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&ROOHFWLQJ�0HPRU\�$GGUHVV�7UDFHV�IURP�DQ�(ULFVVRQ�&HOO�
3KRQH�DQG�(VWLPDWLQJ�&DFKH�3HUIRUPDQFH�

�
7HFKQLFDO�5HSRUW�&(65�75������

�
$VKZLQL�6LGKD\H��3DXO�6WHLQPHW]��(ULF�5RWHQEHUJ�
&HQWHU�IRU�(PEHGGHG�6\VWHPV�5HVHDUFK��&(65��

'HSDUWPHQW�RI�(OHFWULFDO�DQG�&RPSXWHU�(QJLQHHULQJ�
1RUWK�&DUROLQD�6WDWH�8QLYHUVLW\�

^DDVLGKD\�SPVWHLQP�HULFUR`#HFH�QFVX�HGX�
ZZZ�WLQNHU�QFVX�HGX�HULFUR��ZZZ�FHVU�QFVX�HGX�

�
�

'DYLG�%DUURZ��'RPHQLFR�$USDLD�
(ULFVVRQ��,QF��

�
�

����,QWURGXFWLRQ�
�
7KLV� SURMHFW� LQYROYHV� FKDUDFWHUL]LQJ� FDFKH� SHUIRUPDQFH� RI� D� PRELOH� SKRQH��
6SHFLILFDOO\��ZH�ZLOO� UHFRPPHQG�FDFKH�FRQILJXUDWLRQV�EDVHG�RQ�VLPXODWLRQ�� LGHQWLI\�
SHUIRUPDQFH� ERWWOHQHFNV�� DQG� LVRODWH� EHKDYLRU� XQLTXH� WR� UHDO�WLPH� HPEHGGHG�
V\VWHPV� WKDW� FDQ� EH� H[SORLWHG� IRU� KLJKHU� SHUIRUPDQFH� ZLWK� HIILFLHQW�
LPSOHPHQWDWLRQV�� $� NH\� DVSHFW� RI� WKH� SURMHFW� LV� EXLOGLQJ� WUDFLQJ� LQIUDVWUXFWXUH��
0HPRU\� DGGUHVV� WUDFHV� DUH� FROOHFWHG� XVLQJ� GDWD� DFTXLVLWLRQ� KDUGZDUH�VRIWZDUH�
FRQQHFWHG�WR�D�SKRQH�HPXODWRU�ERDUG��
�
,Q� WKH� ILUVW� \HDU�� VXPPDUL]HG� LQ� WKLV� WHFKQLFDO� UHSRUW��ZH� IRFXVHG�RQ�EXLOGLQJ� WKH�
WUDFLQJ� LQIUDVWUXFWXUH� IRU� WKH� V\VWHP��:H� DOVR� SHUIRUPHG� YDOLGDWLRQ� RI� WKH� WUDFHV�
DQG�H[SHULPHQWHG�ZLWK�WKHP�XVLQJ�D�FDFKH�VLPXODWRU��
�
7KLV�UHSRUW�LV�RUJDQL]HG�DV�IROORZV��
�

q (PXODWRU�ERDUG�
7KH�HPXODWRU�ERDUG�GLVFXVVLRQ�LV�IXUWKHU�GLYLGHG�LQWR�WKUHH�SDUWV��WKH�SURFHVVRU��
ZKLFK�GHVFULEHV�WKH�$50�7'0,�PLFURSURFHVVRU�XVHG�E\�WKH�HPXODWRU�ERDUG��WKH�
PHPRU\� LQWHUIDFH��ZKLFK�HQDEOHV�PRQLWRULQJ�DGGUHVVHV��DQG� WKH�SURFHGXUH� IRU�
VHWWLQJ�XS�WKH�FHOO�SKRQH�IRU�PDNLQJ�FDOOV��

�
q *DWKHULQJ�WUDFHV�XVLQJ�ORJLF�DQDO\]HU�
7KLV�VHFWLRQ�RXWOLQHV�WKH�SURFHGXUH�XVHG�WR�JDWKHU�VPDOO�VDPSOH�WUDFHV�XVLQJ�D�
7HNWURQLFV�7/$�����ORJLF�DQDO\]HU��
�
q *DWKHULQJ�WUDFHV�XVLQJ�3&�GDWD�DFTXLVLWLRQ�
7KLV�VHFWLRQ�LV�GLYLGHG�LQWR�WZR�SDUWV��VRIWZDUH�DQG�KDUGZDUH�IRU�ODUJH�VFDOH�GDWD�
DFTXLVLWLRQ�� 7KH� VRIWZDUH� VHFWLRQ� LQFOXGHV� GHVFULSWLRQV� RI� WZR� VRIWZDUH� WRROV� ±�
/DE9LHZ�DQG�9&���±�WKDW�DUH�XVHG�WR�SURJUDP�WKH�3&�GDWD�DFTXLVLWLRQ�FDUG��7KH�
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KDUGZDUH�VHFWLRQ�GHVFULEHV�WKH�KDUGZDUH�VHWXS�IRU�DFTXLULQJ�WKH�DGGUHVV�WUDFHV�
IURP�WKH�HPXODWRU�ERDUG��

�
q 7UDFH�YDOLGDWLRQ�
3&�GDWD�DFTXLVLWLRQ�LV�SRZHUIXO��EXW�ZH�QHHG�WR�HQVXUH�WKH�WUDFHV�DUH�D�UHOLDEOH�
UHSUHVHQWDWLRQ�RI� WKH�HPXODWRU�ERDUG¶V�PHPRU\� WUDFH��7KLV� VHFWLRQ� WDONV�DERXW�
WKH�ZD\V�LQ�ZKLFK�WKH�WUDFHV�ZHUH�YDOLGDWHG��9DOLGDWLRQ�LQFOXGHV�����FRPSDULVRQ�
ZLWK� NQRZQ�FRUUHFW� ORJLF� DQDO\]HU� VDPSOHV�� ���� YLVXDO� LQVSHFWLRQ�� DQG� ����
FRQILUPDWLRQ�RI�H[SHFWHG�FDFKH�EHKDYLRU��PLVV�UDWH�WUHQGV�YV��VL]H��DVVRFLDWLYLW\��
HWF��� XVLQJ� FDFKH� VLPXODWLRQV�� )LQDOO\�� ZH� GLVFXVV� UHPDLQLQJ� SUREOHPV� ZLWK�
DFFXUDF\�RI�WKH�WUDFHV��

�
q %HQFKPDUN�FUHDWLRQ�DQG�GHVFULSWLRQ�
7KLV� VHFWLRQ� GHVFULEHV� DUELWUDU\� VHTXHQFHV� RI� GLDOLQJ� DQG� RWKHU� SKRQH�
PDQLSXODWLRQ� XVHG� WR� FUHDWH� ³EHQFKPDUNV´�� %HQFKPDUN� FUHDWLRQ� LV� ZRUN�LQ�
SURJUHVV��

�
q &DFKH�VLPXODWLRQ�VHWXS�
7ZR� PHWKRGV� IRU� FDUU\LQJ� RXW� WKH� FDFKH� VLPXODWLRQV� DUH� GHVFULEHG�� 7KH� ILUVW�
DSSURDFK� GXPSV� WUDFHV� WR� ODUJH� GLVN� ILOHV�� DQG� WKHQ� FDFKH� VLPXODWLRQ� LV�
SHUIRUPHG�E\�UHDGLQJ�WUDFHV�IURP�GLVN��7KH�VHFRQG�DSSURDFK�HPEHGV�WKH�FDFKH�
VLPXODWLRQ� FRGH� LQVLGH� WKH� WUDFH� JDWKHULQJ� VRIWZDUH�� FRQVXPLQJ� WUDFHV�RQ�WKH�
IO\��

�
q ([SHULPHQWDO�UHVXOWV�
7KLV� VHFWLRQ� SUHVHQWV� SUHOLPLQDU\� UHVXOWV� WKDW� ZH� REWDLQHG� E\� UXQQLQJ� FDFKH�
VLPXODWLRQV�XVLQJ�WKH�WUDFHV�FROOHFWHG�IURP�WKH�HPXODWRU�ERDUG��
�
�

����(PXODWRU�ERDUG�
�
7KH� HPXODWRU� ERDUG� LV� D� UHDO� FHOO� SKRQH�PRXQWHG� RQ� D�SULQWHG� FLUFXLW� ERDUG��7KLV�
HQDEOHV�YDULRXV�LQWHUQDO�VLJQDOV�WR�EH�SUREHG�IRU�H[HFXWLRQ�WUDFH�JDWKHULQJ��
�
�����3URFHVVRU�
�
7KH�FHOO�SKRQH�XVHV�DQ�$50�7'0,�PLFURSURFHVVRU���7KLV�SURFHVVRU�FDQ�H[HFXWH�WKH�
���ELW� $50� DQG� ���ELW� 7+80%� LQVWUXFWLRQ� VHWV�� � ,QIRUPDWLRQ� RQ� D� JHQHULF�
$50�7'0,� SURFHVVRU� FDQ� EH� IRXQG� E\� JRLQJ� WR�
KWWS���ZZZ�DUP�FRP�VLWHDUFKLWHN�DUPZZZ�QV��KWPO�GRFXPHQWDWLRQ"2SHQ'RFXPH
QW� DQG� VHOHFWLQJ� WKH� $50�7'0,� XQGHU� ³7HFKQLFDO� 5HIHUHQFH� 0DQXDOV´�� � 7KLV�
GRFXPHQW�GHVFULEHV�WKH�LQVWUXFWLRQ�VHW�DUFKLWHFWXUH��
�
)RU�WKH�SXUSRVHV�RI�WKLV�SURMHFW��WKH�PRVW�UHOHYDQW� LQIRUPDWLRQ� LV�WKDW� LQVWUXFWLRQV�
FDQ�EH�HLWKHU����ELWV�RU����ELWV��GHSHQGLQJ�RQ�WKH�PRGH�WKH�SURFHVVRU� LV� LQ���7KH�
SURFHVVRU�FDQ�FKDQJH�EHWZHHQ�PRGHV�DW�DQ\� WLPH��EXW�VSHQGV�WKH�PDMRULW\�RI� LWV�
WLPH� UXQQLQJ� LQ� WKH� ���ELW� 7+80%�PRGH�� � 7KH� SURFHVVRU� GRHV� QRW� KDYH� D� FDFKH�
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�WKLV�SURMHFW� LQYHVWLJDWHV�WKH�SHUIRUPDQFH�LPSOLFDWLRQV�RI�XVLQJ�D�FDFKH���DOWKRXJK�
VRPH�$50�SURFHVVRUV�GR�KDYH�WKHP��
�
�����0HPRU\�LQWHUIDFH�
�
7KH�SULPDU\�FRQFHUQ�RI�WKLV�SURMHFW� LV�WKH�PHPRU\�LQWHUIDFH���7KH�FHOO�SKRQH�XVHV�
DQ���ELW�GDWD�EXV�DQG�D����ELW�DGGUHVV�EXV���5HIHU�WR�WKH�(PXODWRU�%RDUG�6FKHPDWLF�
LQ�$SSHQGL[�&�IRU�WKH�SLQ�QDPHV���7KH�DGGUHVV�XVHV�SLQV���WKURXJK����RQ�MXPSHU�
-�����DQG�SLQV���WKRXJK����RQ�MXPSHU�-������
�
7KHUH�DUH�IRXU�DGGLWLRQDO�SLQV�ZH�DUH�FRQFHUQHG�ZLWK��2XWSXW��5HDG��(QDEOH��SLQ���
RQ�-�������:ULWH�(QDEOH��SLQ���RQ�-�������&KLS�6HOHFW����SLQ���RQ�-�������DQG�&KLS�
6HOHFW��� �SLQ���RQ� -������� �&KLS�6HOHFW� LV� UHTXLUHG� WR�HQDEOH� WKH�PHPRU\�GHYLFH��
DQG�DFWV�OLNH�D�JOREDO�HQDEOH�WR�WKH�GHYLFH���2XWSXW�(QDEOH�LV�UHTXLUHG�WR�HQDEOH�WKH�
RXWSXW�GDWD�EXV�RI� WKH�PHPRU\�GHYLFH��&KLS�6HOHFW�PXVW�DOVR�EH�DFWLYH����)LQDOO\��
:ULWH�(QDEOH�LV�UHTXLUHG�WR�ZULWH�GDWD�WR�WKH�PHPRU\�GHYLFHV��DQG�DJDLQ�&KLS�6HOHFW�
PXVW� DOVR� EH� DFWLYH�� �:ULWHV� XVXDOO\� RFFXU� RQ� WKH� WUDLOLQJ� HGJH� RI� D�:ULWH� (QDEOH�
SXOVH���1RWH�WKDW�2XWSXW�(QDEOH�DQG�:ULWH�(QDEOH�VKRXOG�QHYHU�RFFXU�WRJHWKHU��
�
:H� KDYH� EHHQ� XVLQJ� WKH� IROORZLQJ� VLJQDOV� WR� FDSWXUH� DGGUHVVHV� XVLQJ� WKH� ORJLF�
DQDO\]HU�DQG�3&�'$4�FDUG��UHVSHFWLYHO\��

• /RJLF�DQDO\]HU���7ULJJHU�RQ�&KLS�6HOHFW���DFWLYH�DQG�WKH�ULVLQJ�HGJH�RI�2XWSXW�
(QDEOH� �WKH�GDWD�VKRXOG�VWLOO� EH�YDOLG�XQWLO�D�VKRUW� WLPH�DIWHU�2XWSXW�(QDEOH�
JRHV�LQDFWLYH���

• 3&� '$4� FDUG�� � 7KH� 2XWSXW� (QDEOH� LV� XVHG� DV� D� FORFN� IRU� VDPSOLQJ�� � 7KH�
DGGUHVV�EXV� LV�VDPSOHG�DW�HYHU\�2XWSXW�(QDEOH�HGJH��DV�ZDV�GRQH�ZLWK�WKH�
ORJLF�DQDO\]HU���1HLWKHU�&KLS�6HOHFW�LV�H[DPLQHG��KRZHYHU���:KHQ�WKLV�PHWKRG�
ZDV�XVHG��VHJPHQWV�RI�WKH�WUDFH�PDWFKHG�WKH�VPDOO�WUDFH�JDWKHUHG�IURP�WKH�
ORJLF�DQDO\]HU��

:H� KDYH� VLQFH� OHDUQHG� WKDW� WKHUH� DUH� UHDOO\� WZR�PHPRU\� GHYLFHV�� LQGHSHQGHQWO\�
HQDEOHG�E\�&KLS�6HOHFW���DQG�&KLS�6HOHFW�����2QH�PHPRU\�GHYLFH�LV�65$0�IRU�GDWD�
PHPRU\�DQG�WKH�RWKHU�LV�)ODVK�IRU�LQVWUXFWLRQ�PHPRU\���*LYHQ�WKLV�LQIRUPDWLRQ��ZH�
VXVSHFW�WKDW�WKH�WUDFHV�JDWKHUHG�XVLQJ�WKH�3&�'$4�FDUG�FRQWDLQ�����DOO� LQVWUXFWLRQ�
DGGUHVVHV�DQG� ���� ORDG�DGGUHVVHV�� �:H�FRPH� WR� WKLV�FRQFOXVLRQ�EHFDXVH� WKH�&KLS�
6HOHFWV� DUH� QRW� H[DPLQHG�� VR� ZH� GR� QRW� GLVWLQJXLVK� EHWZHHQ� LQVWUXFWLRQV� �)ODVK��
DQG� GDWD� �65$0��� � $OVR�� ZH� GR� QRW� H[DPLQH� :ULWH� (QDEOH�� PHDQLQJ� ZH� GR� QRW�
LQFOXGH�PHPRU\� VWRUHV�� �2QO\�PHPRU\� ORDGV�DUH� FDSWXUHG�E\�YLUWXH�RI� H[DPLQLQJ�
2XWSXW� (QDEOH�� � 6HFWLRQ� ���� VXPPDUL]HV� IXWXUH� ZRUN� UHJDUGLQJ� VHSDUDWLQJ�
LQVWUXFWLRQ�DQG�GDWD�DGGUHVVHV�DQG�FDSWXULQJ�ERWK�ORDGV�DQG�VWRUHV��
�
�
����*DWKHULQJ�WUDFHV�XVLQJ�ORJLF�DQDO\]HU�
�
:H�XVHG�D�7HNWURQLFV�7/$�����ORJLF�DQDO\]HU���,W�UXQV�:LQGRZV����DQG�LV�YHU\�HDV\�
WR� SURJUDP� DQG� XVH�� � 7KH� RQO\� GUDZEDFN� LV� WKDW� LW� FROOHFWV� D� PD[LPXP� RI� ���
WKRXVDQG� VDPSOHV�� ZKLFK� LV� QRW� HQRXJK� IRU� UHDOLVWLFDOO\� PHDVXULQJ� FDFKH�
SHUIRUPDQFH���7KH�IROORZLQJ�SURFHGXUH�H[SODLQV�KRZ�WR�KRRN�XS�WKH�HPXODWRU�ERDUG�
DQG�FROOHFW�DQ�DGGUHVV�WUDFH�IURP�LW��VHH�ODVW�SDUDJUDSK�LQ�6HFWLRQ�����IRU�FDYHDW�±�
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ZH�VXVSHFW�WKH�PHWKRG�EHORZ�JDWKHUV�RQO\�LQVWUXFWLRQ�DGGUHVVHV�E\�WULJJHULQJ�RQO\�
RQ�&KLS�6HOHFW���DQG�2XWSXW�(QDEOH����'RFXPHQWDWLRQ�IRU�WKH�7/$�����FDQ�EH�IRXQG�
LQ�����(*5&��
�
�����&RQQHFW����9ROWV�WR�WKH�5('�FRQQHFWRU��
�����&RQQHFW������9ROWV�WR�WKH�<(//2:�FRQQHFWRU���7KLV�LV�XVHG�WR�SRZHU�WKH�
������GLVSOD\��&KDQJLQJ�WKH�YROWDJH�XS�RU�GRZQ�VOLJKWO\�ZLOO�DIIHFW�WKH�
������FRQWUDVW��
�����&RQQHFW�*URXQG�WR�WKH�%/$&.�FRQQHFWRU���0DNH�VXUH�WKH�JURXQG�IRU�WKH�
������WZR�SRZHU�VXSSOLHV�DUH�FRQQHFWHG�KHUH��
�����&RQQHFW�WKH�ORJLF�SUREHV�WR�WKH�ERDUG���8VH�$SSHQGL[�&�WR�VHH�ZKLFK�
������SLQV�FRQQHFW�WR�ZKLFK�SUREH���&RQQHFW�WKH�JURXQGV�IURP�WKH�SUREHV�WR�
������SLQ����RQ�-�����DQG�-�������<RX�ZLOO�KDYH�WR�XVH�WKH�FOLSV�WR�FRQQHFW�WKH�
������WZR�JURXQGV�WR�-�������0DNH�VXUH�WKH�ODUJH�FDEOHV�FRQQHFW�WR�$���$���DQG�
������$��RQ�WKH�7/$��������
�����0DNH�VXUH�WKH�FXUUHQW�OLPLWHUV�RQ�WKH�SRZHU�VXSSOLHV�DUH�VHW�WR�DW�OHDVW���
������DPSV��
�����7XUQ�RQ�WKH�����/RJLF�$QDO\]HU�DQG�ZDLW�IRU�WKH�SURJUDP�WR�VWDUW���7KH�
������XVHU�QDPH�DQG�SDVVZRUG�DUH�³WHN´��
�����*R�WR�)LOH�!/RDG�6\VWHP�DQG�VHOHFW�³HULFVVRQ´��
�����7XUQ�RQ�WKH�SRZHU�VXSSOLHV���,I�WKH�FHOO�SKRQH�GLVSOD\�LV�QRW�YLVLEOH��
������GLVFRQQHFW�DQG�UHFRQQHFW�WKH������9ROW�VXSSO\��
�����0D[LPL]H�WKH�ZLQGRZ�WLWOHG�³6HWXS´��
����&OLFN�RQ�WKH�JUHHQ�³UXQ´�EXWWRQ���:KHQ�LW�VWRSV��WKH�WUDFH�ZLOO�KDYH�EHHQ�
������FROOHFWHG��
����6HOHFW�WKH�³/LVWLQJ´�ZLQGRZ���*R�WR�)LOH�!([SRUW�'DWD�WR�VDYH�WKH�WUDFH�DV�
������D�WH[W�ILOH��
����8VLQJ�:LQGRZV��FRS\�WKH�WH[W�ILOH�WR�D�IORSS\��
����&RS\�WKH�ILOH�IURP�WKH�IORSS\�WR�D�6XQ�VWDWLRQ�RU�3&���7KH�ILOH�LV�QRZ�UHDG\�WR�EH�
������XVHG�ZLWK�WKH�FDFKH�VLPXODWRU��
�
6LQFH� WKLV� DQDO\]HU� FDQ� RQO\� FROOHFW� D� YHU\� VKRUW� WUDFH�� ZH� EHJDQ� ORRNLQJ� DW�
DOWHUQDWLYH�PHWKRGV�RI�GDWD�FROOHFWLRQ�DQG�GHFLGHG� WR�XVH� WKH�3&,�',2���+6�'$4�
GHYLFH���1RWH�WKDW��ZKLOH�WKH�ORJLF�DQDO\]HU�LV�QRW�XVHG�IRU�JDWKHULQJ�IXOO�WUDFHV��LW�LV�
LQYDOXDEOH�IRU�YDOLGDWLQJ�ODUJHU�WUDFHV�FDSWXUHG�ZLWK�WKH�PRUH�SRZHUIXO�EXW�GLIILFXOW�
WR�YHULI\�3&�WRROV��UHIHU�WR�6HFWLRQ�������
�
�
����*DWKHULQJ�WUDFHV�XVLQJ�3&�GDWD�DFTXLVLWLRQ�
�
�����6RIWZDUH�
�
�������/DE9LHZ�VRIWZDUH�IRU�JDWKHULQJ�PHPRU\�WUDFHV��
�
:H�GHFLGHG�WR�ILUVW�XVH�/DE9LHZ������D�JUDSKLFDO�SURJUDPPLQJ�WRRO���8VLQJ�/DE9LHZ�
DV�D�VWDUWLQJ�SRLQW�LV�KHOSIXO�EHFDXVH�LW�FRPHV�ZLWK�VLPSOH�H[DPSOH�SURJUDPV��ZKLFK�
ZHUH�XVHG�LPPHGLDWHO\�WR�FRQILUP�WKDW�WKH�FDUG�FRXOG�VDPSOH�YROWDJHV���,Q�IDFW��ZH�
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WHVWHG�WKH�FDUG�E\�W\LQJ�RQH�RU�PRUH�SLQV�WR���9�DQG�FRQILUPHG�WKDW��¶V�ZHUH�UHDG�
E\�WKH�SUH�SDFNDJHG�SURJUDPV��
�
%HORZ��ZH�GRFXPHQW�WKH�VWHSV�WDNHQ�WR�VHWXS�WKH�VRIWZDUH��VR�WKDW�IXWXUH�VWXGHQWV�
PD\�UH�WUDFH�RXU�VWHSV���
�
��� :H� GRZQORDGHG� 1,� '$4� ���� IURP� WKH� 1DWLRQDO� ,QVWUXPHQWV� �1,�� ZHEVLWH� DQG�

LQVWDOOHG�WKH�GULYHU�DQG�WKH�VROXWLRQ�ZL]DUG�RQ�WKH�3&��
���7KH�����ODE�KDV�D�/DE9LHZ�����&'�ZKLFK�ZH�XVHG�WR�LQVWDOO�/DE9LHZ�RQ�WKH�3&���

:H�FKRVH�WKH�(QJOLVK�FRPSRQHQW�RI�/DE9LHZ�9HUVLRQ�����DQG�XVHG�WKH�FKDQQHO�
ZL]DUG�LQVWDOOHU�WR�LQVWDOO�DOO���GLVNV��

���7KH�0HDVXUHPHQW�DQG�$XWRPDWLRQ�([SORUHU�LV�XVHG�WR�FRQILJXUH�WKH�3&�FDUG��
�
)RU� PRUH� LQIRUPDWLRQ� UHJDUGLQJ� GHWDLOV� IRU� FRQILJXULQJ� WKH� 3&� FDUG� XVLQJ�
0HDVXUHPHQW�DQG�$XWRPDWLRQ�([SORUHU��FKDQQHO�ZL]DUG�LQVWDOOHU��DQG�/DE9LHZ�UHIHU�
$SSHQGL[�'��
�
&RQILJXULQJ�WKH�3&�FDUG�XVLQJ�WKH�0HDVXUHPHQW�DQG�$XWRPDWLRQ�([SORUHU��
7KH�0HDVXUHPHQW� DQG�$XWRPDWLRQ�([SORUHU� VHDUFKHV� IRU�QHZ�GHYLFHV� LQVWDOOHG�RQ�
WKH�3&�DQG�KHOSV�FRQILJXUH�WKHP��
�
���*R�WR�6WDUW��!�3URJUDPV��!�1DWLRQDO�,QVWUXPHQWV��!�0HDVXUHPHQW�	��
����$XWRPDWLRQ��
���7KHUH�ZLOO�EH�D�WUHH�VWUXFWXUH�RQ�WKH�OHIW�VLGH�RI�WKH�ZLQGRZ��&OLFN�RQ�WKH�'HYLFHV���
����DQG�,QWHUIDFHV��
���7KH�'$4�ERDUG�3&,�',2���+6�ZLOO�EH�OLVWHG�XQGHU�LW��
���2Q�WKH�ULJKW�KDQG�VLGH�\RX�ZLOO�VHH�WKH�'$4�'HYLFH�%DVLFV��
���&OLFN�RQ�5XQ�WKH�'$4�7HVW�SDQHOV�RSWLRQV��6RPH�LQIRUPDWLRQ�ZLOO�DSSHDU�EHQHDWK���
����LW��
���5LJKW�FOLFN�RQ�WKH�GHYLFH�3&,�',2���+6��&OLFN�RQ�WKH�7HVW�3DQHO�RSWLRQ��&KHFN��
����WKH�HUURU�FRGHV�WR�ILQG�RXW�ZKHWKHU�DQ\�HUURU�KDV�RFFXUUHG��
�
:H�VWRSSHG�XVLQJ�/DE9LHZ�EHFDXVH�&���LV�PRUH�IOH[LEOH�DQG�LW�EHFRPHV�SRVVLEOH�WR�
HPEHG�WKH�FDFKH�VLPXODWRU�LQVLGH�WKH�WUDFH�JDWKHULQJ�FRGH��
�
�
�������&���VRIWZDUH�IRU�JDWKHULQJ�PHPRU\�WUDFHV�
�
1,�'$4�OLEUDULHV�SURYLGH�D�VHW�RI�&�IXQFWLRQV�IRU�LQWHUDFWLQJ�ZLWK�WKH�1,�'$4�FDUG���
7KXV�� ZH� FDQ� ZULWH� DQG� FRPSLOH� D� &�&��� SURJUDP�� OLQNHG� ZLWK� 1,� '$4� OLEUDU\�
URXWLQHV�� WR� FROOHFW� WUDFHV�� � 8VLQJ� &�&��� DOVR� HQDEOHV� HPEHGGLQJ� RWKHU�
IXQFWLRQDOLW\�� VXFK� DV� FDFKH� VLPXODWLRQ� FRGH�� LQ� WKH� VDPH� SURJUDP�� � 1RWH� WKDW�
GLIIHUHQW�VDPSOH�SURJUDPV�DUH�DYDLODEOH�LQ�WKH�1,�'$4�UHIHUHQFH�PDQXDO��ZKLFK�FDQ�
DLG�ZULWLQJ�WKH�VRIWZDUH��
�
7KH�SURJUDPPLQJ�HQYLURQPHQW�DYDLODEOH�RQ�WKH�3&�LV�9LVXDO�&�����7R�JHW�IDPLOLDU�
ZLWK�WKH�9&���SURJUDPPLQJ�HQYLURQPHQW��IROORZ�WKH�VWHSV�RXWOLQHG�EHORZ��
�
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��� &OLFN� RQ� 6WDUW� �!� 3URJUDP� )LOHV� �!� 0LFURVRIW� 9LVXDO� 6WXGLR� ���� �!� 0LFURVRIW�
9LVXDO�&��������

��� 7R� FUHDWH� D� ZRUNVSDFH� JR� WR� )LOH� �!� 1HZ� �!� 3URMHFWV� �!� :LQ� ��� &RQVROH�
$SSOLFDWLRQ��

��� *LYH� D� QDPH� WR� WKH� SURMHFW�� � <RX� ZLOO� EH� DVNHG�� ³:KDW� NLQG� RI� &RQVROH��
$SSOLFDWLRQ�GR�\RX�ZDQW�WR�FUHDWH"´���&KRRVH�WKH�RSWLRQ�µ$Q�HPSW\�SURMHFW¶�DQG�
WKHQ�FOLFN�RQ�)LQLVK��

��� $�GLDORJ�ER[�ZLOO�DSSHDU�RQ�WKH�VFUHHQ���&OLFN�2.��
��� $�ZRUNVSDFH�ZLOO�EH�FUHDWHG�IRU�\RX���5LJKW�FOLFN�RQ�WKH�6RXUFH�)LOHV�IROGHU�DQG�

WKHQ�FOLFN�RQ�µ$GG�ILOHV�WR�IROGHU«¶���7KLV�ZD\��\RX�FDQ�LQVHUW�WKH�VRXUFH�ILOHV�IRU�
WKH�SURMHFW�LQ�WKH�IROGHU��

��� 5LJKW� FOLFN�RQ� WKH�+HDGHU�)LOHV� IROGHU�DQG� WKHQ�FOLFN�RQ� µ$GG� ILOHV� WR� IROGHU«¶���
,QVHUW�WKH�KHDGHU�ILOHV�UHTXLUHG�IRU�\RXU�FRGH��

��� ,I� D�ZRUNVSDFH� KDV� DOUHDG\� EHHQ� FUHDWHG�� WKHQ� JR� WR� )LOH� �!�2SHQ� DQG� WKHQ�
RSHQ�WKH��GVZ�ILOH�RI�WKH�UHTXLUHG�ZRUNVSDFH��

��� *R�WR�3URMHFW��!�6HWWLQJV���&OLFN�RQ�WKH�µ/LQN¶�WDE���$GG�WKH�IROORZLQJ�WZR�SDWKV�
WR�WKH�2EMHFW�/LEUDU\�PRGXOHV�WH[WER[��

• �F��3URJUDP�)LOHV�1DWLRQDO�,QVWUXPHQWV�1,�'$4�/LE�QLGDT���OLE��
• �F��3URJUDP�)LOHV�1DWLRQDO�,QVWUXPHQWV�1,�'$4�/LE�QLGH[���OLE��
• 1RWH�� ,I� \RX� DUH� XVLQJ� DQ\� RWKHU� OLEUDULHV�� WKHQ� WKH\� DOVR� QHHG� WR� EH�

VSHFLILHG��
��� *R�WR�3URMHFW��!�6HWWLQJV���&OLFN�RQ�WKH�µ&�&��¶�WDE���6HOHFW�µ3UHSURFHVVRU¶� LQ�

WKH�&DWHJRU\�GURS�ER[���6SHFLI\�WKH�SDWK�IRU�WKH�DGGLWLRQDO�KHDGHU�ILOHV��LI�DQ\��
LQ�WKH�µ$GGLWLRQDO�,QFOXGH�'LUHFWRULHV¶�WH[WER[��

���� &OLFN�2.�ZKHQ�ILQLVKHG��
���� *R� WR� %XLOG� �!� ([HFXWH� WR� FRPSLOH� DQG� UXQ� WKH� �H[H� ILOH� IRU� WKH� SURMHFW�� � $�

FRQVROH�ZLQGRZ�DSSHDUV�DQG�\RX�FDQ�LQSXW�YDOXHV�LQ�LW��
�
)RU� D� OLVW� RI� PDQXDOV� XVHG� DQG� GHVFULSWLRQV� RI� 1,�'$4� OLEUDU\� URXWLQHV� UHIHU� WR�
$SSHQGL[�'��
�
7KH�IORZFKDUW�LQ�)LJXUH���GHVFULEHV�WKH�RSHUDWLRQ�RI�WKH�WUDFH�FROOHFWLRQ�SURJUDP�DW�
D� KLJK�OHYHO�� KLJKOLJKWLQJ� FDOOV� WR� NH\�1,�'$4� URXWLQHV�� � &DFKH� VLPXODWLRQ� FRGH� LV�
RSWLRQDOO\� HPEHGGHG� ZLWKLQ� WKH� SURJUDP� �PRUH� RQ� WKLV� EHORZ��� � 7KH� IXOO� &���
SURJUDP�LV�LQFOXGHG�LQ�$SSHQGL[�$��
�
%HIRUH�DUULYLQJ�DW� WKH�FRUUHFW�SURJUDP� LQ�)LJXUH����ZH� WULHG�PDQ\�YDULDWLRQV�� �:H�
PDGH� IRXU� NH\� GLVFRYHULHV� LQ� RXU� VHDUFK� IRU� D� ZHOO�EHKDYHG� WUDFH� JDWKHULQJ�
SURJUDP��

��� 7KH�EHVW�RSHUDWLQJ�PRGH� IRU� WKH�1,�'$4�FDUG� LQ�RXU�DSSOLFDWLRQ� LV�H[WHUQDO�
SDWWHUQ� JHQHUDWLRQ� PRGH�� � ³([WHUQDO´� UHIHUV� WR� XVLQJ� DQ� H[WHUQDO� FORFN� WR�
GLUHFW� ZKHQ� WR� VDPSOH�� DQG� WKH� FHOO� SKRQH¶V� 2XWSXW� (QDEOH� LV� XVHG� LQ� WKLV�
FDVH��MXVW�OLNH�ZH�GLG�ZLWK�WKH�ORJLF�DQDO\]HU����7KHUH�DUH�EHWWHU�PRGHV�WKDQ�
SDWWHUQ�JHQHUDWLRQ�PRGH��IRU�H[DPSOH��EXUVW�PRGH�FDQ�DFKLHYH�PXFK�KLJKHU�
WUDQVIHU� UDWHV�� �+RZHYHU�� EXUVW�PRGH� UHTXLUHV� IORZ�FRQWURO� EHWZHHQ� WKH�3&�
DQG� WKH�HPXODWRU�ERDUG�� � 7KH�HPXODWRU�ERDUG�GRHV�QRW�KDYH�SURYLVLRQV� IRU�
VWDOOLQJ�LW�YLD�3&�FRQWURO���3DWWHUQ�JHQHUDWLRQ�PRGH�GRHV�QRW�XVH�IORZ�FRQWURO�
DQG�LV�WKHUHIRUH�RXU�EHVW�FKRLFH��
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��� 3DWWHUQ�JHQHUDWLRQ�PRGH�ZRUNV�EHVW�LQ�FRQMXQFWLRQ�ZLWK�WKH�³DV\QFKURQRXV´�
IXQFWLRQ� FDOO� ',*B%ORFNB,Q� �RWKHU� PRGHV� SUHIHU� GLIIHUHQW� LQSXW� IXQFWLRQV����
',*B%ORFNB,Q�LQLWLDWHV�ILOOLQJ�D�EXIIHU�ZLWK�DGGUHVVHV�VDPSOHG�E\�WKH�1,�'$4�
FDUG�� � 7KH�QH[W� LWHP�EHORZ�KDV�PRUH� LQIRUPDWLRQ�DERXW� WKH� LPSOLFDWLRQV�RI�
³DV\QFKURQRXV´�IXQFWLRQV�VXFK�DV�',*B%ORFNB,Q��

��� 7KHUH� LV�D�UHTXLUHG�³SROOLQJ� ORRS´�WKDW�FRQWLQXRXVO\�FKHFNV�WKH�VWDWXV�RI�WKH�
EXIIHU� XQWLO� LW� LV� GHWHUPLQHG� WKDW� WKH� EXIIHU� LV� IXOO� RI� VDPSOHV�� � 7KH� SROOLQJ�
ORRS�LV�VKRZQ�DV�D�WHVW�EORFN�LQ�WKH�VHFRQG�SDJH�RI�WKH�IORZFKDUW���7KH�SROOLQJ�
ORRS� DQG� DV\QFKURQRXV� IXQFWLRQ� ',*B%ORFNB,Q� DUH� UHODWHG�� � $Q�
³DV\QFKURQRXV´� IXQFWLRQ� LV� RQH�� ZKLFK� LQLWLDWHV� VRPHWKLQJ� RQ� WKH� 1,�'$4�
FDUG�EXW�LPPHGLDWHO\�UHWXUQV�FRQWURO�EDFN�WR�WKH�FDOOLQJ�SURJUDP���7KHUHIRUH��
WKH� SROOLQJ� ORRS� LV� QHHGHG� WR� VWDOO� WKH� SURJUDP� XQWLO� WKH� 1,�'$4� FDUG� LV�
DFWXDOO\� ILQLVKHG�ZLWK� WKH� UHTXHVWHG�RSHUDWLRQ�� LQ� WKLV� FDVH� ILOOLQJ� WKH�EXIIHU�
ZLWK�DGGUHVV�VDPSOHV��

��� 7KH�9LVXDO�&���SURJUDPPLQJ�HQYLURQPHQW��OLNH�PDQ\�FRPSLOHUV��UHVWULFWV�WKH�
VL]H�RI�EXIIHUV� WKDW� FDQ�EH�DOORFDWHG�ERWK�VWDWLFDOO\�DQG�G\QDPLFDOO\�� �7KXV��
HYHQ�WKRXJK�9&���VRIWZDUH�DOORZV�ODUJHU�EXIIHUV�WKDQ�WKH�ORJLF�DQDO\]HU��ZH�
DUH�VWLOO�VRPHZKDW�FRQVWUDLQHG�����PLOOLRQ�DGGUHVVHV��IRU�H[DPSOH����6R��ZH�
XVHG�D� ODUJH�EXW�UHVWULFWHG�EXIIHU�� �7KHQ��WR�JHQHUDWH�D�����PLOOLRQ�DGGUHVV�
WUDFH��ZH�XVH�DQ�RXWHU�ORRS�WKDW�UHSHDWV�WKH�SURFHVV�PDQ\�WLPHV���7KLV�RXWHU�
ORRS� LV�VKRZQ�ZLWK�D�GDVKHG�DUURZ� LQ�WKH�IORZFKDUW�RI�)LJXUH�����$�SUREOHP�
ZLWK�WKLV�DSSURDFK�LV�WKHUH�PD\�EH�ODUJH�JDSV�LQ�WKH�DGGUHVV�WUDFH�EHWZHHQ�
LWHUDWLRQV�� EHFDXVH� WKH� &��� SURJUDP� GRHV� QRW� SURYLGH� DQ\� UHDO�WLPH�
JXDUDQWHHV�� � :KLOH� HQGLQJ� WKH� SUHYLRXV� LWHUDWLRQ� DQG� EHJLQQLQJ� D� QHZ�
LWHUDWLRQ��WKH�FHOO�SKRQH�FRQWLQXHV�WR�RSHUDWH�DQG�ZH�GRQ¶W�NQRZ�KRZ�PDQ\�
VDPSOHV�HVFDSH�WKH�&���SURJUDP�GXULQJ�WKLV�WUDQVLWLRQ�SHULRG���7KH�SUREOHP�
LV�H[DFHUEDWHG�ZKHQ�ZH�LQVHUW�FDFKH�VLPXODWLRQ�FRGH�EHWZHHQ�LWHUDWLRQV��

�
&DOOV�WR�WKH�FDFKH�PD\�RSWLRQDOO\�EH�HPEHGGHG�LQ�WKH�WUDFH�JDWKHULQJ�SURJUDP���
)XUWKHUPRUH��WKHUH�DUH�WZR�PHWKRGV�IRU�HPEHGGLQJ�FDOOV�WR�WKH�FDFKH���7KH�ILUVW�
PHWKRG�LV�WR�JDWKHU�D�EXIIHU�ZRUWK�RI�DGGUHVVHV��WKHQ�JR�WKURXJK�WKH�EXIIHU�
VHTXHQWLDOO\�LQ�D�VXEVHTXHQW�ORRS�WR�SDVV�WKH�DGGUHVVHV�WR�WKH�FDFKH�VLPXODWRU���
7KLV�LV�VKRZQ�LQ�WKH�IORZFKDUW�ZLWK�D�ER[�ODEHOHG�³7KH�DGGUHVVHV�DUH�UHDG�IURP�WKH�
EXIIHU�DQG�LQSXW�WR�WKH�FDFKH�VLPXODWRU�´��1RWH��WKLV�LQVHUWV�PRUH�GHOD\�EHWZHHQ�
WUDFH�JDWKHULQJ�LWHUDWLRQV�DQG�H[DFHUEDWHV�WKH�SUREOHP�KLJKOLJKWHG�LQ�SRLQW����
DERYH��
�
$�VHFRQG�DSSURDFK�LQWHUOHDYHV�FDFKH�VLPXODWLRQ�ZLWK�WKH�SROOLQJ�ORRS��VKRZQ�LQ�WKH�
IORZFKDUW�ZLWK�D�FXUY\�DUURZ����,QVWHDG�RI�ZDLWLQJ�IRU�WKH�HQWLUH�EXIIHU�WR�EH�IXOO�
EHIRUH�VHQGLQJ�DGGUHVVHV�WR�WKH�FDFKH��ZH�FDQ�VHQG�ZKDWHYHU�DGGUHVVHV�KDYH�EHHQ�
VDPSOHG�WR�WKH�FDFKH���(PEHGGLQJ�FDFKH�VLPXODWLRQ�FRGH�ZLWKLQ�WKH�SROOLQJ�ORRS�
UHGXFHV�EHWZHHQ�LWHUDWLRQ�RYHUKHDG��SRWHQWLDOO\�UHGXFLQJ�WKH�VL]H�RI�JDSV�LQ�WKH�
DGGUHVV�WUDFH���:H�KDYH�QRW�\HW�LPSOHPHQWHG�WKLV�DSSURDFK�EXW�FRQMHFWXUH�WKDW�LW�LV�
IHDVLEOH���,Q�SDUDOOHO��ZH�DUH�DOVR�LQYHVWLJDWLQJ�RSWLPL]LQJ�WKH�FDFKH�VLPXODWLRQ�FRGH�
WR�PDNH�LW�PRUH�HIILFLHQW�DQG�UHGXFH�LWV�SHUIRUPDQFH�RYHUKHDG���

                                                 
1 In the late 80s and early 90s, Mark Hill at the University of Wisconsin – Madison developed an efficient method 
for simulating many caches simultaneously, termed the dinero cache simulator; we may leverage that work. 
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�
)LJXUH�����)ORZFKDUW�RI�WKH�DGGUHVV�WUDFH�FROOHFWLRQ�SURJUDP��ZLWK�FDFKH�
VLPXODWRU�HPEHGGHG��RSWLRQDO���
�

$OLJQB'0$B%XIIHU��LV�XVHG�WR�DOLJQ�WKH�GDWD�LQ�D�'0$�
EXIIHU�WR�DYRLG�FURVVLQJ�D�SK\VLFDO�SDJH�ERXQGDU\���
7KH�',*B%ORFNB,Q�IXQFWLRQ�LV�XVHG�WR�VWDUW�WKH�SDWWHUQ�
JHQHUDWLRQ�LQSXW��,W�WDNHV�LQ�WKH�DGGUHVVHV�DQG�VWRUHV�
WKHP�LQ�D�EXIIHU��7KH�VL]H�RI�WKH�EXIIHU�FDQ�EH�VSHFLILHG�
LQ�WKH�EHJLQQLQJ�RI�WKH�SURJUDP�GHSHQGLQJ�RQ�WKH�
OHQJWK�RI�WKH�DGGUHVV�WUDFH�WKDW�LV�WR�EH�FROOHFWHG��
�

7KH�YDULDEOHV�LQ�WKH�SURJUDP�DUH�
GHFODUHG��$�FDFKH�LV�FRQILJXUHG�EDVHG�RQ�
WKH�XVHU�LQSXW��

',*B*USB&RQILJ�IXQFWLRQ�LV�XVHG�WR�
FRQILJXUH�WKH�SRUWV�RQ�WKH�3&�ERDUG�LQWR�
JURXSV��1,'$4(UURU+DQGOHU�LV�XVHG�WR�
IODVK�PHVVDJHV�WR�WKH�XVHU�LQ�FDVH�RI�
HUURUV�

7KH�SDWWHUQ�JHQHUDWLRQ�PRGH�LV�EHLQJ�XVHG�WR�
JDWKHU�WKH�DGGUHVV�WUDFHV��',*B%ORFNB3*B&RQILJ�
IXQFWLRQ�LV�XVHG�WR�VHWXS�WKH�3&�ERDUG�LQ�WKH�
H[WHUQDO�SDWWHUQ�JHQHUDWLRQ�PRGH��LQ�ZKLFK�LW�
JHWV�WULJJHUHG�E\�DQ�H[WHUQDO�FORFN�LQSXW��%RWK��
WKH�JURXSV�QHHG�WR�EH�VHWXS�LQGLYLGXDOO\��

&RQWLQXHG�RQ�WKH�QH[W�SDJH�)URP�QH[W�SDJH�
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�

&RQWLQXHG�IURP�WKH�SUHYLRXV�SDJH�

7KLV�JRHV�WR�GDVKHG�
OLQH�RQ�WKH�SUHYLRXV�
SDJH�

<HV

+DYH�DOO�WKH�DGGUHVV�
VDPSOHV�EHHQ�ORDGHG�
LQWR�WKH�EXIIHU"�

'LJB%ORFNB&OHDU�LV�XVHG�WR�KDOW�
DQ\�RQJRLQJ�DV\QFKURQRXV�
WUDQVIHU��DOORZLQJ�DQRWKHU�
WUDQVIHU�WR�EHJLQ��

7KH�DGGUHVVHV�DUH�UHDG�IURP�WKH�
EXIIHU�DQG�LQSXW�WR�WKH�FDFKH�
VLPXODWRU��

1R

7KH�JURXSV�DUH�XQFRQILJXUHG�DW�WKH�
HQG�RI�WKH�SURJUDP�XVLQJ�WKH�
'LJB*USB&RQILJ�IXQFWLRQ��

&DFKH�VLPXODWRU�
FDQ�EH�HPEHGGHG�
DW�WKLV�SRLQW�WR�
LQWHUOHDYH�WKH�
GDWD�DFTXLVLWLRQ��
DQG�FDFKH�
VLPXODWLRQ
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�����+DUGZDUH�V\VWHP�GHVLJQ�
�
7KH�ILUVW�WDVN�LV�SK\VLFDOO\�LQVWDOOLQJ�WKH�3&�FDUG�LQ�WKH�FRPSXWHU���7KH�3&�FRYHU�LV�
UHPRYHG� YLD� D� SXVK�EXWWRQ� ORFDWHG�RQ� WKH� OHIW�KDQG� VLGH�RI� WKH� IURQW�SDQHO�� QHDU�
WKH� ERWWRP�� � 3XVKLQJ� WKLV� EXWWRQ� SRSV� RSHQ� WKH� FRYHU�� � 7KHUH� LV� DQ� HOHFWURQLF�
PDQXDO�RQ�WKH�3&�KDUG�GULYH�WKDW�JLYHV�GLUHFWLRQV�IRU�LQVWDOOLQJ�3&,�FDUGV��
)RU�WKH�PDQXDOV�UHIHU�WR�$SSHQGL[�'��
�
$IWHU�SK\VLFDOO\�LQVWDOOLQJ�WKH�3&�FDUG��ZH�LQVWDOOHG�WKH�QHFHVVDU\�VRIWZDUH��GULYHUV��
WR� PDNH� LW� IXQFWLRQDO�� � 'RZQORDG� µ1LGDT���H[H¶� IURP� WKH� 1DWLRQDO� ,QVWUXPHQWV�
ZHEVLWH��UXQ�WKH��H[H�ILOH��DQG�IROORZ�WKH�LQVWUXFWLRQV�JLYHQ�E\�WKH�LQVWDOOHU��
�
)LJXUH� �� VKRZV� D� EORFN� GLDJUDP� RI� WKH� WUDFH� FROOHFWLRQ� KDUGZDUH�� � ,W� FRQVLVWV� RI�
WKUHH�PDMRU�SDUWV���

��� 7KH�3&�VLGH��ZKLFK�LQFOXGHV�WKH�1,�'$4�FDUG�DQG�WKH����WR����SLQ�DGDSWHU��
��� $� FXVWRP�GHVLJQHG� LQWHUIDFH� ERDUG� IRU� LQWHUIDFLQJ� WKH� 3&� WR� WKH� HPXODWRU�

ERDUG��
��� $�GHVFULSWLRQ�RI�VLJQDOV�FRPLQJ�IURP�WKH�PHPRU\� LQWHUIDFH�RQ�WKH�HPXODWRU�

ERDUG�DQG�KRZ�WKH\�FRQQHFW�WR�WKH�FXVWRP�LQWHUIDFH�ERDUG��
�
7KH�IROORZLQJ�WDEOH�GHILQHV�WKH�VLJQDOV�LQ�WKH�EORFN�GLDJUDP�RI�)LJXUH����
6LJQDO�QDPH�
RQ�HPXODWRU�
ERDUG�

6LJQDO�QDPH�
RQ�LQWHUIDFH�
ERDUG�

6LJQDO�QDPH�
RQ�3&�FDUG�

6LJQDO�
W\SH�

'HVFULSWLRQ�

EMU_A0 – 
EMU_A7 
(bits 0 to 7 of 
address)�

3$��±�3$�� ',2$�����!� 'DWD� 3RUW�$�EL�GLUHFWLRQDO�GDWD�
OLQHV���3RUW�$�LV�SRUW�QXPEHU�
����',2$��LV�WKH�06%��
',2$��LV�WKH�/6%��

EMU_A8 – 
EMU_A15 
(bits 8 to 15 of 
address)�

3%��±�3%�� ',2%�����!� 'DWD� 3RUW�%�EL�GLUHFWLRQDO�GDWD�
OLQHV���3RUW�%�LV�SRUW�QXPEHU�
����',2%��LV�WKH�06%��
',2%��LV�WKH�/6%��

EMU_A16 – 
EMU_A20 
(bits 16 to 20 of 
address) 

3&��±�3&�� ',2&�����!� 'DWD� 3RUW�&�EL�GLUHFWLRQDO�GDWD�
OLQHV���3RUW�&�LV�SRUW�QXPEHU�
����',2&��LV�WKH�06%��
',2&��LV�WKH�/6%����1RWH��
ZH�XVH�RQO\���OLQHV�RI�3RUW�
&��VR�RQO\�WKRVH�DUH�
VKRZQ���

EMU_OE1_B 
(Output Enable)�

5(4���5(4�� 5(4�����!� &RQWURO� *URXS���DQG�JURXS���
UHTXHVW�OLQHV��D�JURXS�LV�
FRQILJXUHG�WR�FRQVLVW�RI�XS�
WR����ELWV��H�J���WZR���ELW�
SRUWV����,Q�SDWWHUQ�JHQ��
PRGH��5(4�OLQHV�VWUREH�GDWD�
LQWR�RU�RXW�RI�WKH�3&�FDUG��

�
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)LJXUH�����2YHUDOO�EORFN�GLDJUDP�RI�WUDFH�FROOHFWLRQ�KDUGZDUH��
�
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PC0 – PC4 / EMU_A16 
– EMU_A20 

REQ1 / 
EMU_OE1_B 

REQ2 / 
EMU_
OE1_B 

PA0 – PA7 
/  EMU_A0 – 
EMU_A7 

PB0 – PB7 / EMU_ A8 – 
EMU_A15  

Emulator 
Board 

PC 

68-50 
pin 
adapter 

1 

20 

31 

50 

Interface Board 
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�������3&�VLGH�
�
7KH�3&�KDV�D�1DWLRQDO�,QVWUXPHQWV��1,��GDWD�DFTXLVLWLRQ��'$4��FDUG� LQVWDOOHG� LQ� LW�
�KHQFH� WKH� WHUP�1,�'$4� FDUG��� � 7KH� VSHFLILF� QDPH�RI� WKH� FDUG� LV� 3&,�',2���+6��
DQG� LW� EHORQJV� WR� D� FODVV� RI� FDUGV� FRPPRQO\� FDOOHG� ����� GHYLFHV�� � 7KH� 3&,�',2�
��+6�KDV�D����SLQ�,�2�FRQQHFWRU���7KLV�FDQ¶W�EH�FRQQHFWHG�GLUHFWO\�WR�D�IODW�ULEERQ�
FDEOH��)5&��RU�FRPPRQO\�XVHG�)5&�FRQQHFWRUV���$Q�RSWLRQDO����WR����SLQ�DGDSWHU�
FDQ� EH� XVHG� WR� RYHUFRPH� WKLV� SUREOHP�� � :H� SXUFKDVHG� WKLV� DGDSWHU� EHFDXVH� LW�
HQDEOHV� XV� WR� EHWWHU� LQWHUIDFH� ZLWK� WKH� RWKHU� FLUFXLWU\�� � 7KH� IHPDOH� VLGH� RI� WKH�
DGDSWHU�KDV����SLQV�DQG�FRQQHFWV�GLUHFWO\�WR�WKH�3&,�',2���+6��DQG�WKH�PDOH�VLGH�
SURYLGHV����SLQV�DW�WKH�RXWSXW���7KLV�LV�FRQQHFWHG�WR�D�)5&���7KH����SLQ�VLGH�KDV�QR�
��9��&38//��RU�'38//�SLQV�DQG�KDV� IHZHU�JURXQG�SLQV�WKDQ�WKH����SLQ�VLGH�� �%XW�
RYHUDOO��ZH�GR�QRW�ORVH�DQ\�LPSRUWDQW�VLJQDOV�LQ�WKH�FRQYHUVLRQ�IURP����WR����SLQV��
�
)LJXUH� �� VKRZV� WKH� SLQ� DVVLJQPHQWV� RI� WKH� 3&,�',2���+6� ���SLQ� ,�2� FRQQHFWRU���
)LJXUH���VKRZV�WKH�SLQ�DVVLJQPHQWV�RI�WKH����WR����SLQ�DGDSWHU��
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)LJXUH�����3LQ�DVVLJQPHQWV�RI�WKH�3&,�',2���+6����SLQ�,�2�FRQQHFWRU��
�
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)LJXUH�����3LQ�DVVLJQPHQWV�RI�WKH����WR����SLQ�DGDSWHU��
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�������&XVWRP�GHVLJQHG�LQWHUIDFH�ERDUG�
�
,Q�RUGHU�WR�FRQQHFW�WKH�DGGUHVV�OLQHV�RQ�WKH�HPXODWRU�ERDUG�WR�WKH�FRPSXWHU¶V����
WR����SLQ�DGDSWHU��ZH�EXLOW�DQ� LQWHUIDFH�ERDUG�ZKLFK�KDV�WKH����WR����SLQ�DGDSWHU�
FRQQHFWHG� WR� RQH� VLGH� DQG� WKH� DGGUHVV� OLQHV� WKDW� FRPH� IURP� WKH� HPXODWRU� ERDUG�
OLQHG�XS�RQ�WKH�RWKHU�VLGH���)LJXUH���VKRZV�WKH�LQWHUFRQQHFW�OD\RXW�RI�WKH�FXVWRP�
GHVLJQHG�LQWHUIDFH�ERDUG��
�
,Q�RUGHU�WR�FRQQHFW�WKH����WR����SLQ�DGDSWHU�WR�WKH�LQWHUIDFH�ERDUG��ZH�GHVLJQHG�D�
VLPSOH� FDEOH�� � :H� XVHG� D� FRQYHQWLRQDO� IODW� ULEERQ� FDEOH� DQG� FULPSHG� D� ���SLQ�
KHDGHU�RQ�RQH�HQG�DQG�WZR����SLQ�KHDGHUV�RQ�WKH�RWKHU�HQG���7KH����SLQ�KHDGHU�
FRQQHFWV� GLUHFWO\� WR� WKH� ���WR����SLQ� DGDSWHU�� � 7KH� WZR� ���SLQ� KHDGHUV� FRQQHFW�
GLUHFWO\�WR�WKH�OHIW�KDQG�VLGH�RI�WKH�LQWHUIDFH�ERDUG�DV�VKRZQ�LQ�)LJXUH����
�
)LQDOO\�� HLWKHU� D� IODW� ULEERQ� FDEOH� RU� LQGLYLGXDO� ZLUHV� FRQQHFW� VLJQDOV� IURP� WKH�
HPXODWRU�ERDUG�GLUHFWO\� WR� WKH� ULJKW�KDQG� VLGH�RI� WKH� LQWHUIDFH�ERDUG�DV�VKRZQ� LQ�
)LJXUH����
�
1RWH��3LQ����LV�VKRZQ�VHSDUDWHO\�DV�LW�LV�QRW�D�SDUW�RI�WKH�KHDGHU�SLQV���,W�KDV�EHHQ�
FRQQHFWHG�VHSDUDWHO\�WR�WKH�HPXODWRU�ERDUG��
�
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)LJXUH�����,QWHUFRQQHFW�OD\RXW�RI�WKH�FXVWRP�GHVLJQHG�LQWHUIDFH�ERDUG��
�
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�������(PXODWRU�ERDUG�PHPRU\�LQWHUIDFH�
�
7KH�WKLUG�FRPSRQHQW�RI� WKH�WUDFH�JDWKHULQJ�KDUGZDUH� LV�WKH�HPXODWRU�ERDUG� LWVHOI��
PRUH�VSHFLILFDOO\��LWV�PHPRU\�LQWHUIDFH���0HPRU\�LQWHUIDFH�VLJQDOV�DQG�KRZ�WKH\�DUH�
XVHG�ZHUH�GHVFULEHG�WR�VRPH�H[WHQW�LQ�6HFWLRQ������³0HPRU\�,QWHUIDFH´����+RZHYHU��
KHUH� ZH� GHVFULEH� ���� FRQQHFWLQJ� WKH� 2XWSXW� (QDEOH� WR� 5(4� VWUREHV� IRU� VDPSOLQJ�
DGGUHVVHV�� ���� FRQQHFWLQJ� DGGUHVV� OLQHV� WR� WKUHH� ��ELW� KDUGZDUH� SRUWV� RI� WKH� 1,�
'$4�FDUG��DQG�����JURXSLQJ�KDUGZDUH�SRUWV�LQWR�³JURXSV´�YLD�VRIWZDUH�URXWLQHV��
�
7KH�1,�'$4� FDUG� LV�XVHG� LQ�SDWWHUQ�JHQHUDWLRQ�PRGH�� � ,Q� WKLV�PRGH�� VDPSOLQJ� LV�
WLPHG�E\� UHTXHVW� SXOVHV� FDUULHG�RQ� WKH�5(4�SLQ�� � 7KH�1,�'$4�FDUG� FDQ�JHQHUDWH�
UHTXHVW� SXOVHV� LQWHUQDOO\� RU� ZH�PD\� LQVWHDG� SURYLGH� H[WHUQDO� SXOVHV�� �:H� GR� WKH�
ODWWHU�VLQFH� WKH�HPXODWRU�ERDUG� LQGLFDWHV�ZKHQ�DQ�DGGUHVV� LV�RQ� WKH�DGGUHVV� OLQHV�
YLD�WKH�2XWSXW�(QDEOH�FRQWURO�VLJQDO���7R�EH�FRPSOHWH��ZH�VKRXOG�DOVR�PRQLWRU�WKH�
:ULWH�(QDEOH�FRQWURO�VLJQDO��RWKHUZLVH�ZH�RQO\�FDSWXUH�ORDG�DGGUHVVHV�DQG�QRW�VWRUH�
DGGUHVVHV��VHH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�WKLV�DQG�RWKHU�LVVXHV��
�
:KHQ� GHDOLQJ�ZLWK� WKH�1,�'$4� FDUG�� VLJQDOV� DUH�PDQDJHG�ERWK� DW� WKH� KDUGZDUH�
OHYHO� DQG� VRIWZDUH�OHYHO�� � $W� WKH� KDUGZDUH�OHYHO�� VLJQDOV� DUH� PDQDJHG� LQ� ��ELW�
TXDQWLWLHV� FDOOHG� ³SRUWV´�� � 7KH� 3&,�',2���+6� �DV� WKH� QDPH� VXJJHVWV�� KDV� D�
EDQGZLGWK� RI� ��� ELWV�� � 7KH� ��� ELWV� DUH� GLYLGHG� LQWR� �� ��ELW� SRUWV� FDOOHG� 3RUW� $�
�QXPHULFDOO\��SRUW�����3RUW�%��QXPHULFDOO\��SRUW�����3RUW�&��QXPHULFDOO\��SRUW�����DQG�
3RUW� '� �QXPHULFDOO\�� SRUW� ���� � 5HFDOO�� WKH� WDEOH� DW� WKH� EHJLQQLQJ� RI� 6HFWLRQ� ����
GHVFULEHG�KRZ�ZH�XVH�3RUW�$��3RUW�%��DQG�SDUW�RI�3RUW�&���:H�QHHG�WR�PRQLWRU����
DGGUHVV� ELWV�� � 7KH� ILUVW����DGGUHVV�ELWV�JR� WR�3RUWV�$�DQG�%�DQG� WKH� UHPDLQLQJ���
DGGUHVV�ELWV�JR�WR�3RUW�&��
�
$W� WKH�VRIWZDUH�OHYHO��VLJQDOV�DUH�PDQDJHG� LQ�³JURXSV´�� �$�JURXS� LV�FRQILJXUHG�E\�
VRIWZDUH�URXWLQHV���:H�FDQ�FRQILJXUH�D�JURXS�WR�FRQWDLQ�RQH�RU�WZR���ELW�KDUGZDUH�
SRUWV���)RU�H[DPSOH��ZH�FRQILJXUHG�*URXS���WR�FRQWDLQ�3RUWV�$�DQG�%�����ELWV�WRWDO��
DQG�*URXS���WR�FRQWDLQ�3RUW�&����ELWV�WRWDO����7KLV�DOORZV�XV�WR�VDPSOH�XS�WR����ELWV�
�FXUUHQWO\�ZH�RQO\�QHHG����ELWV��EXW�LQ�WKH�IXWXUH�ZH�PD\�DOVR�ZDQW�WR�VDPSOH�WKH�
FHOO�SKRQH¶V�GDWD�EXV��RU�DW�OHDVW�WKH���FKLS�VHOHFWV���
�
*URXSV�DUH�PHQWLRQHG�EHFDXVH�WKH\�DUH�UHOHYDQW� IRU�XQGHUVWDQGLQJ�WKH�5(4��DQG�
5(4��VWUREH�VLJQDOV�� �5(4�� LV� WKH�VWUREH� IRU�*URXS���DQG�5(4�� LV� WKH�VWUREH� IRU�
*URXS�����:H�FRQQHFWHG�WKH�2XWSXW�(QDEOH�WR�ERWK�5(4��DQG�5(4���VLQFH�LQ�UHDOLW\�
ZH�RQO\�ZDQW�RQH�VWUREH�IRU�DOO�WKH�DGGUHVV�ELWV��
�
&RQIXVHG�\HW"��7KH�SURJUDP�LQ�$SSHQGL[�$�JHWV�HYHU\WKLQJ�ULJKW��
�
�
����7UDFH�YDOLGDWLRQ�
�
�����([DPLQLQJ�WUDFHV�YLVXDOO\�DQG�FRPSDULVRQV�ZLWK�WKH�ORJLF�DQDO\]HU�
�
,Q�WKLV�VHFWLRQ��ZH�GHVFULEH�D�VLPSOH�LQLWLDO�PHWKRG�IRU�HQVXULQJ�WUDFHV�FROOHFWHG�E\�
WKH�3&�FDUG�DUH�UHOLDEOH���7UDFHV�DUH�VXVSHFW�IRU�VHYHUDO�UHDVRQV���)LUVW��LW�WRRN�
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DZKLOH�WR�FRPH�XS�ZLWK�D�JRRG�SURJUDP�GXH�WR�WKH�FRPSOH[LW\�RI�XQGHUVWDQGLQJ�
KRZ�WR�SURJUDP�DQG�XVH�WKH�1,�'$4�FDUG���7KH�ORJLF�DQDO\]HU�WUDFH�JDYH�XV�DQ�LGHD�
RI�ZKDW�YDOLG�RXWSXW�VKRXOG�ORRN�OLNH���:LWKRXW�WKLV��ZH�ZRXOG�KDYH�EHHQ�ZRUNLQJ�LQ�
WKH�GDUN���:H�FRPSDUHG�WKH�ILUVW���.�VDPSOHV�DJDLQVW�WKH�VDPSOHV�REWDLQHG�E\�WKH�
ORJLF�DQDO\]HU���(YHQWXDOO\��ZH�ZHUH�DEOH�WR�PDWFK�FORVHO\�DQG�REVHUYHG�UHSHDWLQJ�
VHTXHQFHV�RI�LQFUHPHQWLQJ�DGGUHVVHV�±�WKHVH�DUH�FRPPRQ�PHPRU\�DFFHVV�SDWWHUQV�
�LQFUHPHQWLQJ�WKH�SURJUDP�FRXQWHU�RU�VFDQQLQJ�WKURXJK�DQ�DUUD\��UHGLUHFWLQJ�
FRQWURO�IORZ�GXH�WR�EUDQFKHV��ORRSV��HWF����
�
7KH�VHFRQG�UHDVRQ�WKH�WUDFHV�DUH�VXVSHFW�LV�WKDW�RXU�WUDFH�JDWKHULQJ�KDUGZDUH�DQG�
VRIWZDUH�V\VWHP�GRHV�QRW�SURYLGH�KDUG�UHDO�WLPH�JXDUDQWHHV��XQOLNH�WKH�ORJLF�
DQDO\]HU���7KH�1,�'$4�FDUG�LV�UHDO�WLPH�WR�VRPH�H[WHQW�EXW�WKH�3&�DQG�LWV�VRIWZDUH��
EHLQJ�D�JHQHUDO�SXUSRVH�V\VWHP��SURYLGHV�QR�VXFK�JXDUDQWHHV��IRU�H[DPSOH��WKH�
3&,�EXV�PD\�EH�GLVUXSWHG�E\�RWKHU�XQUHODWHG�SURFHVVHV�LQ�WKH�V\VWHP����:H�KDYH�
QRWLFHG�VPDOO�JOLWFKHV�LQ�WKH�WUDFH��IRU�H[DPSOH��WZR�DGMDFHQW�DGGUHVVHV�EHLQJ�WKH�
VDPH���5HPDLQLQJ�SUREOHPV�ZLWK�WUDFHV�DUH�GHVFULEHG�LQ�6HFWLRQ������
�
7KH�WKLUG�UHDVRQ�WUDFHV�DUH�VXVSHFW�ZDV�DOUHDG\�GHVFULEHG�LQ�6HFWLRQ���������:H�
SRLQWHG�RXW�KRZ�OLPLWHG�EXIIHULQJ�LQ�WKH�&���SURJUDP��DQG�WKH�UHVXOWLQJ�QHHG�WR�
LWHUDWH��PD\�LQWURGXFH�ODUJH�JDSV�LQ�WKH�WUDFH���7KH�FHOO�SKRQH�FRQWLQXHV�WR�SURGXFH�
DGGUHVVHV�ZKLOH�WKH�WUDFH�JDWKHULQJ�SURJUDP�WUDQVLWLRQV�WR�D�QHZ�LWHUDWLRQ���
&XUUHQWO\��ZH�GR�QRW�KDYH�D�PHDQV�WR�PHDVXUH�KRZ�ODUJH�WKH�JDSV�DUH��RU�LI�WKH\�
LQGHHG�H[LVW��DQG�WKLV�LV�ZRUN�LQ�SURJUHVV��
�
,Q�VXPPDU\��ZH�VXFFHVVIXOO\�PDWFKHG�ODUJH�VHJPHQWV�RI�WKH�WUDFH�REWDLQHG�IURP�
WKH�3&�ZLWK�WKH�WUDFH�REWDLQHG�IURP�WKH�ORJLF�DQDO\]HU���$OWKRXJK�RQO\���.�VDPSOHV�
DUH�DYDLODEOH�IURP�WKH�ORJLF�DQDO\]HU��ZH�H[SHFW�UHSHWLWLRQ�WKURXJKRXW�WKH�ODUJH�
WUDFH�DQG�YHULILHG�WKLV�YLVXDOO\��
�
1RWH�WKDW�LW�LV�LPSUDFWLFDO�WR�YLHZ�RQH�ODUJH�WUDFH�ILOH�XVLQJ�HGLWRUV��VR�WKH�WUDFH�ZDV�
VSOLW�DFURVV�PDQ\�VPDOO�GLVN�ILOHV�WR�HQDEOH�YLVXDO�LQVSHFWLRQ��
�
�����&DFKH�VLPXODWLRQ�WHVWV�DQG�PLVV�UDWH�DQDO\VLV�
�
$QRWKHU�FRPPRQ�VDQLW\�FKHFN�WHFKQLTXH�LV�ORRNLQJ�IRU�H[SHFWHG�DQG�UHDVRQDEOH�
EHKDYLRU���,Q�RXU�FDVH��WKLV�PHDQV�SHUIRUPLQJ�FDFKH�VLPXODWLRQ�DQG�PHDVXULQJ�PLVV�
UDWHV��
�
)LUVW��WKH�DEVROXWH�PLVV�UDWH��ZKLOH�QRW�WRWDOO\�YHULILDEOH�E\�VLPXODWLRQ�DORQH��VKRXOG�
QRW�EH�XQXVXDOO\�KLJK�RU�ORZ���6HFRQG��FDFKH�VL]H��VHW�DVVRFLDWLYLW\��DQG�FDFKH�OLQH�
VL]H�DOO�DIIHFW�WKH�PLVV�UDWH�LQ�NQRZQ�ZD\V���)RU�H[DPSOH��LQFUHDVLQJ�FDFKH�VL]H�DQG�
VHW�DVVRFLDWLYLW\�JHQHUDOO\�UHGXFHV�PLVV�UDWH��ZLWK�GLPLQLVKLQJ�UHWXUQV�DIWHU�VRPH�
SRLQW���&DFKH�VLPXODWLRQ�UHVXOWV�DUH�SUHVHQWHG�LQ�6HFWLRQ����
�
�����9DOLGDWLQJ�WKH�FDFKH�VLPXODWRU�
�
:H�DOVR�SHUIRUPHG�YDOLGDWLRQ�RI�WKH�FDFKH�VLPXODWRU�LWVHOI���:H�GLG�WKLV�E\�
FRPSDULQJ�WZR�GLIIHUHQW�YHUVLRQV�RI�WKH�VLPXODWRU��WKLV�LV�FDOOHG�1�YHUVLRQ�
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SURJUDPPLQJ�LQ�WKH�IDXOW�WROHUDQW�VRIWZDUH�FRPPXQLW\����7KH�WZR�GLIIHUHQW�EXW�
IXQFWLRQDOO\�HTXLYDOHQW�VLPXODWRUV�ZHUH�GHYHORSHG�E\�$VKZLQL�DQG�(ULF���:H�YHULILHG�
WKDW�ERWK�VLPXODWRUV�SURGXFH�WKH�VDPH�PLVV�UDWH�IRU�D�JLYHQ�WUDFH��
�
�����5HPDLQLQJ�WUDFH�SUREOHPV�
�
7KH�SUREOHPV�WKDW�ZH�FRQWLQXH�WR�ZRUN�RQ�LQFOXGH��

• �$OVR�VHH�6HFWLRQ����������$OOHJHG�ODUJH�JDSV��OLPLWHG�FDSDFLW\�RI�WKH�&���
EXIIHU�IRUFHV�XV�WR�LWHUDWH�DQG��LQ�WXUQ��WUDQVLWLRQ�WLPH�EHWZHHQ�LWHUDWLRQV�
SRWHQWLDOO\�LQWURGXFHV�JDSV�LQ�WKH�WUDFH���7KLV�LV�H[DFHUEDWHG�E\�FDFKH�
VLPXODWLRQ�RYHUKHDG�EHWZHHQ�LWHUDWLRQV��ZKLFK�PD\�EH�SDUWLDOO\�DOOHYLDWHG�E\�
RYHUODSSLQJ�VDPSOLQJ�FRGH�DQG�FDFKH�VLPXODWLRQ�FRGH��

• �$OVR�VHH�6HFWLRQ��������6PDOO�JOLWFKHV�VXFK�DV�UHSHDWLQJ�FRQVHFXWLYH�
DGGUHVVHV���:H�FDQ�ELQG�WKH�HUURU�LQWURGXFHG�E\�WKLV�SDUWLFXODU�JOLWFK�E\�
FRPELQLQJ�LGHQWLFDO�FRQVHFXWLYH�DGGUHVVHV��ZH�FDOO�WKLV�D�³ILOWHU´�PHFKDQLVP���

�
�����2WKHU�LVVXHV�
�
$V�PHQWLRQHG�LQ�6HFWLRQ������FXUUHQWO\�ZH�DUH�RQO\�XVLQJ�2XWSXW�(QDEOH�DV�D�VWUREH�
IRU�JDWKHULQJ�WUDFHV�EXW�ZH�QHHG�WR�ORRN�DW�RWKHU�VLJQDOV�DV�ZHOO���7KHUH�DUH�WKUHH�
W\SHV�RI�DGGUHVV�±�LQVWUXFWLRQ�DGGUHVVHV��ORDG�DGGUHVVHV��DQG�VWRUH�DGGUHVVHV���
2XWSXW�(QDEOH��VLJQDOLQJ�D�PHPRU\�UHDG��FDSWXUHV�RQO\�LQVWUXFWLRQ�DQG�ORDG�
DGGUHVVHV���:H�QHHG�WR�XVH�:ULWH�(QDEOH�WR�FDSWXUH�VWRUH�DGGUHVVHV���$OVR��ZH�QHHG�
WR�ORRN�DW�WKH�WZR�&KLS�6HOHFWV�WR�GLVWLQJXLVK�EHWZHHQ�LQVWUXFWLRQ�DGGUHVVHV�DQG�
ORDG�VWRUH�DGGUHVVHV��
�
:H�KDYH�QRW�YHULILHG�WKDW�DOO�RI�WKH�DERYH�LV�FRPSOHWHO\�DFFXUDWH�EXW�LW�LV�D�VWDUWLQJ�
SRLQW�IRU�IXWXUH�ZRUN��IRU�H[DPSOH��ZH�QHHG�WR�XQGHUVWDQG�ZKLFK�FKLS�VHOHFW�LV�IRU�
WKH�)ODVK�PHPRU\�DQG�ZKLFK�LV�IRU�WKH�65$0�PHPRU\��ZH�QHHG�WR�YHULI\�WKDW�)ODVK�
FRQWDLQV�LQVWUXFWLRQV�DQG�65$0�SURFHVVHV�ORDGV�DQG�VWRUHV��HWF����
�
�
����%HQFKPDUN�FUHDWLRQ�
�
&XUUHQWO\��ZH�JDWKHU�WUDFHV�ZKLOH�WKH�SKRQH�LV�³LGOH´��QRW�SURFHVVLQJ�D�FDOO����7KLV�LV�
WKH�VLPSOHVW�EHQFKPDUN�DQG�DQ�LPSRUWDQW�RQH��
�
)XWXUH�ZRUN�LQFOXGHV�FUHDWLQJ�RWKHU�EHQFKPDUNV�EDVHG�RQ�W\SLFDO�FHOO�SKRQH�XVDJH���
7KH� VLPSOHVW� H[DPSOH� LV� GLDOLQJ� LQWR� WKH� FHOO� SKRQH� DQG� WKHQ� KDQJLQJ� XS� �WKLV�
VLPXODWHV�KDQJLQJ�XS�LPPHGLDWHO\�RQ�D�WHOHPDUNHWHU�����%HORZ�LV�DQ�H[DPSOH�OLVW�RI�
DUELWUDU\�EHQFKPDUNV�ZH�SODQ�WR�JDWKHU�PHPRU\�WUDFHV�IRU���%HQFKPDUNV�ZLOO�WKHQ�
EH�VHOHFWHG�RU�GLVFDUGHG�EDVHG�RQ�PHPRU\�EHKDYLRU� WKDW�ZH�ZDQW� UHSUHVHQWHG� LQ�
WKH�RYHUDOO�EHQFKPDUN�VXLWH��
�

��� 'LDO�LQWR�WKH�FHOO�SKRQH�IURP�WKH�ODE�SKRQH���6D\���VHQWHQFHV�VHSDUDWHG�E\���
VHFRQG�LQWHUYDOV��

��� 'LDO� RXW� WR� WKH� ODE� SKRQH� WKHQ� VD\� �� VHQWHQFHV� VHSDUDWHG� E\� ��VHFRQG�
LQWHUYDOV�IURP�WKH�ODE�SKRQH��
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��� 'LDO�LQWR�WKH�FHOO�SKRQH�IURP�DQRWKHU�FHOO�SKRQH���6D\���VHQWHQFHV�VHSDUDWHG�
E\���VHFRQG�LQWHUYDOV��

��� 'LDO�RXW� WR�DQRWKHU�FHOO�SKRQH�WKHQ�VD\���VHQWHQFHV�VHSDUDWHG�E\���VHFRQG�
LQWHUYDOV�IURP�WKH�RWKHU�FHOO�SKRQH��

��� 'LDO�LQWR�WKH�FHOO�SKRQH�IURP�WKH�ODE�SKRQH���6D\���VHQWHQFHV�VHSDUDWHG�E\���
VHFRQG�LQWHUYDOV���,QWHUUXSW�ZLWK�DQRWKHU�FHOO�SKRQH���6ZLWFK�RYHU�WR�WKH�RWKHU�
FDOO�DQG�VD\�RQH�VHQWHQFH���7KLV�DVVXPHV�FDOO�ZDLWLQJ�VXSSRUW���

��� 3UHVV�D�IHZ�NH\V�RQ�WKH�NH\SDG��
�
�
����&DFKH�VLPXODWLRQ�VHWXS�
 
�����6WDQG�DORQH�FDFKH�VLPXODWRU�
�
7KH�FDFKH�VLPXODWRU�LV�GHULYHG�IURP�WKH�FDFKH�VLPXODWRUV�GHYHORSHG�LQ�(&(�������,W�
KDV�EHHQ�PRGLILHG�VR�LW�ZLOO�ZRUN�ZLWK�D�GLIIHUHQW�LQSXW�ILOH�IRUPDW���:KHQ�WKH�FDFKH�
LV�UXQ�VWDQG�DORQH��QRW�HPEHGGHG�LQ�WKH�WUDFH�JDWKHULQJ�SURJUDP���WKH�WUDFH�WKDW�LV�
VWRUHG�RQ�GLVN�LV�JLYHQ�DV�LQSXW�WR�WKH�FDFKH�VLPXODWRU���$OVR��WKH�VLPXODWRU�SURPSWV�
WKH�XVHU�WR�HQWHU�FDFKH�FRQILJXUDWLRQ�SDUDPHWHUV�±�FDFKH�VL]H��EORFN�VL]H��DQG�VHW�
DVVRFLDWLYLW\���:KHQ�WKH�VLPXODWRU�ILQLVKHV��LW�SULQWV�RXW�VWDWLVWLFV��LQFOXGLQJ�WKH�PLVV�
UDWH�DQG�QXPEHU�RI�DFFHVVHV���,W�DOVR�SHUIRUPV�OLPLWHG��DXWRPDWHG�WUDFH�DQRPDO\�
GHWHFWLRQ��VXFK�DV�GHWHFWLQJ�LGHQWLFDO�FRQVHFXWLYH�DGGUHVVHV��DQG�SURGXFHV�UHOHYDQW�
VWDWLVWLFV���7KH�PLVV�UDWH�LV�XVHG�WR�SORW�WKH�JUDSKV��
�
�����0HUJLQJ�WUDFLQJ�FRGH�DQG�FDFKH�FRGH�
�
7KH�FDFKH�VLPXODWRU�FDQ�EH�FDOOHG�IURP�ZLWKLQ�WKH�WUDFLQJ�FRGH�E\�HPEHGGLQJ�WKH�
FDFKH�VLPXODWRU�VRXUFH�FRGH�ZLWKLQ�WKH�WUDFH�JDWKHULQJ�SURJUDP��
�
7KH�SULPDU\�DGYDQWDJH�RI�WKLV�DSSURDFK�LV�DYRLGLQJ�GXPSLQJ�ODUJH�WUDFH�ILOHV�WR�
GLVN���)URP�D�SUDFWLFDO�VWDQGSRLQW��ODUJH�WUDFH�ILOHV�DUH�GLIILFXOW�WR�PDQDJH���)RU�
H[DPSOH��LW�WDNHV�D�ORQJ�WLPH�WR�WUDQVIHU�WKH�WUDFHV�DPRQJ�GLIIHUHQW�FRPSXWHU�
V\VWHPV��ZKLFK�ZH�VRPHWLPHV�ZDQW�WR�GR�EDVHG�RQ�WKH�ORFDWLRQ�RI�YDULRXV�
VLPXODWRUV���%UHDNLQJ�WKH�ODUJH�WUDFH�ILOH�LQWR�PDQ\�VPDOOHU�ILOHV�LV�VRPHWLPHV�
KHOSIXO�EXW�GRHV�QRW�IL[�DOO�SUREOHPV��
�
)URP�D�WHFKQLFDO�VWDQGSRLQW��QRW�ZULWLQJ�WUDFHV�WR�GLVN�PHDQV�FDFKH�VLPXODWLRQV�FDQ�
UXQ�IRU�WULOOLRQV�RI�DGGUHVVHV�EHFDXVH�WKHUH�LV�QR�VSDFH�FRQVWUDLQW���$OVR��FRQVXPLQJ�
WUDFHV�RQ�WKH�IO\�RIWHQ�UXQV�IDVWHU�WKDQ�UHDGLQJ�ODUJH�GLVN�ILOHV��GHVSLWH�KDYLQJ�WR�
UH�FUHDWH�WKH�WUDFH�HYHU\�WLPH�VLPXODWLRQ�LV�SHUIRUPHG��
�
7KHUH�DUH�VHYHUDO�GLVDGYDQWDJHV�WR�PHUJLQJ�FDFKH�VLPXODWLRQ�ZLWK�WUDFH�JDWKHULQJ���
)LUVW��H[WUD�GHOD\�LV�LQVHUWHG�EHWZHHQ�WUDFH�VDPSOLQJ�LWHUDWLRQV��SRVVLEO\�LQFUHDVLQJ�
WKH�GXUDWLRQ�RI�JDSV�LQ�WKH�DGGUHVV�WUDFH���6HFRQG��UHSHDWDELOLW\�EHFRPHV�DQ�LVVXH���
7KDW�LV��SUHFLVHO\�UH�FUHDWLQJ�D�SDUWLFXODU�EHQFKPDUN�LV�LPSRVVLEOH���,QVWHDG��ZH�
PXVW�UHO\�RQ�DYHUDJLQJ�DQG�VWDWLVWLFDO�FDFKH�VLPXODWLRQ���)XUWKHUPRUH��LI�ZH�ZDQW�WR�
FRPSDUH�WKH�SHUIRUPDQFH�RI�GLIIHUHQW�FDFKH�FRQILJXUDWLRQV��DOO�FDFKHV�PXVW�EH�
VLPXODWHG�VLPXOWDQHRXVO\�WR�HQVXUH�WKH�VDPH�DGGUHVV�VWUHDP�LV�DSSOLHG�WR�DOO�
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FDFKHV���7KH�UHVXOWV�LQ�6HFWLRQ���ZHUH�JHQHUDWHG�E\�VLPXODWLQJ�DOO�FDFKH�
FRQILJXUDWLRQV�DW�WKH�VDPH�WLPH���)LQDOO\��HPEHGGLQJ�WKH�FDFKH�VLPXODWRU�PHDQV�
SHUIRUPLQJ�FDFKH�VLPXODWLRQ�UHTXLUHV�KDYLQJ�SRVVHVVLRQ�RI�WKH�HPXODWRU�ERDUG�DQG�
WUDFLQJ�LQIUDVWUXFWXUH��PDNLQJ�LW�GLIILFXOW�WR�VKDUH�DGGUHVV�WUDFHV�DPRQJ�
UHVHDUFKHUV�GHYHORSHUV��
�
�
����([SHULPHQWDO�UHVXOWV�
�
,Q�WKLV�VHFWLRQ��ZH�SUHVHQW�FDFKH�PLVV�UDWHV�IRU�PDQ\�FDFKH�FRQILJXUDWLRQV���&DFKH�
VL]H�LV�YDULHG�IURP��.%�WR��0%���'LUHFW�PDSSHG����ZD\�VHW�DVVRFLDWLYH��DQG���ZD\�
VHW�DVVRFLDWLYH�FDFKHV�DUH�VLPXODWHG���7ZR�GLIIHUHQW�FDFKH�EORFN�VL]HV�DUH�
VLPXODWHG�����E\WHV�DQG����E\WHV��
�
7KH�FDFKH�VLPXODWRU�LV�HPEHGGHG�ZLWKLQ�WKH�WUDFH�JDWKHULQJ�SURJUDP���7R�HQVXUH�
WKH�VDPH�WUDFH�LV�DSSOLHG�WR�HDFK�FDFKH�LQ�WKH�VDPH�JUDSK��DOO�FDFKHV�DUH�VLPXODWHG�
GXULQJ�WKH�VDPH�UXQ�RI�WKH�SURJUDP��
�
(DFK�WUDFH�FRQWDLQV�����PLOOLRQ�DGGUHVVHV���7KH�WUDFH�LV�JDWKHUHG�ZKLOH�WKH�FHOO�
SKRQH�LV�LQ�LGOH�PRGH��QRW�SURFHVVLQJ�D�FDOO���
�
�����7UDFH�YDULDQFH�
�
)LUVW��ZH�ZDQWHG�WR�GHWHUPLQH�WUDFH�YDULDWLRQ���7KDW�LV��ZH�SHUIRUPHG�RQH�
VLPXODWLRQ�FRQVLVWLQJ�RI�����PLOOLRQ�DGGUHVVHV�DQG�UHSHDWHG�IRU�D�VHFRQG�
VLPXODWLRQ���5HVXOWV�IRU�WKH�WZR�UXQV��WUDFH����DQG�WUDFH�����DUH�VKRZQ�LQ�)LJXUHV���
DQG����UHVSHFWLYHO\���1RWLFH�WKH�WZR�JUDSKV�VKRZ�VLPLODU�SHUIRUPDQFH�IRU�DOO�FDFKH�
FRQILJXUDWLRQV���7KLV�PHDQV�WKHUH�LV�OLWWOH�YDULDWLRQ�IRU�WKH�LGOH�PRGH�EHQFKPDUN�
DQG�WKLV�EHQFKPDUN�LV�IDLUO\�UHSHDWDEOH���6LQFH�)LJXUH���LV�HVVHQWLDOO\�D�UHSHDW�RI�
)LJXUH����WKH�QH[W�VHFWLRQ�IRFXVHV�RQ�WKH�JUDSK�LQ�)LJXUH����
�
�����0LVV�UDWH�DV�D�IXQFWLRQ�RI�VL]H�DQG�VHW�DVVRFLDWLYLW\�
�
7KH�JUDSK�LQ�)LJXUH���VKRZV�PLVV�UDWH�DV�D�IXQFWLRQ�RI�FDFKH�VL]H�DQG�VHW�
DVVRFLDWLYLW\��IRU�D�EORFN�VL]H�RI����E\WHV���7KH�ILUVW�REVHUYDWLRQ�LV�WKDW�LQFUHDVLQJ�
FDFKH�VL]H�UHGXFHV�WKH�PLVV�UDWH���:H�QRUPDOO\�H[SHFW�D�VPRRWK�PRQRWRQLFDOO\�
GHFUHDVLQJ�FXUYH�ZLWK�GLPLQLVKLQJ�UHWXUQV���:H�REVHUYH�WKLV�WUHQG�LQ�)LJXUH����EXW�
ZH�DOVR�REVHUYH�WZR�GLVWLQFW�UHJLRQV�ZKHUH�WKLV�LV�WKH�FDVH���)RU�WKH�GLUHFW�PDSSHG�
FDFKH��WKHUH�LV�D�VPRRWK�PRQRWRQLFDOO\�GHFUHDVLQJ�UHJLRQ�XQWLO����.%��DIWHU�ZKLFK�
WKHUH�LV�D�VWHHS�GHFOLQH����$SSDUHQWO\��ZKHQ�WKH�GLUHFW�PDSSHG�FDFKH�VL]H�H[FHHGV�
���.%��RQH�RU�PRUH�SURJUDP�FRQVWUXFWV��LQVWUXFWLRQV�DQG�RU�GDWD��EHJLQV�WR�ILW�LQ�
WKH�FDFKH�DQG�WKH�PLVV�UDWH�GURSV�PRUH�VWHHSO\���)XUWKHU�DQDO\VLV�RI�SHU�DGGUHVV�
PLVVHV�ZRXOG�UHYHDO�ZKLFK�SDUWLFXODU�LQVWUXFWLRQV�DQG�DGGUHVVHV�DUH�WKH�FDXVH�RI�
WKLV�EHKDYLRU��WKLV�LV�IXWXUH�ZRUN���
�
)URP�)LJXUH����WKH�VHFRQG�REVHUYDWLRQ�LV�WKDW�LQFUHDVLQJ�VHW�DVVRFLDWLYLW\�IURP�
GLUHFW�PDSSHG�WR���ZD\�VHW�DVVRFLDWLYH�GHFUHDVHV�PLVV�UDWH�VXEVWDQWLDOO\��IURP�
DURXQG�����WR����IRU�D���.%�FDFKH���0LVV�UDWH�IXUWKHU�GHFUHDVHV�ZKHQ�VHW�
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DVVRFLDWLYLW\�LV�LQFUHDVHG�IURP���ZD\�WR���ZD\��EXW�WKH�DEVROXWH�UHGXFWLRQ�LV�OHVV�
WKDQ�EHIRUH��PDWFKLQJ�RXU�H[SHFWDWLRQV�RI�GLPLQLVKLQJ�UHWXUQV��
�
)LQDOO\��ZH�SHUIRUP�VHYHUDO�RWKHU�³VDQLW\�FKHFNV´�RI�WKH�GDWD�LQ�)LJXUH�����)LUVW��WKH�
PLVV�UDWHV�DUH�QRW�H[FHSWLRQDOO\�KLJK�RU�ORZ���+RZHYHU��ZH�DUH�VRPHZKDW�VXUSULVHG�
D�FHOO�SKRQH�SURGXFHV�PHDVXUDEOH�PLVV�UDWHV�IRU�YHU\�ODUJH�FDFKHV���,Q�IXWXUH�ZRUN��
ZH�ZLOO�DWWHPSW�WR�XQGHUVWDQG�ZK\�WKLV�LV�WKH�FDVH���6LPXODWLRQ�RI�VHSDUDWH�
LQVWUXFWLRQ�DQG�GDWD�FDFKHV�ZLOO�EH�PRUH�UHYHDOLQJ�WKDQ�WKH�XQLILHG�FDFKH�
VLPXODWLRQV�SHUIRUPHG�KHUH��
�
7KH�VHFRQG�³VDQLW\�FKHFN´�KDV�WR�GR�ZLWK�WKH�FHOO�SKRQH¶V�PHPRU\�FDSDFLW\���
%HFDXVH�WKH�PHPRU\�V\VWHP�LV�OLPLWHG�WR����DGGUHVV�ELWV��D��0%�FDFKH�VKRXOG�ILW�DOO�
DFFHVVHV�ZLWKRXW�DQ\�FRQIOLFWV���6R��WKHUH�VKRXOG�EH�QR�FDSDFLW\�RU�FRQIOLFW�PLVVHV�
IRU�D��0%�GLUHFW�PDSSHG�RU�VHW�DVVRFLDWLYH�FDFKH��RQO\�FRPSXOVRU\�PLVVHV��DQG�ZH�
H[SHFW�WKH�PLVV�UDWH�WR�EH�YHU\�VPDOO���)LJXUH���FRQILUPV�WKLV�H[SHFWDWLRQ���:H�DOVR�
FKHFNHG�WKH�WUDFH�IRU�DQ\�DGGUHVVHV�WKDW�H[FHHG�WKH�DGGUHVV�UDQJH�RI�WKH�FHOO�
SKRQH��DQG�GLG�QRW�REVHUYH�DQ\��
�
7KHUH�LV�RQH�LQWHUHVWLQJ�DQRPDO\�LQ�WKH�GDWD�RI�)LJXUH����WKH�PLVV�UDWH�RI�D����.%�
GLUHFW�PDSSHG�FDFKH�LV�OHVV�WKDQ�WKH�PLVV�UDWH�RI�D����.%���ZD\��DQG�HYHQ���ZD\��
VHW�DVVRFLDWLYH�FDFKH���$IWHU�WKDW�SRLQW��WKH�PLVV�UDWHV�WHQG�WR�FRQYHUJH�WRZDUGV�����
:LWKRXW�SHU�DGGUHVV�FDFKH�SURILOLQJ��ZH�DUH�XQDEOH�WR�H[SODLQ�WKLV�DQRPDO\���
+RZHYHU��DVVRFLDWLYLW\�KDV�EHHQ�NQRZQ�WR�SURGXFH�DQRPDORXV�EHKDYLRU��DOWKRXJK�
ZH�DUH�VXUSULVHG�WKH�DQRPDO\�LV�VR�ODUJH�DQG�ZH�ZLOO�FHUWDLQO\�XVH�DGGUHVV�SURILOLQJ�
WR�XQFRYHU�WKH�UHDVRQ��
�
7KH�JUDSK�LQ�)LJXUH���UHSHDWV�WKH�����PLOOLRQ�DGGUHVV�WUDFH�H[SHULPHQW�IRU�D�EORFN�
VL]H�RI����E\WHV���1RWH��)LJXUH���XVHV�D�GLIIHUHQW�WUDFH�WKDQ�)LJXUH����VLQFH�WKH�
H[SHULPHQW�ZDV�UH�UXQ����+RZHYHU��6HFWLRQ�����OHDGV�XV�WR�EHOLHYH�WKDW�WUDFH�
YDULDQFH�WHQGV�WR�EH�VPDOO��
�
)LJXUH�������E\WH�EORFN�VL]H��VKRZV�VLPLODU�WUHQGV�DV�)LJXUH�������E\WH�EORFN�VL]H���
ODUJHU�FDFKH�VL]H�DQG�KLJKHU�VHW�DVVRFLDWLYLW\�GHFUHDVH�PLVV�UDWH��ERWK�VKRZ�VPRRWK�
PRQRWRQLFDOO\�GHFUHDVLQJ�PLVV�UDWHV�ZLWK�GLPLQLVKLQJ�UHWXUQV��HWF���$OVR��DV�ZH�
H[SHFW��ODUJHU�EORFN�VL]H�WHQGV�WR�UHGXFH�PLVV�UDWH�GXH�WR�EHWWHU�VSDWLDO�ORFDOLW\���
7KLV�DVSHFW�LV�LQYHVWLJDWHG�LQ�PRUH�GHWDLO�LQ�WKH�QH[W�VHFWLRQ���)LQDOO\��WKH�DQRPDO\�
VHHQ�LQ�WKH���%�EORFN�VL]H�FDVH��GHVFULEHG�DERYH��LV�PXFK�OHVV�SURQRXQFHG�LQ�WKH�
��%�EORFN�VL]H�FDVH��
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�

Cache Performance 
(block size = 16 bytes, trace #1 = 100 million addresses)
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�
�
)LJXUH�����)LUVW�FDFKH�VLPXODWLRQ�XVLQJ�����PLOOLRQ�DGGUHVVHV���%ORFN�VL]H�LV�
���E\WHV�DQG�FDFKH�VL]H�DQG�VHW�DVVRFLDWLYLW\�DUH�YDULHG��
�
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Cache Performance 
(block size = 16 bytes, trace #2 = 100 million addresses)
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)LJXUH�����0HDVXULQJ�WUDFH�YDULDQFH��WKLV�LV�D�UHSHDW�RI�WKH�ILUVW�H[SHULPHQW�
LQ�)LJ����DQG�VKRZV�VLPLODU�PLVV�UDWHV��
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Cache Performance 
( block size = 32 bytes, trace = 100 million addresses)
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�
�
)LJXUH�����7KLUG�FDFKH�VLPXODWLRQ�XVLQJ�����PLOOLRQ�DGGUHVVHV���%ORFN�VL]H�LV�
���E\WHV�DQG�FDFKH�VL]H�DQG�VHW�DVVRFLDWLYLW\�DUH�YDULHG��
�
�
�����(IIHFW�RI�EORFN�VL]H�RQ�PLVV�UDWH�
�
)LJXUH���VKRZV�WKH�HIIHFW�RI�EORFN�VL]H�²����E\WHV����%��YHUVXV����E\WHV����%��²�
IRU�HDFK�RI�GLUHFW�PDSSHG����ZD\�VHW�DVVRFLDWLYH��DQG���ZD\�VHW�DVVRFLDWLYH�
FDFKHV���([FHSW�IRU�D�IHZ�DQRPDORXV�FDVHV�����E\WH�EORFN�VL]H�SHUIRUPV�EHWWHU�WKDQ�
���E\WH�EORFN�VL]H��SUHVXPDEO\�GXH�WR�EHWWHU�VSDWLDO�ORFDOLW\��
�
)RU�WKH�GLUHFW�PDSSHG�FDFKH��EHIRUH�WKH�VWHHS�GURS�LQ�PLVV�UDWH�DW����.%��WKH�
DEVROXWH�PLVV�UDWH�GHOWD�IRU�WKH�WZR�EORFN�VL]HV�LV�IDLUO\�FRQVWDQW�DW�DERXW�����IRU�
H[DPSOH������YHUVXV�����IRU�D��.%�GLUHFW�PDSSHG�FDFKH����7KH�GHOWD�WHQGV�WR�EH�
VOLJKWO\�VPDOOHU�IRU���ZD\�DQG���ZD\�VHW�DVVRFLDWLYH�FDFKHV���2YHUDOO��ZH�FRQFOXGH�
EORFN�VL]H�KDV�D�ODUJH�LPSDFW�RQ�PLVV�UDWH���+RZHYHU��VHW�DVVRFLDWLYLW\�DQG��DW�
FHUWDLQ�SRLQWV��FDFKH�VL]H�KDYH�D�ODUJHU�LPSDFW��
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Cache Performance
(direct mapped, trace = 100 million 

addresses)
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Cache Performance
(2-way set-assoc., trace = 100 million 

addresses)
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�

Cache Performance
(4-way set-assoc., trace = 100 million 

addresses)
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�
)LJXUH�����(IIHFW�RI�EORFN�VL]H����%�YV����%��LV�VKRZQ�IRU�HDFK�RI�GLUHFW�
PDSSHG����ZD\�VHW�DVVRFLDWLYH��DQG���ZD\�VHW�DVVRFLDWLYH�FDFKHV��
�
�
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����6XPPDU\��&RQFOXVLRQV��DQG�)XWXUH�ZRUN�
�
7KLV� SURMHFW� LQYROYHG� FKDUDFWHUL]LQJ� FDFKH� SHUIRUPDQFH� RI� D� PRELOH� SKRQH�� 7KH�
WUDFLQJ� LQIUDVWUXFWXUH� V\VWHP� ZDV� GHYHORSHG�� ZKLFK� LQYROYHG� JDWKHULQJ� PHPRU\�
DGGUHVV� WUDFHV� IURP� WKH� HPXODWRU� ERDUG� XVLQJ� GDWD� DFTXLVLWLRQ� PHWKRGV�� 7ZR�
GLIIHUHQW�GDWD�DFTXLVLWLRQ�PHWKRGV�ZHUH�XVHG��QDPHO\��

��� 'DWD�DFTXLVLWLRQ�XVLQJ�WKH�/RJLF�$QDO\]HU��/$���
��� 'DWD�DFTXLVLWLRQ�XVLQJ�WKH�3&�FDUG��

7KH� WUDFHV� DFTXLUHG� ZHUH� WKHQ� YDOLGDWHG� E\� YLVXDO� LQVSHFWLRQ�� FRPSDULVRQ� RI� WKH�
WUDFHV�REWDLQHG�XVLQJ�WKH�WZR�PHWKRGV��DQG�DQDO\]LQJ�WKHP�WR�FKHFN�ZKHWKHU�WKH\�
GLVSOD\HG�WKH�H[SHFWHG�FDFKH�EHKDYLRU��
�
9DULRXV� VLJQDOV� OLNH�2XWSXW�(QDEOH� �2(���:ULWH�(QDEOH� �:(���)ODVKB&6��65$0B&6��
DQG�((520B&6�FRPLQJ� IURP� WKH�HPXODWRU�ERDUG�ZHUH�XVHG� WR�FDSWXUH�DGGUHVVHV�
XVLQJ� WKH� 3&� GDWD� DFTXLVLWLRQ� FDUG��:H� IRXQG� RXW� WKDW�2(� DQG�:(� VHSDUDWHG� WKH�
UHDGV�DQG�ZULWHV�WR�WKH�PHPRU\�GHYLFHV�UHVSHFWLYHO\��DQG�WKH�FKLS�VHOHFWV�HQDEOHG�
XV�WR�GLVWLQJXLVK�EHWZHHQ�WKH�LQVWUXFWLRQV�DQG�GDWD��
�
7KH� 3&� FDUG� GDWD� DFTXLVLWLRQ� PHWKRG� ZDV� XVHG� WR� JDWKHU� WKH� WUDFHV� IRU� WKH�
H[SHULPHQWV�� DV� WKH� WUDFHV� DFTXLUHG� XVLQJ� WKH� /$� ZHUH� QRW� ORQJ� HQRXJK�� 7KH�
SDWWHUQ� JHQHUDWLRQ� PRGH� LQ� FRQMXQFWLRQ� ZLWK� WKH� DV\QFKURQRXV� IXQFWLRQ�
',*B%ORFNB,Q� ZDV� FKRVHQ� WR� FROOHFW� WKH� WUDFHV�� DV� WKH� 3&� FDUG� GLG� QRW� XVH� IORZ�
FRQWURO�� ',*B%ORFNB,Q�� EHLQJ� DV\QFKURQRXV�� PDGH� LW� QHFHVVDU\� WR� XVH� D� SROOLQJ�
ORRS��ZKLFK�ZRXOG�VWDOO�WKH�SURJUDP�XQWLO�WKH�1,�'$4�FDUG�ILQLVKHG�ILOOLQJ�WKH�EXIIHU�
ZLWK�WKH�UHTXLUHG�QXPEHU�RI�DGGUHVV�VDPSOHV��
�
7KH�VRIWZDUH�XVHG�WR�SURJUDP�WKH�3&�FDUG� LV�9LVXDO�&����ZKLFK�GRHV�QRW�SURYLGH�
DQ\� UHDO�WLPH� JXDUDQWHHV� 7KH� 9LVXDO� &��� SURJUDPPLQJ� HQYLURQPHQW�� OLNH� PDQ\�
FRPSLOHUV��DOVR�UHVWULFWV�WKH�VL]H�RI�EXIIHUV�WKDW�FDQ�EH�DOORFDWHG��ERWK�VWDWLFDOO\�DQG�
G\QDPLFDOO\��6R��LQ�RUGHU�WR�FROOHFW�ODUJH�WUDFHV��ZH�XVHG�PXOWLSOH�LWHUDWLRQV��'XH�WR�
WKH�QRQ�UHDO�WLPH�HQYLURQPHQW��WKLV�SRVHV�D�SUREOHP��DV�ODUJH�JDSV�PLJKW�RFFXU�LQ�
WKH�DGGUHVV�WUDFH�EHWZHHQ�WKH�LWHUDWLRQV��
�
:H� VXJJHVWHG� WZR� PHWKRGV� IRU� HPEHGGLQJ� WKH� FDFKH� FRGH� ZLWKLQ� WKH� WUDFH�
JDWKHULQJ�FRGH��7KH�ILUVW�FROOHFWV�D�EXIIHU�ZRUWK�RI�DGGUHVVHV�DQG�WKHQ�SDVVHV�WKHP�
WR� WKH� FDFKH� VLPXODWRU�� DQG� WKH� VHFRQG� LQWHUOHDYHV� WKH� FDFKH� VLPXODWLRQ�ZLWK� WKH�
SROOLQJ�ORRS�VR�WKDW�WKH�DGGUHVVHV�DUH�VLPXODWHG�E\�WKH�FDFKH�DV�VRRQ�DV�WKH\�DUH�
VDPSOHG��,Q�WKLV�WHFKQLFDO�UHSRUW��ZH�XVHG�WKH�ILUVW�PHWKRG��
�
2Q� WKH� RWKHU� KDQG�� PHUJLQJ� FDFKH� VLPXODWLRQ� ZLWK� WUDFH� JDWKHULQJ� KDV� VHYHUDO�
GLVDGYDQWDJHV�� )LUVW�� WKH� H[WUD� GHOD\� LQVHUWHG� EHWZHHQ� WUDFH�VDPSOLQJ� LWHUDWLRQV�
PD\� LQFUHDVH� WKH�GXUDWLRQ�RI�JDSV� LQ�WKH�DGGUHVV�WUDFH��,QWHUOHDYLQJ�VLPXODWLRQ� LQ�
WKH� SROOLQJ� ORRS� UHGXFHV� WKH� SUREOHP�� 6HFRQG�� SUHFLVH� UH�FUHDWLRQ� RI� D� SDUWLFXODU�
EHQFKPDUN� LV� QRW� SRVVLEOH�� $V� ZH� KDG� WR� FRPSDUH� WKH� SHUIRUPDQFH� RI� GLIIHUHQW�
FDFKH�FRQILJXUDWLRQV��DOO� FDFKHV�KDG� WR�EH�VLPXODWHG�VLPXOWDQHRXVO\�WR�HQVXUH�WKH�
VDPH�DGGUHVV�VWUHDP�ZDV�DSSOLHG� WR�DOO�FDFKHV��6WLOO�� OLWWOH�YDULDWLRQ�ZDV�REVHUYHG�
IRU� WKH� LGOH�PRGH� EHQFKPDUN� DQG� LW� ZDV� IRXQG� WKDW� WKH� EHQFKPDUN� LV� IDLUO\�
UHSHDWDEOH���
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�
$IWHU�FDUU\LQJ�RXW�WKH�FDFKH�VLPXODWLRQV��PLVV�UDWH�DQDO\VLV�LV�SHUIRUPHG��ZLWK�WKH�
IROORZLQJ�NH\�UHVXOWV��

q 7KH� DEVROXWH�PLVV� UDWH� LV� QRW� XQXVXDOO\� KLJK� RU� ORZ�� ,QFUHDVLQJ� FDFKH� VL]H�
DQG�VHW�DVVRFLDWLYLW\�UHGXFHV�PLVV�UDWH��ZLWK�GLPLQLVKLQJ�UHWXUQV�DIWHU�VRPH�
SRLQW�� 7KH� HPXODWRU� ERDUG� KDV� ��� DGGUHVV� ELWV�� VR� ORJLFDOO\� D� �0%� FDFKH�
VKRXOG� ILW� DOO� DFFHVVHV� ZLWKRXW� DQ\� FRQIOLFWV�� DQG� RXU� H[SHULPHQWDO� UHVXOWV�
FRQILUPHG�WKLV��$OO�RI�WKHVH�DUH�VXFFHVVIXO�VDQLW\�FKHFNV�IRU�WKH�H[SHULPHQWV��

q %ORFN�VL]H�KDV�D� ODUJH� LPSDFW�RQ�PLVV� UDWH�� �+RZHYHU��VHW�DVVRFLDWLYLW\�DQG�
�DW�FHUWDLQ�SRLQWV��FDFKH�VL]H�KDYH�D�ODUJHU�LPSDFW���

q )RU� WKH� GLUHFW�PDSSHG� FDFKH�� D� VPRRWK�PRQRWRQLFDOO\� GHFUHDVLQJ� UHJLRQ� LV�
REVHUYHG�XQWLO����.%��DIWHU�ZKLFK�WKHUH�LV�D�VWHHS�GHFOLQH��

q ,QFUHDVLQJ� VHW�DVVRFLDWLYLW\� IURP� GLUHFW� PDSSHG� WR� ��ZD\� VHW�DVVRFLDWLYH�
GHFUHDVHV�PLVV�UDWH�VXEVWDQWLDOO\��IURP�DURXQG�����WR����IRU�D���.%�FDFKH���
0LVV�UDWH�IXUWKHU�GHFUHDVHV�ZKHQ�VHW�DVVRFLDWLYLW\�LV�LQFUHDVHG�IURP���ZD\�WR�
��ZD\�� EXW� WKH� DEVROXWH� UHGXFWLRQ� LV� OHVV� WKDQ� EHIRUH�� PDWFKLQJ� RXU�
H[SHFWDWLRQV�RI�GLPLQLVKLQJ�UHWXUQV��

q 2QH� XQH[SODLQHG� DQRPDO\� ZDV� REVHUYHG� LQ� WKH� GDWD� RI� )LJXUH� ��� WKH�PLVV�
UDWH�RI�D����.%�GLUHFW�PDSSHG�FDFKH�LV�OHVV�WKDQ�WKH�PLVV�UDWH�RI�D����.%���
ZD\��DQG�HYHQ���ZD\��VHW�DVVRFLDWLYH�FDFKH���$IWHU�WKDW�SRLQW��WKH�PLVV�UDWHV�
FRQYHUJHG�WRZDUGV�]HUR��

�
)XWXUH�H[WHQVLRQV�WR�WKLV�ZRUN�LQFOXGH�WKH�IROORZLQJ��
�

��� :H� ZLOO� XVH� FRPSOHWH� VLJQDOV� IRU� SURSHUO\� GLVWLQJXLVKLQJ� ORDGV�� VWRUHV�� DQG�
LQVWUXFWLRQ� IHWFKHV�� DQG� WKHQ�VLPXODWH�XQLILHG�� LQVWUXFWLRQ��DQG�GDWD�FDFKHV��
���127(��7KLV�KDV�EHHQ�FRPSOHWHG�DQG�GRFXPHQWHG�LQ�WKH�DGGHQGXP��!!�

��� :H� ZLOO� SHUIRUP� SHU�DGGUHVV� PLVV� UDWH� SURILOLQJ� WR� JDLQ� EHWWHU� LQVLJKW� LQWR�
UHVXOWV��DQG�DOVR�H[SODLQ�WKH�IHZ�DQRPDOLHV��7KH�SHU�DGGUHVV�SURILOLQJ�VKRXOG�
DOVR�EH�WLHG�EDFN�WR�WKH�VRXUFH�FRGH�RU�VRPH�RWKHU�KLJK�OHYHO�UHSUHVHQWDWLRQ�
RI�WKH�SURJUDP��

��� :H�ZLOO�VLPXODWH�RWKHU�EHQFKPDUNV��
�
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�����$GGHQGXP��7UDFLQJ�VXSSRUW�IRU�VHSDUDWH�XQLILHG��LQVWUXFWLRQ�DQG�
GDWD�FDFKHV�
�
�����&KLS�VHOHFW�WDEOH�
�
2(� :(� )ODVKB&6� 65$0B&6� ((520B&6� &RPPHQWV�
�� �� ���� ���� ���� 1HYHU�RFFXUV�
�� �� �� �� �� 1HYHU�RFFXUV�
�� �� �� �� �� 1HYHU�RFFXUV�
�� �� �� �� �� 1HYHU�RFFXUV�
�� �� �� �� �� 5HDGV�IURP�)ODVK��

,QVWUXFWLRQ�DGGUHVV��
�� �� �� �� �� 1HYHU�RFFXUV�
�� �� �� �� �� 5HDGV�IURP�65$0��

/RDG���
�� �� �� �� �� 5HDGV�IURP�((520��

GRQ¶W�FDUH��UDUH���
�� �� �� �� �� 5DUH��XQH[SODLQHG��
�� �� �� ���� ���� 1HYHU�RFFXUV�
�� �� �� ���� �� 1HYHU�RFFXUV�
�� �� �� �� �� :ULWHV�WR�65$0��6WRUH��
�� �� �� �� �� 1HYHU�RFFXUV�

�� �� ���� ���� ���� 1HYHU�RFFXUV�

�
�
'XULQJ�WKH�LQLWLDO�SKDVH�RI�WKH�ZRUN��ZH�XVHG�RQO\�WKH�2(�VLJQDO�WR�FDSWXUH�
LQVWUXFWLRQ�DQG�ORDG�DGGUHVVHV��7KH�WDEOH�SUHVHQWV�D�FRPSOHWH�SLFWXUH�RI�WKH�
PHPRU\�V\VWHP�ZLWK�WKH�WKUHH�FKLS�VHOHFWV��QDPHO\��)ODVKB&6��65$0B&6��DQG�
((520B&6��DQG�WKH�2XWSXW�(QDEOH��2(��DQG�:ULWH�(QDEOH��:(��VLJQDOV��7KH�
)ODVKB&6�DQG�65$0B&6�KHOS�XV�GLVWLQJXLVK�EHWZHHQ�DFFHVVHV�WR�LQVWUXFWLRQV�DQG�
GDWD��UHVSHFWLYHO\��2(��ZKLFK�VLJQDOV�D�PHPRU\�UHDG��VLJQDOV�WKH�LQVWUXFWLRQ�DQG�
ORDG�DGGUHVVHV��7KH�:(�VLJQDOV�VWRUH�DGGUHVVHV��2(�DQG�:(�DUH�QHYHU�
VLPXOWDQHRXVO\�DFWLYH�RU�LQDFWLYH��:H�REVHUYH�WKDW�WKH�)ODVK�PHPRU\��65$0��DQG�
((520�FDQ�EH�UHDG�EXW�RQO\�WKH�65$0�FDQ�EH�ZULWWHQ�LQWR��:H�YHULILHG�WKDW�WKLV�
WDEOH�RFFXUV�LQ�SUDFWLFH�XVLQJ�WKH�ORJLF�DQDO\]HU�
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������0RGLILHG�EORFN�GLDJUDP�
�
+HUH�LV�D�PRGLILHG�EORFN�GLDJUDP�RI�WKH�VHWXS�XVHG�IRU�FROOHFWLQJ�WKH�DGGUHVV�WUDFH�
IURP�WKH�HPXODWRU�ERDUG��,QLWLDOO\��ZH�ZHUH�XVLQJ�RQO\�WKH�2XWSXW�(QDEOH��2(��
VLJQDO�IURP�WKH�HPXODWRU�ERDUG��FRQQHFWHG�WR�WKH�5(4��DQG�5(4��SLQV�RQ�WKH�3&�
GDWD�DFTXLVLWLRQ�FDUG��DV�D�FORFN��GXH�WR�ZKLFK�ZH�ZHUH�DEOH�WR�FDSWXUH�WKH�
LQVWUXFWLRQ�DQG�ORDG�DGGUHVVHV��1RZ��:ULWH�(QDEOH��:(��LV�DOVR�XVHG�ZKLFK�KHOSV�XV�
FDSWXUH�WKH�VWRUH�DGGUHVVHV�DOVR��2(�DQG�:(�DUH�WKH�WZR�LQSXWV�WR�WKH�1$1'�JDWH�
DQG�WKH�RXWSXW�LV�JLYHQ�DV�D�FORFN�WR�WKH�5(4��DQG�5(4��SLQV�RI�WKH�3&�GDWD�
DFTXLVLWLRQ�FDUG��7KLV�HQDEOHV�XV�WR�FDSWXUH�WKH�LQVWUXFWLRQ��ORDG��DQG�VWRUH�
DGGUHVVHV��7KH�1$1'�JDWH�RSHUDWLRQ�ZDV�WHVWHG�RQ�WKH�ORJLF�DQDO\]HU�EHIRUH�
LPSOHPHQWLQJ�LW�LQ�WKLV�VHWXS���
�
,Q�DGGLWLRQ�WR�1$1'LQJ�2(�DQG�:(�WR�IRUP�D�VLQJOH�FORFN�VWUREH�IRU�DOO�DGGUHVVHV��
ZH�DOVR�VDPSOHG�WKH�WZR�FKLS�VHOHFWV��65$0�DQG�)ODVK���ZKLFK�DUH�WUHDWHG�DV�
DGGLWLRQDO�DGGUHVV�ELWV��7KH�FDFKH�VLPXODWRU�FDQ�WKHQ�H[DPLQH�WKH�FKLS�VHOHFWV�WR�
FRUUHFWO\�VLPXODWH�LQVWUXFWLRQ��GDWD��DQG�XQLILHG�FDFKHV��
�
1RWH��7KH�GDVKHG�OLQHV�LQ�WKH�GLDJUDP�LQGLFDWH�WKH�FKDQJHV�PDGH�
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�
�

�
�
1RWH��7KH�GDVKHG�OLQHV�LQGLFDWH WKH�FKDQJHV�PDGH��

PC0 – PC4 / EMU_A16 
– EMU_A20 

PD2 / REQ1  
 
EMU_
OE1_B 

PA0 – PA7 
/  EMU_A0 – 
EMU_A7 

PB0 – PB7 / EMU_ A8 – 
EMU_A15  

Emulator 
Board 

PC 

68-50 
pin 
adapter 

1

20 

31 

50 

Interface Board

REQ2 

 
EMU_
WE1 B 

NAND 
Gate 

PD0 / P_PGMCS_B  

PD1 / EMU_RAMCS_B 
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�����$GGHQGXP��1HZ�H[SHULPHQWDO�UHVXOWV�
�
,Q� WKLV� VHFWLRQ�� ZH� SUHVHQW� WKH� H[SHULPHQWDO� UHVXOWV� REWDLQHG� E\� SHUIRUPLQJ�
H[SHULPHQWV� IRU� YDULRXV� FDFKH� FRQILJXUDWLRQV�� 7KH� FRQILJXUDWLRQV� DUH� VLPLODU� WR�
WKRVH� XVHG� LQ� 6HFWLRQ� ��� 'LUHFW� PDSSHG�� ��ZD\� VHW�DVVRFLDWLYH�� DQG� ��ZD\� VHW�
DVVRFLDWLYH�FDFKHV�DUH�VLPXODWHG���7ZR�GLIIHUHQW�FDFKH�EORFN�VL]HV�DUH�VLPXODWHG�����
E\WHV� DQG� ��� E\WHV�� ,Q� DGGLWLRQ� WR� WKLV�� ZH� SURYLGH� VHSDUDWH� UHVXOWV� IRU� XQLILHG�
FDFKHV��LQVWUXFWLRQ�FDFKHV��DQG�GDWD�FDFKHV��
�
(DFK� WUDFH� FRQWDLQV���ELOOLRQ�DGGUHVVHV��ZKLFK�DUH�JDWKHUHG�ZKLOH� WKH�SKRQH� LV� LQ�
WKH�LGOH�PRGH��QRW�SURFHVVLQJ�D�FDOO���
 
������0LVV�UDWH�DV�D�IXQFWLRQ�RI�VL]H�DQG�VHW�DVVRFLDWLYLW\�
�
7KH� JUDSKV� LQ� )LJXUHV� ��� �XQLILHG� FDFKH��� ��� �LQVWUXFWLRQ� FDFKH��� DQG� ��� �GDWD�
FDFKH��VKRZ�PLVV�UDWH�DV�D�IXQFWLRQ�RI�FDFKH�VL]H�DQG�VHW�DVVRFLDWLYLW\��IRU�D�EORFN�
VL]H�RI����E\WHV��)LUVWO\��ZH�REVHUYH�WKDW�LQFUHDVLQJ�WKH�FDFKH�VL]H�UHGXFHV�WKH�PLVV�
UDWH��,QVWHDG�RI�D�VPRRWK�PRQRWRQLFDOO\�GHFUHDVLQJ�FXUYH�ZLWK�GLPLQLVKLQJ�UHWXUQV�
LQ�WKH�HQG��ZH�REVHUYH�WKDW�IRU�D�GLUHFW�PDSSHG�XQLILHG�FDFKH�DIWHU����.%�WKHUH�LV�
D�VWHHS�GURS�LQ�WKH�PLVV�UDWH��
�
)URP� )LJXUH� ���� WKH� VHFRQG� REVHUYDWLRQ� LV� WKDW� LQFUHDVLQJ� VHW�DVVRFLDWLYLW\� IURP�
GLUHFW�PDSSHG� WR� ��ZD\� VHW�DVVRFLDWLYH�� IRU� D� XQLILHG� FDFKH�� GHFUHDVHV�PLVV� UDWH�
VXEVWDQWLDOO\��IURP�DURXQG�����WR����IRU�D���.%�FDFKH���7KH�GURS�LQ�PLVV�UDWH�LV�
VR�ODUJH�EHFDXVH�D�XQLILHG�GLUHFW�PDSSHG�FDFKH�QDWXUDOO\�KDV�D�ORW�RI�FRQIOLFW�PLVVHV�
EHWZHHQ�LQVWUXFWLRQV�DQG�GDWD��0LVV�UDWH�IXUWKHU�GHFUHDVHV�ZKHQ�VHW�DVVRFLDWLYLW\�LV�
LQFUHDVHG� IURP� ��ZD\� WR� ��ZD\�� EXW� WKH� DEVROXWH� UHGXFWLRQ� LV� OHVV� WKDQ� EHIRUH��
PDWFKLQJ�RXU�H[SHFWDWLRQV�RI�GLPLQLVKLQJ�UHWXUQV��
�
)RU� WKH� LQVWUXFWLRQ� DQG� GDWD� FDFKH� �)LJXUHV� ��� DQG� ���� UHVSHFWLYHO\��� WKH� GHOWD�
EHWZHHQ� WKH� PLVV� UDWHV� IRU� WKH� GLUHFW� PDSSHG� DQG� ��ZD\� VHW�DVVRFLDWLYH� FDFKHV�
UHPDLQV� IDLUO\� FRQVWDQW� IURP� �.%� WR� ��.%� ±� D� GHOWD� RI� DERXW� ����� DQG� ���
UHVSHFWLYHO\��
�
7KH� JUDSKV� LQ� )LJXUHV� ��� �XQLILHG� FDFKH��� ��� �LQVWUXFWLRQ� FDFKH��� DQG� ��� �GDWD�
FDFKH�� VKRZ� WKH� H[SHULPHQWDO� UHVXOWV� IRU� D� EORFN� VL]H� RI� ��� E\WHV�� 1RWH�� DOO� RI�
)LJXUHV����WKURXJK����XVH�WKH�VDPH�WUDFH��7KH����E\WH�EORFN�VL]H�VKRZV�WKH�VDPH�
WUHQGV� DV� WKH� ��� E\WH� EORFN� VL]H�� ODUJHU� FDFKH� VL]H� DQG� KLJKHU� VHW�DVVRFLDWLYLW\�
GHFUHDVH�PLVV� UDWH�� ERWK� VKRZ� VPRRWK�PRQRWRQLFDOO\� GHFUHDVLQJ�PLVV� UDWHV� ZLWK�
GLPLQLVKLQJ�UHWXUQV��7KH�GHOWD�EHWZHHQ�WKH�PLVV�UDWHV�IRU�WKH�GLUHFW�PDSSHG�DQG���
ZD\�VHW�DVVRFLDWLYH�FDFKH�LV�YHU\�VPDOO�IRU�WKH�LQVWUXFWLRQ�FDFKH���+RZHYHU��IRU�WKH�
GDWD� FDFKH�� WKH� PLVV� UDWH� GURSV� IURP� ������ IRU� D� GLUHFW� PDSSHG� �.%� FDFKH�� WR�
������IRU�D���ZD\�VHW�DVVRFLDWLYH��.%�FDFKH��7KH�HIIHFW�RI�EORFNVL]H�RQ�PLVV�UDWH�LV�
H[SODLQHG�LQ�GHWDLO�LQ�6HFWLRQ�������
�
:H�DOVR�SHUIRUPHG�D�IHZ�³VDQLW\�FKHFNV´�RI�WKH�GDWD�LQ�)LJXUHV����WKURXJK�����)LUVW��
D���.%�GLUHFW�PDSSHG�XQLILHG�FDFKH�SHUIRUPV�VLJQLILFDQWO\�ZRUVH�WKDQ�HLWKHU�D���.%�
GLUHFW�PDSSHG� LQVWUXFWLRQ� FDFKH� RU� D� �� .%� GLUHFW�PDSSHG� GDWD� FDFKH�� $QG� WKLV�



8/22/01  33 

DSSOLHV�WR�WKH�RWKHU�FDFKH�VL]HV��DV�ZHOO��7KH�UHDVRQ�LV�LQVWUXFWLRQV�DQG�GDWD�KDYH�
FRQIOLFWV��DQG�D�GLUHFW�PDSSHG�FDFKH�LV�HVSHFLDOO\�SURQH�WR�FRQIOLFW�PLVVHV��(�J���IRU�
D�GLUHFW�PDSSHG��.%�FDFKH�ZLWK�D�EORFNVL]H�RI����E\WHV��LQVWUXFWLRQ�FDFKH�PLVVHV� �
�����������GDWD�FDFKH�PLVVHV� ������������XQLILHG�FDFKH�PLVVHV� ��������������
�
2Q�WKH�RWKHU�KDQG��ZH�NQRZ�WKDW�DVVRFLDWLYH�XQLILHG�FDFKHV�DUH�EHWWHU�DW�UHVROYLQJ�
FRQIOLFWV�EHWZHHQ�LQVWUXFWLRQV�DQG�GDWD��7KHUHIRUH��WKH�VHFRQG�VDQLW\�FKHFN�LV�WKDW�
ZH�ZRXOG�H[SHFW�WKH�QXPEHU�RI� LQVWUXFWLRQ�PLVVHV�SOXV�WKH�QXPEHU�RI�GDWD�FDFKH�
PLVVHV� WR� EH� FORVH� WR� WKH� QXPEHU� RI� XQLILHG� FDFKH� PLVVHV�� IRU� WKH� DVVRFLDWLYH�
FDFKHV�� :H� FRQILUPHG� WKLV�� ,QVWUXFWLRQ� FDFKH� PLVVHV�  � ����������� GDWD� FDFKH�
PLVVHV� ������������XQLILHG�FDFKH�PLVVHV� �������������IRU���ZD\�����.%�FDFKHV�
ZLWK�D�EORFNVL]H�RI����E\WHV��
�
)URP�)LJXUH����� WKH�PLVV� UDWH�RI�D����.%�GLUHFW�PDSSHG� LQVWUXFWLRQ�FDFKH�ZLWK�D�
EORFNVL]H�RI����E\WHV�LV�OHVV�WKDQ�WKH�PLVV�UDWH�RI�D����.%���ZD\��DQG�HYHQ���ZD\��
VHW�DVVRFLDWLYH� LQVWUXFWLRQ� FDFKH�� ZKHUHDV� WKH� VDPH� LV� QRW� WUXH� IRU� WKH�
FRUUHVSRQGLQJ�XQLILHG�DQG�GDWD�FDFKHV��
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

)LJXUH� ���� � &DFKH� VLPXODWLRQ� IRU� XQLILHG� FDFKH� XVLQJ��� ELOOLRQ� DGGUHVVHV���
%ORFN�VL]H�LV����E\WHV�DQG�FDFKH�VL]H�DQG�VHW�DVVRFLDWLYLW\�DUH�YDULHG��

Cache Performance 
(block size = 16 bytes,unified cache, trace = 1 billion addresses)
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Cache Performance
 ( blocksize = 16 bytes, instruction cache, trace = 1 billion addresses)
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Cache Performance
 (blocksize = 16 bytes, data cache, trace = 1 billion addresses)
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%ORFN�VL]H�LV����E\WHV�DQG�FDFKH�VL]H�DQG�VHW�DVVRFLDWLYLW\�DUH�YDULHG��
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Cache Performance
 (blocksize = 32 bytes, instruction cache, trace = 1 billion addresses)
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Cache Performance 
(block size = 32 bytes, unified cache, trace = 1 billion addresses)
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Cache Performance
( blocksize = 32 bytes, data cache, trace = 1 billion addresses)
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)LJXUH� ���� � &DFKH� VLPXODWLRQ� IRU� GDWD� FDFKHV� XVLQJ� �� ELOOLRQ� DGGUHVVHV���
%ORFN�VL]H�LV����E\WHV�DQG�FDFKH�VL]H�DQG�VHW�DVVRFLDWLYLW\�DUH�YDULHG��
�
�
������(IIHFW�RI�EORFN�VL]H�RQ�PLVV�UDWH�
�
)LJXUHV� ��� �XQLILHG� FDFKH��� ��� �LQVWUXFWLRQ� FDFKH��� DQG���� �GDWD� FDFKH�� VKRZ� WKH�
HIIHFW�RI�EORFN�VL]H�²����E\WHV����%��YHUVXV����E\WHV����%��²�IRU�HDFK�RI�GLUHFW�
PDSSHG�� ��ZD\� VHW�DVVRFLDWLYH�� DQG� ��ZD\� VHW�DVVRFLDWLYH� FDFKHV�� ���E\WH� EORFN�
VL]H� XVXDOO\� SHUIRUPV� EHWWHU� WKDQ� ���E\WH� EORFN� VL]H�� SUHVXPDEO\� GXH� WR� EHWWHU�
VSDWLDO�ORFDOLW\��
�
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Cache Performance 
(direct mapped, unified cache, trace = 1 billion addresses)
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Cache Performance 
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PDSSHG�� ��ZD\� VHW�DVVRFLDWLYH�� DQG� ��ZD\� VHW�DVVRFLDWLYH� LQVWUXFWLRQ�
FDFKHV��

Cache Performance 
(4-way set assoc., instruction cache, trace = 1 billion addresses)
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Cache Performance 
(direct mapped, instruction cache, trace = 1 billion addresses)
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Cache Performance
 (direct mapped, data cache, trace = 1 billion addresses)
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Cache Performance 
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6RPH� LQWHUHVWLQJ� DQRPDOLHV� DUH� REVHUYHG� IURP� WKH� JUDSKV�� )LUVW�� IURP�)LJXUH� ����
WKH�PLVV� UDWH�RI� D����.%�GLUHFW�PDSSHG� LQVWUXFWLRQ�FDFKH��ZLWK�D�EORFNVL]H�RI����
E\WHV��LV�OHVV�WKDQ�WKH�PLVV�UDWH�RI�D����.%�GLUHFW�PDSSHG�FDFKH��ZLWK�D�EORFNVL]H�
RI����E\WHV���
�
6HFRQG�� IURP�)LJXUH���� �LQ� WKH�SUHYLRXV�VHFWLRQ��� WKH�PLVV� UDWH�RI�GLUHFW�PDSSHG�
LQVWUXFWLRQ� FDFKHV� LV� OHVV� WKDQ� WKH�PLVV� UDWH� RI� ��ZD\� VHW�DVVRFLDWLYH� LQVWUXFWLRQ�
FDFKHV�IRU��.%���.%����.%��DQG���.%�LQVWUXFWLRQ�FDFKHV��7KLV�LV�IRU�D�OLQH�VL]H�RI����
E\WHV��7KLV�DQRPDO\�GRHV�QRW�RFFXU�IRU����E\WH�OLQHV��
�
����� :K\���ELOOLRQ�DGGUHVVHV"�
�
�

«�
�
�
�
�
�
�
)LJXUH�����$GGUHVV�VDPSOLQJ�WLPLQJ�GLDJUDP��
�
7KH�FDFKH�VLPXODWRU�LV�HPEHGGHG�LQ�WKH�GDWD�DFTXLVLWLRQ�FRGH��7KH�WLPLQJ�GLDJUDP�
RI� WKH� SURFHVV� ZLOO� ORRN� OLNH� WKH� GLDJUDP� LQ� )LJXUH� ��� �� 7KH� DFWXDO� WLPH� RI� GDWD�
DFTXLVLWLRQ�LV�YHU\�VPDOO��FRPSDUHG�WR�WKH�WLPH�WKH�VLPXODWRU�LV�UXQQLQJ��7KLV�FDQ�EH�
H[SODLQHG�LQ�WKH�IROORZLQJ�ZD\��
�
7KH� WLPH� WDNHQ� WR� FROOHFW� DQG� VLPXODWH� D� ���0� ORQJ� DGGUHVV� WUDFH� ZDV�
DSSUR[LPDWHO\� ���PLQXWHV� �1RWH�� ZH� JDWKHUHG�PLVV� UDWHV� IRU� ���� GLIIHUHQW� FDFKH�
FRQILJXUDWLRQV� DW� WKH� VDPH� WLPH�� 7KH�PDFKLQH� LV� D� ��*+]� 3HQWLXP�,,,��� 7KH� GDWD�
DFTXLVLWLRQ�FRGH�LV�ZULWWHQ�VXFK�WKDW��0�DGGUHVVHV�DUH�FROOHFWHG�DW�D�WLPH�DQG�WKHQ�
VLPXODWHG�� 7KLV� SURFHVV� LV� UHSHDWHG����� WLPHV��6R��ZH� FDQ� VD\� WKDW�RQH� LWHUDWLRQ�
�GDWD� DFTXLVLWLRQ� �� VLPXODWLRQ�� WDNHV� ������� PLQXWHV�� L�H��� ��� VHFRQGV�� WR�
FRPSOHWH��7KH�FORFN�IUHTXHQF\�RI�WKH�HPXODWRU�ERDUG�DW�ZKLFK�WKH��0�VDPSOHV�DUH�
FROOHFWHG� LV� DSSUR[LPDWHO\� ��0+]�� 6R� WKH� WLPH� UHTXLUHG� WR� FROOHFW� �0� VDPSOHV� LV�
DSSUR[LPDWHO\� ���� VHFRQG�� /HW¶V� DVVXPH� DQ� XSSHU� OLPLW� RI� �� VHFRQG� IRU� FROOHFWLQJ�
WKH� DGGUHVVHV� EHFDXVH� WKH� FHOO� SKRQH� SURFHVVRU� GRHV� PRUH� WKDQ� PHPRU\� EXV�
RSHUDWLRQV��7KXV��WKH�VLPXODWLRQ�WLPH�HTXDOV�����±��� ����VHFRQGV��6R��RXW�RI�WKH�
���VHFRQGV�SHU� LWHUDWLRQ��L�H���SHU��0�DGGUHVVHV�����VHFRQG�LV�VSHQW�JDWKHULQJ�WKH�
DGGUHVVHV��DQG����VHFRQGV�DUH�VSHQW�VLPXODWLQJ��:H�PLVV�D�ORW�RI�DGGUHVVHV�ZKLOH�
VLPXODWLQJ�� 7KH� ERWWRP� OLQH� LV� ZH� VKRXOG� JDWKHU� DV� PDQ\� VDPSOHV� DV� SRVVLEOH��
:KHWKHU���ELOOLRQ�DGGUHVVHV��L�H��������VDPSOHV��DUH�VWDWLVWLFDOO\�HQRXJK��ZH�GRQ¶W�
NQRZ� IRU� FHUWDLQ�� )XUWKHU� H[SHULPHQWDWLRQ� DQG� WKHRUHWLFDO� DQDO\VLV� DUH� QHHGHG��
+RZHYHU��ZH�GLG�LQFUHDVH�VDPSOHV����IROG�IURP�WKH�H[SHULPHQWV�LQ�6HFWLRQ����

gather 1M 
addresses 

simulate 1M addresses for 180  
cache points 
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