
3ULQFHWRQ�8QLYHUVLW\�� �� &26����������� $OJRULWKPV�DQG�'DWD�6WUXFWXUHV������� 6SULQJ������������ KWWS���ZZZ�3ULQFHWRQ�('8�aFV���

'LUHFWHG�*UDSKV

6RPH�RI�WKHVH�OHFWXUH�VOLGHV�KDYH�EHHQ�DGDSWHG�IURP�

���$OJRULWKPV�LQ�&��3DUW�����UG (GLWLRQ���5REHUW�6HGJHZLFN�

�

'LUHFWHG�*UDSKV

',*5$3+���GLUHFWHG�JUDSK�
■ (GJH�IURP�Y�WR�Z�
■ 2QH�ZD\�VWUHHW�
■ +\SHUOLQN�IURP�<DKRR�WR�3ULQFHWRQ�

�

*UDSKV

FRPPXQLFDWLRQ

*UDSK

WHOHSKRQHV��FRPSXWHUV

9HUWLFHV (GJHV

ILEHU�RSWLF�FDEOHV

FLUFXLWV JDWHV��UHJLVWHUV��SURFHVVRUV ZLUHV

PHFKDQLFDO MRLQWV URGV��EHDPV��VSULQJV

K\GUDXOLF UHVHUYRLUV��SXPSLQJ�VWDWLRQV SLSHOLQHV

ILQDQFLDO VWRFNV��FXUUHQF\ WUDQVDFWLRQV

WUDQVSRUWDWLRQ VWUHHW�LQWHUVHFWLRQV��DLUSRUWV KLJKZD\V��DLUZD\�URXWHV

VFKHGXOLQJ WDVNV SUHFHGHQFH�FRQVWUDLQWV

VRIWZDUH�V\VWHPV IXQFWLRQV IXQFWLRQ�FDOOV

LQWHUQHW ZHE�SDJHV K\SHUOLQNV

JDPHV ERDUG�SRVLWLRQV OHJDO�PRYHV

VRFLDO�UHODWLRQVKLS SHRSOH��DFWRUV IULHQGVKLSV��PRYLH�FDVWV

�

$�)HZ�*UDSK�3UREOHPV

5($&+$%,/,7<� ,V�WKHUH�D�GLUHFWHG�SDWK�IURP�V�WR�W"

&<&/(� ,V�WKHUH�D�GLUHFWHG�F\FOH�LQ�WKH�JUDSK"

7232/2*,&$/�6257� &DQ�\RX�GUDZ�WKH�JUDSK�VR�WKDW�DOO�RI�WKH�HGJHV�
SRLQW�IURP�OHIW�WR�ULJKW"

67521*�&211(&7,9,7<� $UH�DOO�YHUWLFHV�PXWXDOO\�UHDFKDEOH"

3$*(5$1.� :KDW�LV�WKH�LPSRUWDQFH�RI�D�ZHE�SDJH��DFFRUGLQJ�WR�*RRJOH�"
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7\SLFDO�FOLHQW�SURJUDP�
■ &DOO�GRAPHinit() RU�GRAPHrand() WR�FUHDWH�LQVWDQFH�
■ 8VHV�Graph KDQGOH�DV�DUJXPHQW�WR�$'7�IXQFWLRQV�
■ &DOOV�Graph $'7�IXQFWLRQ�WR�GR�JUDSK�SURFHVVLQJ�

#include <stdio.h>
#include "digraph.h"

int main(int argc, char *argv[]) {
int V = atoi(argv[1]);
int E = atoi(argv[2]);
Graph G = GRAPHrand(V, E);
GRAPHshow(G);
GRAPHtc(G);
return 0;

}

FOLHQW�F

*UDSK�$'7�LQ�&

�

6WDQGDUG�PHWKRG�WR�VHSDUDWH�FOLHQWV�IURP�LPSOHPHQWDWLRQ�
■ 2SDTXH�SRLQWHU�WR�Graph $'7�
■ 3OXV�VLPSOH�typedef IRU�Edge�

typedef struct graph *Graph;
typedef struct { int v, w; } Edge;
Edge EDGEinit(int v, int w);

Graph GRAPHinit(int V);
Graph GRAPHrand(int V, int E);
void GRAPHdestroy(Graph G);
void GRAPHshow(Graph G);
void  GRAPHinsertE(Graph G, Edge e);
void  GRAPHremoveE(Graph G, Edge e);
void  GRAPHtc(Graph G);
int   GRAPHisacyclic(Graph G);
. . .

GLJUDSK�K

*UDSK�$'7�LQ�&

�

*UDSK�5HSUHVHQWDWLRQ

9HUWH[�QDPHV����$�%�&�'�(�)�*�+�,�-�.�/�0�
■ &�SURJUDP�XVHV�LQWHJHUV�EHWZHHQ�0 DQG�V-1�
■ &RQYHUW�YLD�DVVRFLDWLYH�LQGH[LQJ�V\PERO�WDEOH�

2ULHQWDWLRQ�RI�HGJH�PDWWHUV�

6HW�RI�HGJHV�UHSUHVHQWDWLRQ�
■ $�%�$�*�$�&�/�0�-�0�-�/�-�.�(�'�)�'�+�,�)�(�$�)�*�(
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$GMDFHQF\�0DWUL[�5HSUHVHQWDWLRQ

$GMDFHQF\�PDWUL[�UHSUHVHQWDWLRQ�
■ 7ZR�GLPHQVLRQDO�V × V DUUD\�
■ (GJH�v-w LQ�JUDSK���adj[v][w] = 1�

A B C D E F G H I J K L M
0 A 0 1 1 0 0 1 1 0 0 0 0 0 0
1 B 0 0 0 0 0 0 0 0 0 0 0 0 0
2 C 0 0 0 0 0 0 0 0 0 0 0 0 0
3 D 0 0 0 0 0 0 0 0 0 0 0 0 0
4 E 0 0 0 1 0 0 0 0 0 0 0 0 0
5 F 0 0 0 1 1 0 0 0 0 0 0 0 0
6 G 1 1 0 0 1 0 0 0 0 0 0 0 0
7 H 0 0 0 0 0 0 0 0 1 0 0 0 0
8 I 0 0 0 0 0 0 0 0 0 0 0 0 0
9 J 0 0 0 0 0 0 0 0 0 0 1 1 1
10 K 0 0 0 0 0 0 0 0 0 0 0 0 0
11 L 0 0 0 0 0 0 0 0 0 0 0 0 1
12 M 0 0 0 0 0 0 0 0 0 1 0 1 0
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7UDQVLWLYH�&ORVXUH

5HIOH[LYH�WUDQVLWLYH�FORVXUH� *�KDV�DQ�HGJH�IURP�Y�WR�Z�LI�DQG�RQO\�LI�
WKHUH�LV�GLUHFWHG�SDWK�IURP�Y�WR�Z�LQ�*�

■ 1RW�V\PPHWULF�
■ 6XSSRUWV�2����UHDFKDELOLW\�TXHULHV�ZLWK�2�9���VSDFH�

*

*

��

:DUVKDOO
V $OJRULWKP

:DUVKDOO
V�DOJRULWKP�
■ ,QLWLDOL]H�WF>Y@>Z@� ���LI�Y�Z�H[LVWV����RWKHUZLVH�
■ )LQG�SDWK�IURP�Y�WR�Z"
■ 7DNH�SDWK�IURP�Y�WR�L�DQG�WKHQ�IURP�L�WR�Z�LI�ERWK�H[LVW�

,QYDULDQW� $IWHU�LWK LWHUDWLRQ�WF>Y@>Z@� ���LI�DQG�RQO\�LI�WKHUH�H[LVWV�D�
SDWK�IURP�Y�WR�Z�ZKRVH�LQWHUPHGLDWH�QRGHV�DUH�������«��L�

for (i = 0; i < G->V; i++)
for (v = 0; v < G->V; v++)

for (w = 0; w < G->V; w++)
if (G->tc[v][i] && G->tc[i][w])

G->tc[v][w] = 1;

Y Z

L

��

:DUVKDOO
V�$OJRULWKP���([DPSOH

��

7UDQVLWLYH�&ORVXUH���&RVW�6XPPDU\

75$16,7,9(�&/2685(� ,V�WKHUH�D�GLUHFWHG�SDWK�IURP�Y�WR�Z"

0HWKRG 3UHSURFHVV 4XHU\ 6SDFH

:DUVKDOO 9� � 9�
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$GMDFHQF\�/LVW�5HSUHVHQWDWLRQ

9HUWH[�LQGH[HG�DUUD\�RI�OLVWV�
■ 6SDFH�SURSRUWLRQDO�WR�QXPEHU�RI�HGJHV�
■ 2QH�UHSUHVHQWDWLRQV�RI�HDFK�GLUHFWHG�HGJH�
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$GMDFHQF\�/LVW

��

75$16,7,9(�&/2685(� ,V�WKHUH�D�GLUHFWHG�SDWK�IURP�Y�WR�Z"

8VH�')6�WR�FDOFXODWH�DOO�QRGHV�UHDFKDEOH�IURP�v�

(QDEOHV�GLUHFW�VROXWLRQ�RI�VLPSOH�JUDSK�SUREOHPV�
■ 7UDQVLWLYH�FORVXUH�
■ 'LUHFWHG�F\FOHV�
■ 7RSRORJLFDO�VRUW�

%DVLV�IRU�VROYLQJ�GLIILFXOW�JUDSK�SUREOHPV�
■ 6WURQJ�FRQQHFWHG�FRPSRQHQWV�
■ 'LUHFWHG�(XOHU�SDWK�

'HSWK�)LUVW�6HDUFK

7R�YLVLW�D�QRGH�v�
� PDUN�LW�DV�YLVLWHG
� UHFXUVLYHO\�YLVLW�DOO�XQPDUNHG�QRGHV�w DGMDFHQW�WR�v

��

int GRAPHtc(Graph G) {
int s;
for (s = 0; s < G->V; s++) dfs(G, s, s);

}

int GRAPHreachable(int v, int w) { return G->tc[v][w] == 1; }

void dfs(Graph G, int s, int v) {
link t;
int w;

G->tc[s][v] = 1;

for (t = G->adj[v]; t != NULL; t = t->next) {
w = t->w;
if (G->tc[s][w] == 0) dfs(G, s, w);

}
}

GLJUDSK�F���WUDQVLWLYH�FORVXUH�

'HSWK�)LUVW�6HDUFK���7UDQVLWLYH�&ORVXUH

DVVXPHV�G->tc[][] ZDV�LQLWLDOL]HG�WR��

UHDFKDELOLW\�IURP�V PDGH�LW�WR�Y

LV�Z�UHDFKDEOH�IURP�Y"

GR�UHDFKDELOLW\�XVLQJ�
HDFK�YHUWH[�DV�VRXUFH

��

7UDQVLWLYH�&ORVXUH���&RVW�6XPPDU\

75$16,7,9(�&/2685(� ,V�WKHUH�D�GLUHFWHG�SDWK�IURP�Y�WR�Z"

2SHQ�UHVHDUFK�SUREOHP����2����TXHU\��2�9���SUHSURFHVVLQJ�WLPH�

0HWKRG 3UHSURFHVV

')6��SUHSURFHVV� (�9

')6��RQOLQH� �

4XHU\

�

(���9

6SDFH

9�

(

:DUVKDOO 9� � 9�
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$SSOLFDWLRQ���6FKHGXOLQJ

*LYHQ�D�VHW�RI�WDVNV�WR�EH�FRPSOHWHG�ZLWK�SUHFHGHQFH�FRQVWUDLQWV��LQ�
ZKDW�RUGHU�VKRXOG�ZH�VFKHGXOH�WKH�WDVNV"

■ 7DVN�����UHDG�SURJUDPPLQJ�DVVLJQPHQW�
■ 7DVN�����GRZQORDG�ILOHV�
■ 7DVN�����ZULWH�FRGH�
■ �����
■ 7DVN������VOHHS�

*UDSK�PRGHO�
■ &UHDWH�D�YHUWH[�IRU�HDFK�WDVN�
■ &UHDWH�DQ�HGJH�Y�Z�LI�WDVN�Y�PXVW�SUHFHGH�WDVN�Z�

��

'LUHFWHG�$F\FOLF�*UDSK

'$*���GLUHFWHG�DF\FOLF�JUDSK�

7RSRORJLFDO�VRUW���DOO�HGJHV�SRLQW�OHIW�WR�ULJKW�

��

'HSWK�)LUVW�6HDUFK���7RSRORJLFDO�6RUW

:KDW�KDSSHQV�LI�JUDSK�LV�QRW�D�'$*"

int cnt;         // global

int GRAPHts(Graph G) {
int v;
cnt = G->V;
for (v = 0; v < G->V; v++) G->visited[v] = FALSE;
for (v = 0; v < G->V; v++)

if (!G->visited[v]) ts(G, v);
}

void ts(Graph G, int v) {
link t;
G->visited[v] = TRUE;
for (t = G->adj[v]; t != NULL; t = t->next) {

int w = t->w;
if (!G->visited[w]) ts(G, w);

}
G->ts[--cnt] = v;

}

GLJUDSK�F

UXQ�')6�IURP�HDFK�YHUWH[

DVVLJQ�QXPEHUV�LQ�UHYHUVH�RUGHU

��

$SSOLFDWLRQ���3(57�&30

3URJUDP�(YDOXDWLRQ�DQG�5HYLHZ�7HFKQLTXH���&ULWLFDO�3DWK�0HWKRG�
■ 7DVN�Y�UHTXLUHV�W>Y@�XQLWV�RI�SURFHVVLQJ�WLPH�
■ &DQ�ZRUN�RQ�MREV�LQ�SDUDOOHO�VXEMHFW�WR�SUHFHGHQFH�FRQVWUDLQWV�

² PXVW�ILQLVK�WDVN�Y�EHIRUH�EHJLQQLQJ�Z
■ :KDW
V�WKH�HDUOLHVW�ZH�FDQ�FRPSOHWH�HDFK�WDVN"

,QGH[ 'XUDWLRQ 3UHUHTXLVLWH

$ � �

7DVN

)UDPLQJ

% � $)UDPLQJ

& � %5RRILQJ

' � %6LGLQJ

( � ':LQGRZV

) � '3OXPELQJ

* � &��((OHFWULFLW\

+ � &��(3DLQW

, � )��+)LQLVK
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$SSOLFDWLRQ���3(57�&30

3URJUDP�(YDOXDWLRQ�DQG�5HYLHZ�7HFKQLTXH���&ULWLFDO�3DWK�0HWKRG�
■ 7DVN�Y�UHTXLUHV�W>Y@�XQLWV�RI�SURFHVVLQJ�WLPH�
■ &DQ�ZRUN�RQ�MREV�LQ�SDUDOOHO�VXEMHFW�WR�SUHFHGHQFH�FRQVWUDLQWV�

² PXVW�ILQLVK�WDVN�Y�EHIRUH�EHJLQQLQJ�Z
■ :KDW
V�WKH�HDUOLHVW�ZH�FDQ�FRPSOHWH�HDFK�WDVN"

/RQJHVW�SDWK�DOJRULWKP�LQ�'$*�
■ ,QLWLDOL]H�ILQLVK>Y@� ���IRU�DOO�YHUWLFHV�Y�
■ &RQVLGHU�YHUWLFHV�Y�LQ�WRSRORJLFDO�RUGHU�

² IRU�HDFK�HGJH�Y�Z
ILQLVK>Z@� �PD[�ILQLVK>Z@��ILQLVK>Y@���W>Z@��

:DUQLQJ���ORQJHVW�SDWK�SUREOHP�LV�13�KDUG�LQ�JHQHUDO�JUDSKV�
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$SSOLFDWLRQ���*RRJOH
V�3DJH5DQN�$OJRULWKP

*RDO���'HWHUPLQH�ZKLFK�ZHE�SDJHV�RQ�,QWHUQHW�DUH�LPSRUWDQW�
6ROXWLRQ���,JQRUH�NH\ZRUGV�DQG�FRQWHQW��IRFXV�RQ�K\SHUOLQN�VWUXFWXUH�

5DQGRP�VXUIHU�PRGHO�
■ 6WDUW�DW�UDQGRP�SDJH�
■ :LWK�SUREDELOLW\��������UDQGRPO\�VHOHFWV�D�OLQN�RQ�SDJH�WR�YLVLW QH[W�
:LWK�SUREDELOLW\�������UDQGRPO\�VHOHFW�D�SDJH�

■ 1HYHU�KLW��%DFN��EXWWRQ�
■ 3DJH5DQN  �SURSRUWLRQ�RI�WLPH�UDQGRP�VXUIHU�VSHQGV�RQ�HDFK�SDJH�

,QWXLWLRQ�
■ (DFK�SDJH�HYHQO\�GLVWULEXWHV�LWV�UDQN�WR�DOO�SDJHV�WKDW�LW�SRLQWV�WR�
■ (DFK�SDJH�UHFHLYHV�UDQN�IURP�DOO�SDJHV�WKDW�SRLQW�WR�LW�
■ +DUG�WR�FKHDW�

��

$SSOLFDWLRQ���*RRJOH
V�3DJH5DQN�$OJRULWKP

6ROXWLRQ�����6LPXODWH�UDQGRP�VXUIHU�IRU�D�ORQJ�WLPH�

6ROXWLRQ�����&RPSXWH�UDQNV�GLUHFWO\�

6ROXWLRQ�����&RPSXWH�HLJHQYDOXHV�RI�DGMDFHQF\�PDWUL[�

for (i = 0; i < PHASES; i++) {
for (v = 0; v < G->V; v++) oldrank[v] = rank[v];
for (v = 0; v < G->V; v++) rank[v] = 0;

for (v = 0; v < G->V; v++) {
for (t = G->adj[v]; t != NULL; t = t->next) {

w = t->w;
rank[w] += 1.0 * oldrank[v] / outdegree[v];

}
}

}

��

3DJH5DQN�&DYHDWV

'HDG�HQG�� SDJH�ZLWK�QR�RXWJRLQJ�OLQNV�
■ $OO�LPSRUWDQFH�ZLOO�OHDN�RXW�RI�ZHE�
■ (DV\�WR�GHWHFW�DQG�LJQRUH�

6SLGHU�WUDS� JURXS�RI�SDJHV�ZLWK�QR�OLQNV�OHDYLQJ�WKH�JURXS�
■ *URXS�ZLOO�DFFXPXODWH�DOO�LPSRUWDQFH�RI�:HE�
■ &RPSXWH�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�

² XVH�WUDQVLWLYH�FORVXUH��² 2�( 9��WLPH
² LQJHQLRXV�DOJRULWKPV�XVLQJ�')6��� 2�(���9��WLPH



��

6WURQJO\�&RQQHFWHG�&RPSRQHQWV

.RVDUDMX
V�DOJRULWKP�
■ 5XQ�')6�RQ�UHYHUVH�GLJUDSK�DQG�FRPSXWH�SRVWRUGHU�
■ 5XQ�')6�RQ�RULJLQDO�GLJUDSK���,Q�VHDUFK�ORRS�WKDW�FDOOV�GIV����
FRQVLGHU�YHUWLFHV�LQ�UHYHUVH�SRVWRUGHU�

7KHRUHP���7UHHV�LQ�VHFRQG�')6�DUH�VWURQJ�FRPSRQHQWV�����
��

6WURQJO\�&RQQHFWHG�&RPSRQHQWV

.RVDUDMX
V�DOJRULWKP�
■ 5XQ�')6�RQ�UHYHUVH�GLJUDSK�DQG�FRPSXWH SRVWRUGHU�
■ 5XQ�')6�RQ�RULJLQDO�GLJUDSK���,Q�VHDUFK�ORRS�WKDW�FDOOV GIV����
FRQVLGHU�YHUWLFHV�LQ�UHYHUVH SRVWRUGHU�

void dfs(Graph G, int v) {
link t;
G->scc[v] = component;
for (t = G->adj[w]; t != NULL; t = t->next) {

w = t->w;
if (G->scc[w] == -1)

dfs(G, w);
}
postorder[cnt++] = v;

}

for (v = G->V – 1; v >= 0; v--)
if (G->scc[ postorder [v]] == -1) {

dfs(G, postorder [v]);
component ++;

}

VHFRQG�VHDUFK�ORRS�
WKDW�FDOOV�GIV��

XQLTXH�LG�IRU�HDFK�VWURQJO\�
FRQQHFWHG�FRPSRQHQW


