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Abstract 
,Q�SUDFWLFH��WKH�GHYHORSPHQW�DQG�PDLQWHQDQFH��LI�DQ\��RI�D�V\VWHP·V�GHVLJQ�VSHFLILFDWLRQV�DUH�FDUULHG�RXW�
LQ�YHULWDEOH� LVRODWLRQ� IURP�WKH�GHYHORSPHQW�DQG�PDLQWHQDQFH�RI� WKH� LPSOHPHQWDWLRQ��'HVLJQ�GHFLVLRQV�
DUH�UHSUHVHQWHG�LQGHSHQGHQWO\�IURP�WKH�LPSOHPHQWDWLRQ�DQG�LWV�DQDO\VLV�DQG�YHULILFDWLRQ�DUH�FDUULHG�RXW�
�LI�DW�DOO��E\�D�VHSDUDWH�WRRO�VHW��7KH�GLVVRFLDWLRQ�EHWZHHQ�WKH�VSHFLILFDWLRQ�OD\HUV�SURGXFHV�DUFKLWHFWXUDO�
GULIW�DQG�DUFKLWHFWXUDO�HURVLRQ��OHDGLQJ�FDXVHV�IRU�WKH�LQFRPSUHKHQVLELOLW\�DQG�XQPDLQWDLQDELOLW\�RI�DJLQJ�
SURJUDPV��

:H� SUHVHQW� WZR�WLHU� SURJUDPPLQJ�� D� FRQFHSWXDO� IUDPHZRUN� IRU� LQWHJUDWHG� UHSUHVHQWDWLRQ� RI� SUR�
JUDPV�LQ�WZR�OD\HUV�RI�VSHFLILFDWLRQ������DUFKLWHFWXUH��´VHFRQG�RUGHU�SURJUDPVµ��DQG�����WUDGLWLRQDO�LP�
SOHPHQWDWLRQ��´ILUVW�RUGHU�SURJUDPV�µ��:H�UHYLHZ�WZR�WLHU�SURJUDPV��HQYLURQPHQWV�DQG�WRROV��DQG�DQD�
O\VH�WKH�WZR�WLHU�DSSURDFK�WR�SURJUDPPLQJ��

�

.H\ZRUGV�� 6RIWZDUH� GHVLJQ� WKHRU\�� VRIWZDUH� DUFKLWHFWXUH�� DUFKLWHFWXUDO� HURVLRQ��
DUFKLWHFWXUDO� GULIW�� WUDFHDELOLW\�� VRIWZDUH� PDLQWHQDQFH� DQG� HYROXWLRQ�� SURJUDP�
FRPSUHKHQVLRQ��
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1. Introduction 

6RIWZDUH�LV�D�FKLOG�RI�WKH�ODWWHU�KDOI�RI�WZHQWLHWK�FHQWXU\�²�D�EDE\�ERRPHU��$QG�OLNH�LWV�
KXPDQ�FRXQWHUSDUW��VRIWZDUH�KDV�DFFRPSOLVKHG�PXFK�ZKLOH�DW�WKH�VDPH�WLPH�OHDYLQJ�

PXFK�WR�EH�DFFRPSOLVKHG��>3UHVVPDQ���@�
7KH�QRWLRQ�RI�D�SURJUDPPLQJ�ODQJXDJH�KDV�SURJUHVVLYHO\�HYROYHG�IURP�WKH�PHUH�PDQL�
IHVWDWLRQ� RI� DQ� DOJRULWKP� LQ� D�PDFKLQH� ODQJXDJH� WRZDUGV� VXSSRUWLQJ� LQFUHDVLQJO\�PRUH�
DEVWUDFW�FRQVWUXFWV��VXFK�DV� ORRSV��SURFHGXUHV��PRGXOHV��DQG�REMHFWV� >0DGVHQ���@��7KH�
UDSLG�SDFH�RI�FKDQJHV�VLQFH�WKH�����V�KDV�EHHQ�LQIOXHQFHG�E\�IUHTXHQW�WHFKQRORJLFDO�GH�
YHORSPHQWV��LQFOXGLQJ�WKRVH�LQ�KDUGZDUH��GHYHORSPHQW�HQYLURQPHQWV��DQG�GHVLJQ�PHWK�
RGV��0RUH� UHFHQWO\�� WKH� SURJUHVV� LQ� SURJUDPPLQJ� ODQJXDJHV� KDYH� EHHQ� LQIOXHQFHG� E\�
VRIWZDUH�HQJLQHHULQJ�FRQFHUQV�VXFK�DV�´PDLQWDLQDELOLW\µ�DQG�´IOH[LELOLW\µ��
7KH�IRUPDO�QRWLRQ�RI�FRPSXWDWLRQ�KDV�DOVR�XQGHUJRQH�VLJQLILFDQW�FKDQJHV�VLQFH�7XULQJ�

KDV� LQWURGXFHG� KLV� DXWRPDW� >7XULQJ� ��@�� ,Q� DGGLWLRQ� WR� 5$0� DQG� $EVWUDFW� 6WDWH�0D�
FKLQHV�� ZKLFK� VLPXODWH� UXGLPHQWDU\� VWHSV� RI� FRPSXWDWLRQ�� PRUH� DEVWUDFW� PRGHOV� RI�
FRPSXWDWLRQ�ZHUH�LQWURGXFHG��VXFK�DV�3HWUL�QHWV�>3HWUL���@��SURFHVV�DOJHEUDV�>+RDUH���@��
VWDWHFKDUWV�>+DUHO���@��DQG�WHPSRUDO�ORJLF�>/DPSRUW���@��)RUPDO�VSHFLILFDWLRQ�ODQJXDJHV��
VXFK�DV�'� >6SLYH\���@�DQG�/DUFK�>*XWWDJ�	�+RUQLQJ���@��ZHUH�GHVLJQHG�WR�VXSSRUW�WKH�
WRS�GRZQ� SURFHVV� RI� GHYHORSPHQW�� ZKLFK� EHJLQV� ZLWK� DQDO\]LQJ� IXQFWLRQDO� UHTXLUH�
PHQWV���
$UFKLWHFWXUDO�VSHFLILFDWLRQ�ODQJXDJHV��$'/V��VXFK�DV�:5,*+7�>$OOHQ�	�*DUODQ���@�DQG�

0HWD+�>%LQQV�HW��DO���@�ZHUH�DOVR�GHVLJQHG�WR�VXSSRUW�D�WRS�GRZQ�SURFHVV��8QOLNH�RWKHU�
VSHFLILFDWLRQ�ODQJXDJHV��KRZHYHU��WKHVH�ODQJXDJHV�ZHUH�GHVLJQHG�WR�VXSSRUW�WKH�DQDO\VLV�
RI� DUFKLWHFWXUDO� DEVWUDFWLRQV��ZKLFK� DUH�QRQ�IXQFWLRQDO� UHTXLUHPHQWV��6LPLODUO\�� IRUPDO�
ODQJXDJHV�IRU�WKH�VXSSRUW�RI�VSHFLILFDWLRQ�DQG�YHULILFDWLRQ�RI�REMHFW�RULHQWHG�GHVLJQ��VXFK�
DV�&RQVWUDLQW�'LDJUDPV� >/DXGHU�	�.HQW���@��'LV&R� >0LNNRQHQ���@�DQG�/H386� >(GHQ�
��@�ZHUH� SURSRVHG��1RQHWKHOHVV�� WKH� YHULILFDWLRQ� RI� DUFKLWHFWXUDO� VSHFLILFDWLRQ� KDV� UH�
PDLQHG�DQ�RSHQ�SUREOHP��

1.1 Problems with evolving programs 

%\�WKH�´ILUVW�ODZ�RI�VRIWZDUH�HYROXWLRQµ�>/HKPDQ�����/HKPDQ���@��WKH�ODZ�RI�FRQWLQXLQJ�
FKDQJH�� VRIWZDUH�V\VWHPV�RSHUDWH� LQ�DQ�HQYLURQPHQW� WKDW� LV� LQ�D� VWDWH�RI�FRQVWDQW� IOX[��
7KHUH� LV� DPSOH�HYLGHQFH� >%RHKP�����3UHVVPDQ�����&RPHU���@� WKDW� VRIWZDUH�GHYHORS�
PHQW� SURJUHVVHV� LQ� DQ� RSHQ�HQGHG�� VWHS�ZLVH� SURFHVV� RI� DGDSWDWLRQ� WR� D� VWUHDP� RI�
FKDQJHV�� QRW� XQOLNH�HYROXWLRQ� LQ� D� QDWXUDO� VSHFLHV�� )RU� H[DPSOH�� WKH�PDQXIDFWXUHUV� RI�
SRSXODU� VKULQN�ZUDSSHG� VRIWZDUH� SDFNDJHV� �VXFK� DV�ZRUG� SURFHVVRUV� DQG� VRIWZDUH� GH�
YHORSPHQW�HQYLURQPHQWV��DWWHPSW�WR�DGDSW�WR�QHZ�UHTXLUHPHQWV��VXFK�DV�FKDQJHV�LQ�WKH�
RSHUDWLQJ� V\VWHP�� EHWWHU� KDUGZDUH�� DQG� UHOHDVHV� E\� WKH� FRPSHWLWRUV�� E\� GLVWULEXWLQJ� D�
VHHPLQJO\�HQGOHVV�VHTXHQFH�RI�QHZ�UHOHDVHV��HDFK�DGGLQJ�D�VHW�RI�QHZ�IHDWXUHV�WKDW�PD\�
QRW�KDYH�EHHQ�HQYLVLRQHG�ZKHQ�WKH�SURGXFWV�ZHUH�FRQFHLYHG��



²���²�

'HVSLWH�WKH�SURJUHVV�PDGH�VLQFH�ILUVW�REVHUYLQJ�WKH�´VRIWZDUH�FULVLVµ��UHVHDUFK�LQ�VRIW�
ZDUH�HQJLQHHULQJ�KDV�HVWDEOLVKHG�WKDW�WKH�FRQWHPSRUDU\�VRIWZDUH� LQGXVWU\�FRQWLQXHV�WR�
XQGHUJR�D�´FKURQLF�FULVLVµ�>%URRNV�����*LEEV���@��6SHFLILFDOO\��SURJUDPV�DUH�FRPPRQO\�
GLDJQRVHG�DV�WRR�´EULWWOHµ�DQG�´LQIOH[LEOHµ�>3UHVVPDQ���@��WKHUHE\�DJLQJ�TXLFNO\�DQG�EH�
FRPLQJ� WRR� H[SHQVLYH� WR�PDLQWDLQ�� WKDW� VRIWZDUH� SURGXFWV� EHFRPH� REVROHWH� DOPRVW� DV�
VRRQ�DV�WKH\�DUH�GHSOR\HG��DQG�WKDW�WKH�FRVWV�RI�ODUJH�SURMHFWV�FRQWLQXH�WR�H[FHHG�WKHLU�
LQLWLDO� EXGJHW� >6RPPHUYLOOH� ��@�� %XW� WKH� SUREOHPV� DUH� PRVW� DFXWH� ZLWK� ´DJLQJµ� SUR�
JUDPV��,Q�SDUWLFXODU��ORQJ�OLYHG�SURJUDPV�VXIIHU�WKH�HIIHFWV�RI�DUFKLWHFWXUDO�GULIW�DQG�DU�
FKLWHFWXUDO�HURVLRQ�DV�D�UHVXOW�RI�FRQWLQXDOO\�DWWHPSWLQJ�WR�DGDSW�DQG�HYROYH��
$FFRUGLQJ� WR� 3HUU\� DQG�:ROI� >��@�� EULWWOHQHVV� DQG� LQIOH[LELOLW\� DUH� WKH� UHVXOW� RI� D�

JURZLQJ�GLVVRFLDWLRQ�RI�DUFKLWHFWXUDO�VSHFLILFDWLRQV�IURP�WKH�LPSOHPHQWDWLRQ��3URJUDP�
PHUV�FRPPRQO\�IDLO�WR�EULQJ�WKH�GRFXPHQWDWLRQ�RU�´GHVLJQ�VSHFLILFDWLRQVµ�XS�WR�GDWH��$V�
D�UHVXOW��WKH�GRFXPHQWDWLRQ�EHFRPH�SURJUHVVLYHO\�LQFRQVLVWHQW�ZLWK�WKH�LPSOHPHQWDWLRQ�
XQWLO�WKH�GHVLJQ�VSHFLILFDWLRQV�FDQ�QR�ORQJHU�VHUYH�DV�D�UHOLDEOH�PRGHO� IRU�WKH�SURJUDP��
(DFK� FKDQJH� LQ� WKH� GLVVRFLDWHG� LPSOHPHQWDWLRQ� EHFRPHV�PRUH� GLIILFXOW� WR� DFFRPSOLVK��
6RPH�V\VWHPV�DUH�VR�GLIILFXOW�WR�PDLQWDLQ�WKDW�WKH\�ZLQ�WKH�WLWOH�´OHJDF\�V\VWHPµ��L�H���WHQ�
\HDUV� RU�ROGHU� V\VWHPV� ´IRU�ZKLFK�FXUUHQW�PDLQWHQDQFH� LV� YHU\�H[SHQVLYH�� DQG�RQH� IRU�
ZKLFK�LQWHJUDWLRQ�ZLWK�FXUUHQW�RU�PRGHUQ�WHFKQRORJ\�RU�VRIWZDUH�V\VWHPV�LV�GLIILFXOW�RU�
LPSRVVLEOHµ� >6(,���@��7KH�FRPSUHKHQVLRQ� DQG�PRGHOOLQJ�RI� OHJDF\� V\VWHPV� UHTXLUH�H[�
SHQVLYH�WHFKQLTXHV�ZKRVH�SXUSRVH�LV�WR�UHVWRUH�VRPH�RI�WKH�GHVLJQ�VSHFLILFDWLRQV��VXFK�DV�
´UHYHUVH� HQJLQHHULQJµ� RU� HYHQ� ´VRIWZDUH� DUFKHRORJ\µ� >&XQQLQJKDP� HW�� DO� ��@�� %XW� WKH�
VRXUFH� FRGH� RI� SURJUDPV� ZULWWHQ� LQ� DQ� LQGXVWULDO� SURJUDPPLQJ� ODQJXDJH� LQFRUSRUDWH�
RQO\�SDUWLDO�LQIRUPDWLRQ�DERXW�WKHLU�GHVLJQ��DQG�D�FRKHUHQW�DUFKLWHFWXUH�RU�GHVLJQ�PRGHO�
RI� D� SURJUDP� FDQQRW� SRVVLEO\� EH� SURGXFHG� VLPSO\� E\� LQVSHFWLQJ� WKH� LPSOHPHQWDWLRQ�
�H�J���>.D]PDQ�	�&DUULHUH�����.HOOHU�HW��DO���@���
$QRWKHU� TXHVWLRQ� RFFXUULQJ� LQ� WKH� GRFXPHQWDWLRQ� RI� ODUJH� SURJUDPV� LV� WUDFHDELOLW\�

>3HUU\�	�:ROI� ��@�� QDPHO\�� KRZ� WR� DVVRFLDWH� HDFK� GHVLJQ� GHFLVLRQ�ZLWK� LWV� UHVSHFWLYH�
LPSOHPHQWDWLRQ��&RPPHQWLQJ�LQFRUSRUDWHG�LQ�WKH�FRGH�RQO\�KHOS�XV�XQGHUVWDQG�WKH�GH�
VLJQ�GHFLVLRQV�UHODWHG�WR�D�JLYHQ�ORFDOH�LQ�WKH�LPSOHPHQWDWLRQ�EXW�QRW�YLFH�YHUVD��:RUVH��
FRPPHQWV�HPEHGGHG�LQ�WKH�SURJUDP��DQG�GRFXPHQWDWLRQ�WRROV�EDVHG�WKHUHRQ��VXFK�DV�
Javadoc��RQO\�RIIHU�D�ZHDN�VROXWLRQ��DV�WKH�YHULILFDWLRQ�RI�LQIRUPDO�WH[W�UHTXLUHV�D�ODER�
ULRXV�PDQXDO�SURFHVV��
:H�FRQFOXGH�WKDW�H[LVWLQJ�VRIWZDUH�GHYHORSPHQW�VWUDWHJLHV�\LHOG�SURJUDPV�WKDW�IDLO�WR�

PHHW�WKH�G\QDPLFV�RI�UHTXLUHPHQWV�DV�UHDOLW\�GLFWDWHV�DQG�WKHUHIRUH�DUH�H[SHFWHG�WR�EH�
FRPH� HYHQ�PRUH� XQVXLWDEOH�� 7KXV�� D� GUDPDWLF� GLYHUVLRQ� IURP� FRQWHPSRUDU\� GHYHORS�
PHQW�SUDFWLFH�DSSHDUV�WR�EH�LQ�SODFH��

1.2 Discussion: Solutions 

,V� LW� DGYLVDEOH� �RU� HYHQ� SRVVLEOH�� WR� DGGUHVV� WKH� SUREOHPV� RI� DUFKLWHFWXUDO� HURVLRQ� DQG�
WUDFHDELOLW\�IURP�WKH�SURJUDPPLQJ�ODQJXDJH�SHUVSHFWLYH"�%\�VXFK�DQ�DSSURDFK��RQH�PD\�
SURSRVH� WR� GHVLJQ� D�PRUH� DEVWUDFW� IXWXULVWLF� SURJUDPPLQJ� ODQJXDJH� WKDW� GLUHFWO\� VXS�
SRUWV�XVHIXO�GHVLJQ�DQG�DUFKLWHFWXUDO�FRQVWUXFWV��QRW�XQOLNH�WKH�ZD\�/LVS�KDV�EHHQ�LQWUR�
GXFHG�WR�VXSSRUW�IXQFWLRQV�DQG�OLVWV��DQG�6LPXOD�WR�VXSSRUW�WKH�QRWLRQ�RI�D�FODVV�DQG�FRQ�
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FDWHQDWLRQ��WRGD\·V� LQKHULWDQFH���0RUH�VSHFLILFDOO\��ZH�QHHG�´EHWWHUµ�SURJUDPPLQJ�ODQ�
JXDJHV�ZKLFK�VXSSRUW� WKH� VSHFLILFDWLRQ�RI�GHVLJQ�SDWWHUQV� >*DPPD�HW��DO@� DQG�DUFKLWHF�
WXUDO�VW\OHV�>*DUODQ�	�6KDZ���@���
,Q� VXSSRUW� RI� WKLV� YLHZ�� FRQVLGHU� IRU� H[DPSOH� KRZ� 6PDOOWDON� VXSSRUWV� WKH�0RGHO�

9LHZ�&RQWUROOHU�´SDWWHUQµ��6PDOOWDON�IDFLOLWDWHV�WKH�GLVWULEXWLRQ�RI�HYHQWV�EHWZHHQ�FRQ�
WUROOHUV��PRGHOV�DQG�YLHZV�E\�GHILQLQJ�WKH�EHKDYLRXU�RI�D�PRGHO�LQ�WKH�XQLYHUVDO�VXSHU�
FODVV� Object�� %\� WKH� SURSHUWLHV� RI� WKH� 6PDOOWDON� ODQJXDJH�� HYHU\� � � �� LQVWDQFH� �REMHFW��
LQKHULWV�WKHVH�FDSDELOLWLHV�DQG�FDQ�WKHUHIRUH�DVVXPH�WKH�UROH�RI�D�PRGHO�ZLWK�UHODWLRQ�DQ\�
QXPEHU� RI� SRWHQWLDO� YLHZV�� 7KH� FRPPXQLFDWLRQ� SURWRFRO� EHWZHHQ� PRGHOV� DQG� WKHLU�
YLHZV�LV�SURYLGHG�LQ�D�VLPLODU�IDVKLRQ��
7KHUH�DUH��KRZHYHU��LQGLFDWLRQV�WKDW�WKLV�GLUHFWLRQ�LV�LPSODXVLEOH��)LUVW��WKH�QXPEHU�RI�

SRVVLEOH�GHVLJQ�DEVWUDFWLRQV�LV�YHU\�ODUJH�DQG�SUREDEO\�XQERXQGHG�� � ���7KH�SUROLIHUDWLRQ�
RI�GHVLJQ�SDWWHUQV�VLQFH�������VHH��IRU�LQVWDQFH��>5LVLQJ���@��GHPRQVWUDWHV�KRZ�PDQ\�RI�
WKHP�ZHUH� GHHPHG� VXIILFLHQWO\� LQWHUHVWLQJ� WR� EH� LQFOXGHG� LQ� WKH� FDWDORJXH��7KXV�� DQ\�
IL[HG� SURJUDPPLQJ� ODQJXDJH� RIIHULQJ� D� VSHFLILF� FROOHFWLRQ� RI� JHQHUDO�SXUSRVH� DEVWUDF�
WLRQV� FDQ� RQO\� RIIHU� VROXWLRQV� WR� D� UHODWLYHO\� VPDOO� FDWHJRU\� RI� SUREOHPV� �DOWKRXJK� VHH�
>0DGVHQ���@���7KH�PDLQWHQDQFH�RI�DOO�RWKHU�DEVWUDFWLRQV��ZKLFK�ZHUH�QRW�OXFN\�HQRXJK�
WR�EH�VXSSRUWHG�E\�WKLV�SURJUDPPLQJ�ODQJXDJH��ZLOO�FRQWLQXH�WR�VXIIHU� IURP�WKH�SURE�
OHPV�RI�WUDFHDELOLW\�DQG�DUFKLWHFWXUDO�GULIW��$QG�HYHQ�LI�VRPHRQH�KDV�PDQDJHG�WR�GHYLVH�
VXFK�D�SURJUDPPLQJ�ODQJXDJH�ZKLFK�VXSSRUWV�WKH�HQRUPRXV�VHW�RI�DOO�XVHIXO�DUFKLWHFWXUDO�
DEVWUDFWLRQV�� ZH� EHOLHYH� WKDW� GHVLJQ� DEVWUDFWLRQV� ZLOO� FRQWLQXH� WR� ILQG� WKHLU� ZD\� LQWR�
SUDFWLFH�IRU�PDQ\�\HDUV�WR�FRPH��
,Q� FRQFOXVLRQ�� WKH� VROXWLRQ� WR� WKH�SUREOHPV�RXWOLQHG� DERYH� GRHV� QRW� GHSHQG�RQ� WKH�

SURJUDPPLQJ�ODQJXDJH�LQ�XVH��

1.3 The two-tier programming solution 

$�PRUH�OLNHO\�VROXWLRQ�WR�WKH�SUREOHPV�RI�DUFKLWHFWXUDO�GULIW�HURVLRQ�DQG�WUDFHDELOLW\�LV�
RIIHUHG�E\�WKH�WZR�WLHU�SURJUDPPLQJ� �773��SURJUDPPLQJ�SDUDGLJP��7KLV�DSSURDFK�WR�
SURJUDPPLQJ� UHGHILQHV� WKH� YHU\� QRWLRQ� RI� D� FRPSXWHU� SURJUDP� E\� DVVXPLQJ� DQ� LQWH�
JUDWHG�UHSUHVHQWDWLRQ�RI�GHVLJQ�VSHFLILFDWLRQV�ZLWK�WKH�LPSOHPHQWDWLRQ���
�

���������������������������������������������������
� � ([FHSWLRQV�WR�WKLV�UXOH�DUH�UDUH�DQG�QRW�RI�FRQFHUQ�WR�WKLV�GLVFXVVLRQ��
� � ,W�LV�HDV\�WR�VKRZ�WKDW�WH[W�EDVHG�VSHFLILFDWLRQ�ODQJXDJHV�GHILQH�DW�PRVW�DQ�HQXPHUDEOH�
VHW�RI�SRVVLEOH�VSHFLILFDWLRQV��
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$OCUMENTATION�Å#OMMENTS�

,PSOHPHQWDWLRQ�ODQJXDJH��&��
class HerView:
 public View {
...
};

class MyView:
 public View {
...
};

class View {
...
};

�QG�RUGHU�ODQJXDJH��/H386

ÅÅÅÅÅÅÅÅÅÅABSTRACT
CLASS

PRIMITIVE
OP

A ÅÅÅTEMPLATE

METHOD A

CONCRETE
CLASSES

PRIMITIVE
OP

�

7UDGLWLRQDO�SURJUDP 7ZR�WLHU�SURJUDP

�VW�RUGHU�ODQJXDJH��&��
class HerView:
 public View {
...
};

class MyView:
 public View {
...
};

class View {
...
};

!SSOCIATIONÅMAPPING

'HVLJQ�ODQJXDJH��&ODVV�GLDJUDPV��(QJOLVK �
)LJXUH���� �7UDGLWLRQDO�YLV�j�YLV�WZR�WLHU�SURJUDP�

$� WZR�WLHU� SURJUDP� LV� GHILQHG� LQ� WZR� OHYHOV� RI� DEVWUDFWLRQ�� HDFK� LQFRUSRUDWLQJ� VWDWH�
PHQWV� LQ� GLIIHUHQW� ODQJXDJHV�� 6WDWHPHQWV� LQ� WKH� ORZHU� OHYHO� DUH�PDGH� LQ� D� WUDGLWLRQDO�
SURJUDPPLQJ� ODQJXDJH� �D� ´ILUVW�RUGHUµ� SURJUDPPLQJ� ODQJXDJH���ZKLFK�GHOLYHUV� D� FRP�
SOHWH�DQG�GHWDLOHG�VSHFLILFDWLRQ�RI�WKH�LPSOHPHQWDWLRQ��7KH�VHFRQG�OD\HU�FRQVLVWV�RI�GH�
VLJQ�FRQVWUDLQWV� VSHFLILHG� LQ� DQ� DSSURSULDWH� DUFKLWHFWXUDO� VSHFLILFDWLRQ� ODQJXDJH� �D� ´VHF�
RQG�RUGHUµ�SURJUDPPLQJ�ODQJXDJH���)LJXUH���FRPSDUHV�WKH�FRQILJXUDWLRQ�RI�D�WZR�WLHU�
SURJUDP�ZLWK�WKDW�RI�D�WUDGLWLRQDO�SURJUDP��´VLQJOH�WLHUµ��DQG�LOOXVWUDWHV�WKH�GLIIHUHQFHV�
EHWZHHQ�WKHP��
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1.4 Intended contributions 

7KLV�DUWLFOH�SUHVHQWV�WZR�WLHU�SURJUDPPLQJ��D�SURJUDPPLQJ�SDUDGLJP�ZKLFK�DGGUHVVHV�
SUREOHPV�LQ�SURJUDP�FRPSUHKHQVLRQ�DQG�PDLQWHQDQFH�LQ�FRQWHPSRUDU\�SUDFWLFH��,Q�SDU�
WLFXODU��
�  :H�RIIHU�D�ZHOO�GHILQHG�RQWRORJ\�IRU�WKH�GLVFXVVLRQ�LQ�WZR�WLHU�SURJUDPV��
�  :H�GHPRQVWUDWH�D�VDPSOH�WZR�WLHU�SURJUDP�DQG�GLVFXVV�LQ�GHWDLO�D�FDVH�RI�D�WZR�

WLHU�SURJUDPPLQJ�ODQJXDJH��
�  :H�H[SODLQ�KRZ�773�DGGUHVVHV�WKH�SUREOHPV�RI�DUFKLWHFWXUDO�HURVLRQ�GULIW�DQG�

SURYLGHV�WKH�XOWLPDWH�VROXWLRQ�WR�SURJUDP�FRPSUHKHQVLRQ��VSHFLILFDOO\��WR�WUDFH�
DELOLW\���

2. A sample two-tier program 

,Q� WKLV� VHFWLRQ��ZH� LOOXVWUDWH� WZR�WLHU� SURJUDPV� E\� DQDO\VLQJ� D� VLPSOH� H[DPSOH�� � 7KLV�
WZR�WLHU�SURJUDP�ZLOO�LQFRUSRUDWH��D��D�UHSUHVHQWDWLRQ�RI�WKH�GHVLUHG�GHVLJQ��WKH�´7HP�
SODWH�0HWKRGµ�GHVLJQ�SDWWHUQ�>*DPPD�HW��DO���@���E��DQ�LPSOHPHQWDWLRQ�RI�WKH�SDWWHUQ��
DQG��F��D�PDSSLQJ�UHODWLRQ�ZKLFK� LQGLFDWHV�WKH� OLQNDJH�EHWZHHQ�WKH�GHVLJQ�DQG�WKH� LP�
SOHPHQWDWLRQ��
7R�UHPLQG�WKH�UHDGHU��WKH�LQWHQW�RI�WKH�7HPSODWH�0HWKRG�LV�WR�´'HILQH�WKH�VNHOHWRQ�RI�

DQ� DOJRULWKP� LQ� DQ� RSHUDWLRQ�� GHIHUULQJ� VRPH� VWHSV� WR� VXEFODVVHV�µ� >LELG�� S�� ���@� 7KH�
207�GLDJUDP�LQ�WKH�SDWWHUQ·V�PDQXVFULSW�LV�GHSLFWHG�LQ�)LJXUH�����

�
)LJXUH����207�GLDJUDP�RI�WKH�7HPSODWH�0HWKRG�SDWWHUQ��DGDSWHG�IURP�>*DPPD�HW��DO���@���
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2.1 The first-order tier 

$�UXGLPHQWDU\�LPSOHPHQWDWLRQ�RI�WKH�7HPSODWH�0HWKRG�LQ�&���LV�GHSLFWHG�LQ�7DEOH����
7KH�H[DPSOH�GHSLFWHG�H[SDQGV�RQ�WKH�VDPSOH�LPSOHPHQWDWLRQ�JLYHQ�LQ�WKH�VDPH�PDQX�
VFULSW���

7DEOH���� $�&���LPSOHPHQWDWLRQ�RI�WKH�7HPSODWH�0HWKRG��DOVR�DGDSWHG�IURP�>*DPPD�HW��DO�>��@��

struct View { 
 void Display () { 
  SetFocus(0); 
  // do something else 
 } 
 // Primitive-op is not defined in this class: 
 virtual void SetFocus(int loc) = 0;  
}; 

struct MyView: public View { 
 virtual void SetFocus(int loc) { 
  // define SetFocus in MyView  
 } 
}; 

struct HerView: public View { 
 virtual void SetFocus(int loc) { 
  // define SetFocus in HerView  
 } 
};  

�

2.2 The second-order tier 

7KH�GHVLJQ�RI�RXU� WR\�SURJUDP� LV� VSHFLILHG�E\� WKH�7HPSODWH�0HWKRG��7KH�SDWWHUQ�ZDV�
QRW�GHILQHG�IRUPDOO\�E\�*DPPD�HW��DO�>��@��EXW�DQ�DFFXUDWH�GHVFULSWLRQ�LV�IDFLOLWDWHG�E\�
VDPSOH�LPSOHPHQWDWLRQV�DQG�FODVV�GLDJUDPV��7KH�FODULW\�RI�WKH�LQIRUPDO�VSHFLILFDWLRQ�KDV�
DOORZHG�XV�WR�UHQGHU�LW�IRUPDO�XVLQJ�/H386�>(GHQ���@��D�KLJKHU�RUGHU�ORJLF�ODQJXDJH��
)LJXUH� �� GHSLFWV� WKH� VSHFLILFDWLRQ� RI� WKH�7HPSODWH�0HWKRG� � � �� LQ� WKH� YLVXDO� YHUVLRQ� RI�
/H386�>(GHQ���D@��7KH�GLDJUDP�LV�IROORZHG�E\�VDPH�VSHFLILFDWLRQ�LQ�WKH�V\PEROLF�YHU�
VLRQ�RI�WKH�ODQJXDJH��

���������������������������������������������������
� � )RU� WKH� SXUSRVH� RI� RXU� GLVFXVVLRQ�� ZH� VSHFLI\� D� VLPSOLILHG� YHUVLRQ� RI� WKH� SDWWHUQ��
ZKLFK�FRQVLVWV�RI�RQO\�RQH�´SULPLWLYH�RSHUDWLRQµ��



²���²�

ÅÅÅÅÅÅÅÅÅÅABSTRACT
CLASS

PRIMITIVE
OP

A ÅÅÅTEMPLATE

METHOD A

CONCRETE
CLASSES

PRIMITIVE
OP

�

�
)LJXUH���� 7KH�7HPSODWH�0HWKRG��VLPSOLILHG�YHUVLRQ�RI�>*DPPD�HW��DO���@��LQ�YLVXDO�/H386�

7KH�V\PEROLF�UHSUHVHQWDWLRQ�RI�)LJXUH���FRQVLVWV�RI�ILYH�FODXVHV�DV�IROORZV��
ABSTRACT
CLASSÅ�Å��

CONCRETE
CLASSESÅ�Å0��	Å

TEMPLATE
METHOD�ÅPRIMITIVE
OPÅ�Å Å

����	

����	

����	

!BSTRACT�ABSTRACT
CLASS	Å

)NVOKE�TEMPLATE
METHOD�ABSTRACT
CLASS�PRIMITIVE
OP�ABSTRACT


CLASS	Å

)NHERIT
���

�CONCRETE
CLASSES�ÅABSTRACT
CLASS	Å

����	

����	

����	

/HW�XV�H[SODLQ�HDFK�FODXVH�LQ�WKH�VSHFLILFDWLRQ�RI�WKH�7HPSODWH�0HWKRG� LQ�H[SUHVVLRQ�
�����7KH�ILUVW�WKUHH�FODXVHV�LQ�WKH�VSHFLILFDWLRQ�GHFODUH�IRXU�YDULDEOHV�DV�IROORZV��
����	� GHFODUHV� D� YDULDEOH� FDOOHG� ABSTRACT
CLASS� ZKLFK� UDQJHV� RYHU� HQWLWLHV� RI� W\SH�

´FODVVµ��
����	� GHFODUHV�D�YDULDEOH�WKDW�UDQJHV�RYHU�HQWLWLHV�RI�W\SH�´D�VHW�RI�FODVVHVµ��
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����	� GHFODUHV� WZR� YDULDEOHV� RI� W\SH� ´VLJQDWXUHµ�� $� ´VLJQDWXUHµ� LV� DQ� DEVWUDFWLRQ� RI� D�
PHWKRG·V�GHFODUDWLRQ��0HWKRGV�DUH�GHFODUHG�LQGLUHFWO\�E\�FRPELQLQJ�D�VLJQDWXUH�
DQG� D� FODVV� GHFODUDWLRQ�� )RU� H[DPSOH�� WKH� H[SUHVVLRQ� TEMPLATE


METHOD�ABSTRACT
CLASS� GHFODUHV� D� PHWKRG� ZLWK� WKH� VLJQDWXUH� TEMPLATE


METHOD�LQ�FODVV�ABSTRACT
CLASS��6LJQDWXUHV�DUH�XVHG�LQ�FODXVH�����	��H[SODLQHG�
EHORZ��

7KH�WKUHH�FODXVHV�WKDW�IROORZ�LPSRVH�FRQVWUDLQWV�RQ�WKH�YDULDEOHV�GHFODUHG��
����	� VWDWHV�WKDW�FODVV�ABSTRACT
CLASS�LV�!BSTRACT��
����	� VWDWHV� WKDW� D� PHWKRG� ZLWK� VLJQDWXUH� TEMPLATE
METHODÅ LV� GHILQHG� LQ� FODVV�

ABSTRACT
CLASS�DQG�WKDW�LW�´LQYRNHVµ��L�H���LWV�ERG\�FRQWDLQV�D�IXQFWLRQ�FDOO�WR��D�
PHWKRG�ZLWK�VLJQDWXUH�PRIMITIVE
OP�ZKLFK�LV�GHILQHG�LQ�WKH�VDPH�FODVV��

����	� WKH� FODXVH� LQFRUSRUDWHV� V\QWDFWLF� VXJDUV� GHILQHG� LQ�/H386�ZKLFK� VWDWH� WKDW� DOO�
FODVVHV� LQFOXGHG� LQ� CONCRETE
CLASSES� ¶LQKHULW·� �SRVVLEO\� LQGLUHFWO\�� IURP�
ABSTRACT
CLASS��

2.3 The association mapping 

$OWKRXJK� WKH�&���SURJUDP� LQ�7DEOH� �� DSSHDUV� WR� VDWLVI\� WKH� 7HPSODWH�0HWKRG�� LW� LV�
SUHIHUDEOH� WR� KDYH� DQ� H[SOLFLW� UHSUHVHQWDWLRQ� IRU� WKH� OLQNDJH� EHWZHHQ� WKH� VSHFLILFDWLRQ�
DQG� WKH� UHVSHFWLYH� LPSOHPHQWDWLRQV��7KLV� H[SOLFLW� UHSUHVHQWDWLRQ� DOORZV� IRU� DXWRPDWHG�
YHULILFDWLRQ�DQG�LW�DGGUHVVHV�WKH�WUDFHDELOLW\�SUREOHP���
,Q� RXU� H[DPSOH�� WKH�PDSSLQJ� DVVRFLDWHV�YDULDEOHV� LQ� WKH� VSHFLILFDWLRQ�� WKH�7HPSODWH�

0HWKRG��ZLWK�HOHPHQWV�RI�WKH�LPSOHPHQWDWLRQ��7KLV�DVVRFLDWLRQ�LV�GHSLFWHG�LQ�7DEOH����
7DEOH���� 7KH�DVVRFLDWLRQV�EHWZHHQ�7HPSODWH�0HWKRG�DQG�HOHPHQWV�

RI�LWV�LPSOHPHQWDWLRQ�
9DULDEOHV� JURXQG�HQWLWLHV�
ABSTRACT
CLASS� View 

CONCRETE
CLASSES� \MyView�HerView^ 

TEMPLATE
METHODÅ Display(void) 

PRIMITIVE
OPÅ SetFocus(int)�

2.4 Summary 

7R�VXPPDUL]H��WKH�WZR�WLHU�SURJUDP�LOOXVWUDWHG�LQ�WKLV�VHFWLRQ�FRPSULVHV�WKH�IROORZLQJ��
�  7KH��VW�RUGHU�WLHU�KDV�WKH�&���LPSOHPHQWDWLRQ�RI�WKH�7HPSODWH�0HWKRG��7DEOH�

����
�  7KH� �QG�RUGHU� WLHU� KDV� WKH� VSHFLILFDWLRQ� RI� WKH�7HPSODWH� 0HWKRG� �H[SUHVVLRQ�

������
�  7KH�DVVRFLDWLRQ�PDSSLQJ�PDSV�WKH�IUHH�YDULDEOHV�LQ�WKH�GHVLJQ�VSHFLILFDWLRQ�LQWR�

FRQVWDQWV�LQ�WKH�LPSOHPHQWDWLRQ��7DEOH�����
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3. Two-tier programming languages 

(ONDQD�>��@�XVHV�WKH�WHUP�WZR�WLHU�WKLQNLQJ�LQ�KLV�GLVFXVVLRQ�LQ�WKH�DSSDUHQW�GLFKRWRP\�
EHWZHHQ�ILUVW��DQG�VHFRQG�RUGHU�WKLQNLQJ��$FFRUGLQJ�WR�(ONDQD��ILUVW�RUGHU�WKLQNLQJ�GHV�
LJQDWHV�D� UHDVRQLQJ�SURFHVV� WKDW� LV� IRFXVHG�RQ�´FRQFUHWHµ� WKRXJKWV�DQG�ZKLFK� LV�FDUULHG�
RXW�ZLWKLQ�D�VSHFLILF�FRQWH[W��ZKLOH�VHFRQG�RUGHU�WKLQNLQJ�FKDUDFWHULVHV�WKLQNLQJ�DERXW�
WKRXJKWV�DQG�DERXW�WKH�FKRLFH�RI�D�ILUVW�RUGHU�FRQWH[W��6HFRQG�RUGHU�WKLQNLQJ�WDNHV�SODFH�
LQ� D� GLIIHUHQW� ´WLHUµ� RI� WKLQNLQJ� IURP� ILUVW�RUGHU� WKLQNLQJ�� 7KXV�� WZR�WLHU� WKLQNLQJ� LV� D�
WKLQNLQJ�SURFHVV�ZKLFK�PD\� WDNH�SODFH� LQ�HLWKHU� WLHU��DQG�DOORZV�RQH� WR�XVH�ERWK� ILUVW��
DQG�VHFRQG�RUGHU�WKLQNLQJ��DQG�VZLWFK�IURP�RQH�WR�WKH�RWKHU�DV�DSSURSULDWH��7KLV�WHUPL�
QRORJ\�KDV�LQVSLUHG�RXU�XVH�RI�WZR�WLHU�SURJUDPPLQJ�DQG�WKH�DQDORJRXV�GLVWLQFWLRQ�EH�
WZHHQ�ILUVW�RUGHU�DQG�VHFRQG�RUGHU�SURJUDPPLQJ��

3.1 1st-order programming languages 

%URDGO\�VSHDNLQJ��E\�ILUVW�RUGHU�SURJUDPPLQJ�ODQJXDJH�ZH�UHIHU�WR�DQ\��UG�JHQHUDWLRQ��
RU�DQ\�JHQHUDO�SXUSRVH�SURJUDPPLQJ�ODQJXDJH�WKDW�LV�VXIILFLHQWO\�H[SUHVVLYH�WR�VXSSRUW�
FRPSOHWHO\� GHWDLOHG� LPSOHPHQWDWLRQV�� 7KHVH� LQFOXGH� IDPLOLDU� SURJUDPPLQJ� ODQJXDJHV��
VXFK�DV�&����-DYD���3DVFDO�DQG�6PDOOWDON��EXW�WKH\�DOVR�LQFOXGH�FHUWDLQ�VSHFLDO�SXUSRVH�
ODQJXDJHV��)RU�H[DPSOH��%LQQV�HW��DO�>��@�GHVFULEH�DQ�DUFKLWHFWXUDO�GHVFULSWLRQ�ODQJXDJH�
�$'/�� ZKLFK� XVHV� D� GRPDLQ�VSHFLILF� ODQJXDJH��&RQWURO+�� DV� WKH� LPSOHPHQWDWLRQ� ODQ�
JXDJH��
5HVSHFWLYHO\��DQ�H[SUHVVLRQ�P� LQ�D�ILUVW�RUGHU�SURJUDPPLQJ�ODQJXDJH�, � � LV�WKH�WUDGL�

WLRQDO� QRWLRQ�RI� D� SURJUDP��7KXV�� LI�#��� LV� WKH� V\PERO� WKDW� UHSUHVHQWV� WKH� VHW� RI� DOO�
ZHOO�IRUPHG�SURJUDPV� LQ�&����DQ�HOHPHQW�RI�WKLV�VHW�P�#��� LV�D�ZHOO�IRUPHG�SUR�
JUDP�VXFK�DV�WKH�RQH�GHSLFWHG�LQ�7DEOH����

3.2 2nd-order programming languages 

,Q� FRQWUDVW� ZLWK� �VW�RUGHU� SURJUDPPLQJ� ODQJXDJHV�� WKHUH� LV� D� EURDG� FDWHJRU\� RI� ODQ�
JXDJHV�WKDW�FDQ�EH�XVHG�WR�VSHFLI\�FRQVWUDLQWV�RQ�LPSOHPHQWDWLRQV��7KHVH�ODQJXDJHV�DUH�
FRQVLGHUHG�� LQ� DQDORJ\��DV�VHFRQG�RUGHU�SURJUDPPLQJ�ODQJXDJHV��RU�PHWDODQJXDJHV� IRU�
LPSOHPHQWDWLRQ� ODQJXDJHV�� 6WDWHPHQWV� LQ� �QG�RUGHU� SURJUDPPLQJ� ODQJXDJHV� VSHFLI\�
FRQVWUDLQWV�RQ�SURJUDPV�E\�H[SUHVVLQJ�WKHLU�GHVLUHG��RU�XQGHVLUHG��SURSHUWLHV��)RU�H[�
DPSOH��WKH�H[SUHVVLRQ��

�C��t)NHERIT
	
�C�Object	Å Å��	

GRHV�QRW�GHILQH�D�VSHFLILF�LPSOHPHQWDWLRQ�EXW�LPSRVHV�WKH�FRQVWUDLQW�WKDW�DOO�FODVVHV�PXVW�
LQKHULW��SRVVLEO\�LQGLUHFWO\��IURP�FODVV�Object��6SHFLILFDOO\��H[SUHVVLRQ�����LQFRUSRUDWHV�
WKH� VHFRQG�RUGHU� YDULDEOH� C� ZKLFK� UDQJHV� RYHU��� WKH� VHW� RI� DOO� FODVVHV�� WKH� FRQVWDQW�
Object��DQG� WKH�V\PERO�*
�ZKLFK�GHVLJQDWHV� WKH� WUDQVLWLYH�FORVXUH� �]HUR�RU�PRUH��RI�
WKH�UHODWLRQ�*��
([SUHVVLRQV� LQ� VSHFLILFDWLRQ� ODQJXDJHV� VXFK� DV�&RQVWUDLQW�'LDJUDPV� >/DXGHU�	�.HQW�

��@��'LV&R� >0LNNRQHQ� ��@� DQG�/H386� >(GHQ� ���� (GHQ� ��@� FRQVLVW� RI� YDULDEOHV� WKDW�
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UDQJH�RYHU�FRQFUHWH�HQWLWLHV�RI�WKH�ILUVW�RUGHU�ODQJXDJH��VXFK�DV�FODVVHV��URXWLQHV��,Q�FRQ�
WUDVW��:5,*+7� >$OOHQ�	�*DUODQ� ��@�� DQ� DUFKLWHFWXUDO� GHVFULSWLRQ� ODQJXDJH� �$'/���ZDV�
GHVLJQHG�WR�VXSSRUW�VWDWHPHQWV�RQ�WKH�RYHUDOO�FRQILJXUDWLRQ�RI�ODUJH�V\VWHPV��:5,*+7�LV�
DQ� H[WHQVLRQ� WR� FRPPXQLFDWLQJ� VHTXHQWLDO� SURFHVVHV� >+RDUH� ��@� DQG� LW� FDQ� EH� XVHG� WR�
GHILQH�DUFKLWHFWXUDO�VW\OHV��&RQVLGHU�IRU�H[DPSOH�WKH�VSHFLILFDWLRQ�RI�WKH�#LIENT
3ERVER�
´FRQQHFWRU�W\SHµ�LQ�:5,*+7��

CONNECTORÅ#
3
CONNECTORÅ�Å

Å ROLEÅ#LIENTÅ�Å�REQUEST�XÅl RESULT�YÅlÅ#LIENT	Å�Å{Å

Å ROLEÅ3ERVERÅ�Å�INVOKE XÅlÅRETURN�YÅlÅ3ERVER	Å<>Å{Å Å

GLUEÅ�Å�#LIENT�REQUEST XÅlÅ3ERVICE�INVOKE�XÅl Å

Å Å 3ERVICE�RETURN YÅl #LIENT�RESULT�YÅl GLUE	Å<>Å{Å

��	Å

([SUHVVLRQ����� LV�SDUW�RI� WKH�VSHFLILFDWLRQ�RI�D�VLPSOH�´FOLHQW�VHUYHUµ�VW\OH��FRQVLVWLQJ�
RI�´FRPSRQHQWVµ��SURFHVVHV��RI�W\SHV�#LIENT�DQG�3ERVER��ZKHUH�WKH�CONNECTOR�VWDWH�
PHQW�LQGLFDWHV�KRZ�WKH�VSHFLILF�SURWRFRO�RI�WKHLU�FRPPXQLFDWLRQ���
7KH�GHVLJQ�GHFLVLRQV�PDGH�E\�WKH�DXWKRUV�RI�:5,*+7�IRFXVHV�RQ�VSHFLILFDWLRQV�RI�EH�

KDYLRXUDO��L�H���G\QDPLF��SURSHUWLHV�DQG�WR�WKH�ODQJXDJH�RI�SURFHVV�DOJHEUD��L�H���HYHQWV�
DQG�SURFHVVHV���$OOHQ� DQG�*DUODQ�GHPRQVWUDWH� LWV�DGYDQWDJHV� LQ�UHDVRQLQJ�RQ�VSHFLILFD�
WLRQV� DQG� HYHQ� SURYLQJ� XVHIXO� SURSHUWLHV�� VXFK� DV� FRPSDWLELOLW\� EHWZHHQ� V\VWHPV� DQG�
GHDGORFN�IUHHGRP��
'HDQ�DQG�&RUG\�>��@�SUHVHQW�\HW�DQRWKHU�NLQG�RI�D��QG�RUGHU�SURJUDPPLQJ�ODQJXDJH��

D�YLVXDO�IRUPDOLVP�IRU�WKH�VSHFLILFDWLRQ�RI�DUFKLWHFWXUDO�FRPSRQHQWV�DQG�WKHLU�UHODWLRQV��
7KH\�GHPRQVWUDWH� WKLV� IRUPDOLVP�E\� WKH�VSHFLILFDWLRQ�RI� WKH�3LSHV�DQG�)LOWHUV�DUFKLWHF�
WXUDO�VW\OH��GHSLFWHG�LQ�)LJXUH����

P&F+ + ::= + +

+ + P&F +

�
)LJXUH���� 3LSHV�DQG�)LOWHUV��DGDSWHG�IURP�>'HDQ�	�&RUG\���@���

7KH�ODQJXDJH�RI�WKH�YLVXDO�H[SUHVVLRQ�LQ�)LJXUH���LV�GHILQHG�LQ�D�%1)�OLNH�GHILQLWLRQ�RI�
D�FRQWH[W�IUHH�JUDPPDU��$�FLUFOH�LQ�WKH�YLVXDO�ODQJXDJH�UHSUHVHQWV�D�´WDVNµ��DUURZV�UHS�
UHVHQW� VWUHDPV�� 7KH� SOXV� VLJQ� LV� WKH� %1)� V\PERO� IRU� ´RQH� RU� PRUH�µ� 7KXV�� )LJXUH� ��
UHDGV��$�SLSHV�DQG�ILOWHUV� LPSOHPHQWDWLRQ�PXVW�EH�FRQILJXUHG�VXFK� WKDW� LW�FRQVLVWV�RI� D�
FKDLQ�RI�´WDVNµ�HQWLWLHV�VXFK�WKDW�HDFK�WDVN�LV�FRQQHFWHG�WR�WKH�QH[W�WDVN�LQ�WKH�VHTXHQFH�
YLD�D�´VWUHDPµ�HQWLW\��
2Q� WKH� RWKHU� HQG� RI� DEVWUDFWLRQ� OHYHO�ZH� DOVR� FRQVLGHU� 6PDOOWDON� DV� D� VHFRQG�RUGHU�

VSHFLILFDWLRQ�ODQJXDJH��ZKLFK�FDQ�EH�XVHG�IRU�WKH�VSHFLILFDWLRQ�RI�SURSHUWLHV�RI�6PDOOWDON�
SURJUDPV��6PDOOWDON���� >*ROGEHUJ�	�5REVRQ���@� LQFRUSRUDWHV� D�PHWDFODVVHV�KLHUDUFK\��
ZKLFK� DOVR� VXSSRUW�PHWDSURJUDPPLQJ� WDVNV� �DOVR� NQRZQ� DV� UHIOHFWLRQ��� ([HFXWLQJ� WKH�
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IROORZLQJ�6PDOOWDON�H[SUHVVLRQ�� IRU�H[DPSOH��ZLOO�GHILQH�D�QHZ�FODVV�QDPHG�newClass�
ZLWK�RQH�LQVWDQFH�YDULDEOH��

Object subclass: ’newClass’ 
instanceVariableNames: ’v’. 

��	Å

6PDOOWDON� LV� GLVWLQJXLVKHG� IURP� WKH�RWKHU� VHFRQG�RUGHU�SURJUDPPLQJ� ODQJXDJHV� FRQ�
VLGHUHG�LQ�WKLV�VHFWLRQ�LQ�RIIHULQJ�D�GLIIHUHQW�OHYHO�RI�FRPSOH[LW\��2EVHUYH�WKDW�ZKLOH�WKH�
�QG�RUGHU� H[SUHVVLRQV� GHPRQVWUDWHG�KLWKHUWR�ZHUH� DOO� GHFODUDWLYH�� D� 6PDOOWDON� H[SUHV�
VLRQ�KDV�RSHUDWLRQDO�VHPDQWLFV��

3.3 Two-tier programming languages 

:H� FRQFOXGH� WKLV� GLVFXVVLRQ� LQ� IRUPDOLVLQJ� WKH� PRVW� JHQHUDO� QRWLRQ� RI� D� WZR�WLHU�
SURJUDPPLQJ�ODQJXDJH��773/���:H�EDVH�RXU�GLVFXVVLRQ�RQ�WKH�WHUPLQRORJ\�LQWURGXFHG�
E\� *XWWDJ�� +RUQLQJ� DQG�:LQJ� >��@� IRU� WKH� GLVFXVVLRQ� LQ� IRUPDO� VSHFLILFDWLRQ� RI� SUR�
JUDPV��*XWWDJ�HW��DO�GHILQH�VSHFLILFDWLRQ�ODQJXDJH�DV�IROORZV��
'HILQLWLRQ�,�� $�VSHFLILFDWLRQ�ODQJXDJH�LV�D�WULSOH��, 
 �, � �3AT§�ZKHUH�, � ÅDQG�, 
 �DUH�

VHWV�DQG�3AT��, � q, 
 �LV�D�UHODWLRQ�EHWZHHQ�WKHP��, 
 �LV�WKH�ODQ�
JXDJH·V�V\QWDFWLF�GRPDLQ��, � �LV�WKH�VHPDQWLF�GRPDLQ��DQG�3AT�LV�LWV�
VDWLVILHV�UHODWLRQ��

:H�GHILQH�D�WZR�WLHU�SURJUDPPLQJ�ODQJXDJH��773/��DV�D�VSHFLILFDWLRQ�ODQJXDJH��)RU�D�
JLYHQ�773/��, 
 �, � �3AT§
�ZH�DSSO\�WKH�IROORZLQJ�WHUPLQRORJ\��
�� , � � LV� D��VW�RUGHU�SURJUDPPLQJ� ODQJXDJH�� LQ�ZKLFK�ZH� VSHFLI\� WKH� LPSOHPHQWD�

WLRQ��
�� , 
 �LV�D��QG�RUGHU�SURJUDPPLQJ�ODQJXDJH��LQ�ZKLFK�ZH�VSHFLI\�WKH�GHVLJQ��
�� 3AT� LV� D�3ATISFIES� UHODWLRQ��ZKLFK� LQGLFDWHV� IRU� DQ\� WZR� SURJUDPV�P�, � � DQG�

0�, 
 ��ZKHWKHU�P�VDWLVILHV�0��� � ��
:H�IXUWKHU�LOOXVWUDWH�WKH�QRWLRQ�RI�D�773/�LQ�6HFWLRQ����ZLWK�WKH�DQDO\VLV�RI�D�VSHFLILF�

773/��

4. Two-tier programs 

,Q� WKLV� VHFWLRQ�� ZH� HODERUDWH� RQ� WKH� QRWLRQ� RI� D� WZR�WLHU� SURJUDP�� *LYHQ� D� 773/�
M��, 
 �, � �3AT§��D�WZR�WLHU�SURJUDP�FRQVLVWV�RI�WZR�WLHUV�RI�UHSUHVHQWDWLRQV�DQG�DQ�DV�
VRFLDWLRQ�PDSSLQJ�DV�IROORZV��
���������������������������������������������������
� � *XWWDJ�HW��DO�LPSO\�WKDW�WKH�3ATISFIES�UHODWLRQ�LV�ELQDU\��L�H����P��0	�3AT�PHDQV�WKDW�
P�VDWLVILHV�0��,Q�6HFWLRQ� ����ZH�GHPRQVWUDWH�D�WHUQDU\�3ATISFIES�UHODWLRQ��,Q�WKH�JHQ�
HUDO�FDVH��ZH�VD\�WKDW�3ATISFIES�LV�D�WHUQDU\�UHODWLRQ��VXFK�WKDW��P�0�C	�3AT�LII�PVDW�
LVILHV�0�LQ�VRPH�FRQWH[W�C��ZKHUH�FRQWH[W�LV�UHOHYDQW�DV�GHWHUPLQHG�E\�WKH�773/��
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  7KH��VW�RUGHU�WLHU�FRQVLVWV�RI�WKH��VW�RUGHU�SURJUDP�P�, � ��$��VW�RUGHU�SURJUDP�
PD\�RQO\�EH�WKH�LPSOHPHQWDWLRQ��H�J���UHSUHVHQWHG�DV�WKH�VRXUFH�FRGH�RI�D�WUDGL�
WLRQDO�SURJUDP����


  7KH��QG�RUGHU�WLHU�FRQVLVWV�RI�VWDWHPHQWV�LQ�WKH�VHFRQG�RUGHU�SURJUDPPLQJ�ODQ�
JXDJH��, 
 ��DOVR�WKH��QG�RUGHU�SURJUDP��7KH�VWDWHPHQWV�FRXOG�EH�JHQHUDO��VXFK�DV�
WKH�7HPSODWH�0HWKRG�GHVLJQ�SDWWHUQ�RU�WKH�3LSHV�DQG�)LOWHUV�DUFKLWHFWXUDO�VW\OH��
EXW� WKH�GHVLJQ�VSHFLILFDWLRQV�FRXOG� DOVR�EH�SDUWLFXODU� WR� WKLV�SURJUDP��H�J���GH�
VFULEHG�XVLQJ�H[SUHVVLRQV�WKDW�FRQWDLQ�RQO\�FRQVWDQWV�DQG�QR�YDULDEOHV���


  7KH� DVVRFLDWLRQ� PDSSLQJ� � � �� H[LVWV� WR� PDLQWDLQ� FRQVLVWHQF\� EHWZHHQ� WKH� WZR�
WLHUV��

2EVHUYH� WKDW�� E\� WKLV� GHILQLWLRQ�� WKH� ,%0�5DWLRQDO� 5RVH�� ´URXQG�WULS� HQJLQHHULQJµ�
VXLW� DQG� WKH� Javadoc� GRFXPHQWDWLRQ� XWLOLW\� GR� QRW� VXSSRUW� WZR�WLHU� UHSUHVHQWDWLRQV��
7KH�UHDVRQ�LV�WKDW�ERWK�WRROV�VWRUH�VRPH�RI�WKH�GHVLJQ�LQIRUPDWLRQ�DV�SDUW�RI�WKH�LPSOH�
PHQWDWLRQ��DQG�WKHUHE\�YLRODWH�WKH�SULQFLSOH�RI�VHSDUDWLQJ�WKH�VSHFLILFDWLRQ�WLHUV��
7KH�UHPDLQGHU�RI�WKLV�VXEVHFWLRQ�LV�GHGLFDWHG�WR�D�GLVFXVVLRQ�LQ�WKH�DEVWUDFW�LQWHUSUHWD�

WLRQ�RI�LPSOHPHQWDWLRQV�DQG�RQ�WKH�SXUSRVH�DQG�GHILQLWLRQ�RI�WKH�DVVRFLDWLRQ�PDSSLQJ��

4.1 Abstract interpretation 

$V� GHPRQVWUDWHG� E\� WKH� VDPSOH� �QG�RUGHU� H[SUHVVLRQV� LQ� 6HFWLRQ� ���� �QG�RUGHU� SUR�
JUDPPLQJ�ODQJXDJHV�UDUHO\�VSHDN�LQ�WHUPV�RI�WKH�LPSOHPHQWDWLRQ��0RVW�PRGHOOLQJ�IRU�
PDOLVPV��LQFOXGLQJ�3HWUL�QHWV�>3HWUL���@��SURFHVV�DOJHEUDV�>+RDUH���@��VWDWHFKDUWV�>+DUHO�
��@�� WHPSRUDO� ORJLF� >/DPSRUW� ��@�� DQG� KLJKHU�RUGHU� ORJLF� >%DUZLVH� ��@�� VXSSRUW� VWDWH�
PHQWV�LQ�WHUPV�RI�DEVWUDFWLRQV�RI�LPSOHPHQWDWLRQV��H�J���SURFHVVHV��VWDWHV��DQG�FODVV�KL�
HUDUFKLHV�� UDWKHU� WKHQ� LQ� WHUPV�RI� FRQFUHWH� FRQVWUXFWV� RI� WKH� LPSOHPHQWDWLRQ� ODQJXDJH�
�H�J���FODVVHV�DQG�YDULDEOHV����
7KLV�VKRXOG�QRW�EH�VXUSULVLQJ��7KH�HOHPHQWV�LQ�D�GHVLJQ�VSHFLILFDWLRQ�DUH�H[SHFWHG�WR�

EH�PRUH�DEVWUDFW�WKDQ�WKH�HOHPHQWV�RI�WKH�LPSOHPHQWDWLRQ��7KLV�JDS��KRZHYHU��UDLVHV�WKH�
IROORZLQJ� SUREOHP��+RZ�FDQ� D� VSHFLILFDWLRQ� EH� YHULILHG�� LI� QRW� GLUHFWO\� E\� WKH� VRXUFH�
FRGH��RU�IRU�WKDW�PDWWHU��E\�DQ\�RWKHU�UHSUHVHQWDWLRQ�RI�WKH�LPSOHPHQWDWLRQ"�7KH�VROX�
WLRQ� WKDW�773�RIIHUV� �WKH� DVVRFLDWLRQ�PDSSLQJ�� UHOLHV� RQ� WKH� IRUPDO� QRWLRQ� RI� DEVWUDFW�
LQWHUSUHWDWLRQ��
7KH�DEVWUDFW�LQWHUSUHWDWLRQ�� � ��RI�D��VW�RUGHU�SURJUDP�P�LV�D�ILQLWH�XQLYHUVH�RI�JURXQG�

HQWLWLHV� �$.$�DWRPV��DQG� ILUVW�RUGHU�UHODWLRQV��7KLV�FRQVWUXFW� LV�DOVR�NQRZQ�DV�D� ILQLWH�
ILUVW�RUGHU�VWUXFWXUH�LQ�PDWKHPDWLFDO�ORJLF�>%DUZLVH���@��7KH�IRUPDO�GHILQLWLRQ�RI�D��VW�
RUGHU�VWUXFWXUH�DSSHDUV�LQ�WKH�$SSHQGL[��)RUPDOO\��

���������������������������������������������������
� � $OVR�FDOOHG�FRRUGLQDWLRQ�PDSSLQJ�LQ�>(GHQ�	�-DQKNH���@��
� � ,Q�>(GHQ�	�.D]PDQ���@�ZH�XVH�WKH�WHUPV�GHQRWDWLRQ�IXQFWLRQ�DQG�GHVLJQ�PRGHO��
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'HILQLWLRQ�,,�� /HW�, � �GHVLJQDWH�D��VW�RUGHU�SURJUDPPLQJ�ODQJXDJH��%�GHVLJQDWH�
WKH�VSDFH�RI�DOO�SRVVLEOH�ILQLWH��VW�RUGHU�VWUXFWXUHV��'HILQLWLRQ�9,���
DQG���GHVLJQDWH�D�IXQFWLRQ�VXFK�WKDW�

� �� ���Å, �l%�

� :H�VD\�WKDW���LV�DQ�DEVWUDFW�LQWHUSUHWDWLRQ�IXQFWLRQ��
&RQVLGHU�IRU�H[DPSOH�WKH�DEVWUDFW�LQWHUSUHWDWLRQ�RI�WKH�&���SURJUDP�LQ�7DEOH����$�

SRVVLEOH�VXFK�FDQGLGDWH�LV�OLVWHG�LQ�7DEOH����
7DEOH���� $Q�DEVWUDFW�LQWHUSUHWDWLRQ�IRU�WKH�&���SURJUDP�LQ�7DEOH���

$WRPV���
View��MyView��HerView�RI�W\SH�CLASS��View.Display��View.SetFocus��
MyView.SetFocus��HerView.SetFocus�RI�W\SH�-ETHODÅ

�
5HODWLRQV��

!BSTRACT�View	Å

!BSTRACT�View.SetFocus	Å

)NHERIT�MyView�ÅView	Å

)NHERIT�HerView�ÅView	Å

)NVOKE�View.Display�ÅView.SetFocus	Å

-EMBER�View.Display�ÅView	Å

-EMBER�View.SetFocus�ÅView	Å

-EMBER�MyView.SetFocus�ÅMyView	Å

-EMBER�HerView.SetFocus�ÅHerView	Å

3AME3IGNATURE�MyView.SetFocus�ÅView.SetFocus	Å

3AME3IGNATURE�HerView.SetFocus�ÅView.SetFocus	Å

�
7KH� FKRLFH� RI� DQ� DEVWUDFW� LQWHUSUHWDWLRQ� DQG� WKH� GHWDLOV� RI� WKH� IXQFWLRQ·V� GHILQLWLRQ�

KLJKO\�GHSHQG�RQ�WKH�QDWXUH�RI�WKH��VW�RUGHU�DQG��QG�RUGHU�ODQJXDJHV�LQ�SOD\��&RQVLGHU�
IRU�H[DPSOH�WKH��QG�RUGHU�SURJUDP�LQ�H[SUHVVLRQ������WKH�VSHFLILFDWLRQ�RI�WKH�7HPSODWH�
0HWKRG�GHVLJQ�SDWWHUQ�/H386���,W�LV�WULYLDO�WR�SURYH�IRUPDOO\�WKDW�WKH��VW�RUGHU�VWUXF�
WXUH�LQ�7DEOH���FRQIRUPV�WR�WKH�VSHFLILFDWLRQ�LQ�H[SUHVVLRQ������EXW�LW�ZRXOG�KDYH�EHHQ�D�
ORW�PRUH�GLIILFXOW��LI�DW�DOO�SRVVLEOH��WR�SURYH�WKDW�WKH�&���SURJUDP�LQ�7DEOH���FRQIRUPV�
WR�WKH�VDPH�H[SUHVVLRQ��
0RUH� JHQHUDOO\�� GHSHQGLQJ� RQ� WKH� DEVWUDFW� LQWHUSUHWDWLRQ���� LW� FDQ� EH� IDU� HDVLHU� WR�

SURYH�ZKHWKHU���P	��QDPHO\�WKH�DEVWUDFW�LQWHUSUHWDWLRQ�RI�D��VW�RUGHU�SURJUDP�P��FRQ�
IRUPV�WR�D��QG�RUGHU�SURJUDP�0��WKDQ�SURYLQJ�WKDW�P�FRQIRUPV�WR�0��,Q�WKH�IROORZLQJ�
VHFWLRQ��ZH�GHPRQVWUDWH�KRZ�LW�FDQ�EH�SURYHQ��
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4.2 Association mapping 

7KH�SXUSRVH� RI� WKH� DVVRFLDWLRQ�PDSSLQJ� LV� WR�PDQLIHVW� WKH� OLQNDJH� EHWZHHQ� WKH�GHVLJQ�
DQG�LPSOHPHQWDWLRQ��ZKLFK�LV�DW�WKH�KHDUW�RI�WKH�773�VROXWLRQ�WR�WKH�SUREOHPV�GLVFXVVHG�
LQ�6HFWLRQ�������7KH�PDSSLQJ�VXSSRUWV�D�WZR�ZD\�DVVRFLDWLRQ�WKDW�FDQ�EH�XVHG�WR�DQVZHU�
TXHVWLRQV�ERWK�DERXW�GHVLJQ�DQG�WKH�LPSOHPHQWDWLRQ��L�H���
�  3URJUDP�FRPSUHKHQVLRQ��´:KLFK�FRQVWUDLQWV�DSSO\�WR�¶WKLV·�HOHPHQW�RI�WKH� LP�

SOHPHQWDWLRQ"µ�
�  7UDFHDELOLW\�� ´:KLFK� HOHPHQWV� RI� WKH� LPSOHPHQWDWLRQ� PXVW� VDWLVI\� ´WKLVµ� FRQ�

VWUDLQW"�
7DEOH���GHPRQVWUDWHV�D� VLPSOH�DVVRFLDWLRQ�PDSSLQJ��0RUH� IRUPDOO\��JLYHQ��VW�RUGHU�

SURJUDP�P� DQG� D��QG�RUGHU�SURJUDP�0�� DQ�DVVRFLDWLRQ�PDSSLQJ�0� DQG�P� LV� D� WRWDO�DV�
VLJQPHQW� IXQFWLRQ� �VHH� 'HILQLWLRQ� 9,,,� LQ� WKH� $SSHQGL[��� QDPHO\�� LW� DVVLJQV� HDFK� IUHH�
YDULDEOH�RI�GLPHQVLRQ�K�LQ�0�ZLWK�D�VHW�RI�JURXQG�HQWLWLHV�RI�GLPHQVLRQ�K�LQ���P	��7KXV��
IRU� H[DPSOH�� WKH� DVVRFLDWLRQ� PDSSLQJ� LOOXVWUDWHG� LQ� 7DEOH� �� PDSV� WKH� IUHH� YDULDEOH�
ABSTRACTÅ CLASS� �H[SUHVVLRQ� ����� WR� WKH� JURXQG� HQWLW\� View� �7DEOH� ���� DQG� WKH� ��
GLPHQVLRQDO� YDULDEOH� CONCRETE
CLASSES� WR� WKH� ��GLPHQVLRQDO� VHW� RI� JURXQG� HQWLWLHV�
\MyView�ÅHerView^ ��GLPHQVLRQV�DUH�GHILQHG�LQ�'HILQLWLRQ�9,,�LQ�WKH�$SSHQGL[���
,Q�WKH�DEVHQFH�RI�DQ�DVVRFLDWLRQ�PDSSLQJ��WKH�YHULILFDWLRQ�SURFHVV�RI�H[SUHVVLRQV�VXFK�

DV� ���� LV� D� ORW�PRUH� FRPSOLFDWHG��:KDW� FDQ�PHDQ� D� YHULILFDWLRQ� RI�ZLWK� DQ� H[SUHVVLRQ�
ZLWK�IUHH�YDULDEOHV�PHDQ"�6XFK�D�TXHU\�LV�QRUPDOO\�WDNHQ�DV�ZKHWKHU���P	�´VDWLVILHVµÅ0��
ZULWWHQ�0ÅB��P	��)RUPDOO\��
'HILQLWLRQ�,,,�� :H�VD\�WKDW�DQ�DEVWUDFW�LQWHUSUHWDWLRQ���P	�VDWLVILHVÅWKH��QG�RUGHU�

SURJUDP�0<X � �bX � > ��ZKHUH�X � �bX � �DUH�WKH�IUHH�YDULDEOHV�LQ�0���
ZULWWHQ�0ÅB��P	��LII�WKHUH�LV�D�WRWDO�DVVLJQPHQW�IXQFWLRQ�B�
�'HILQLWLRQ�9,,,��IURP�X � �bX � �WR�HQWLWLHV�LQ���P	�VXFK�WKDW�
0<B	X � 	�b�B	X � 
> ��QDPHO\��WKH�FRQVLVWHQW�UHSODFHPHQW�RI�X � �ZLWK�
B	X � 	�LQ�0��LV�WUXH�LQ���P	��ZULWWHQ�0<B	X � 	�b�B	X � 
>ÅB��P	��

7R� LOOXVWUDWH� WKLV� GHILQLWLRQ�� FRQVLGHU� WKH� DVVRFLDWLRQ�PDSSLQJ� LOOXVWUDWHG� LQ�7DEOH����
DQG� WKH� FRQVLVWHQW� UHSODFHPHQW� RI� WKH� IUHH� YDULDEOHV� LQ� H[SUHVVLRQ� ���� �RXU� �QG�RUGHU�
SURJUDP��ZLWK�HQWLWLHV�LQ�WKH�DEVWUDFW�LQWHUSUHWDWLRQ��ZKLFK�\LHOGV�WKH�H[SUHVVLRQ�

ViewÅ�Å��

\MyView
 �HerView^Å�Å0��	Å

Display()�ÅSetFocus(int)Å�Å Å

Å

!BSTRACT�View	Å

)NVOKE�View.Display�ÅView.SetFocus	Å

)NHERIT
���

�\MyView
 �HerView^�ÅView	Å

Å



²����²�

ZKLFK�LV�HYLGHQWO\�WUXH�LQ�WKH�VWUXFWXUH�OLVWHG�LQ�7DEOH����
&OHDUO\��DQ�DVVRFLDWLRQ�PDSSLQJ�JUHDWO\�VLPSOLILHV�WKH�YHULILFDWLRQ�SURFHVV�VLQFH�LW�LV�D�

WRWDO�DVVLJQPHQW�IXQFWLRQ�ZKLFK�SURYLGHV�WKH�YHU\�SURRI�WKDW�WKH�DEVWUDFW�LQWHUSUHWDWLRQ�
RI�DQ�LPSOHPHQWDWLRQ�P�VDWLVILHV�0��ZULWWHQ�DV�0<B	X � 	�b�B	X � 
> �B��P	��
7KH�DVVRFLDWLRQ�PDSSLQJ�FRQWULEXWHV�HYHQ� LQ�ZKHQ�WKH� LPSOHPHQWDWLRQ�VHHPV�´REYL�

RXVµ��VXFK�DV�LQ�WKH�H[DPSOH�SUHVHQWHG�LQ�6HFWLRQ�����$PRQJ�LWV�EHQHILWV��LW�DOORZV�D�VXS�
SRUWLQJ� HQYLURQPHQW� �H�J��� DQ�$'/� WRRO�� WR� SHUIRUP�DXWRPDWHG� YHULILFDWLRQ� RI� GHVLJQ�
VSHFLILFDWLRQV��ZKLFK�LPSURYH�WKH�UHOLDELOLW\�RI�SURJUDPV�DQG�SUHYHQW�WKH�SKHQRPHQD�RI�
DUFKLWHFWXUDO�GULIW�DQG�DUFKLWHFWXUDO�HURVLRQ�GLVFXVVHG�LQ�6HFWLRQ�������
:H�FRQFOXGH�ZLWK�WKH�IRUPDOL]DWLRQ�RI�WKH�QRWLRQ�RI�D�WZR�WLHU�SURJUDP��
'HILQLWLRQ�,9�� �*LYHQ�D�WZR�WLHU�SURJUDPPLQJ�ODQJXDJH��, � �, � �3AT§�DQG�DQ�DE�

VWUDFWLRQ�LQWHUSUHWDWLRQ�IXQFWLRQ����WKH�WULSOH��0��P� B§�LV�D�WZR�WLHU�
SURJUDP�LII�WKH�IROORZLQJ�FRQGLWLRQV�DSSO\���
� 0�, � �� �0�LV�D��QG�RUGHU�SURJUDP��
� P�, � �� �P�LV�D��VW�RUGHU�SURJUDP��
� B�LV�D�WRWDO�DVVLJQPHQW�IXQFWLRQ��DQ�DVVRFLDWLRQ�PDSSLQJ��IURP�

0�WR�P�
,I�0<B	X � 	�b�B�X � 
> �B��P	�WKHQ�ZH�VD\�WKDW�WKH�WZR�WLHU�SURJUDP�
�0��P��B§�LV�FRQVLVWHQW��

4.3 Two-tier compilation 

$V�SUHYHQWLQJ�DUFKLWHFWXUDO�GULIW�LV�SLYRWDO�WR�773��WKH�OLIHF\FOH�RI�D�WZR�WLHU�SURJUDP�LV�
GHILQHG�WR�HQVXUH�WKDW�FKDQJHV�DUH�RQO\�DOORZHG�WR�RQH�WLHU�RI�VSHFLILFDWLRQ�EHIRUH�FRQVLV�
WHQF\� LV� UHVWRUHG��0RUH�VSHFLILFDOO\��DW�HDFK�SRLQW� LQ� WLPH� LQ� LWV�HYROXWLRQ��FKDQJHV�DUH�
RQO\�DOORZHG�WR�EH�PDGH�LQ�RQH�WLHU�RI�WKH�VSHFLILFDWLRQ��%HIRUH�DGGLWLRQDO�FKDQJHV�FDQ�
EH�PDGH��FRQVLVWHQF\� LV�UHVWRUHG� LQ�ZKDW�ZH�UHIHU�WR�DV�DQ�H[WHQVLRQ�WR�WKH�WUDGLWLRQDO�
QRWLRQ�RI�FRPSLODWLRQ���
:H�GHILQH�WKH�FRPSLODWLRQ�RI�D�WZR�WLHU�SURJUDP�Q��0�P�B§�LQGXFWLYHO\��/HW�XV�DV�

VXPH�WKDW�LQ�VWHS�N�LQ�WKH�HYROXWLRQ�RI�D�WZR�WLHU�SURJUDP�Q��0��P� B§��Q�LV�FRQVLVWHQW�
�'HILQLWLRQ�,9��� L�H���WKDW�0<B	X � 	�b�B	X � 
>ÅB��P	��:H�EHJLQ�E\�DVVXPLQJ�WKDW�RXU�
SURJUDP�Q� LV�FRQVLVWHQW��DQG�DW�HDFK�VWHS� LQ� LWV�HYROXWLRQ�ZH�RQO\�DOORZ�FKDQJHV�WR�EH�
PDGH�RQO\�LQ�RQH�WLHU�RI�Q��7KXV��HLWKHU�RQH�RI�WKH�IROORZLQJ�LV�WUXH�DERXW�WKH�QHZ�SUR�
JUDP�Qj��

Qj���0j�P�Bj§�

Qj���0�Pj�Bj§Å

����	Å

����	Å

7KH�JHQHUDO�IRUP�RI�WZR�WLHU�FRPSLODWLRQ� IROORZV�QDWXUDOO\�IURP�WKLV�GHILQLWLRQ��,W� LV�
HLWKHU�D�SURFHVV�RI�YHULILFDWLRQ�RU�WKDW�RI�MXVWLILFDWLRQ��GHSHQGLQJ�ZKHWKHU�������RU�������
LV�WUXH��QDPHO\��RQ�ZKLFK�WLHU�KDV�EHHQ�PRGLILHG���
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�� ,I�FKDQJHV�ZHUH�PDGH�WR�WKH��QG�RUGHU�WLHU��LW�LV�D�´WRS�GRZQµ�YHULILFDWLRQ�SURF�
HVV�ZKRVH�SXUSRVH�LV�WR�HQVXUH��LI�Qj�LV�LQFRQVLVWHQW�RU�LI�WKH�DVVRFLDWLRQ�PDSSLQJ�
B�LV�REVROHWH��WKDW�B�LV�XSGDWHG�VR�DV�WR�UHIOHFW�FXUUHQW�DQG�FRUUHFW�DVVRFLDWLRQV�
EHWZHHQ�WKH�GHVLJQ�DQG�WKH�LPSOHPHQWDWLRQ��

�� ,I�FKDQJHV�ZHUH�PDGH�WR�WKH��VW�RUGHU�WLHU��LW�LV�D�´ERWWRP�XSµ�MXVWLILFDWLRQ�SURF�
HVV�ZKRVH�SXUSRVH�LV�WR�HQVXUH�WKDW�WKH�QHZ�LPSOHPHQWDWLRQ�VWLOO�FRQIRUPV�WR�WKH�
GHVLJQ�VSHFLILFDWLRQV��

7KHUH� DUH� QR� JHQHUDO� JXLGHOLQHV� KRZ� FRQVLVWHQF\� VKRXOG� EH� UHVWRUHG� LQ� WKH� JHQHUDO�
FDVH��&RQVLVWHQF\�FDQ�EH�UHVWRUHG�E\�DSSO\LQJ�FKDQJHV�WR�WKH�DVVRFLDWLRQ�PDSSLQJ�VR�DV�
WR�UHIOHFW�WKH�FKDQJHV�PDGH�LQ�HLWKHU�WLHU��DQG�WKHQ�SURFHHG�ZLWK�DQ�DWWHPSW�WR�SURYH�WKH�
FRQVLVWHQF\�RI�WKH�QHZ�SURJUDP��

5. A sample two-tier programming language  

7R�EURDGHQ�RXU�XQGHUVWDQGLQJ�RI�WZR�WLHU�SURJUDPPLQJ��ZH�HODERUDWH�LQ�WKH�VHFWLRQ�RQ�
WKH�773/�RI�WKH�VDPSOH�SURJUDP�SUHVHQWHG�LQ�6HFWLRQ�����
&HQWUDO�WR�WKH�GHILQLWLRQ�RI�WKH�3ATISFIES�UHODWLRQ�RI�WKLV�773/�LV�WKH�DEVWUDFW�LQWHU�

SUHWDWLRQ�IXQFWLRQ�IRU�&����&RQVLGHU�IRU�H[DPSOH�WKH�&���SURJUDP�LQ�7DEOH���DQG�WKH�
DEVWUDFW� LQWHUSUHWDWLRQ�SURSRVHG� LQ�7DEOH����:H�DVVXPH�D� IL[HG�DEVWUDFW� LQWHUSUHWDWLRQ�
IXQFWLRQ���ZKLFK��DV�GHPRQVWUDWHG�E\�(GHQ�DQG�+LUVKIHOG�>��@��DEVWUDFWV� LPSOHPHQWD�
WLRQ� GHWDLO� IURP� SURJUDPV� LQ� REMHFW�RULHQWHG� SURJUDPPLQJ� ODQJXDJHV� �VXFK� DV� &����
-DYD��6PDOOWDON�DQG�(LIIHO��DQG�IDFLOLWDWHV�UHDVRQLQJ�RQ�WKHLU�GHVLJQ�SURSHUWLHV�LQ�/H386��
7KXV��JLYHQ�DQ\�&���SURJUDP�P��ZH�FDQ�VDIHO\�DVVXPH�WKDW���P	�LV�GHILQHG��DQG�WKDW�LW�
LV�D�ILQLWH�VWUXFWXUH�WKDW�FRQVLVWV�RI�D�FROOHFWLRQ�RI�JURXQG�HQWLWLHV��FODVVHV�DQG�PHWKRGV��
DQG�JURXQG�UHODWLRQV�DPRQJ�WKHP���
*LYHQ�D�IL[HG�DEVWUDFW�LQWHUSUHWDWLRQ�IXQFWLRQ����ZH�DUH�IUHH�WR�IRUPXODWH�WKH�IROORZ�

LQJ�VDWLVIDFWLRQ�UHODWLRQ��
'HILQLWLRQ�9�� :H�VD\�WKDW�WZR�WLHU�SURJUDP��0��P��B§�LV�LQ�WKH�UHODWLRQ�B � �LII�WKH�

WZR�WLHU�SURJUDP��0��P��B§�LV�FRQVLVWHQW��'HILQLWLRQ�,9���
$OWKRXJK�WKH�UHODWLRQ�B � �LV�WHUQDU\��ZH�PD\�XVH�LW�DV�D�3ATISFIES�UHODWLRQ�LQ�WKH�GHIL�

QLWLRQ�RI�D�773/��7KXV�� WKH� WULSOH��,E053��#����B � §� VSHFLILHV�D� WZR�WLHU�SURJUDP�
PLQJ�ODQJXDJH��DQG�WKDW�WKH�WZR�WLHU�SURJUDP�LOOXVWUDWHG�LQ�6HFWLRQ����LV�LQ�IDFW�D�SURJUDP�
LQ� WKLV� WZR�WLHU�SURJUDPPLQJ� ODQJXDJH�� ,Q�SDUWLFXODU��ZH�GHPRQVWUDWHG� LQ�6HFWLRQ� �����
WKDW� WKLV� WZR� WLHU� SURJUDP� LV� FRQVLVWHQW��ZKLFK�PHDQV� WKDW� WKH� LPSOHPHQWDWLRQ� LQGHHG�
VDWLVILHV�WKH�VSHFLILFDWLRQ��

6. Related Work 

$OWKRXJK� WZR�WLHU�SURJUDPV�KDYH�QRW�KLWKHUWR�EHHQ�EXLOW��QHLWKHU� DUH� WKH\� FRPSOHWHO\�
XQSUHFHGHQWHG��7KHUH�LV�D�VXEVWDQWLDO�ERG\�RI�EDFNJURXQG�UHVHDUFK�DQG�PDQ\�WRROV�WKDW�
DUH�UHOHYDQW�WR�WKH�GHYHORSPHQW�RI�VXFK�SURJUDPV��
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� )RU� H[DPSOH�� PDQ\�$UFKLWHFWXUH� 'HVFULSWLRQ� /DQJXDJHV� �$'/V�� >*DUODQ� HW�� DO� ����
/XFNKDP�HW��DO���@�DUH�GHVLJQHG�WR�FRPELQH�VXSSRUW�IRU�IRUPDO�PRGHOOLQJ�ZLWK�DQ�DUFKL�
WHFWXUDO�EDVHG�GHYHORSPHQW�WRRO��,Q�VRPH�UHVSHFWV�ZD\�$'/V�DUH�WKH�FORVHVW�UHODWLYHV�WR�
773��0RVW�$'/V��KRZHYHU��GR�QRW�VXSSRUW�ERWK�ERWWRP�XS�DQG�WRS�GRZQ�SURSDJDWLRQ�
RI� FKDQJHV��GR�QRW� FRPSOHWHO\� VHSDUDWH�GHVLJQ� IURP� LPSOHPHQWDWLRQ�� DQG�PRVW� DUH�� DW�
EHVW��RQO\�ORRVHO\�FRXSOH�ZLWK�SURJUDPPLQJ�ODQJXDJHV�DQG�GHYHORSPHQW�HQYLURQPHQWV���
� 0HWD+�>%LQQV�H��DO���@��IRU�H[DPSOH��LV�ERWK�D�IRUPDOLVP�WKDW�DOORZV�LQWHQVLRQDO�VSHFL�
ILFDWLRQV� DQG� DQ� HQYLURQPHQW� WKDW� JHQHUDWHV� H[WHQVLRQDO� H[SUHVVLRQV�� FDOOHG�&RQWURO+��
:5,*+7� >$OOHQ� 	� *DUODQ� ��@� VXSSRUWV� LQWHQVLRQDO� VSHFLILFDWLRQV� LQ� D� IRUPDOLVP� WKDW�
HODERUDWHV� RQ� FRPPXQLFDWLQJ� VHTXHQWLDO� SURFHVVHV� �&63��� DOORZLQJ� XVHUV� WR� UHSUHVHQW�
DUFKLWHFWXUDO�VW\OHV� VXFK�DV�´FOLHQW�VHUYHUµ�DQG�´VKDUHG�PHPRU\µ��:5,*+7��KRZHYHU�� LV�
LQWHQGHG�WR�VXSSRUW�WKH�IRUPXODWLRQ�SURSHUWLHV�VXFK�DV�GHDGORFN�IUHHGRP�DQG� OLYHQHVV��
7KXV��WKH�YDOLGDWLRQ�RI�WKHVH�SURSHUWLHV�UHTXLUHV�G\QDPLF�DQDO\VLV�DQG�FDQQRW�EH�YHULILHG�
E\�D�VWDWLF�FRPSLODWLRQ�SURFHVV���
� 6LPLODUO\��5DSLGH� >.HQQH\���@�ZDV�GHVLJQHG� WR�YDOLGDWH� WKH�EHKDYLRXU�RI�FRQFXUUHQW�
V\VWHPV� DQG� KDV� EHHQ� GHPRQVWUDWHG� IRU� GLVWULEXWHG� WUDQVDFWLRQ� SURFHVVLQJ� DSSOLFDWLRQV�
�VSHFLILFDOO\� ;�2SHQ��� ,QWHQVLRQDO� VSHFLILFDWLRQV� LQ� WKLV� IRUPDOLVP� GHFODUH� EHKDYLRXUDO�
FRQVWUDLQWV�RQ�WKH�LPSOHPHQWDWLRQ��´H[HFXWDEOH�V\VWHPVµ�LQ�5DSLGH·V�WHUPLQRORJ\���7KH�
HQYLURQPHQW� LV� DEOH� WR�FDUU\�RXW�ERWK� VWDWLF� ´YHULILFDWLRQµ�SURFHVV� �VXFK�DV� WKH� ´YDOLGD�
WLRQµ�SURFHVV�GHVFULEHG�LQ�6HFWLRQ��������DV�ZHOO�DV�D�G\QDPLF�´YDOLGDWLRQµ�SURFHVV�RI�IRU�
PDO�SURSHUWLHV��
0XUSK\��1RWNLQ�DQG�6XOOLYDQ�>��@�GHVFULEH�D�V\VWHP�WKDW�KDV�VRPH�VLPLODULWLHV�WR�WKH�

JRDOV�RI�773�LQ�WKH�IRUP�RI�D�VXLWH�RI�WRROV�IRU�WKH�DQDO\VLV�RI�WKH�FRPSRVLWLRQ�RI�ODUJH�
VRIWZDUH�V\VWHPV��7KH�DXWKRUV�XVH�WKH�IROORZLQJ�WHUPLQRORJ\��
�  7KH�VRXUFH�PRGHO�LV�D�UHSUHVHQWDWLRQ�RI�WKH�VRXUFH�FRGH�WHUPV�RI�DWRPV��VXFK�DV�

IXQFWLRQV�DQG�FODVVHV��DQG�UHODWLRQV��VXFK�DV�IXQFWLRQ�FDOOV��ZULWWHQ�LQ�WKH�'�VSHFL�
ILFDWLRQ�ODQJXDJH�>6SLYH\���@��

�  $�KLJK�OHYHO�PRGHO�LV�DOVR�D�FROOHFWLRQ�RI�DWRPV�DQG�UHODWLRQV�DPRQJ�WKHP��7KH�
DXWKRUV�GR�QRW�GLVFXVV�GHVLJQ� ODQJXDJHV�RU�KRZ�WKH�VSHFLILFDWLRQ�RI�GHVLJQ�FRQ�
VWUDLQWV�FDQ�EH�FKDUDFWHULVHG��,QVWHDG��WKH�KLJK�OHYHO�PRGHO�RQO\�GLIIHUV�IURP�WKH�
VRXUFH�PRGHO�LQ�WKDW�LW�PDQLIHVWV�WKH�´GHVLUHG�VWDWHµ�RI�WKH�V\VWHP��ZKLFK�LQ�WXUQ�
FDQ�EH�FRPSDUHG�ZLWK�WKH�´DFWXDO�VWDWHµ��UHSUHVHQWHG�E\�WKH�VRXUFH�PRGHO���

�  7KH�GHFODUDWLYH�PDS� �URXJKO\� HTXLYDOHQW� WR� WKH� DVVRFLDWLRQ�PDSSLQJ�� LV� D�PRU�
SKLVP�WKDW�H[SUHVVHV�WKH�H[SHFWHG�FRUUHODWLRQV�EHWZHHQ�WKH�PRGHOV��

7KH� WRRO� VXLWH� GHVFULEHG� E\� WKH� DXWKRUV� FRPSDUHV� WKH� VRXUFH�PRGHO�ZLWK� WKH� KLJK�
OHYHO�PRGHO� DQG�\LHOGV� D� UHIOH[LRQ�PRGHO��ZKLFK� LQGLFDWHV� LQFRQVLVWHQFLHV�EHWZHHQ� WKH�
VSHFLILFDWLRQV�DQG�WKH�LPSOHPHQWDWLRQ��7KLV�KDV�EHHQ�XVHG�SULPDULO\�IRU�GHWHUPLQLQJ�DU�
FKLWHFWXUDO�FRQIRUPDQFH�LQ�D�SRVW�IDFWR�PRGH³LW�LV�QRW�LQWHJUDWHG�ZLWK�D�GHYHORSPHQW�
HQYLURQPHQW�DQG�LV�QRW�SDUWLFXODUO\�ZHOO�VXLWHG�WR�DLG�LQ�WKH�UHDO�WLPH�SURFHVV�RI�LPSOH�
PHQWDWLRQ��
,Q�D�VLPLODU�YHLQ��EXW�PRUH�FORVHO\�UHODWHG�WR�773��WKH�$UFK-DYD�V\VWHP�>$OGULFK�HW�DO��

����@�LV�H[SUHVVO\�GHVLJQHG�IRU�FRQQHFWLQJ�DUFKLWHFWXUHV�WR�LPSOHPHQWDWLRQV��$UFK-DYD�LV�
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DFWXDOO\� DQ�H[WHQVLRQ� WR�-DYD��ZKLFK� DLGV� LQ�FRQQHFWLQJ� LPSOHPHQWDWLRQ� WR�DUFKLWHFWXUH�
DQG� UHTXLUHV� LWV� RZQ� VSHFLDOL]HG� FRPSLOHU��:LWK�$UFK-DYD�� WKH�$'/� LV� HIIHFWLYHO\� HP�
EHGGHG�ZLWKLQ�WKH�SURJUDPPLQJ�ODQJXDJH��

7. Summary and future directions 

&RQVLGHU� UHODWLRQDO� GDWDEDVHV�ZLWK� ´VFKHPD�HYROXWLRQµ� >'DWH���@�� )DFLQJ� D� YRODWLOH� GR�
PDLQ��FHUWDLQ�UHODWLRQDO�GDWDEDVHV�DFKLHYH�JUHDWHU� IOH[LELOLW\�E\� LQWHJUDWLQJ�ERWK�VFKHPD�
DQG�GDWD� LQ� WKH� UHSUHVHQWDWLRQ��6LPLODUO\�� WZR�WLHU�SURJUDPV� IDFLOLWDWH� WKH�YDOLGDWLRQ�RI�
WKH�GHVLJQ�SURSHUWLHV�E\�LQWHJUDWLQJ�WKH�ILUVW��ZLWK�WKH�VHFRQG�RUGHU�UHSUHVHQWDWLRQ�OD\�
HUV��7KLV� DSSURDFK�DWWHPSWV� WR� DGGUHVV� WKH�FRQFHUQV�RI� VRIWZDUH�HQJLQHHULQJ�GLVFXVVHG�
DERYH� E\� UHGHILQLQJ� WKH� QRWLRQ� RI� D� FRPSXWHU� SURJUDP� WR� DQVZHU� DGGLWLRQDO� UHTXLUH�
PHQWV��
�� )RUPDO�VSHFLILFDWLRQ��:HOO�GHILQHG�VSHFLILFDWLRQV�DUH�SUHIHUUHG�RYHU�WKH�SUROL[LW\�

DQG�DPELJXLW\�RI�LQIRUPDO�GRFXPHQWDWLRQ�WHFKQLTXHV��
�� 7UDFHDELOLW\��´WRS�GRZQµ���)RU�HDFK�SDUW�RI�WKH�GHVLJQ�VSHFLILFDWLRQV��LQGLFDWH�WKH�

H[DFW�ORFXV�RI�LWV�LPSOHPHQWDWLRQ�V��LQ�WKH�LPSOHPHQWDWLRQ��
�� &RPSUHKHQVLELOLW\��´ERWWRP�XSµ���)RU�HDFK�H[SUHVVLRQ�LQ�WKH�SURJUDP��LQGLFDWH�

ZKLFK�SDUW�RI�WKH�GHVLJQ�VSHFLILFDWLRQV�DIIHFW�LW��
�� &RQVLVWHQF\��(QVXUH�WKDW�WKH�LPSOHPHQWDWLRQ�´VDWLVILHVµ�WKH�GHVLJQ�VSHFLILFDWLRQV�

DQG�SUHYHQW�IURP�DUFKLWHFWXUDO�GULIW�IURP�GHYHORSLQJ��
:H�REVHUYH�WKDW�773V�GR�QRW�RIIHU�DQ�DGYDQWDJH�XQOHVV�FKDQJHV�WR�D�ODUJH�VRIWZDUH�

LQWHQVLYH� V\VWHP� DUH� PDGH� LQ� DQ� LQFUHPHQWDO�� JUDGXDO�� DQG� VWHSZLVH� SURFHVV� �´HYROX�
WLRQµ���$� IRUPDO� DQDO\VLV� FDQ� IDFLOLWDWH� WKH�XQGHUVWDQGLQJ�RI� WKH� H[WHQW� RI� FKDQJHV� WKDW�
MXVWLI\�WKH�XVH�RI�WKH�773�SDUDGLJP��
)RUPDO�DQDO\VLV�E\�PHDQV�RI�WKH�WZR�WLHU�RQWRORJ\�RIIHUHG� LQ�WKLV�SDSHU�FDQ�DGYDQFH�

RXU� XQGHUVWDQGLQJ� LI� FDUULHG� RXW� RQ� YDULRXV� FRPELQDWLRQV� RI� �VW�� DQG� �QG�RUGHU� SUR�
JUDPPLQJ�ODQJXDJHV��,W�PD\�DOVR�EH�LQWHUHVWLQJ�WR�LQYHVWLJDWH�WKH�3ATISFIES�UHODWLRQ�IRU�
773�LQ�6PDOOWDON��L�H���ZKHQ�, � �, � �3MALLTALK��DV�ZHOO�DV�WKH�UHODWLRQ�PDLQWDLQHG�E\�
PHFKDQLVPV� IRU� DVVRFLDWLQJ� GHVLJQ� ZLWK� LPSOHPHQWDWLRQV� �H�J��� DV� GHVFULEHG� E\�
%DQLDVVDG��0XUSK\�DQG�6FKZDQQLQJHU�>��@���
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Appendix 

'HILQLWLRQ�9,�� $��VW�RUGHU�VWUXFWXUH��DOVR�PRGHO��M �LV�D�SDLU��" � �� � §��VXFK�WKDW 
o " � �\A � �«A � ^ �LV�D�ILQLWH�VHW�RI�JURXQG�HQWLWLHV��DQG�
o � � �\* � �«* � ^ �LV�D�VHW�RI�JURXQG�UHODWLRQV�DPRQJ�WKH�HOH�

PHQWV�RI�" � ��
� 7KH�VHW�RI�DOO��VW�RUGHU�VWUXFWXUHV�LV�GHVLJQDWHG�%��
'HILQLWLRQ�9,,�� :H�VD\�WKDW�D�JURXQG�HQWLW\�eÅ �D�YDULDEOH�X�WKDW�UDQJHV�RYHU�JURXQG�

HQWLWLHV��LV�RI�GLPHQVLRQ����:H�VD\�WKDW�D�ILQLWH�VHW�RI�HQWLWLHV��D�YDUL�
DEOH�Y�WKDW�UDQJHV�RYHU�HQWLWLHV��RI�GLPHQVLRQ�N
��LV�DQ�HQWLW\��D�YDUL�
DEOH��RI�GLPHQVLRQ�N��

'HILQLWLRQ�9,,,�� /HW�P�GHVLJQDWH�D��VW�RUGHU�SURJUDP��0<X � �bX � > �D��QG�RUGHU�SUR�
JUDP�ZLWK�IUHH�YDULDEOHV�X � �bX � ��/HW���P	�GHVLJQDWH�WKH�DEVWUDFW�LQ�
WHUSUHWDWLRQ�RI�P��$�IXQFWLRQ�B�LV�DQ�DVVLJQPHQW�WR�YDULDEOH�X � �LI�LW�X � �
LV�D�IUHH�YDULDEOH�RI�GLPHQVLRQ�KÅLQ�0�DQG�B�X � 	�LV�D�VHW�RI�GLPHQVLRQ�
KÅRI�JURXQG�HQWLWLHV�LQ���P	��
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