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1. Introduction and motivations
6HSDUDWLRQ RI FRQFHUQV >�@ LV NH\ WR PDQDJH WKH FRPSOH[LW\ RI XQGHUVWDQGLQJ DQG HYROYLQJ VRIWZDUH�
6RIWZDUH HQJLQHHUV KDYH OHDUQHG KRZ WR GHFRPSRVH D FRPSOH[ V\VWHP LQWR VLPSOHU VXE�V\VWHPV� ZLWK
WKH JRDO RI PDNLQJ WKH FRPSOH[LW\ RI VXE�SUREOHPV WUDFWDEOH� 6XE�SUREOHPV DUH DGGUHVVHG UHODWLYHO\
LQGHSHQGHQWO\ DQG WKH FRPSOHWH VROXWLRQ LV EXLOW E\ JOXLQJ WRJHWKHU WKH VXE�VROXWLRQV� 7KH SDUWV WKDW
FRPSRVH WKH ZKROH V\VWHP DUH RIWHQ PRGXODU XQLWV RI IXQFWLRQDOLW\ DQG WKLV SDUWLWLRQLQJ LV ZHOO
VXSSRUWHG E\ H[LVWLQJ SURJUDPPLQJ ODQJXDJHV� WKDQNV WR REMHFW RULHQWDWLRQ� IXQFWLRQDO
GHFRPSRVLWLRQ� HWF� ,QGHHG� REMHFW�RULHQWHG SURJUDPPLQJ ODQJXDJHV� DQG WKH DGRSWLRQ RI VXLWDEOH
SURJUDPPLQJ WHFKQLTXHV� DUH LPSRUWDQW VWHSV LQ WKH GLUHFWLRQ RI PDNLQJ VRIWZDUH HYROXWLRQ HDVLHU�
7KHUH DUH WZR PDMRU REMHFW�RULHQWHG FRQFHSWV WKDW DIIHFW HYROXWLRQ� HQFDSVXODWLRQ DQG LQKHULWDQFH�
(QFDSVXODWLRQ OLPLWV WKH HIIHFWV RI FKDQJH WR ORFDOL]HG SRUWLRQ RI FRGH� ,QKHULWDQFH DOORZV RQH WR
LQFUHPHQWDOO\ HYROYH D FRPSRQHQW E\ DGGLQJ QHZ IHDWXUHV RU UHGHILQLQJ H[LVWLQJ IHDWXUHV� %RWK
HQFDSVXODWLRQ DQG LQKHULWDQFH DUH LQVWDQFHV RI WKH PRUH JHQHUDO FRQFHSW RI VHSDUDWLRQ RI FRQFHUQV�

+RZHYHU� VRPHWLPHV D FRQFHUQ LV QRW HDVLO\ HQFDSVXODWHG LQ D IXQFWLRQDO XQLW� EHFDXVH LW FURVVFXWV WKH
HQWLUH V\VWHP� RU SDUWV RI LW� 6\QFKURQL]DWLRQ� PHPRU\ PDQDJHPHQW� QHWZRUN GLVWULEXWLRQ� ORDG
EDODQFLQJ� HUURU FKHFNLQJ� SURILOLQJ� VHFXULW\ DUH DOO DVSHFWV RI FRPSXWHU SUREOHPV WKDW DUH XQOLNHO\ WR
EH VHSDUDWHG LQ IXQFWLRQDO XQLWV�

$V DQ H[DPSOH� VXSSRVH WKDW D -DYD FODVV LV XVHG WR GHVFULEH WKH SXUH IXQFWLRQDOLW\ RI FHUWDLQ REMHFWV�
$GGLWLRQDO VHSDUDWH DVSHFWV PD\ LQFOXGH�

- WKH GHILQLWLRQ RI FRQVWUDLQWV RQ VHTXHQFHV RI DSSOLFDEOH RSHUDWLRQV �H�J�� WR JHW LQIRUPDWLRQ IURP
DQ REMHFW RQH PXVW ILUVW DSSO\ D VHWXS RSHUDWLRQV� DQG WKHQ RQH RI D VHW RI DVVLJQPHQW
RSHUDWLRQV��

- WKH GHILQLWLRQ RI V\QFKURQL]DWLRQ RSHUDWLRQV WR FRQVWUDLQ FRQFXUUHQW DFFHVV WR WKH REMHFW �H�J�� D
FRQVXPHU WU\LQJ WR UHDG D GDWXP IURP D TXHXH PXVW EH VXVSHQGHG LI WKH TXHXH LV HPSW\��

- WKH GHILQLWLRQ RI KRZ REMHFWV DUH GLVWULEXWHG RQ WKH QRGHV RI D QHWZRUN� HLWKHU VWDWLFDOO\ RU
WKURXJK G\QDPLF PLJUDWLRQ�

(DFK DVSHFW VKRXOG EH FOHDUO\ LGHQWLILDEOH� LW VKRXOG EH VHOI�FRQWDLQHG DQG HDVLO\ FKDQJHDEOH�
0RUHRYHU� WKH YDULRXV DVSHFWV VKRXOG QRW LQWHUIHUH ZLWK RQH DQRWKHU� 7KH\ VKRXOG QRW LQWHUIHUH ZLWK
WKH IHDWXUHV XVHG WR GHILQH DQG HYROYH IXQFWLRQDOLW\� VXFK DV LQKHULWDQFH� 7KDW LV� D FRPSRVLWLRQ
DOJHEUD VKRXOG EH GHILQHG IRU WKH GLIIHUHQW OLQJXLVWLF IHDWXUHV�



7KLV SRVLWLRQ VWDWHPHQW LV RUJDQL]HG DV IROORZV� 6HFWLRQ � LQWURGXFHV WKH FXUUHQW VWDJH RI $VSHFW�
2ULHQWHG 3URJUDPPLQJ� 6HFWLRQ � GLVFXVVHV WKH SUREOHPV DQG SLWIDOOV RI FXUUHQW $VSHFW�2ULHQWHG
ODQJXDJHV� 6HFWLRQ � SURYLGHV VRPH FRQFOXVLRQV DQG PRWLYDWHV IXWXUH EULHIO\ VHWV D UHVHDUFK DJHQGD�

2. A Brief Introduction to Aspect-Oriented Programming
7KH FHQWUDO LGHD RI $VSHFW 2ULHQWHG 3URJUDPPLQJ �$23� >�@ LV WR VHSDUDWH WKH FRGH WKDW H[SUHVVHV
DQ DVSHFW �WKDW LV D SURSHUW\ RI WKH V\VWHP QRW FOHDQO\ VHSDUDEOH LQ D IXQFWLRQDO XQLW� IURP WKH FRGH
WKDW H[SUHVVHV IXQFWLRQDO XQLWV� $ ZHDYHU EUDLGV �QRW QHFHVVDULO\ DW FRPSLOH�WLPH� DVSHFWV ZLWK
IXQFWLRQDO XQLWV WR REWDLQ WKH ILQDO V\VWHP� $VSHFWV DUH H[SUHVVHG E\ WKH PHDQV RI DQ $VSHFW
2ULHQWHG /DQJXDJH �$2/�� ZKLOVW IXQFWLRQDO XQLWV DUH GHILQHG ZLWK D &RPSRQHQW /DQJXDJH �&/��
7KHUH FDQ EH D GLIIHUHQW $2/ IRU HDFK NLQG RI DVSHFW VRPHRQH ZDQWV WR FRSH ZLWK� ,Q
$VSHFW- ��� >�@� DQ HQYLURQPHQW IRU DVSHFW SURJUDPPLQJ GHYHORSHG DW ;HUR[ 3$5&� WKH &/ LV -DYD
DQG WKHUH LV DQ $2/ IRU V\QFKURQL]DWLRQ �&22/� DQG DQ $2/ IRU H[SUHVVLQJ UHPRWH LQYRFDWLRQ
�5,'/�� ,Q WKH QHZ YHUVLRQ ����� RI $VSHFW- >�@� WKHUH LV D XQLTXH JHQHUDO�SXUSRVH $2/ WKDW FDSWXUHV
WKH FURVVFXWWLQJ QDWXUH RI DVSHFWV� LQGHSHQGHQW RI ZKDW WKRVH DVSHFWV DUH�

3. Problems and Pitfalls
,Q WKLV VHFWLRQ� ZH JLYH D IHZ H[DPSOHV WDNHQ IURP $VSHFW- DQG ZH GLVFXVV D QXPEHU RI GUDZEDFNV
DQG SLWIDOOV� 0RUH JHQHUDOO\� RXU UHPDUNV HQOLJKWHQ WKH ZHDNQHVVHV RI WKH FXUUHQW VWDWH RI WKH DUW LQ
$2/V DQG LQGLFDWH GLUHFWLRQVRI IXWXUH LQYHVWLJDWLRQ� ,Q RXU DQDO\VLV RI FXUUHQW $2/V� ZH IRXQG WKUHH
PDLQ GUDZEDFNV�

• 3RVVLEOH FODVKHV EHWZHHQ IXQFWLRQDO FRGH �H[SUHVVHG XVLQJ D &/� DQG RWKHU DVSHFWV �H[SUHVVHG
XVLQJ RQH RU PRUH $2/V�� 8VXDOO\ VXFK FODVKHV UHVXOW IURP WKH QHHG RI EUHDNLQJ HQFDSVXODWLRQ
RI IXQFWLRQDO XQLWV WR LPSOHPHQW D GLIIHUHQW DVSHFW� $V DQ H[DPSOH� LQ $VSHFW-� DVSHFW FRGH PD\
DFFHVV WKH SULYDWH DWWULEXWHV RI D FODVV� 7KLV FDQ EH XVHIXO LQ VRPH VLWXDWLRQV EXW UHVXOWV LQ D
SRWHQWLDOO\ GDQJHURXV EUHDNLQJ RI FODVV HQFDSVXODWLRQ� ,PDJLQH D VLWXDWLRQ LQ ZKLFK D FODVV Foo
KDV D SULYDWH YDULDEOH i WKDW QHHGV WR EH DFFHVVHG E\ DVSHFW Bar � ,PDJLQH DOVR WKDW VXEVHTXHQWO\
FODVV Foo LV FKDQJHG E\ FKDQJLQJ W\SH RI YDULDEOH i IURP int WR float � 7KLV UHVXOWV LQ
EUHDNLQJ WKH DVSHFW FRGH� ,Q JHQHUDO� LW LV QRW SRVVLEOH WR FKDQJH WKH LQWHUQDOV RI D IXQFWLRQDO XQLW
ZLWKRXW FKDQJLQJ RWKHU DVSHFWV�

• 3RVVLEOH FODVKHV EHWZHHQ GLIIHUHQW DVSHFWV� 6XSSRVH �VHH )LJXUH �� WKDW D FODVV Point H[LVWV ZLWK

WZR YDULDEOHV x DQG y DQG WZR PHWKRGV� setX DQG setY � 6XSSRVH ZH KDYH GHYHORSHG DQ
DVSHFW TraceBefore WR WUDFH WKH VWDUW RI H[HFXWLRQ RI PHWKRGV RI FODVV Point DQG DQ DVSHFW
TraceAfter WR WUDFH WKH HQG RI H[HFXWLRQ RI WKH VDPH PHWKRGV� 7KH WZR DVSHFWV ZRUN
SHUIHFWO\ ZKHQ DSSOLHG LQGLYLGXDOO\ �IRU H[DPSOH� WR WUDFH WKH VWDUW RI H[HFXWLRQ RU WR WUDFH WKH
HQG RI LW�� 8QIRUWXQDWHO\� VLQFH WKH\ LQWURGXFH WKH VDPH PHWKRG �L�H�� PHWKRG print � ZLWK
GLIIHUHQW GHILQLWLRQV� WKH\ IDLO ZKHQ DSSOLHG WRJHWKHU�



class Example1 {
  public static void main(String args[]) {
    Point p=new Point();
    p.setX(1);
    p.setY(1);
  }
}

class Point {
  int x,y;
  public Point(){
    x=y=0;
  }
  public void setX(int x) {
    this.x=x;
  }
  public void setY(int y) {
    this.y=y;
  }
}

aspect TraceBefore {
  introduce private void
    Point.print(String methodName) {
    System.out.println("Tracing method " +
                       MethodName+" before");
    System.out.println("x="+x+"  y="+y);
  }
  advise void Point.setX(int i),
         void Point.setY(int i) {
    static before  {
      print(thisJoinPoint.methodName);
    }
  }
}
aspect TraceAfter {
  introduce private void
    Point.print(String methodName) {
    System.out.println("Tracing method " +
                       methodName+" after");
   System.out.println("x="+x+"  y="+y);
  }
  advise void Point.setX(int i),
         void Point.setY(int i) {
    static after  {
      print(thisJoinPoint.methodName);
    }
  }
}

)LJXUH �� $Q H[DPSOH RI FODVK EHWZHHQ WZR DVSHFWV

• 3RVVLEOH FODVKHV EHWZHHQ DVSHFW FRGH DQG VSHFLILF ODQJXDJH PHFKDQLVPV� 2QH RI WKH EHVW NQRZQ
H[DPSOHV RI SUREOHPV WKDW IDOOV LQWR WKLV FDWHJRU\ LV LQKHULWDQFH DQRPDO\ >�@� 7KLV WHUP ZDV ILUVW
XVHG LQ WKH DUHD RI FRQFXUUHQW REMHFW�RULHQWHG ODQJXDJHV >�����@ WR LQGLFDWH WKH GLIILFXOW\ RI
LQKHULWLQJ WKH FRGH XVHG WR LPSOHPHQW WKH V\QFKURQL]DWLRQ FRQVWUDLQWV RI DQ DSSOLFDWLRQ ZULWWHQ
XVLQJ RQH RI VXFK ODQJXDJHV� ,Q WKH DUHD RI $23 ODQJXDJHV� WKH WHUP FDQ EH XVHG WR LQGLFDWH WKH
GLIILFXOW\ RI LQKHULWLQJ WKH DVSHFW FRGH LQ WKH SUHVHQFH RI LQKHULWDQFH� $V DQ H[DPSOH� FRQVLGHU
FODVV Window LQ )LJXUH �� 0HWKRGV show DQG paint FDQQRW EH FDOOHG EHIRUH PHWKRG init LV
FDOOHG� 7KLV EHKDYLRU LV FRQWUROOHG E\ WKH DVSHFW WindowSync � 1RZ FRQVLGHU FODVV
SpecialWindow LQ )LJXUH �� ,W UHGHILQHV PHWKRG show LQ VXFK D ZD\ WKDW LW GRHV QRW UHTXLUH

D SUHYLRXV LQYRFDWLRQ RI PHWKRG init � �1RWH WKDW WKLV ZD\ RI VXEFODVVLQJ Window LV
FRQVLVWHQW ZLWK WKH 22 W\SH WKHRU\� ZKLFK UHTXLUHV VXEFODVVHV QRW WR VWUHQJWKHQ WKH
SUHFRQGLWLRQ IRU UHGHILQHG PHWKRGV�� ,Q SULQFLSOH� LW VKRXOG EH SRVVLEOH WR ´LQKHULWµ WKH
:LQGRZ6\QF DVSHFW MXVW PRGLI\LQJ WKH FRGH DVVRFLDWHG WR PHWKRG VKRZ �H�J�� UHSODFLQJ LW ZLWK
WKH HPSW\ VHTXHQFH�� 8QIRUWXQDWHO\� WKLV LV QRW SRVVLEOH DQG LW LV QHFHVVDU\ WR UHZULWH HQWLUHO\ WKH
DVSHFW FRGH �VHH DVSHFW SpecialWindowSync LQ )LJXUH ���

$OO WKHVH SUREOHPV VKRZ WKDW $23 LV VWLOO LQ LWV LQIDQF\� 7KH H[SHULHQFH JDLQHG LQ WKH DUHD RI
FRQFXUUHQW REMHFW�RULHQWHG�ODQJXDJHV >�@ VXJJHVWV WKDW WKHVH SUREOHPV PLJKW UHVXOW PRUH IURP
WKHOLQJXLVWLF FKRLFHV PDGH LQ GHYHORSLQJ $2/V� UDWKHU WKDQ IURP LQWULQVLF OLPLWDWLRQV RI WKH
DSSURDFK� 7KH SUREOHP RI ILQGLQJ DGHTXDWH OLQJXLVWLF IHDWXUHV ZKLFK GR QRW VXIIHU IURP LQKHULWDQFH
DQRPDO\ LV WKXV DQ RSHQ UHVHDUFK WRSLF�



class Example2 {
  public static void main(String args[]) {
    Window w=new Window();
    w.init();
    w.show();
  }
}

class Window {
  public void init() {
    // ...
  }
  // Requires initialization
  public void show() {
    // ...
  }
  // Requires initialization
  public void paint() {
    // ...
  }
}

aspect WindowSync {
  introduce boolean Window.initDone=false;
  advise void Window.init() {
    static after {
      initDone=true;
    }
  }
  advise void Window.show(),
         void Window.paint() {
    static before {
      if(!initDone)
        System.out.println("Error: init never
called");
    }
  }
}

)LJXUH �� $Q DVSHFW WR FRQWURO WKH VHTXHQFH RI LQYRFDWLRQ RI GLIIHUHQW PHWKRGV

class SpecialWindow extends Window {
  // This version of show does not
  // need any initialization
  public void show() {
    // ...
  }
}

aspect SpecialWindowSync {
  introduce boolean Window.initDone=false;
  advise void Window.init() {
    static after {
      initDone=true;
    }
  }
  advise void Window.paint() {
    static before {
      if(!initDone)
        System.out.println("Error: init never
called");
    }
  }
}

)LJXUH �� $Q H[DPSOH RI LQKHULWDQFH DQRPDO\

4. Conclusions and Open Issues
7KH JRDO RI GHYHORSLQJ HYROYDEOH VRIWZDUH VKRXOG SHUPHDWH DOO SKDVHV RI VRIWZDUH SURGXFWLRQ� IURP
UHTXLUHPHQWV WR VSHFLILFDWLRQ WR GHVLJQ DQG LPSOHPHQWDWLRQ� ,Q WKLV SDSHU� ZH GHOLEHUDWHO\
FRQFHQWUDWHG RQ WKH SURJUDPPLQJ SKDVH� :H LQWURGXFHG $23 DQG VKRZHG WKDW LW LV EDVHG RQ D
FRQFHSWXDOO\ DSSHDOLQJ LGHD� $23 WULHV WR SURYLGH OLQJXLVWLF PHFKDQLVPV WR IDFWRU RXW GLIIHUHQW
DVSHFWV RI D SURJUDP� ZKLFK FDQ EH GHILQHG� XQGHUVWRRG� DQG HYROYHG VHSDUDWHO\� ,W SXVKHV WKH LGHD RI
VHSDUDWLRQ RI FRQFHUQV RQH VWHS IRUZDUG ZLWK UHVSHFW WR H[LVWLQJ SURJUDPPLQJ ODQJXDJH FRQVWUXFWV�
ZKLFK VLPSO\ SURYLGH ZD\V WR HQFDSVXODWH VLQJOH IXQFWLRQDOLW\ LQ D XQLW� $VSHFWV LQ DQ $23 UHVHPEOH
9LHZ3RLQWV LQ GHVLJQ DQG VSHFLILFDWLRQ� DV DGYRFDWHG E\ >��@�

$23� KRZHYHU� LV VWLOO LQ LWV LQIDQF\� ,W LV PRUH DQ RSHQ UHVHDUFK DUHD WKDQ DQ H[LVWLQJ WHFKQRORJ\ WKDW
RQH FDQ XVH� 7KH SUREOHPV DQG SLWIDOOV ZH RXWOLQHG LQ WKH SUHYLRXV VHFWLRQ LQGLFDWH WKDW LW LV VWLOO
XQFOHDU ZKLFK FRQVWUXFWV DQ $2/ VKRXOG SURYLGH DQG KRZ WKH\ VKRXOG LQWHUDFW ZLWK WKH IXQFWLRQDO
ODQJXDJH DQG WKH PHFKDQLVPV SURYLGHG WR VXSSRUW IXQFWLRQDO HYROXWLRQ� $V ZH REVHUYHG� D IXOO\
JHQHUDO�SXUSRVH $2/� OLNH $VSHFW-� ZLWK IXOO YLVLELOLW\ RI WKH LQWHUQDO GHWDLOV RI LWV DVVRFLDWHG



IXQFWLRQDO PRGXOH� YLRODWHV WKH SULQFLSOHV RI SURWHFWLRQ DQG HQFDSVXODWLRQ� 2Q WKH RWKHU HQG� RQH
PLJKW SUHGHILQH D VHW RI SRVVLEOH DVSHFWV DQ $2/ VKRXOG GHDO ZLWK� DQG WKHQ SURYLGH DG�KRF $2/V
ZLWK FRQVWUXFWV VXSSRUWLQJ OLPLWHG YLVLELOLW\ RI FHUWDLQ IHDWXUHV RI WKH IXQFWLRQDO PRGXOH WR ZKLFK WKH
GLIIHUHQW DVSHFWV DSSO\� 7KH WUDGHRII LV EHWZHHQ IOH[LELOLW\ DQG SRZHU� RQ RQH VLGH� DQG
XQGHUVWDQGDELOLW\ DQG HDVH RI FKDQJH RQ WKH RWKHU� �)RU D SUHOLPLQDU\ GLVFXVVLRQ RI WKHVH SRLQWV� VHH
>��@��

,Q DGGLWLRQ� ZH IHHO WKDW DVSHFWV VKRXOG EH GHILQDEOH LQ D IRUPDO ZD\� 7KH IRUPDO GHILQLWLRQ ZLOO DOORZ
WKH $2/ WR GHILQH DQ DOJHEUD RI DVSHFW FRPSRVLWLRQ� FOHDUO\ VSHFLI\LQJ ZKHQ FHUWDLQ FRPELQDWLRQV RI
DVSHFWV DUH DSSOLFDEOH �DQG ZKDW WKH HIIHFW LV� RU� FRQYHUVHO\� ZKHQ WKHLU FRPELQDWLRQ LV QRW SRVVLEOH
RU QRW GHILQHG� EHFDXVH LW JHQHUDWHV LQFRQVLVWHQFLHV� $JDLQ� WKH SUREOHPV DULVLQJ KHUH DUH VWULFWO\
UHODWHG WR WKH RQHV EHLQJ LQYHVWLJDWHG LQ WKH FDVH RI YLHZSRLQWV DQG YLHZSRLQW FRPSRVLWLRQ�

5HVHDUFK ZRUN DW WKH SURJUDPPLQJ ODQJXDJH OHYHO VKRXOG JR KDQG�LQ�KDQG ZLWK H[SHULPHQWDO ZRUN�
ZKLFK VKRXOG WU\ WR DVVHVV WKH XVHIXOQHVV DQG XVDELOLW\ RI WKH ODQJXDJH� 7KLV LV HVSHFLDOO\ LPSRUWDQW
VLQFH RXU FODLP LV WKDW $23 FDQ EH D YHKLFOH WR VXSSRUW HYROYDELOLW\� DQG WKLV HYHQWXDOO\ ZLOO UHTXLUH
VRPH VRUW RI H[SHULPHQWDO YDOLGDWLRQ� >��@ GLG DQ LQWHUHVWLQJ LQLWLDO H[SHULPHQW XVLQJ $VSHFW-
YHUVLRQ ���� ([SHULPHQWV RI VLPLODU NLQG ZLOO EH QHHGHG� DV IXUWKHU SURJUHVV ZLOO EH PDGH LQ $23
WHFKQRORJ\�
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