
/HFWXUH�����,QWURGXFWLRQ

$OJRULWKPV�DQG�'DWD�6WUXFWXUHV�
3ULQFHWRQ�8QLYHUVLW\�

6SULQJ�����

%RE�6HGJHZLFN
.HYLQ�:D\QH

�

2YHUYLHZ

:KDW�LV�&26����"
■ ,QWHUPHGLDWH�OHYHO�VXUYH\�FRXUVH�
■ 3URJUDPPLQJ�DQG�SUREOHP�VROYLQJ�
■ $OJRULWKPV���PHWKRG�IRU�VROYLQJ�D�SUREOHP�
■ 'DWD�VWUXFWXUHV���PHWKRG�WR�VWRUH�LQIRUPDWLRQ�

3UHUHTXLVLWHV�
■ &26�����RU�SHUPLVVLRQ�RI�LQVWUXFWRU�

�

:K\�6WXG\�$OJRULWKPV

8VLQJ�D�FRPSXWHU"
■ :DQW�LW�WR�JR�IDVWHU"��3URFHVV�PRUH�GDWD"
■ :DQW�LW�WR�GR�VRPHWKLQJ�WKDW�ZRXOG�RWKHUZLVH�EH�LPSRVVLEOH"

7HFKQRORJ\�LPSURYHV�WKLQJV�E\�D�FRQVWDQW�IDFWRU�
■ %XW�PLJKW�EH�FRVWO\�
■ *RRG�DOJRULWKPLF�GHVLJQ�FDQ�GR�PXFK�EHWWHU�DQG�PLJKW�EH�FKHDS�
■ 6XSHUFRPSXWHUV�FDQQRW�UHVFXH�D�EDG�DOJRULWKP�

$OJRULWKPV�DV�D�ILHOG�RI�VWXG\�
■ 2OG�HQRXJK�WKDW�EDVLFV�DUH�NQRZQ�
■ 1HZ�HQRXJK�WKDW�QHZ�GLVFRYHULHV�DULVH�
■ %XUJHRQLQJ�DSSOLFDWLRQ�DUHDV�
■ 3KLORVRSKLFDO�LPSOLFDWLRQV�

�

,PDJLQH

0XOWLPHGLD���&'�SOD\HU��'9'��03���-3*��'LY;��+'79�

,QWHUQHW���3DFNHW�URXWLQJ��*RRJOH��$NDPDL�

&RPPXQLFDWLRQ���&HOO�SKRQHV��H�FRPPHUFH�

&RPSXWHU���&LUFXLW�OD\RXW��ILOH�V\VWHP�

&RPSXWHU�JUDSKLFV���+ROO\ZRRG�PRYLHV��YLGHR�JDPHV�

6FLHQFH���+XPDQ�JHQRPH��SURWHLQ�IROGLQJ��1�ERG\�VLPXODWLRQ�

7UDQVSRUWDWLRQ���$LUOLQH�FUHZ�VFKHGXOLQJ��836�GHOLYHULHV�



�

7KH�8VXDO�6XVSHFWV

/HFWXUHV���%RE�6HGJHZLFN�DQG�.HYLQ�:D\QH
■ 0:�������������)ULHQG�����

3UHFHSWV���$GULDQD�.DUDJLR]RYD���$GULDQD�
.HYLQ�:D\QH���.HYLQ�
-RQ�:X���-RQ�

■ 0��������������7%$�
■ 'LVFXVV�SURJUDPPLQJ�DVVLJQPHQWV��UHYLHZ�H[HUFLVHV��FODULI\�OHFWXUH�
PDWHULDO�

,I�\RX
UH�VLJQHG�XS�IRU�������RU������SUHFHSW��VWD\�DIWHU�FODVV�WRGD\��
2QH�ZLOO�EH�GURSSHG�

�

&RXUVHZRUN�DQG�*UDGLQJ

:HHNO\�SURJUDPPLQJ�DVVLJQPHQWV������
■ 'XH�7KXUVGD\V������SP��VWDUWLQJ������

:HHNO\�ZULWWHQ�H[HUFLVHV������
■ 'XH�LQ�0RQGD\�SUHFHSW��VWDUWLQJ������

([DPV���
■ &ORVHG�ERRN�ZLWK�FKHDWVKHHW�
■ 0LGWHUP�������
■ )LQDO�������������

6WDII�GLVFUHWLRQ�
■ $GMXVW�ERUGHUOLQH�FDVHV�

�

&RXUVH�0DWHULDOV

KWWS���ZZZ�SULQFHWRQ�HGX�aFV���
■ 6\OODEXV�
■ 3URJUDPPLQJ�DVVLJQPHQWV�
■ ([HUFLVHV�
■ /HFWXUH�QRWHV�
■ 2OG�H[DPV��

$OJRULWKPV�LQ�&���UG HGLWLRQ�
■ 3DUWV������&26�����WH[W��
■ 3DUW����JUDSK�DOJRULWKPV��

$OJRULWKPV�LQ�&���QG HGLWLRQ�
■ 6WULQJV�DQG�JHRPHWU\�KDQGRXWV�

�

$Q�([DPSOH�3UREOHP���1HWZRUN�&RQQHFWLYLW\

1HWZRUN�FRQQHFWLYLW\�
■ 1RGHV�DW�JULG�SRLQWV�
■ $GG�FRQQHFWLRQV�EHWZHHQ�SDLUV�RI�QRGHV�
■ ,V�WKHUH�D�SDWK�IURP�QRGH�$�WR�QRGH�%"



��

1HWZRUN�&RQQHFWLYLW\

in     out    evidence

3 4    3 4  

4 9    4 9  

8 0    8 0  

2 3    2 3  

5 6    5 6  

2 9           (2–3–4-9)

5 9    5 9  

7 3    7 3  

4 8    4 8  

5 6           (5-6)

0 2           (2–3-4–8-0)

6 1    6 1  
0 7

2 3

8

4

6 5 9

1

��

8QLRQ�)LQG�$EVWUDFWLRQ

:KDW�DUH�FULWLFDO�RSHUDWLRQV�ZH�QHHG�WR�VXSSRUW"
■ 1�REMHFWV�

² JULG�SRLQWV
■ ),1'���WHVW�ZKHWKHU�WZR�REMHFWV�DUH�LQ�VDPH�VHW�

² LV�WKHUH�D�FRQQHFWLRQ�EHWZHHQ�$�DQG�%"
■ 81,21���PHUJH�WZR�VHWV�

² DGG�D�FRQQHFWLRQ�

'HVLJQ�HIILFLHQW�GDWD�VWUXFWXUH�WR�VWRUH�FRQQHFWLYLW\�LQIRUPDWLRQ�DQG�
DOJRULWKPV�IRU�81,21�DQG�),1'�

■ 1XPEHU�RI�REMHFWV�DQG�RSHUDWLRQV�FDQ�EH�KXJH�

��

$QRWKHU�$SSOLFDWLRQ���,PDJH�3URFHVVLQJ

)LQG�FRQQHFWHG�FRPSRQHQWV�
■ 5HDG�LQ�D��'�FRORU�LPDJH�DQG�ILQG�UHJLRQV�RI�FRQQHFWHG�SL[HOV�WKDW�
KDYH�WKH�VDPH�FRORU�

2ULJLQDO /DEHOHG
��

$QRWKHU�$SSOLFDWLRQ���,PDJH�3URFHVVLQJ

)LQG�FRQQHFWHG�FRPSRQHQWV�
■ 5HDG�LQ�D��'�FRORU�LPDJH�DQG�ILQG�UHJLRQV�RI�FRQQHFWHG�SL[HOV�WKDW�
KDYH�WKH�VDPH�FRORU�

2QH�SDVV�DOJRULWKP�
■ ,QLWLDOL]H�HDFK�SL[HO�WR�EH�LWV�RZQ�FRPSRQHQW�
■ ([DPLQH�SL[HOV�IURP�OHIW�WR�ULJKW�DQG�WRS�WR�ERWWRP�

² LI�D�QHLJKERULQJ�FHOO�LV�WKH�VDPH�FRORU��PHUJH�FXUUHQW�FHOO�LQWR
VDPH�FRPSRQHQW

0 1 1 1 1 1 6 6

0 0 0 1 6 6 6 8

24 0 0 1 6 6 30 8

24 0 0 1 1 6 42 43

8 9 9 11

8 11 9 11

11 11 11 11

QRW�\HW�H[DPLQHG



��

2WKHU�$SSOLFDWLRQV

0RUH�XQLRQ�ILQG�DSSOLFDWLRQV�
■ 0LQLPXP�VSDQQLQJ�WUHH�
■ &RPSLOLQJ�(48,9$/(1&(�VWDWHPHQWV�LQ�)2575$1�
■ /HDVW�FRPPRQ�DQFHVWRU�
■ (TXLYDOHQFH�RI�ILQLWH�VWDWH�DXWRPDWD�
■ 6FKHGXOLQJ�XQLW�WLPH�WDVNV�ZLWK�D�SDUWLDO�RUGHU�WR�WZR�SURFHVVRUV�LQ�
RUGHU�WR�PLQLPL]H�ODVW�FRPSOHWLRQ�WLPH�

■ 6FKHGXOLQJ�XQLW�WLPH�WDVNV�WR�3�SURFHVVRUV�VR�WKDW�HDFK�MRE�ILQLVKHV�
EHWZHHQ�LWV�UHOHDVH�WLPH�DQG�GHDGOLQH�

■ 1RQELSDUWLWH�PDWFKLQJ����0LFDOL�9D]DUDQL�
■ (GJH�GLVMRLQW�V�W�SDWKV�LQ�SODQDU�JUDSKV����:HLKH�

5HIHUHQFHV�

���$�/LQHDU�7LPH�$OJRULWKP�IRU�D�6SHFLDO�&DVH�RI�'LVMRLQW�6HW�8QLRQ��*DERZ�DQG�7DUMDQ�

���7KH�'HVLJQ�DQG�$QDO\VLV�RI�&RPSXWHU�$OJRULWKPV��$KR��+RSFURIW��DQG�8OOPDQ�

��

2EMHFWV

(OHPHQWV�DUH�DUELWUDU\�REMHFWV�LQ�D�QHWZRUN�
■ 3L[HOV�LQ�D�GLJLWDO�SKRWR�
■ &RPSXWHUV�LQ�D�QHWZRUN�
■ 7UDQVLVWRUV�LQ�D�FRPSXWHU�FKLS�
■ :HE�SDJHV�RQ�WKH�,QWHUQHW��
■ :KHQ�SURJUDPPLQJ��FRQYHQLHQW�WR�QDPH�WKHP���WR�1���
■ :KHQ�GUDZLQJ��IXQ�WR�XVH�DQLPDOV�

��

4XLFN�)LQG

LG>WLJHU@� �LG>SDQGD@� �LG>EXQQ\@� �LG>HOHSKDQW@� �HOHSKDQW
LG>EHDU@� �LG>GUDJRQ@� �LG>OLRQ@� �OLRQ
LG>EDW@� �LG>OREVWHU@� �OREVWHU

��

4XLFN�)LQG

8QLRQ�WLJHU��EHDU�



��

4XLFN�)LQG

3-4  0 1 2 4 4 5 6 7 8 9 

4-9  0 1 2 9 9 5 6 7 8 9 

8-0  0 1 2 9 9 5 6 7 0 9 

2-3  0 1 9 9 9 5 6 7 0 9 

5-6  0 1 9 9 9 6 6 7 0 9 

5-9  0 1 9 9 9 9 9 7 0 9 

7-3  0 1 9 9 9 9 9 9 0 9 

4-8  0 1 0 0 0 0 0 0 0 0 

6-1  1 1 1 1 1 1 1 1 1 1 

��

4XLFN�)LQG�$OJRULWKP

'DWD�VWUXFWXUH�
■ 0DLQWDLQ�DUUD\�id[] ZLWK�QDPH�IRU�HDFK�FRPSRQHQW�
■ ,I�S�DQG�T�DUH�FRQQHFWHG��WKHQ�VDPH�LG�
■ ,QLWLDOL]H�id[i] = i.

),1'���7R�FKHFN�LI�S�DQG�T�DUH�FRQQHFWHG�
FKHFN�LI�WKH\�KDYH�WKH�VDPH�LG�

81,21���7R�PHUJH�FRPSRQHQWV�FRQWDLQLQJ�S
DQG�T��FKDQJH�DOO�HQWULHV�ZLWK�id[p] WR�id[q]�

$QDO\VLV�
■ ),1'�WDNHV�FRQVWDQW�QXPEHU�RI�RSHUDWLRQV�
■ 81,21�WDNHV�WLPH�SURSRUWLRQDO�WR�1�

pid = id[p];

for (i = 0; i < N; i++)

if (id[i] == pid)

id[i] = id[q];

if (id[p] == id[q])

// already connected

for (i = 0; i < N; i++)

id[i] = i;

��

3UREOHP�6L]H�DQG�&RPSXWDWLRQ�7LPH

5RXJK�VWDQGDUG�IRU������
■ ��� RSHUDWLRQV�SHU�VHFRQG�
■ ��� ZRUGV�RI�PDLQ�PHPRU\�
■ 7RXFK�DOO�ZRUGV�LQ�DSSUR[LPDWHO\���VHFRQG����XQFKDQJHG�VLQFH�������

([���+XJH�SUREOHP�IRU�TXLFN�ILQG�
■ ���� HGJHV�FRQQHFWLQJ���� QRGHV�
■ 4XLFN�ILQG�PLJKW�WDNH����� RSHUDWLRQV�� ����RSV�SHU�TXHU\�
■ ������\HDUV�RI�FRPSXWHU�WLPH�

3DUDGR[LFDOO\��TXDGUDWLF�DOJRULWKPV�JHW�ZRUVH�ZLWK�QHZHU�HTXLSPHQW�
■ 1HZ�FRPSXWHU�PD\�EH���[�DV�IDVW�
■ %XW��KDV���[�DV�PXFK�PHPRU\�VR�SUREOHP�PD\�EH���[�ELJJHU�
■ :LWK�TXDGUDWLF�DOJRULWKP��WDNHV���[�DV�ORQJ�

��

4XLFN�8QLRQ

8QLRQ�(OHSKDQW��6NXQN�

LG>HOHSKDQW@� �VNXQN



��

4XLFN�8QLRQ

URRW�7LJHU�� �(OHSKDQW

8QLRQ�7LJHU��/REVWHU�

URRW�/REVWHU�� �6NXQN
LG>(OHSKDQW@� �6NXQN

��

4XLFN�8QLRQ

3-4  0 1 2 4 4 5 6 7 8 9 

4-9  0 1 2 4 9 5 6 7 8 9 

8-0  0 1 2 4 9 5 6 7 0 9 

2-3  0 1 9 4 9 5 6 7 0 9 

5-6  0 1 9 4 9 6 6 7 0 9 

5-9  0 1 9 4 9 6 9 7 0 9 

7-3  0 1 9 4 9 6 9 9 0 9 

4-8  0 1 9 4 9 6 9 9 0 0 

6-1  1 1 9 4 9 6 9 9 0 0 

��

4XLFN�8QLRQ

'DWD�VWUXFWXUH���GLVMRLQW�IRUHVWV�
■ 0DLQWDLQ�DUUD\�id[] ZLWK�QDPH�IRU�HDFK�FRPSRQHQW�
■ ,I�S�DQG�T�DUH�FRQQHFWHG��S�DQG�T�KDYH�VDPH�URRW��ZKHUH

² URRW�S�� �id[id[id[...id[p]...]]]
² JR�XQWLO�LW�GRHVQ
W�FKDQJH

),1'���&KHFN�LI�S�DQG�T
KDYH�VDPH�URRW�

81,21���6HW�WKH�LG�RI S
V�URRW�WR�T
V�URRW�

$QDO\VLV�
■ ),1'�WDNHV�WLPH�SURSRUWLRQDO�WR�GHSWK�RI�S�DQG�T�LQ�WUHH�

² FRXOG�EH�SURSRUWLRQDO�WR�1
■ 81,21�WDNHV�FRQVWDQW�WLPH��JLYHQ�URRWV�

for (i = p; i != id[i]; i = id[i]) ;

for (j = q; j != id[j]; j = id[j]) ;

if (i == j) // connected

id[i] = j;

��

:HLJKWHG�4XLFN�8QLRQ

4XLFN�ILQG�GHIHFW�
■ 81,21�WRR�H[SHQVLYH�
■ 7UHHV�DUH�IODW��EXW�WRR�KDUG�WR�NHHS�WKHP�IODW�

4XLFN�XQLRQ�GHIHFW�
■ ),1'�FRXOG�EH�WRR�H[SHQVLYH�
■ 7UHHV�FRXOG�JHW�WDOO�

:HLJKWHG�TXLFN�XQLRQ�
■ 0RGLI\�TXLFN�XQLRQ�WR�DYRLG�WDOO�WUHHV�
■ .HHS�WUDFN�RI�VL]H�RI�HDFK�FRPSRQHQW�
■ %DODQFH�E\�OLQNLQJ�VPDOO�WUHH�EHORZ�ODUJH�RQH�



��

:HLJKWHG�4XLFN�8QLRQ

ZHLJKW� ���

ZHLJKW� ��

8QLRQ�/REVWHU��7LJHU�

ZHLJKW� ���

��

:HLJKWHG�4XLFN�8QLRQ

3-4  0 1 2 3 3 5 6 7 8 9 

4-9  0 1 2 3 3 5 6 7 8 3 

8-0  8 1 2 3 3 5 6 7 8 3 

2-3  8 1 3 3 3 5 6 7 8 3 

5-6  8 1 3 3 3 5 5 7 8 3 

5-9  8 1 3 3 3 3 5 7 8 3 

7-3  8 1 3 3 3 3 5 3 8 3 

4-8  8 1 3 3 3 3 5 3 3 3 

6-1  8 3 3 3 3 3 5 3 3 3 

��

:HLJKWHG�4XLFN�8QLRQ

'DWD�VWUXFWXUH���GLVMRLQW�IRUHVWV�
■ $OVR�PDLQWDLQ�DUUD\�wt[i] WKDW�FRXQWV�WKH�QXPEHU�RI�QRGHV�LQ�WKH�
WUHH�URRWHG�DW�L�

),1'���6DPH�DV�TXLFN�XQLRQ�

81,21���6DPH�DV�TXLFN�XQLRQ��EXW�
■ 0HUJH�VPDOOHU�WUHH�LQWR�WKH�ODUJHU�WUHH�
■ 8SGDWH�WKH�wt[] DUUD\�

$QDO\VLV�
■ ),1'�WDNHV�WLPH�SURSRUWLRQDO�WR�GHSWK�RI�S�DQG�T�LQ�WUHH�

² GHSWK�LV�DW�PRVW OJ 1
■ 81,21�WDNHV�FRQVWDQW�WLPH��JLYHQ�URRWV�

if (wt[i] < wt[j]) {

id[i] = j;

wt[j] += wt[i];

}

else {

id[j] = i;

wt[i] += wt[j];

}

��

:HLJKWHG�4XLFN�8QLRQ

,V�SHUIRUPDQFH�LPSURYHG"
■ 7KHRU\���OJ�1�SHU�XQLRQ�RU�ILQG�RSHUDWLRQ�
■ 3UDFWLFH���FRQVWDQW�WLPH�

([���+XJH�SUDFWLFDO�SUREOHP�
■ ���� HGJHV�FRQQHFWLQJ���� QRGHV�
■ 5HGXFHV�WLPH�IURP�������\HDUV�WR���PLQXWH�
■ 6XSHUFRPSXWHU�ZRXOGQ
W�KHOS�PXFK�
■ *RRG�DOJRULWKP�PDNHV�VROXWLRQ�SRVVLEOH�

6WRS�DW�JXDUDQWHHG�DFFHSWDEOH�SHUIRUPDQFH"
■ 1RW�KDUG�WR�LPSURYH�DOJRULWKP�IXUWKHU�



��

3DWK�&RPSUHVVLRQ

)LQG�3LJJ\�

��

3DWK�&RPSUHVVLRQ

)LQG�3LJJ\�

��

3DWK�&RPSUHVVLRQ

)LQG�3LJJ\�

��

3DWK�&RPSUHVVLRQ

)LQG�3LJJ\�



��

3DWK�&RPSUHVVLRQ

)LQG�3LJJ\�

��

:HLJKWHG�4XLFN�8QLRQ�ZLWK�3DWK�&RPSUHVVLRQ

3-4  0 1 2 3 3 5 6 7 8 9 

4-9  0 1 2 3 3 5 6 7 8 3 

8-0  8 1 2 3 3 5 6 7 8 3 

2-3  8 1 3 3 3 5 6 7 8 3 

5-6  8 1 3 3 3 5 5 7 8 3 

5-9  8 1 3 3 3 3 5 7 8 3 

7-3  8 1 3 3 3 3 5 3 8 3 

4-8  8 1 3 3 3 3 5 3 3 3 

6-1  8 3 3 3 3 3 3 3 3 3 

��

:HLJKWHG�4XLFN�8QLRQ�ZLWK�3DWK�&RPSUHVVLRQ

3DWK�FRPSUHVVLRQ�
■ 0RGLI\�ZHLJKWHG�TXLFN�XQLRQ�WR�FRPSUHVV�WUHH�
■ 0DNH�VHFRQG�SDVV�IURP�S�DQG�T�XS�WR�URRW��DQG�VHW�WKH�LG�RI�HYHU\�
H[DPLQHG�QRGH�WR�WKH�QHZ�URRW�

■ 1R�UHDVRQ�QRW�WR�
■ ,Q�SUDFWLFH��NHHSV�WUHH�DOPRVW�FRPSOHWHO\�IODW�

for (i = p; i != id[i]; i = id[i])

id[i] = root;

for (j = q; j != id[j]; j = id[j])

id[j] = root;

��

:HLJKWHG�4XLFN�8QLRQ�ZLWK�3DWK�&RPSUHVVLRQ

7KHRUHP� $�VHTXHQFH�RI�0�XQLRQ�DQG�ILQG�RSHUDWLRQV
RQ�1�HOHPHQWV�WDNHV�2�1���0�OJ�1��WLPH�

■ 3URRI�LV�GLIILFXOW�
■ %XW�WKH�DOJRULWKP�LV�VWLOO�VLPSOH�

5HPDUN� OJ�1�LV�D�FRQVWDQW�LQ�WKLV�XQLYHUVH�

/LQHDU�DOJRULWKP"
■ &RVW�ZLWKLQ�FRQVWDQW�IDFWRU�RI�UHDGLQJ�LQ�WKH�GDWD�
■ 7KHRU\���:483&�LV�QRW�TXLWH�OLQHDU�
■ 3UDFWLFH��:483&�LV�OLQHDU�

�

1

��
�����
������

�

OJ�1

�
�
�

� �



��

/HVVRQV

8QLRQ�ILQG�VXPPDU\�
■ 2QOLQH�DOJRULWKP�FDQ�VROYH�SUREOHP
ZKLOH�FROOHFWLQJ�GDWD�IRU��IUHH��

�7ULYLDO��DOJRULWKPV�FDQ�EH�XVHIXO��
■ 6WDUW�ZLWK�VLPSOH�DOJRULWKP�

² GRQ
W�XVH�IRU�ODUJH�SUREOHPV
² FDQ
W�XVH�IRU�KXJH�SUREOHPV

■ )DVW�SHUIRUPDQFH�RQ�WHVW�GDWD�2.�
■ 6WULYH�IRU�ZRUVW�FDVH�SHUIRUPDQFH�JXDUDQWHHV�

² PLJKW�EH�QRQWULYLDO�WR�DQDO\]H
■ ,GHQWLI\�IXQGDPHQWDO�DEVWUDFWLRQV�

² XQLRQ�ILQG
² GLVMRLQW�IRUHVWV

4XLFN�ILQG

$OJRULWKP

:HLJKWHG
3DWK�FRPSUHVVLRQ

0�1

7LPH

1���0�ORJ�1
1���0�ORJ�1

4XLFN�XQLRQ 0�1

:HLJKWHG���SDWK ���0���1�


