[sbl;��v�iksPu)g�h � u�dkuwnEiprweRikuw}IlIdkhmuwv+lRz
q�lElIo|v�z{lA�Pn�g�hmn�u;eRrts
lAnPuA� c+sPu�dkuwv[�Pojikv-v[sbl;��iksbeRiy�pu��pu�dku�eR�bomu�ikl6qPdkl$�Cu�sbuweIq
vkeRz�u�iV����hjiksblI�PixhmnPr�dku;eIv[u3h|n�~�uw~�lRd[�-rwlInbv[�P~�qPikhmlAn�»°h°� uA�m�5·+eRv[u
�8lId�·+eRv[u/ð�q�lElAomv)å&nPl�dkuw�Pv[u8lRdxlAnPoj��v[uwojz��Ndkuw�Pv[u$¼t�ºz{lIdxeIomo+�;Æ
ýyh �puwnPrts-��u�nbrfsb~/eRdk�Wv�eRn�g�ð�lIzYiksPu�ã/ýyu;g�hëe �puwnPrts�rwlWg�uwvw�
Ã)nboj��i��+lyr�lWgPuwvw� DWGESRHEG eIn�g X ^ JA_ �Ysbe$�Au3q�lElAomvx��hjiks�r�dklIv[v��
dkuw�Pv[u+�E��lIiksbutd£q�lElAomv�»a·+eIv[u�ÆC¼t�I��sbhmrfs3r;eRn3hmnbrw��d£v[lA~�u�h|nPr�dku;eRv[u
hmn-~�uw~�lRd[�/rwlAnPv[�b~�qPikhmlInL�5Â�ux��u�o|hmuw�Au�iksbhmv�h|v�eRn-uwnbr�lA�PdfeR}Ahmnb}
dkuwv[�Pomi;� ��lIiks DWGES$HWG eRn�g X ^ JC_ ~/eI�Cu�u�¾WikuwnPv[hm�Cu��bv[u�lIzLgW�PnbeI~�hmr
~�uw~�lRd[�E�w�Eu�iLiksbu��)rwlAnEifeIhmn��Cu�d[��z{u���q�lElIomvYiks�eRiLz°eRo|oW�Pn�gPutd5·+eRv[u
Æ�ÚL¿��Pv�i8��v[�Prts-q�lElIoYlA��i)lRzTe3iklIifeRoYlIz��wÆ/q�lElIomv)hmn X ^ JA_ eRn�g �
lA��i�lIz+��ã�hmn DWGESRHEG �TòVn#z{eIr�i;��Æ3lIz
iksblAv[u ��q�lElAomv�hmn DEGESRHWG eRo|v[l
s�e;�Cu�v[uwojz��Ndkuw�Pv[u�z�dklA~ iksPu�vkeI~�u�q�lElAo°��v[l�iks�e$i�iksbu)u � uwr�i�lIzYnblIi
z�dku�uwhmnb}�~�uw~�lRd[��iklylIiksbutd8q�lElIomv8hmv�~�hmikhm}AeRiku;gº�#Â�u�s�e;�Cu�eRo|v[l
lA�Pv[u�dk�Cu;g�iks�e$i�v[lA~�u8r;eIv[u/Æ/q�lElAomv/»°v[�brfs�eRv�iksbu�lInbu8h|n X ^ JC_ ¼
rwlI�bo|g���u�rwlIn��Au�d[iku;g�ikl�rweIv[u���lId3ð#��hjiks�~�lRdku�v[lAqbsPhmv�ikh|rweRiku;g



��uwnbrfsb~/e$dk� âLhmnbuwv�lRz âLhmnbuwv�lRzT·plWgPu âLhmnPuwv�lIz�·plWgPu Ý�d[dfew� ��lA�bnbgPv � u;eIq-eIn�g ÛWifeRrt�#ÛPe$z{u�i��
·plWg�u ýylWgPhjú�uwg ýylWg�hmúbu;g ·psbu�rt�Cutd ÜYlIhmnWikutdxÛ�eRz{utiV�

z{lRd�i���q�u�vkeRz�u�iV� z{lRd�e$d[dfew�#vke$z{u�i�� »a·+eRv[u$¼
ÕbÌ
ÍwÉºÊ�É�Í;× ��Î
�beIv[hmrw~/e$iks � �Rñ � Æ ��uwv ��uwv �puwv
�PhjikrwlA�PnWi � � � � ��uwv ��uwv �puwv
�Ev[lRd[i � �Rä � � ��uwv ��uwv �puwv
v[�PvkeIn ðW�$ðIð � � í)l ��uwv�»a·+eIv[u��;¼ �puwv
É���UAÎ
v�i[dkhmnP}Av[u;e$dkrts ÆCðW��� � Æ ��uwv ��uwv �puwv
ÒwÎ9UCÌLÏI×ëÍtÑ
v[sbe ðIäIñ � � ��uwv ��uwv �puwv
�Poml$��úbv[s � �I�Að � � ��uwv ��uwv �puwv
dkh ¿Vn�gbeRuwo � � �RÆ Æ ä ��uwv ��uwv í)l
ÖLÎ�Ífá�É�Ï��
g�h ¿��Wv�i[dfe ÆIã� � � í)l ��uwv�»a·+eIv[u�ðI¼ �puwv
Í�Î�RëÎ�UIÉºÊ�Ê
·pï�·�ÆAð ð Að � � ��uwv ��uwv �puwv
eIgPq�rw~ rwlWgPuwv �Rã�� � � í)l ��uwv �puwv
À5À5c ãCäIñ � � í)l ��uwv�»a·+eIv[u��;¼ �puwv
}Iv[~ äA�AÆ  � � í)l ��uwv�»a·+eIv[u��;¼ �puwv
Ê�ÌQR�Íw×°Ê�Î9PY×�Õ
} �AðE� �;äCðIð �A� � í)l ��uwv �puwv
~�q�u�}b»NgPu�rwlWgPu$¼ ñ�AÆIñ � � í)l ��uwv�»a·+eIv[u��;¼ �puwv
u�qbhmr Æ �Að$ã ã � í)l ��uwv�»a·+eIv[u�v��I� ÆA¼ �puwv
dfeRv�ife �IÆ �RÆ �;Æ � í)l ��uwv�»a·+eIv[u�v��I� ÆA¼ �puwv
�+ÉbÍwÕ@R{Ò+O�� � ÆIñ�AäIñ ÆAñ ðR�  � � �;ä

�+Õ � R�Î �@O��8Î�ÖQU�5Ê�ÕPÏ���Ò	� UIÉ PLÎ�Ò;×ëØCÎ�Ò	�5Õ�ÖQP½Î9W�Ë£ÎWÏI×{Ê�Î�Ö�ÍwÕ;R�Ï$Î�Ò;ÌQR�Í;Ò

r�lA~�qbhmomu�d£eRn�eRom��v[uwvL��sbu�dkuTiksbuh^ OCOCZI?CXWSRHCDWO�a lAn8e�q�lElAoWhmv
~�l$�Cu;g
eRv�r�o|lIv[u�ikl�iksbu�o|eIv�i[^ OCOCZ � DEXCX lAn�iksPu+q�lElAobeIvTq�lAv[v[hm�bomu���hjiksblA��i
r�lA~�qPdklI~�hmv[h|nP}�vkeRz�u�iV�E�
Ý�nblRiksbu�dyh|nEiku�dku�v�ikh|nP}½�Pv[u�lRz�g���nbeI~�hmr�~�uw~�lId[��h|vyv[uwuwn¡h|n
?WJAF$MbSRHADWG �p��sPu�dku#e�omhmnb�Au;g�omh|v�i3hmv�eIomhm�Cu/iksPdklA�P}AsPlA�Pi�iksbu/q�dklI�
}RdfeI~ eRn�g-dkuwq�u;e$iku;gPoj��eRo|omlEr;e$ikuwv�eInbg�g�u;eIomomlEr;e$ikuwv�~�uw~�lId[�E��òVn
exo|eInP}A�beI}Au���hmiks/u�¾�qPo|hmrwhji�dkuw}AhmlAnPv+v[�brfs/eIv�·��Pr�o|lInbu�Çj�A��ÙºlRd�ïTcp�
üAe$�Ie��EiksPhmvpomhmv�i+�+lI�bo|g�s�e;�Cu�ikl�}Al�lAn�ex}Ce$dk��eI}Iu)rwlIomo|u�r�iku;g/sbu;eRqL�
ÀYhmnbeIomoj�E��iksPu�dku��+u�dku�e�nW�b~8��u�d/lIz3·+eIv[u���q�lElAomvw����sbhmrtsÅe$dku
eR~�uwn�eR�bomu£ikl�iksPuTlIqPikhm~�h��;eRikhmlIn8lRzPik��dknbhmnb}�l � hmn�gPhm�Wh|gP�beIoClI��¿Vuwr�i
zëdkuwuwv5uwnEikhjdkuwoj�E�Ru � uwr�ikhm�Cu�om��q�utd[z{lIdk~�hmnP}�v�ife$ikhmr+}Ce$dk��eI}Iu+rwlIo|omuwrtikh|lIn
��hjiks-nPl�hmnbr�dkuweIv[u�hmny~�uw~�lRd[�/�bvkeI}IuA�
Ã)�Au�dfeIomo°�3lI�Pd�dkuwv[�Pomikv�hmn�g�h|rweRiku�iks�e$i�·+eIv[u6Æ�lErwrw��dkv�hmnPzëdku��
�E�PuwnEikom�)uw�Cuwnxhmn�rwlI~�qbomu�¾xuw~8��u;gbg�u;g)rwlWg�uwv5eRn�g)iV��qPh|rweIomoj�xnbuw�Au�d
lEr�rw�Pdkvxe$i�eIomo5hmn�iksbu�v[hm~�qbomu�d�r�lWgPuwvw��c+sPhmv�hmv�v�i[dklAnP}�u�~�qbhjdkhmr;eIo
u���h|g�uwnbrwu�iksbeRi8lA�Pd�ikuwrfsbnPhë�E�Pu�hmv3q�l;�+u�d[z��bo+u�nblA�P}As�ikl�uwn�z{lRdkrwu
sPu;eIqyvkeRz{utiV�#v�ifeRikhmr;eIomoj�-hmn�e8�PdklCeIg�dfeRnb}Au�lRz5uw~3��uwgbgPuwg�rwlWg�uwvw�

5.3 Effectiveness of Stack Safety ChecksÃ)��d�v�ifeIrf�#vke$z{u�i��-rfsbuwrf�#u�nbv[�Pdku�v�iksbeRi�q�lAhmnEiku�dkv�ikl�iksbuxv�ifeIrf�
zëdfeI~�u�hmn�e�z{�bnPr�ikhmlAn�e$dku�nblRi�eIrwrwu�v[v[h|�Pomu�e$z�iku�d/iksbeRi/z{�Pnbr�ikhmlAn
dkutik�Pdknbvw�pc+sbuxo|eRv�i)rwlIom�b~�n-lRzTcYeI�Po|u���v[sPl;��v�iksbeRi�lAnPom���xq�dklI�
}RdfeI~ » D�JAFR\C?WGAXEZ ¼xz°eRh|omu;g�iksPh|v�rfsbuwrf����c+sbhmv�lErwrw�Pd[dkuwg���uwr;eI�Pv[u
ß�eRife�ÛEi[dk�br�ik��dku�Ý�n�eRom��v[hmv-hmv-ô�l;���ahmnbv[uwnPv[hjikh|�Au�eInbg¡r;eRn¡�Cuwhmoëg
z{eIomv[u-q�lIv[hmikhm�Cu�vw��òVn D�JAFR\C?WGAXEZ �+e�q�lIhmnWikutd�ikl�e�omlEr;eRo��IeRdkh|eR�bomu
hmv�v�iklIdku;g�hmn/e�}AomlI��eIo��P�Pi£iksbu�}IomlA��eRo�hmvTdkuwhmnPhmikh|eRo|h��wuwg��E�3e�r;eIomomuwu
lRzºiksbu�z{�Pnbr�ikhmlAn���utz{lIdku�iksbu�z��bnbrtikh|lIn�dku�ik�PdknPvw�TÛ��Prts3r;eIv[uwv�~3�Pv�i
��u�s�eRn�g�o|uwg/�E�8dkuwv�i[dk�br�ik��dkhmnb}�iksbu�qPdklA}RdfeI~-�TÃ)�Au�dfeIomo°�Wiksbuwv[u�dku��
v[�Pojikv8hmn�g�hmr;eRiku�iks�e$i�v�ifeIrf��vke$z{u�i���v[sblI�bo|g�nPlIi���u�eyv[hm}Anbhjúbr;eInEi
lI�bv�ifeRrwomu�z�lId�v�ifeRikhmrxvkeRz�u�iV�#rfsbuwrf�Wh|nP}3��hjiks-lA��d�eIqPqPdklCeRrts��

5.4 Effectiveness of Array Access ChecksÃ)�Pd�eRd[dfew����lA�bnbgPv+rfsbu�rt�Cutd�q�eIv[v[uwg 8lRzYiksbu��;Æ3��u�nbrfsb~/eRdk�Wv
z�dklI~ ýyh ��uwnbrfsÅeInbg�nblInbu-z�dklI~ ýyu;gPh|e ��uwnbrfsL��eRzëiku�d�iksbu-z{ut�
rfs�eInP}AuwvpgPuwv[rtdkh|��uwg/uweRdkomhmu�d;�£òVnEiku�dkuwv�ikhmnP}Aoj�E�ElA��d�iku�v�ikv+gPutikuwr�iku;g�Æ
q�lIiku�nWikh|eRo�e$d[dfew����lI�bnbg��WhmlAo|e$ikh|lInbv�hmn�iksPu�ýyh �puwnPrts�v[�bhjiku�eRn�g
ð�hmnyýyuwgPh|e �pu�nbrfsLÚ£lAnPu�uweIrfs�hmn ?�JAF;MbSRHCDWG »°��lIiks�iksPu�o|eRdk}Iu�eRn�g
v[~/eIomoC�Au�dkv[hmlAnbvf¼LeIn�g ��ZAORQ � JCS;@ eInbg)iV�+l��WhmlAo|eRikhmlAnPvYhmn ��k2*�#A�YÝ�omo
lIzTiksbu�u�d[dklRdkvxu�¾�rwuwqPi�iksbu�lAnPuwv�hmn�} �AðE�8�pu�dku�g��bu�ikl#hmnPrwlId[dkuwrti
eIv[v[�P~�qPikhmlAnPv�lAn�nW�b~8��u�dxlIz�r�lA~�~/eInbg�omhmnbu/e$dk}A�b~�u�nWikvw�yc+sbu
u�d[dklRd�h|n�} �IðW���+eIvxhmn��bv[hmnb}ye�úb¾�u;g�v[h��wu��P� � u�d)ikl#rwlIqE��e/úbo|u
n�eR~�u�lA��ifeIhmnbuwg#z�dklI~'e�r�lA~�~/eInbg�omhmnbu�e$dk}A�P~�uwnEi;�pc+sPhmv�r�lA�bo|g
r;eR�bv[u�e3v�ifeRrt��rwlId[dk�PqPikhmlAn��
c+sbu¡e$d[dfe;� ��lA�bnbgPv�rfsbuwrf�Wh|nP}îeIom}AlRdkhjiksb~�z°eIhmomu;g¸ikl�qPdkl$�Cu
vkeRz�u�iV�3z{lId+ñxlIzºiksbu�rwlWg�uwvw�Tcp�+l�lIz�iksbu�v[u�r�lWgPuwv��bv[u;g�nPlAnP��e ��nbu
�bhji£lIq�u�dfeRikhmlAnPv£lAn8iksPu+hmn�g�u�¾��Ae$dkh|eI�bomuwvw� ��lIiksPu�d£rwlWg�uwv£�bv[u+hmn�g�hj�
dkuwr�i�hmn�g�u�¾�hmnb}3z�lId)eRd[dfew��vw��uA� }P�m�ºÝ�Ç �)Ç ¿VÙmÙN��Ã)nbu�q�lIv[v[hm�bomu8v[lIom�PikhmlAn
�+u-eIhm~ ikl�u�¾�qPo|lRdku-hmv�ikl��bv[u-Ý)gbe�v�iV��omu-v[�P�PdfeInP}Auyi���q�uwv�z{lRd
hmn�g�u�¾�u�¾�qPdkuwv[v[hmlAnPvw�£eInbg�e$i[ikuw~�qPi�iklyqPdkl$�Cu3iksPuwhjd8vke$z{u�i�����sPuwn
¤�¥b®�¢�¯�èE®���þR«A¶ §b®t±�«I©k®�³k¦I¬)¨�§W¤�®[èI�
Ý�nPlIiksPu�d�iV�plyrwlWg�uwv��bv[u�~�u�~�lId[��omlEr;e$ikh|lInbv�hmn�iksbu3sbu;eRq�ikl
v�iklIdku�iksbu�v[h��wu�lIzpeIn�eRd[dfew�E��iksPuwn�omlCeAg�eRn�g��bv[uxiksbhmv�v[h ��u3�IeIom�bu
hmn�eRnblIiksPu�d£z{�Pnbr�ikhmlAn��Adku;�E�PhmdkhmnP})iksbu+r�lA~�qbhmomu�d5ikl�q�dkl$�Cupiks�e$i5iksbu
sbuweIq�omlEr;e$ikhmlAn�hmv�nblRix~�lWgPhjú�uwg�hmn���utiV�+u�uwnL�8Â�u���uwomhmuw�Cu8iks�eRi
iksbhmv�r;eRn���u-sbeInbgPomu;g6z{eIhjdkoj��v[hm~�qPom���E��hmnEiku�dkqPdklEr�u;gP��dfeIo�o|lAeAg
�IeIom�buxnW�b~8��u�dkhmnb}��
Ã)�Cu�dfeRomoN�+vkeRz{utiV�6rtsPuwrf��hmnP}�lRzxrwlA~�qPomu�¾6eRd[dfew��dku�z{utdkuwnbrwu�v/dkut�
~/eIhmnPv�iksPu�~�lIv�i
v[hm}AnPhjú�r;eRnWi
lA�Pv�ifeIrwomu�ikl�lI�PdY}IlCeRoElIz��;�A�A�¡v�ife$ikh|r
vkeRz�u�iV�#rfsbuwrf�Wh|nP}3z{lRd�e3�PdklAeAgyrwo|eRv[v�lRz5uw~3��uwgbgPuwg#eRqbqbomhmr;e$ikh|lInbvw�

5.5 Comparison with Control-CÝ�omo�iksPu�rwlInWi[dklIo8r�lWgPuwv�v�ik�bgPhmu;gÅh|n¡lA��d�qPdku���hmlI�bv-�+lRdk�ÅlAn
·plAnEi[dklIom�V·6eRdku�eIrwrwu�qPiku;g��E�8lA�Pd�nbut��rwlI~�qbhmomu�d�z��bomoj��eR�PiklA~/e$ikhj�



rweIomoj�E�WhN� uA�m�bgPl�nblRi�dkuw�W�Phjdku�iksPu�u�¾�qPo|hmrwhjip�bv[u)lRz�v[h|nP}Aomu��Ndkuw}Ih|lInylIqP�
utdfeRikhmlAnPv�z�lId8g���n�eR~�hmr3~�uw~�lRd[��~/eInbeI}Au�~�uwnEi;�/ÜYu�dks�eRqbvx~�lRdku
hm~�q�lRd[ifeInEikoj�E��iksPuxeIqPqbomhmr;eRikhmlInbv���hmiks-·+eIv[u8ð3eRn�g-·+eRv[u�Æ8q�lElAomv
»Nc
eI�bomu��$¼3eRn�g�~/eInE��lIz�iksblAv[u���hjiks�·+eRv[u��#q�lElAomv3�+lI�bo|g���u
�Au�d[��g�h ��rw�bojiTikl�hm~�qPo|u�~�uwnEi5��hmiks�iksPu�v[hmnP}Aomu��Ndkuw}AhmlIn�dkuwv�i[dkhmr�ikhmlIn
lRz�·plInEi[dklAoj�V·��CýylRdkuwl$�Cu�d;�Iv[hmnbrwupeIomoCiksbuTqPdklI}IdfeI~�vL�bv[u�rwlA~�~/eRn�g
omhmnbu�eRdk}A�P~�uwnEikv�eRn�g�~�lAv�ix�Pv[u3lRiksbu�dxv�i[dkhmnP}AvxeRn�g�ò�
AÃÄo|hm��dfeRd[�
rweIomomvw�xnblInbu�lIz�iksbuw~ø�plA�bo|gÅeIr�rwuwqPikuwgÅ�E�½iksbu�eRd[dfew����lI�bn�g�v
rfsbu�rt�Wv�hmn�·plAnEi[dklAoj�V·��5c+sW�Pvw�Yiksbu�nPu�� sbu;eRq�eInbeIoj��v[hmv�eInbg�iksPu
hm~�q�dklR�Au;g/eRd[dfew��eIrwr�uwv[v�rtsPuwrt�Wv+sPuwomq�ikl3v[�bqPq�lId[i�e�~3�Prts�o|e$dk}Au�d
r�oëeRv[v�lRz£uw~3��uwgbgPuwg/r�lWgPuwv�iks�eRnylA��d�qPdkuw�WhmlA�Pv��+lIdk���beInbg-gPl8v[l
��hjiksPlA�Pi�q�dklA}IdfeR~ eInbnPlIife$ikh|lInbvw�

6. RELATED WORKc+sPu��PdklAeAg eRqbq�dklCeIrfs¹lRz�lA��d��plIdk�Ås�eRv���uwuwnÁikl�hëg�uwnEikhjz��
~�hmnPh|~/eRo£v[uw~/eInEikhmr8dkuwv�i[dkhmr�ikhmlInbv�lAn�hm~�q�u�dfe$ikhm�Cu�qPdklI}IdfeR~�v�eIn�g
ikl6g�uw�CuwomlAq�nPu���r�lA~�qbhmomu�d�ikuwrfsbnbh|�E�bu�v�iksbeRi�iklA}Autiksbu�dyq�u�dk~�hji
r�lA~�qbomu�iku�v�ifeRikhmr�rtsPuwrt�Whmnb}xlRz
~�u�~�lId[�8vkeRz{utiV�E�E��hjiksblI�Pipdk�PnEikh|~�u
rfsbu�rt�Wv/lId�}Ce$dk��eR}Au�rwlAomomuwr�ikhmlInL��cLl�lA�Pd��Wnbl;��omu;g�}Au�¯�¦�¦I¤�¥P®t©
¨b©[¦kªI©[«R¬3¢{¯Eª�¶m«I¯WªI§P«;ªE®y¦R©y³k¦I¬�¨�¢°¶|®t©�±kçR±f¤�®t¬ «C³f¥W¢a®tþI®t±/¤�¥W¢�±�ªC¦;«A¶
ö�¦I©�«I¯Pç�¯�¦R¯�N¤°©t¢{þ;¢°«A¶)³w¶m«R±f±�¦�ö8¨�©�¦kªI©[«I¬8±f�¡Â�u#��uwomhmuw�Cu�lA��d�dku��
v[�Pojikvxv[sbl;�îiks�eRi)�+u�sbe$�Au�eIrfsbhmuw�Cuwg�iksPu3}AlAeIoTz{lId�e�v[hm}Anbhjúbr;eInEi
v[�P��rwo|eIv[v�lRz
uw~8��u;gbg�u;g�·½q�dklA}RdfeI~�vw��eInbg�iksbu�v[�b��rwo|eIv[vph|v+�W�Phjiku
��dklCeIgyhjz£eRd[dfew�#��lA�bnbgPv�rfsbuwrf�Wv�eRdkuxhm}AnPlIdku;gº�
ÛWuw�Cu�dfeRo+eRomikutdkn�eRikhm�Cu#eIqPqPdklAeIrfsbuwv8s�e;�Cu���uwuwn�ifeR�Cuwn�ikl�uwomhm~��
hmnbeRiku�v[q�uwrwhjúbr3iV��q�uwvxlRz+dk�bnEikhm~�u8l$�Cutdksbu;eIgPvw�5eRn�g��+u�rwlI~�q�e$dku
lI�Pd�eIqPqPdklAeIrfsy��hjiksyiksblIv[ux��uwoml$�x�
c+sPuyï�u;eIoj��c+hm~�u-ÛWq�uwrwhjú�rweRikhmlAn6z{lId�üCe;�Ae�»°ïTc üCe;�IeC¼#Ç ãIÙ�u�nP�
eR�bomuwv8qPdklA}RdfeI~�~�u�dkv�ikl�e;�ClIh|g�}CeRdk�beI}Iu�r�lAomomuwr�ikhmlAn6uwnEikhjdkuwoj��z�lId
v[�P�bv[u�ikv�lIz�iksbu6sbu;eRqî�W� qPdkl$�Wh|gPhmnb}�iksPdku�u½eIgbg�hmikhmlIn�eIo�i���q�uwv
lRz ��®t¬�¦I©fç � ©[®[«�v�iks�e$i�eRdku#nblRi�}Ce$dk��eR}Au-rwlIomo|u�r�iku;g���ï��PnWikhm~�urfsbu�rt�Wv�eRdku�dku;�E�bhjdku;g8z�lIdpuwnbv[��dkh|nP}xvkeRz�u�iV�3lIzºdku�z{utdkuwnbrwu�vp��u�i��+uwuwn
iksPuyg�h � u�dkuwnEi�e$dku;eIvw��Ã�z�iksPuwv[uA�Tiksbu æ ³k¦t¨P®[è ��®t¬�¦I©fç#i���q�u#g�u��
úbnbuwv�nPuwv�iku;g�»°hN� uA�m�Pv[rwlAq�uwg�¼pdkuw}AhmlInbv�z{lRd)gW��n�eI~�hmr)eIomomlEr;eRikhmlAn��pòai
hmv�~8�brfs�~�lIdku/dkuwv�i[dkhmr�ikhm�Cu-eRn�g�s�eIv3~�lIdku/dk�bnEikhm~�u#l$�Cu�dksPu;eAg�v
iksbeInÅlA��dyq�lElIomvwÚ½~�u�~�lId[�½r;eInÅlAnPoj����u�eIomomlEr;eRiku;gÅz�dklI~ iksPu
r��Pd[dkuwnEi+dkuw}IhmlAnL��hji+dku;�E�Phmdku�vpiksbu�qPdklA}RdfeI~�~�u�d�ikl8v[q�u�rwhjz��/dkuw}AhmlIn
u�nWi[d[� 
$u�¾�hmiTq�lIh|nEikvw�CeIn�g8q�u�dks�eRqbv£~�lAv�i£hm~�q�lId[ifeRnEikom�E�Ihji�dkuw�W�Phjdkuwv
dk�PnEikh|~�u�rfsbuwrf�Wv�ikl�uwnbv[��dku�iksbeRi�iksPu�dku3e$dku3nPl�dku�z�u�dkuwnPrwuwv�z�dklI~
lI��¿Vuwr�ikvxhmn�eIn�lA�Pikutdxv[rwlAq�uwg�dkuw}IhmlAn�»°lRd�z�dklI~ e�gPh � u�dkuwnEi�i��Pq�u
lRzp~�u�~�lId[�#eRdku;eA¼�ikl�eIn�hmnbnPu�d�lInbu/Ç ãIÙN�xÀYhmnbeIomoj�E��ïTc üCe;�Ie�eIomv[l
hmnPsbu�dkhjikv�iksPu8lRiksbu�d�dk�bnEikhm~�uxrfsbuwrf�Wh|nP}/nbuwu;g�v�lRzpv�ifeRn�gPeRdfg�üCe;�Ie
v[�Prts-eIv�z{lRd)e$d[dfew�Pvw�bnW�bomoºq�lAhmnEiku�d�rtsPuwrt�Wv�eRn�g#i��Pq�u�rwlEu�dkrwhmlInbvw�
ï�u;eRo
ikhm~�u�}AeRdk�beI}Au8rwlAomomuwr�ikhmlIn�ikuwrfsbnPhë�E�Puwv8»°uI� }��m�ºv[uwu#Ç ð;ÙTeIn�g
iksPu�dkutz{u�dkuwnPrwuwv3iksPu�dkuwhmn�¼x�bv[u�hmnbr�dku�~�uwnEifeIopr�lAomomuwr�ikhmlAn½~�u�iksblWg�v
ikl�dku;g��brwu�iksPu��Pnbq�dku;gPhmr�ifeR�bhmomhmi���lRz�}CeRdk�beI}IuyrwlIo|omuwrtikh|lInL��Û��Prts
iku�rtsPnbh|�E�buwvYrweIn�hmnbr��PdYz{eIhjdkoj�3sPh|}Is3~�uw~�lRd[�xl$�Cu�dksPu;eAg�ikl�eIrfsbhmuw�Au
eRrwrwuwq�ifeI�Po|u-dkuweIo�ikh|~�u#��uws�e;�WhmlId;���Pq6ikl�ðW� ��ikhm~�uwv3iksPu�eIr�ik�beIo
v[qbeIrwu�rwlInbv[�P~�qPikhmlAn�lIzTe3q�dklA}RdfeI~¸hmnydkuwrwu�nWi��plIdk��Ç ð$ÙN�
Ý�vTeIn�eRojiku�dkn�e$ikh|�Au�ikl)}CeRdk�beI}Iu�r�lAomomuwr�ikhmlAn��Wv[uw�Cu�dfeRo�dkuwr�uwnEi�o|eRnP�
}I��eR}Auwv�»°uA� }P�m�WïTc6üAe$�Ie�Ç ãIÙN��·���rwomlAnPu�Çm�wÆ����I��ÙN��eInbg3lIiksPu�dkv�Ç ñW� �$Ù�¼
sbe;�Cu�eAg�lAqPikuwg�~�uwrtsbeInPh|v[~�v�z�lId#dkuw}AhmlAn��a��eIv[uwg�~�uw~�lId[�6~/eIn��
eR}Auw~�u�nWi;� c+sbu�v[u�o|eRnb}A�beI}Iuwvyg�hmvkeIomoml$��gPhjdkuwr�iygPuweIomomlEr;eRikhmlAnÅlRz
hjikuw~�v+��hjiksPh|nye�dkuw}IhmlAnyhmn#lIdfgPutd�ikl3uwnPv[�Pdku)q�dklA}RdfeI~¸vkeRz�u�iV�E�TÝ�v
g�hmv[rw�bv[v[u;g�hmn�iksPu�ò�nWi[dklWg��br�ikhmlInL�Eiksbu�v[u)o|eInP}A��eR}Auwv�sbe$�Au�i��+l3�Au��
g�hmvkeAgP�IeInEifeR}Auwv3dku�oëe$ikhm�Cuyikl�lA��d��+lRdk�ºÚ�»NeA¼�iksbu���}AuwnPu�dfeIomoj��dku��
�E�Phmdku�u�¾WikuwnPv[h|�Au�q�dklA}RdfeI~�~�u�dpeInPnblIife$ikhmlAnbv�ikl�h|g�uwnEikhmzë�3dkuw}IhmlAnbvwÞ
eRn�g/»°��¼�iksbu���q�dklR�Wh|gPuTnbl�~�uwrfs�eRnbhmv[~�vLikl�z�dkuwuplIdYdkuw�Pv[u+~�uw~�lRd[�
��hjiksPh|n8e�dku�}AhmlAn��Av[l�iks�eRiYgbe$ife�v�i[dk�Pr�ik�PdkuwvLiks�eRiYv[sPdkhmnb�xeRn�g�}Idkl;�
»{��hjiks�nblInP�anbuwv�ikuwg/lI��¿Vuwr�i�omhjz{u�ikh|~�u�vf¼T~3�Pv�ip��u�qb��iphmnEikl3e�v[uwqbeR�
dfe$iku)}AeRdk��eR}Au��arwlIomo|u�r�iku;g#sPu;eIq/lRd�~/ew��hmnbrw��d+e�q�lIiku�nWikh|eRo|oj�/o|eRdk}Iu
hmnPr�dku;eIv[u�hmn�~�uw~�lRd[��rwlAnPv[�b~�q�ikh|lInL�î»°uA� }��|��·���rwomlInbu�eInbg½ïTc
üAe$�Ie#��lRiks�h|nPrwom��g�u�e/v[uwq�e$dfeRiku�}AeRdk��eR}Au�r�lAomomuwr�iku;g�sbu;eRqL� ¼�Ý����

iklA~/e$ikhmr�dkuw}AhmlAn�hmn�z{u�dkuwnPrwu�Ç ð��W�p�A��Ù+r;eIn�u�o|hm~�hmn�e$iku�lId�~�hjikhm}CeRiku
iksbu�úPdkv�i8�P�Pi�nblRi8iksPu�v[uwrwlIn�g��TeRn�g�sbeIv�lAnboj����uwuwn�v[�Prwrwuwv[v�z��bo
z{lRd�i���q�u��avkeRz{u)oëeRnb}I��eI}Iuwv���hjiksPlA�Pi�ut¾PqPomh|r�hmi�g�u;eIomomlEr;eRikhmlInL�
òVn�rwlAnEi[dfeIv�i�ikl�iksbu�v[u�eRqbq�dklCeIrfsbu�vw���pu�h|n�z{u�d#dkuw}AhmlInbv-eR�PiklR�
~/eRikhmr;eRomom�E���+u3�bv[u3nPly}AeRdk��eR}Au�rwlIomo|u�r�ikhmlAnL�
�+u�q�u�dk~�hji)u�¾�qbomhmrwhji
gPuweIomomlEr;eRikhmlAn#lIzLhmn�gPhm�Wh|gP�beIo�gPeRifexhjikuw~�v���hjiksPh|n�dkuw}IhmlAnbvw�PeRn�g3�+u
uwnPv[�Pdku�q�dklA}IdfeR~.vkeRz{utiV��iksPdklA�P}As�eyrwlA~8�bhmn�e$ikhmlAn�lRz��bv[hmnP}-sblR�
~�lA}Iuwnbu�lA�bv£dkuw}Ih|lInbv�eRn�g�eIgbgPhjikhmlAnbeIo�v�ife$ikhmr)eRn�eIoj��v[hmvw�Tc+sbu�dku�eRdku
iV�pl�q�lIikuwnEikh|eIo+gPhmvkeAg��AeRnWifeR}Auwv�hmn�lA��d8�plIdk���5sbl;�puw�Cu�d;�-Â�u�gPl
nblRi�qPdkuw�AuwnEi�rwu�d[ifeRh|ny��hmnbgPv�lIzYu�d[dklIdkv�v[�brfs-eRv�gbeInP}Aomhmnb}�q�lIh|nEiku�d
dku�z�u�dkuwnbr�uwv3»{iksPh|v�hmv�hjd[dkuwomuw�IeInEi)z�lId)rwlId[dkuwrti�qPdklI}IdfeR~�vf¼t��Û�uwrwlIn�gº�
�+u�dkuwoj�3sbu;e;�Whmom�3lAn�hmnEiku�dkqPdklEr�u;gP��dfeIo�eRn�eRom��v[hmv)»°~/eRnE�3lRz�iksbu�eIn��
nblRifeRikhmlAnPv�hmn�·���rwomlInbu�eRn�g�lIiksPu�d�o|eInP}A��eR}Auwv/e$dku-g�uwv[hm}Anbuwg�ikl
e;�ClAh|g3iksPh|vTnbu�u;g�¼t�E�P�Pi£�+u�dku�ifeRhmn/iksPu���uwnbutúbikvTlIz�v[uwq�e$dfeRiku�rwlA~��
qbhmo|eRikhmlIn��W��q�u�d[z�lIdk~�hmnb}�eRo|o�lA��d3eRn�eRom��v[hmv�e$i3omhmnb�E�Nikhm~�u-»Ne-�Cu��
eAg��AeRnEifeI}AuxlRz5�bv[hmnP}3iksbuxâLâAÿxý�rwlI~�qbhmo|eRikhmlAn-zëdfeI~�u��plIdk��Çj�;äRÙ�¼t�

�pl;�WeRq�eRikhT®t¤�«A¶ X�Ç �$Ùºq�dkuwv[uwnEi�e�v�ifeRikhmr�iV��q�u�v��Pv�iku�~ rwlI~3�Ph|nPhmnb}
l;��nbu�dkv[sPhmqÅi���q�uwv���hjiks�dkuw}Ih|lIn¡i���q�uwvw��ikl6u�o|hm~�hmn�e$iku�iksbu�dk�bnP�
ikhm~�u8rfsbu�rt�Wv)nPuwu;g�u;g-z{lId�u�nbv[�PdkhmnP}�vke$z{u3dku�}AhmlAn�gPu;eRo|omlEr;e$ikhmlAn�hmn
ïTc¹üCe;�Ie���Ý�vxe�dku�}AhmlAn����beIv[u;g�o|eInb}I��eR}AuA�Liksbu���sbe$�Au8iksbu8vkeI~�u
gPh � u�dku�nbrwuwv�zëdklA~ lA��d��plIdk�½eIv�gPhmv[rw�Pv[v[u;g�eR��lR�AuA�Ác+sbu��½qPdklR�
�Wh|gPu�eRn�eAgPgPhjikhmlAn�eRo�~�u�rtsbeInbhmv[~��beIv[u;g�lAn ÷�v[�b���adku�}AhmlAnPv[ù�lIz�e
dkuw}Ih|lIn6z�lId3v[s�eRdkhmnP}�dkuw}IhmlAn6gbe$ife�vke$z{uwoj�6eRr�dklAv[v3iks�dku;eAg�vw�T�bv[hmnb}
dku�z�u�dkuwnbr�u-rwlA�PnEikv3ikl�dkuwr�oëeRhm~ iksbuygbeRifeW�½Â�u-g�l�nPlIi�v[�Pqbq�lId[i
~3�Pojikhm�Niks�dku;eAg�u;g#eRqbqPo|hmr;e$ikhmlAnbv�v[l3z{eRd;�
âLhmnPu;eRd�i���q�uwv�eRn�g�eIomh|eIvxiV��q�uwv8Ç äW�
ð �� �W� $Ù�sbe;�Cu8��u�uwn��Pv[u;g
ikl�v�ifeRikhmr;eIomoj��qPdkl$�Cu�~�uw~�lId[�8vkeRz�u�iV��hmn�iksbu�qPdkuwv[u�nbrwu�lIzLu�¾�qbomhmrwhji
gPuweIomomlEr;eRikhmlAn�lIzºlI��¿Vuwr�ikvw�Tc+sPu���eRrtsPhmuw�Cu�iksbhmv£qPdkhm~/eRdkhmoj����hmiks�v[ut�
�Cu�dkuxdkuwv�i[dkhmr�ikhmlInbv�lIn�eRomhëeRv[uwvxhmn�e�qPdklA}RdfeI~-����sPh|rfs�v[l/z°eRd)s�e;�Cu
nblRi/qPdkl$�Cu;g6qPdfeRr�ikhmr;eIo�z{lId/dku;eRomh|v�ikhmr�qPdklI}IdfeR~�vw�ÁÃ)nbu-lRz�iksbuwv[u
o|eInP}A��eR}Auwvw��ÿ�eI�Pomi�Ç �;Ùa��eRomv[l��bv[uwv/v[�brfs�e�iV��q�u-v���v�ikuw~ »°~8�brfs
~�lIdku�v[�Prwrwuwv[v�z��bomoj��¼/ikl6u�nbrwlWg�u�~/eRnW�½hm~�q�lId[ifeRnWi�rwlRd[dkuwr�iknPuwv[v
dku;�E�bhjdkuw~�u�nWikv�z�lId8lIiksPu�d�gW��n�eI~�hmr3dku�v[lA�Pdkr�uwv8��hjiksbhmn�eRn�eIqPqbomhj�
r;e$ikh|lIn�»°uA� }P�m�ºú�omu8sbeInbgPomuwv�eIn�g�v[lErf�Cu�ikvf¼t��ò�i��+lI�bo|g���u��Au�d[��e$i[�
i[dfeIrtikh|�Au�iklx�Pv[u�ÿpeR�boji � v�~�uwrfs�eRnbhmv[~�v5��hjiksbhmn�lA��dpq�dklA}IdfeR~�~�hmnb}
uwnW�WhjdklAnb~�u�nWiºikl�v�ifeRikhmr;eRo|oj��rfsbuwrf���Cut��rwlRd[dkuwr�iknbu�v[v
dku;�E�bhjdkuw~�uwnEikv
lIz£v���v�ikuw~ r;eIomomv)eRn�g#i[dk�Pv�iku;g#omhm�Pdfe$dkhmuwvw�
Ý��IeIom��eR�bomu�v�i[dfeRiku�}I�3z�lId�rwlA~�qPhmo|utd[���beIv[u;g8v[uwrw�Pdku�eRn�g8dkuwomh|eI�Pomu
v���v�ikuw~�v�hmv)Ü5dklElIzë�V·+eRd[d[��hmnb}#·plWgPu�»NÜ�·�·�¼�Ç ðE��ÙN��c+sPux��uwnbu�úPi�lIz
Ü�·�·�hmv
iks�e$i
iksbuTvkeRz�u�iV��rfsbu�rt�Whmnb}�rwlI~�qbhmomu�d+»°�Pv[��eIomoj��e�rwlA~�qPomu�¾º�
�bn�dkuwomh|eI�bomu+v���v�ikuw~�¼ºr;eIn���up�PnEi[dk�bv�iku;gº�AeRn�gxlAnPoj��e�v[hm~�qbomupq�dklElIz
rfsbuwrf�Cu�d�»{��sbhmrfs�rweIn/��u�~/eIgPu�~3�Prts3~�lIdku�dkuwomh|eI�bomu$¼phmvTdku;�E�bhjdku;g
��hjiksbhmn3iksPupi[dk�bv�iku;g�rwlWgPu��beIv[uA�£ÀP�bn�gPeI~�uwnEifeRo|oj�E�IÜ�·�·�g�lEuwvTnblIi
rfs�eInP}AuT��s�eRiTeRv[q�uwr�ikvYlRz�e�qPdklI}IdfeI~Ádku;�E�bhjdkupv�ife$ikh|r+eIn�eRoj�Pv[hmv£eRn�g
��s�e$i8dkuw�W�Phjdku/dk�PnEikh|~�u3rtsPuwrt�Whmnb}gY�iks�eRi8v�ikhmomo+gPu�q�uwn�g�v�lIn�iksbu
o|eInP}A��eR}Au�gPu�v[h|}In�eRn�g½r�lA~�qbhmomu�d�r;eRq�eI�Phmo|hjikhmuwvw�Ác+sW�bvw��Ü�·�· hmv
lId[iksPlA}IlAn�eRo�ikl�lA��d��+lRdk�º�+eInbg6rwlI�bo|g���u-�AeRom��eI�Pomu#z{lRd�ifeI�Whmnb}
lA��d�vkeRz{utiV�W�artsPuwrt�Whmnb}8rwlA~�qPhmo|utd�lI�Pikv[h|gPu�iksPu)i[dk�bv�ikuwg#rwlWg�ux��eIv[uI�
c+sbutdku�s�eIvT��uwuwn3u�¾Wikuwnbv[hm�Cup�plIdk�8lAn�v�ife$ikh|r�uwomhm~�hmn�e$ikh|lIn�lIz�e$d[�
dfew����lI�bn�g�vLrfsbu�rt�WvT»°uA� }P�m�Av[u�u�Ç Æ��Að �$Ù�¼t�R�b�Pi�iksbu£}IlCeIoElRzWiks�eRi��+lRdk�
hmv
}Iuwnbu�dfeRomom�xikl�uwomhm~�hmn�e$ikupe�v[�b�Pv[u�iLlIzP��lA�bnbgPv�rtsPuwrf��v�v[hmnbrwu�rwlA~��
qbomu�iku�uwomhm~�hmn�eRikhmlIn6hmv8h|~�q�lIv[v[hm�bomu#z�lId�v�ifeRn�gPeRdfg�o|eInb}I��eR}Auwvw��òVn
rwlInWi[dfeRv�i;�A�pu+hm~�q�lAv[uprweRdku�z��bomoj�3rfsblIv[uwn8o|eRnb}A�beI}Iu+dkuwv�i[dkhmr�ikhmlAnbv5ikl
uwnbeI�bomu�rwlA~�qPhmo|utd+eRn�eIoj��v[hmvpikl�uwomhm~�h|nbeRiku�v[�brfs�rfsbuwrf�Wv�uwnEikhjdkuwoj��hmn
rwlInPz{lRdk~�hmnb}xqPdklI}IdfeR~�vw�TÃ)�PdTqPdku���hmlI�bv5�+lRdk�yÇj� �;ÙºgPhmv[rw�Pv[v[uwv�sPl;�
iksbu�hmnEiku�dkq�dklErwu;gP��dfeIo���lA�Pn�gPv�rfsbuwrf�Whmnb}�eRo|}IlIdkhjiksb~&q�dkuwv[uwnEiku;g
iksbutdku3rwlI~�q�eRdku�v)��hjiks�dkuwo|e$iku;g��plIdk����Â�eI}Inbu�d/®t¤)«I¶ X�s�e;�Cu8gPut�
�CuwomlIq�u;g�e�iklElAo�z{lId#g�u�ikuwr�ikhmlAn½lIz)�b� � utd/lR�Au�d[dk�bn6�W�bomnbu�dfeR�bhmomhj�
ikhmuwv�h|n#}AuwnPu�dfeIoY·År�lWgPuwvw�pc+sbuwhjd�eInbeIoj��v[hmv�hmv�nbuwrwu�v[vkeRdkhmoj�-hm~�qPdku��
rwhmv[uA��sbl;�puw�Cu�d;�W��lRiks�hmn�iku�dk~�vTlIzL}AuwnPu�dfeRikhmnP}8rwlInbv�i[dfeRh|nEikv�»{ôbl;���
hmnbv[uwnPv[hjikh|�Au$¼xeIn�g�v[lAom�Whmnb}yiksPuw~-�ºdkuwv[�bojikhmnb}-hmn�~/eInE��z°eRo|v[u/q�lIv��
hjikhm�Cuwvw�8òVn�rwlAnEi[dfeRv�i;�L�pu��bv[u�e/~�lIdku8qPdkuwr�h|v[u3rwlAnEiku�¾Wi[�av[uwnbv[hjikhm�Cu
eInbeIoj��v[hmv)eRn�gye8~�lIdku)dkhm}AlRdklA�Pv)rwlInbv�i[dfeIhmnEi�v[lAom�Cu�d;�



7. CONCLUSIONS AND FUTURE WORKò�n�iksbhmv+q�eRq�u�d;�E�+u�s�e;�Cu�gPuwv[rtdkh|��uwg#e�v[u�i�lRz
v[uw~/eRnEikh|r�dkuwv�i[dkhmr��
ikhmlInbv-eRn�g�rwlI~�qbhmomu�d�ikuwrtsPnbh|�E�buwv�iksbeRi�iklA}Autiksbu�d#uwn�eR�bomu��;�A�A�
v�ife$ikhmr�rtsPuwrt�Whmnb}�lIz�~�uw~�lId[��vkeRz{utiV��z{lRdye�v[hm}Anbhjúbr;eInEi/rwo|eIv[v/lRz
i���q�u��avkeRz{u�uw~3��uwgbgPuwg�qPdklI}IdfeI~�vw�¸c+sbu�v[uw~/eInEikhmr�dku�v�i[dkh|rtikh|lInbv
e$dku�gPutú�nbuwg�lIn�e�oml$���aomuw�Cu�o�o|eInP}A�beI}Aut��hmnbgPuwq�uwnbgPuwnEi�i���q�u#v���v��
iku�~ eIn�g6hmnbv�i[dk�brtikh|lIn�v[u�i;��eRn�g½hm~�qPo|u�~�uwnEiku;g�h|n�e�o|eInb}I��eR}Au��
hmnbgPuwq�uwnbgPuwnEi;��omhmnb�E�Nikh|~�u�rwlA~�qPhmo|utd�zëdfeI~�u��plIdk���
c+sPux�Cu���nbut�¡dku�v[�boji�hmnyiksbhmv��+lRdk�#hmv�ikl�v[sbl;�¡sbl;�ÁeIn-Ý��PiklR�
~/e$ikhmrpÜYlElIoPÝ�omo|lErweRikhmlAn�i[dfeInbv�z�lIdk~/e$ikh|lIn3eRomo|l;��v5�PvLikl�uwnbv[��dkuTiksPu
vke$z{u�i���lRz�g���nbeI~�hmr8~�u�~�lId[��~/eInbeI}Iuw~�uwnEixeRn�g�q�lIhmnWikutd��bvkeI}Iu
�Pv[hmnb}/v�ifeRikhmr�rtsPuwrf��hmnP}/eIomlAnPu#»°h°� uA�m����hjiksblA��i)}AeRdk�beI}Au�rwlIo|omuwrtikh|lIn
lRd)dk�PnWikhm~�u�rfsbu�rt�Wv�lAn�~�uw~�lRd[�#lIq�u�dfeRikhmlInbvf¼�eRn�gy��hjiksblI�Pi3«I¯bç
nPu���v���nEifeR¾º�£c+sPu�rwlI~�qbhmomu�d�eRn�eIoj��v[hmv+sbu�o|qPvpikl�qbhmnbq�lIhmnWi�iksbu�hmnP�
zëdku;�E�buwnEi£r;eRv[u+��sbu�dkuprwu�d[ifeIhmn�gPeRife�v�i[dk�br�ik��dkuwv5rwlA�Po|g3u�¾�q�u�dkhmuwnbr�u
eRnyhmnbrtdku;eIv[uxhmn�~�uw~�lId[��r�lAnbv[�P~�qPikhmlAn��TÃ)�Pdpdkuwv[�bojikv�v[sbl;��iks�e$i
iksPuwv[u8iku�rtsPnbh|�E�buwvxeRomo|l;�î�Pv)ikl#rfsbu�rt��sPu;eIq�eInbg�q�lIhmnWikutdxvkeRz�u�iV�
z�lId-eIomo�� ��uw~8��u;gbg�u;g�q�dklA}IdfeR~�v��pu�v�ik�bgPhmu;gº�ÄÃ)�Pd#qPdkuw�WhmlA�Pv
iku�rtsPnbh|�E�buwv�z{lRd)u�o|hm~�hmn�e$ikhmnb}�nW�bomo
q�lIhmnWikutd�rfsbu�rt�Wv�eInbg#z{lRd�v�ifeIrf�
vke$z{u�i���e$dku�eIomv[l-�Au�d[��u � uwr�ikhm�Cu8z{lId�nPu;eRdkoj��eIomo5iksbuwv[u3qPdklA}RdfeI~�vw�
�P�Pi£lI�PdTrw�Pd[dku�nWiTeRn�eRom��v[hmv£z{lId�rfsbuwrf�Wh|nP}xeRd[dfew��dku�z{utdkuwnbrwu�v�r;eRn�gPl
r�lA~�qbomu�iku�rtsPuwrf��hmnP}�z�lId�lInboj�/s�eRomzLiksbu���uwnbrfsb~/e$dk�Wv��+u�v�ik��g�h|uwg��
Ã)�Au�dfeIomo°�I�pu+��uwomhmuw�CupiksbeRi£rwlWg�uwv5rwu�d[ikhjúbu;g8eRv£vkeRz{u��E�xlI�Pd£rwlI~��
qPhmo|utdpr;eRn�u�¾�uwrw��iku�eIv£z°eIv�i+eIv£iksbu+iksPlAv[u�rwlA~�qPhmo|uwg��W�8e�nbeRikhm�Cu�·
r�lA~�qbhmomu�d;�º��sbhmomu�}I��eRdfeRnEikuwuwhmnb}#~�uw~�lId[�yvkeRz{utiV�E��Àb��d[iksbu�dk~�lRdkuA�
�pu��bv[�beIomoj��dkuw�W�Phjdku+~�hmnbhm~/eIo°�Rv[hm~�qbomuA�AeIn�g�rwlA~�qPomu�ikuwoj��q�lId[ifeR�bomu
dkut��dkhmikhmnP}#lRzpu�¾�hmv�ikhmnb}#·¡q�dklA}RdfeI~�v�ikl�~/eR�Cuxiksbuw~ rwlInPz�lIdk~'ikl
lI�Pd�dkuwv�i[dkhmr�ikhmlAnPv8»°lRz�ikuwnyh|~�q�dkl$��hmnP}3l$�Cu�d�iksPuxlIdkhm}Ahmn�eRo�� ¼t�
c+sPu�dku�eRdku�v[lI~�u��Cu���v�ikuwqbv£dkuw~/eRh|nPhmnb}���u�z�lIdku��+u�rweIn/eIrfsbhmuw�Au
lI�Pd�omlAnP}#iku�dk~'}AlAeIoTlIz�e�v[uwrw��dkuA�
oml;���al$�Cu�dksbuweAg�q�dklA}RdfeI~�~�hmnb}
u�n��WhjdklAnP~�uwnEip�beIv[u;g�lAn/iksbu�ikuwrfsbnbh|�E�bu�v�eI��l$�CuA�5ÀYhmdkv�i;���+u�~3�Pv�i
ut¾PqPomlIdku/��u�i[iku�d�o|eInP}A��eR}Au�eInbg�rwlI~�qbhmomu�d3v[�Pqbq�lRd[i�z�lId8rwlA~�qPomu�¾
e$d[dfew��lIq�u�dfeRikhmlAnPvw��ÛWuwrwlIn�g��p�+u�~3�Pv�i�qPdkl$�Wh|gPu�e�dklI�b�Pv�i�eIn�g
ôbu�¾�hm�bomu�dk�bnEikhm~�u�uwnW��hjdklInb~�uwnEi���hjiksÅ~�uwrtsbeInPh|v[~�v�ikl�uwn�z{lRdkrwu
r�lId[dkuwr�i��bvkeR}AuxlRz£v��Pv�iku�~ r;eIomomv�eRn�g/dk�bnEikhm~�u)omhm�PdfeRdkhmuwvw�pÀYhmn�eRo|oj�E�
�pu3~8�bv�i)gPuw�Cu�o|lIq�eRn�eRdkrfsbhjikuwr�ik��dku8iks�e$i)iklIo|utdfeRikuwvx�P�b}Av)h|n�iksPu
nPuwrwuwv[vke$dkhmom�yrwlA~�qPomu�¾�rwlA~�qPh|omu�d�eRn�g�dk�PnEikh|~�u�v���v�ikuw~-�

8. REFERENCES� ���=% >�� > b -��S�'��	���H>
	8>��U��&����/�a�:����)�6>��H>��B
��$' >
	JM5��'�&���
)�&+�&��+�'�
��g
�;J�����	�:
�'��K�&������$)"��������0,������&�����&�����
�����> I �����������
�
������� �"!$# %�&(')��Z+*,�)��Z-�����/.0��132422Y[Z5.6�71�Z5.38
1+.K]:9D]+;/Y .�Z
1�Z:\<�=2�^�> ]�25]�Z�_�1�_ Y?��Z��a�����P����)�
�� @A@ �
B�-���& ��C3C�D >

� EF�:G >
�O����
��a��HV>�IO�$&��$f��:����)KJ6>�L8�FM����	> b ��&���� N �'�1C&�f�����9���f�&
��
�����&����
��A�8' �����
�� 
�4�&����$&���)"����)���
�����'���' �&���A-$�'���'�E����'�
��	> I �
���������PORQ�_TS6�U' VW�YX32A^Z� ���+Y[Z���Y ^�> ]�;[�/*\�����/.0��132422Y[Z5.
�71�Z5.08
1+.�]+;U]?�[^��P�PQ3O,_���B����	> E3`3`3a >

� aF� L(>��U
K)�'cbH��LD>��-��$��$�H����)KJ6>��$���db�����> b ��I G:e &���'�1C'������'���f
��������0,9:
�-���)��8�/��&��=bK��
��.)�&�1G����)	> I �f�
�3���P� �"!g')��Z+*,�)��Z
�����/.5�A�71�Z5.5� 9=]+;�Yc.�Zh1�Z:\4�=2�^�> ]�25]�Z�_i1�_RY?��Z��YB�-���& E3`3`3` >

� D�� 6>��U
�����&����P�2���$)�B�>��
�����'���f�> % ��&(��&���� N �'�1C&����:&���' d������'�
���;N
��
B���4��$>j'��32A^Y8B_ ]+�+� a3a$�ik�#=e DRl�m5n�D � E3`3`3` >

� nF� I�>��U
�0K�������' � b >��$������'P���K-	�
o >��U&�&�9H&�&��:����)-� >�L3'�������)a>
�A�8��&�������'��. 0B�:&��3;N
��8����;R&(��&�f�'�
��pN 9�����&�).1C&�1C
���0
1G������f�&�1C&��K8'��,��&���� N �'�1C&PM���4��$> I �h�
������� �q!g')��Z+*+]+�S]�Z��/]U��Z
�����/.0��132426YNZ5.6�71�Z5.08
1+.�]:9=]+;/Y .�Zh1�Z:\4��2A^�> ]+22]�Z�_�1�_ YT��Z�� E3`3`3a >

� kF�:r >�IU������0�� G >5oe���cb�&����:����)�6>��"
�����'���&+��> % 0$�:&�)"1C&�1C
���0
1G������f�&�1C&��K8'��.�2��������-���-��8
�;J��������9$'���' �'�&���> I �s')��Z+*�]��S]�Z��/]
t ]/�=�3��\-�/*\�[^��P�s%R%Ru<v7S$]:wpx�_TSK�4' VW�
������� �"!"yi�
�3���4'zv
�YX32�^5�3;/Y{8p2|��Z��j�+YNZ���Y ^�> ]+;[�d*q�j�d�/.0��132426YNZ5.6�71�Z5.08p1F.�]+;d}��Z1�Z
��Z�_���Z�Y?�F}~vH]=�R13;/�$����f�&�� E3k3E+m5E0l�n �Y�A&+���J
��/b:�����2� ��C3C3C >

� l+� L(> G & @ '��$&(����)K� > @ �����$)���'��/�a>p	J�$;R
�����'���f2��'�f��5N ��&+4�&��H����
��
K��
����
'�����
���N ��&+4�&��a��
�;[ �3����&�> I �h�����������
������� �q!g')��Z+*��)��Z
�����/.0��132426YNZ5.6�71�Z5.08
1+.�]:9=]+;/Y .�Zh1�Z:\4��2A^�> ]+22]�Z�_�1�_ YT��Z��
�B��
��89�'���)	��� % ��B�-���& E3`3`p� >

� �F� � > @ ���$��)���'����"����)�L(> G & @ '���&�> b )$
��$�'�
��"����).;N
B��-�� e

H �/���+�'������T��'���&����O 0$�:&��A;N
��3'�1C�H&������' 4�&A����
�f�����1C1C'���f�> I �����������
�
�3���P� �"!g')��Z+*�]��S]�Z��/]U��Z-�����/.0��132426YNZ5.6�71�Z5.08
1+.�]�9=]+;�Yc.�Z
1�Z:\U��2A^�> ]+22]�Z�_�1�_ YT��Z���B�-���& E3`3`3E >

� CF�4G >�7��0"����) b > b 'cb�&��	>��"&�1C
��S0G1G������f�&�1C&���O�8' ��.&+*$����'���' 
��&�f�'�
�����> I �f�
������� �"!�')��Z+*+]+�S]�Z��/]U��Z-�����=.3��102:22Y[Z5.
� 1�Z5.38
1+.K]�9D]+;/Y .�Zh1�Z:\<�=2�^�> ]+25]�Z�_�1�_ YT��Z�������f�&�� ap��a+m5a3E3a �
�"
��K���&���� �YIO������)��$��B�-$��& ��C3C3� >

� ��`F� B�>��
�����'���f��
��>�B�
�0��Y6>Y���&�&���&��:����)�6>��U�/���/���$>Pv7S�]:�p13��1
� 1�Z5.38
1+.K]��K^B]=��Y �P�=1�_ YT��Z�>Z�B-��-�"'�����
���0B���&�1C��� E3`3`3` >

� �3���4G >����
�����1G���a��6>��"
�����'���&�S�� % >�B�'�1"�p� >
�8'��=bB���p�6>poe����f��
����)�B�>YIU��&���&+0�>�L3&�f�'�
��5N 9�����&�)"1C&�1C
��S0C1G������f�&�1C&��K3'��
��0B����
���&�> I ���j�d�������
�3���P� �"!g')��Z+*��A��Z-�����=.3��102:22Y[Z5.
� 1�Z5.38
1+.K]�9D]+;/Y .�Zh1�Z:\<�=2�^�> ]+25]�Z�_�1�_ YT��Z���B�-$��& E3`3`3E >

� ��EF� � >�L(>��-$�����-����YB�>��H>�L3'���f�&��K9H&���f�� G >
	J�����S�� % >
� > b -����'��	�
% >
�"-�)�f�&��:����)-LD>
��>��U��
��8�	>��"'�9:&����/� eVb ;N��&�&��
��
�1C1C&�����'P����� 05��&�����&���&�������' 4�&D&�129:&�)�)�&�)�9:&����/�$1G���/bG��-�' �&�> I �
�d���P��&�_TS��7Z�Z�8p13>\���3�/��;dSp��^���Z����3�/�3> �+1�\
'�Sp13��10��_ ]��+Yc�+1�_ YT��Z�� b -��S�'��a� %�� � G &���> E3`3`p� >

� ��aF�6% >
B�'�1"��6>��"
�����'���&�S�� G >����
�����1G���	�
� >
�8'��=bB����B�>YIU��&���&+0��
����)K�6>poe����f�>ZI 0$����
���& eJb �/��;N&()�'P����&���8
�;V��> I �������+�F�
� �
��!z�d���7Z�Z�8p13>�vH]/�,SBZ�Y?�/10>P'���Z+*+]+�S]�Z���]���B�-���& E3`3`3E >

� �,D�� o > r &���� 0��pJ6>��g������
�4H�po >
H -$f��	��	A>
L8
�����&���� % >��B���:&�'���1G���a�
����) G >5oc
���������
���> % �$&=��1C&�f�� @ '�9�������0 I ���&���;R����&:�-�'�)�&�>
% &�������'������<��&��:
������IU
�1C��-$�&��"�K��'�&�����& G &��$�>����D>��g����0B�P����)	�
IO
�����&�f�&~HV���/b:� b ����> ��C3C3k >

� ��nF� �H> r 
��8����'cbH� G > G �B-��TM����' �����$)KJ2> b )$4�&�>�	J����-$��'���f6��
K)�&
�/��;N&� 0G�8' ���
�-$8��-����'�1C&��/��&��=bK�A;N
��O��&���� N �'�1C&���
������
��T��0B���&�1C��>
I ������������w5Q0Q�w�')��Z+*�]��S]�Z��/]U��Z�')�32�^:YT> ]+��;d}��"����S$Y[_ ]=��_i8p�S]U1�Z:\
�YX�Z�_TS$]+;/Y{;�*,�3�\�j2<��]/\�\�]/\6�YX3;�_ ]+2:;/�����&��$
�9���&��H���+ E3`3`3E >

� ��kF� I7> @ ��S���&���> @ @ J~� e�b �.'��B;R���������-��+�-���&7;N
��312-�� �' N �����f�&

��$�'�1C'�E����'�
��	>��g���S�&���� �8���&���'�����IU
�1C��-$�&��q�K��'�&�����& G &��$�>��
�A��' 4�&�����'  0,
�; I ����'���
�'��8��q�8��9������FN�IU����1C����'�f��	�
�A��9������$� I�@ �
G &�� E3`3`3E >7�a]/] :!����
 � ��� "�" $�F � *�� � )��#)+* � ����) �� �+l+� I7> @ ��S���&�������)KJ6> b )B4�&�> b -$�
�1G���'��~HJ
B
�� b ����
K�����'�
��.;N
��
G '��?MS
�'��K G ��/���K���-$���-���&���> I ���j���+�F���4'�V$�
�3���P� �"!
���3�/��;dSp��^���Z�Vc]�2U�3��X4�YX3;/_ ]�2��3]+�T*��0��241�Z��/]��Y�U&�����'��a�
�&���1G���K0��
B�-$� E3`3`3E >

� ���F� I7> @ ��S���&�������)KJ6> b )B4�&�> G ��/�5�S���-��+�-$��&D������� 0B��'�� eJb �
&�M5��'�&������
����&+*KdN ��&�����' �' 4�&=��&����g������� 0B��'���> % &��/�	>�L3&��H
��S
� I �"I G I��RN�L�N E3`3`3a N E3a�D0` �YIU
�1C��-$�&��q�B��'�&�����& G &��$�>��
�A��' 4H>�
�;
I ����'���
�'��8��q�8��9������FN�IU����1C����'�f��	� b ��� E3`3`3a >

� ��CF� I7> @ &�&���� >
HL
�db�
���M���b:�H����)6o >��D>��g����f�'�
��$&,N��B1C' ��a>
�"&�)$'P��9H&������ eUb �
B
��	;N
��3&+4�����-����'���fG����).��0B�K���&���'�E�'���f
12-�� �'�1C&�)�'P�6���$)���
�1C12-��$'������
����3��0B���&�1C��> I ���/Z�_ ]+�+Z�1�_ YT��Z�10>
�YX32�^5�0;�YT852���Z�VXYT�+����10����S$Y[_ ]=��_i8p�S]�������f�&�� a3a3`+m5a3a3n � ��C3C0l >

� E3`F� HV> @ &+4$'��A����) G >�IU-�����&���>
�g���& eVb �'���0,4B'����-����a1G���/��'���&7;N
��
��&�����
��8��&+ �O
��dbB��> I ���/Z�_ ]+�+Z�1�_ YT��Z�13>j'���Z+*+]+�S]�Z���]U��Z
�"����S$Y[_ ]=��_i8p��13>7�Y8�^�^5�3�+_ *��3�q�����=.3��102:22Y[Z5.6� 1�Z5.38
1+.K]�;[1�Z:\
^<^$]��d1�_ Y[Z5.<�YX3;/_ ]+24;�}��Z1�Zf�p�3;+]�}~'7�"} � �
�(�:���+�> E3`3`3E >

� Ep��� 6>YI�>��A&���-��P�$>�HJ��
K
�;TN ��������0B'���f=��
K)�&�> I ���j���+�F���d*D_TS$]4w+&�_TS
�U' V��
������� �q!~yi�
�3���4'zv��YX32�^5�0;�YT852g��Z-�j�+YNZ���Y ^�> ]�;[�d*
�����=.3��102:22Y[Z5.6� 1�Z5.01083.K]�;<]T�[^�����# %5 /_���HV����'�����B����	> ��C3C0l >

� E3EF� 6>YI�>��A&���-��P�$�Y�:>��"�,HL&���b:�:����)6o >poe&�'�1C&���>
IU��-���&�) e
% 0$�:&�N ����;R&(��&����
�d$��'���fC
�;L��&�f����+0���
K)�&�> I ���j�d�����)w5%�_TS6�4'�V
�YX32�^Z� �j�+YNZ���Y ^�> ]�;[�d*q�����/.0��132426YNZ5.6�71�Z5.08
1+.�]+;4]?�~^����PQ�w,_��
@ 
���)�
��	�YB����	> E3`3`3E >

� E3aF�:@ >��B���$> G &��:&��$)���9���&D��0B���&�1 -���f�����)�&���> I �������+��]/]/\�YNZ5.3;��/*
�d���P� t ]/10>�v<Y{25]~�YX3;/_ ]+2��YX32�^5�3;/YT8522� ��C3C3� >

� E�D��:@ >��B���$>��A��'���f5��'�1C�$��'���'  06�
C��
������
��T��
�1C����&+*$'  0�>��d���P�
�Z�/*/_i¡�13��]���B�-�� 0
¢ b -�f�-��S E3`3`p� >

� E3nF� � > % 
�;[�&D����) @ >��U'��db�&�)���� > b ��&�f�'�
���'��B;R&���&�����&D����f�
���' ���1">
�U' V£v���1�Z�;,� �j�d�/.5� �71�Z5.R���YX3;,��� E3`$����# � ��C3C3� >

� E3kF� � > % 
�;[�&D����)-B�> N�HV> % ������'��	>
L8&�f�'�
��pN 9�����&�)"1C&�1C
���0
1G������f�&�1C&����>��/Z+*,�3��2U1�_ YT��Z�1�Z:\h'��32A^Y8B_�1�_ YT��Z��:����f�&��
��a3E$�iE�#=ec��`3C+m��+l�k � @ &�9	> ��C3C0l >

� E0l+�4G >poe��f���&����YB�>��H> @ 
��S�&����
	A> b >��U��&��U&���������) b > b 'cb�&��	> b
d����SA�S�&��,�
��3����)��A��-$�
�1G���&�)")$&��&��+�'�
��g
�;L9�-5¤a&��8
�4�&�����-��
4$-����$&�����9�'���' �'�&���> I ��!D]�_?¡P�3�/�61�Z:\U9DYT;�_i�+Yi�,8$_ ]�\U�YX3;�_ ]+2��a]=�+85�+YN_iX
�YX32�^5�0;�YT8522�:����f�&�� a+m��+l ���$��� G '�&�f�
��YI b � @ &�9���-�����0 E3`3`3` >

� E3�F�4G >poe���cb�&������$)h6>��"
�����'���&+S�> b ��'P���O 0B�H&��3;R
��3��&���-�����' 4�&()�����
�����-��+�-���&���>Y�T]/��_i85��][![��_ ]+;�YNZ�')�32�^Z���Z��Yi���$4�
�� > E3`0l5� � E3`3`p� >


