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B} Buhafta

Ogrenme giktilari. Hafta 5'te bir gizgeyi nasil temsil edeceginizi ve nasil gezeceginizi (BFS, DFS, bagl bilesenler,
agirliksiz en kisa yollar) 6grendiniz. Bu hafta her gezinme igin daha keskin bir soru soruyor: her bagimlihgin 6nce
gelmesi igin diigimler hangi sirayla islenmeli (topolojik siralama, iki ydntemle); yonli bir ¢izgede hi¢ dongii
olmadigini resme bakmadan nasil anlariz; bir ¢izge kenar kenar kurulurken "kim kiminle ayni grupta" bilgisini
neredeyse sabit zamanda nasil takip ederiz (union-find); agirhkli kenarlar verildiginde her diigiimi en ucuza nasil
birbirine baglariz (en kiigiik yayilan agag, iki yontemle) ve bir digiimden digerine, ya da bir diigiimden herkese, en
ucuz yol nedir (en kisa yol, ti¢ yontemle, negatif agirlikli gizgeler dahil); hangi diigiim gruplari birbirine hem gidip hem
gelebilir (giiclii bagh bilesenler); bir ¢cizgenin diigimleri, higbir takim arkadasi komsu olmayacak sekilde iki takima
ayrilabilir mi (iki pargalilik kontrolii); bir boru agindan ayni anda ne kadar "sey" akabilir (en biiyiik akig); ve bir
problemin hi¢ formdili yokken, olasi cevaplarin uzayini sistematik olarak nasil arariz, kti bir tahminden miimkdin
oldugunca erken nasil vazgeceriz (geri izleme). Bu ciktilar ders izlencesinin 0C.1 (temel veri yapilarini aciklama),
0G.2 (algoritmik karmagikligi analiz etme) ve 0G.7 (bir probleme dogru yapiyi segme) maddeleriyle eslesir.

Onceden bilmeniz gerekenler. Buradaki her sey dogrudan Hafta 5 iizerine kurulur: bellekteki komsuluk listesi
(Graph ) temsili, her animasyonu ve her programin ¢iktisini yeniden Uretilebilir kilan alfabetik-komsu-sirasi kurali, ve
BFS/DFS'in kendisi (DFS ile topolojik siralama, asagida goreceginiz gibi, tek bir ek diziyle DFS'in ta kendisidir;
Kosaraju algoritmasi DFS'i iki kez ¢alistirir; iki pargalilik kontrold, iki renkli bir gesitlemeyle BFS'tir). BFS ve DFS
tazeligini yitirdiyse 6nce Hafta 5'e doniin — bu bolim onlari sifirdan anlatmaz, yalnizca (izerine ekler.

3 saatlik bir oturum i¢in zaman plani. Hatirlatma ve haftanin haritasi (~10 dk) - topolojik siralama, Kahn ve DFS (~25
dk) - dongii sezimi (~15 dk) - union-find (~20 dk) - kisa ara - en kiigik yayilan agaglar, Kruskal ve Prim (~30 dk) - en
kisa yollar, Dijkstra ve Bellman-Ford (~30 dk) - biitiin giftler en kisa yol, Floyd-Warshall (~15 dk) - glicli bagli
bilesenler (~15 dk) - iki parcali gizgeler (~10 dk) - en biyik akis (~20 dk) - geri izleme (~15 dk) - 6zet ve kendini
sinama (~10 dk).

0. Baslamadan once

0.1 Zaten bildikleriniz

Hafta 5'ten. Bir ¢izge, diigumler ile aralarindaki kenarlardan olusur; yonlii ya da yonsiiz, agirlikli ya da agirliksiz olabilir.
Onu bir komsuluk listesi (adjacency list) ile temsil edersiniz: diigiime gore indislenen bir dizi, her hiicre o diigiimiin
komsularinin bagli listesinin basi — her gezinmenin, dolayisiyla her programin yazdirdigi ¢iktinin yeniden uretilebilir olmasi
icin alfabetik sirada tutulur. BFS bir kuyrukla seviye seviye gezer, ulasilabilen her diigiime en az kenar sayisini verir. DFS
geri donmeden once olabildigince derine iner; ya gergek 6zyineleme kullanir (cagri yigininin kendisi "su anki yol"dur) ya da
acik bir yigin kullanir. Bagh bilesenler, heniiz ziyaret edilmemis her digiimden BFS ya da DFS calistirildiginda ¢izgenin

ayrildigi pargalardir. Bunlarin hepsi agirliksizdir ve yonli ya da yonstiz olabilir ama higbiri "hangi sirada’, "bir dongii var mi"
ya da "hangi bedelle" sorularini sormaz — bu haftanin on bir sorusu.
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Gergekten yeni bir bilegen: agirliklar. Asagidaki on {i¢ algoritmanin altisi (Kruskal, Prim, Dijkstra, Bellman-Ford, Floyd-
Warshall, Edmonds-Karp) her kenara bir sayl — bir uzaklik, bir maliyet, bir kapasite — ilistirir ve yalnizca "ulasilabilir mi,
degil mi" degil, en ucuz ya da en biiyiik toplami sorar. Agirliklar, Hafta 5'in hic ihtiyag duymadigi ama bu haftanin asla
vazgecemeyecegi tek fikirdir.

0.2 Bu haftanin haritasi

Asagida her kutunun kendi bélimii var, gogunda adim adim bir animasyon, tam bir C ve Java programi, karmasiklik ve sik
yapilan hatalar {izerine bir not var. On li¢ animasyonun hepsi Hafta 5'in bfs.js i ile ayni kenar-listesi gosterimini kullanir:
yonstiz bir kenar igin A-B, yonli bir kenar igin A>B, agirhgin gecerli oldugu yerde sonuna eklenen :AGIRLIK (A>B:4),ve
digiimler zaten bildidiniz ayni gember diizeninde yerlesir.

1. Topolojik siralama

1.1 Basglangi¢ sorusu

Giyiniyorsunuz: goraplar ayakkabilardan dnce, gomlek ceketten énce — ama gorap ile gdmlek arasinda bir sira yok. Her
"sundan once gelmeli" kuralini yonlii bir gizgede bir kenar olarak diisiiniirsek, butiin kurallara birden uyan tek bir sira her
zaman var midir? Ve iki kisi size gelisen kurallar verirse (“ayakkabilarini goraplarindan 6nce giy"), algoritma bunu nasil fark
eder?

1.2 Kisa bir tarihge

Bu problem, derleme sistemlerinin ve paket yoneticilerinin bugiin hala ¢ozdigu problemin ta kendisidir: a.c'yi

main.c 'den once derle ¢linkli main.c onu #include ediyor; X kiitiphanesini ona bagimli paketten dnce kur. A. B. Kahn,
asa@idaki icderece-ve-kuyruk algoritmasini 1962'de yayimladi ("Topological sorting of large networks", Communications of
the ACM), tam olarak bu tiir bagimhilik zamanlamalari igin. DFS tabanl alternatif daha da eskidir; dogrudan Robert
Tarjan'in 1970'lerin basinda bigimlendirdigi derinlik oncelikli arama gergevesinden ¢ikar.

1.3 Fikir, iki yolla

Yonli bir gizgenin topolojik sirasi, her u -> v kenarinda u'nun v 'den 6nce goériindiigl bir diigiim siralamasidir. Yalnizca
cizgede hig dongii yoksa vardir (bir DAG, yonlii donglisiiz gizge) — A, B 'den once gelmeli ve B, A'dan dnce gelmeliyse,

Kahn algoritmasi "6nce ne gidebilir?" diye diistinir: igderecesi 0 olan bir digiime (hicbir sey ona isaret etmiyor)
karsilanmamis bir 6nkosul yok demektir, o ylizden hemen yerlestirilebilir. Yerlestirin, bu onun giden kenarlarini
degerlendirmeden cikarir — yani her komsunun igderecesi bir azalir, ve igderecesi az 6nce 0'a diigsen her komsu artik
uygun hale gelir. Bir kuyruk, su anda uygun olan diigimleri tutar; her turda birini ¢ikarin, yazdirin, kenarlarini gevsetin. Her
digim yerlestirilmeden kuyruk bosalirsa, geri kalan diigiimler birbirleriyle bir dongide kilitlidir — higbir topolojik
siralamanin var olmadidinin kaniti budur.

DFS tabanl algoritma diger ugtan diisiinir: 6zyinelemeli DFS'i galigtirin (tam olarak Hafta 5'in DfsRecursive ‘i, bir dizi
eklenmig haliyle) ve her diiglimin bitig zamanini — for dongusiinin komsulari tizerinde tamamlanip déndiigi an —
kaydedin. Bitis zamanlarini biiyiikten kiigiige okuyun, gecerli bir topolojik sira elde edersiniz. Neden ise yarar? u,
kendisinden ulasilabilen her digiim zaten bittikten sonra biter (bir DFS agacinda "bitmek" tam olarak budur — bir diigim
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alt agaglarindan 6nce bitemez), yani u 'nun bitis zamani, dogrudan ya da dolayli olarak igaret ettigi her digimden
buyktir; bitis zamanina gore azalan sirayla siralamak, her u 'yu isaret ettigi her seyden 6nce yerlestirir. Ayni DFS bir
donglyl de bedavaya sezer: hala gri olan (yolda, heniiz bitmemis) bir digiime giden bir geri kenar (back edge) yalnizca

bir déngi varsa mimkiindir.

1.4 Bellekte nasil durur, ve kod

Kahn algoritmasi iki dizi ve bir kuyruk tutar: indeg[] (digim basina bir kayit), kuyrugun kendisi, ve blyliyen order[] .
Asagida algoritmanin tamami var; kurulum ve yazdirma, Hafta 5 ile ayni Graph / AdjNode iskeleti — altindaki katlanabilir

tam programda goriillyor.

int indeg[MAX_V];
int queue_data[MAX_V], front,
int order[MAX_V], order_len;

rear;

void enqueue(int v) { queue_data[rear] = v; rear++; }

int dequeue(void)
int topo_sort_kahn(Graph *g) {
for (int i =
for (int u = @; u < g->vertex_count; u++)
for (AdjNode *n = g->adj[u]; n != NULL; n
indeg[n->to]++;
front = rear = 0; order_len = 0;
for (int v = @; v < g->vertex_count; v++)
if (indeg[v] == @) enqueue(Vv);
while (front < rear) {
int u = dequeue();
order[order_len] = u; order_len++;
for (AdjNode *n = g->adj[u]; n != NULL; n
indeg[n->to]--;
if (indeg[n->to] == @) enqueue(n->to);
}
}

return order_len == g->vertex_count;
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{ int v = queue_data[front]; front++; return v; }

0; 1 < g->vertex_count; i++) indeg[i] = ©;

n->next)

/* alphabetical order */

n->next) {

/* alphabetical order */

/* @ -> a cycle exists */
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int[] indeg = new int[MAX_V];
int[] queueData = new int[MAX_V]; int front, rear;
int[] order = new int[MAX_V]; int orderlLen;

void enqueue(int v) { queueDatal[rear] = v; rear++; }

int dequeue() { int v = queueData[front]; front++; return v; }

boolean topoSortKahn(Graph g) {
for (int i = ©; i < g.vertexCount; i++) indeg[i] = 0;
for (int u = @; u < g.vertexCount; u++)
for (AdjNode n = g.adj[u]; n !'= null; n = n.next)
indeg[n.to]++;
front = rear = 0; orderLen = 0;

for (int v = ©; v < g.vertexCount; v++) // alphabetical order

if (indeg[v] == 8) enqueue(Vv);
while (front < rear) {
int u = dequeue();

order[orderLen] u; orderLen++;

for (AdjNode n = g.adj[u]; n != null; n = n.next) {

indeg[n.to]--;
if (indeg[n.to] == @) enqueue(n.to);

}

return orderLen == g.vertexCount; // false -> a cycle exists
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A B C ] E F G H A B C ] E F G H
warecer - (o)) (D EAEE] sswmen - (JEOEHEEEEE]
kuyruk = kuyruk = [Z]

51lra = 51lra =
1. KAHN ALGORITMASI: her diigiimiin icderecesi 2. Alfabetik taranarak icderecesi O olan digtimler
(gelen kenar sayisi) sayilir; icderecesi 0 olanlarin kuyruga eklenir: A.

onkosulu yok, hemen siraya girebilirler.

A B C D E F G - A 8 c v : i 5 A
et - (o)) (JE)EEIG) s - () GG GEIE)
sira = @ sira = @

3. dequeue() -> A; siraya eklenir (simdiye kadar: A). 4. A'nin kenarlan gevsetilir: her komsunun icderecesi 1
azalir. Sifira diigenler kuyruga girer: B, C.
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igderece[]

A B C D E F G H A B C D E F G H
gootoonanEsRotoonann
kuyruk = [E] kuyruk =

- @) - DR

6. B'nin kenarlan gevsetilir: her komsunun icderecesi 1 7. dequeue() -> G; siraya eklenir (simdiye kadar: A, B,
azalir. Sifira diisenler kuyruga girer: hicbiri. Q).

A B C D E F G H A B C o E F G H
et - () (o] (J(J (I sswren - (DGR
kuyruk = [E] [I] kuyruk = [I]
- DO SAnoao

8. C'nin kenarlari gevsetilir: her komsunun icderecesi 1 9. dequeue() -> D; siraya eklenir (simdiye kadar: A, B,
azalir. Sifira diisenler kuyruga girer: D, F. C, D).
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icderece[]

kuyruk

s51ira
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ojojoaooan
(0]
ooo

10. D'nin kenarlari gevsetilir: her komsunun icderecesi
1 azalr. Sifira diisenler kuyruga girer: E.

igderece[]

kuyruk

s51ira

oojoooooo
©
oooon

12. F'nin kenarlan gevsetilir: her komsunun icderecesi
1 azalr. Sifira dlsenler kuyruga girer: hicbiri.
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icderece[]

kuyruk

s51ira

icderece[]

kuyruk

s51ira

ooooboao
()
oooon

11. dequeue() -> F; siraya eklenir (simdiye kadar: A, B,
C, D, F).

A B C ] E F G H

DEEEEE

13. dequeue() -> E; siraya eklenir (simdiye kadar: A, B,
C, D, FE.
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A B c D E F 6 r A B c D e F G H
e - () (] (J(J(J(JCI(] | sswren - (J(I (DI
kuyruk = kuyruk = [E]
are - (JE) (I are - (DG

15. dequeue() -> G; siraya eklenir (simdiye kadar: A, B, 16. G'nin kenarlan gevsetilir: her komsunun icderecesi
CDFEG). 1 azalrr. Sifira dlisenler kuyruga girer: H.

A B C ] E F G H

A B C D E F G H
iCdEFECE[]

icderece[]

kuyruk = kuyruk =
o= (A == (I HEEHEEM
17. dequeue() -> H; siraya eklenir (simdiye kadar: A, B, 18. Kuyruk bosaldi, 8 digimin hepsi siraya girdi: A, B,
C D, F E G H). C, D, F, E, G, H. Her diigim biitiin 8nkosullanindan
sonra gelir.
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Segcicide hazir 6rnekleri deneyin: "8 diigiim, 10 kenar, tek gegerli DAG", "10 diigiim, 14 kenar, cok kaynakli DAG", ve u¢
durum "10 kenar ama bir dongii var, tam sira gtkmaz" (kuyrugun erken bosaldigini izleyin); sonra .+ zar atin ya da kendi
A>B B>C ... kenarlarinizi yazin.

DFS tabanli siiriim, Hafta 5'teki dfs_visit 'i neredeyse degistirmeden yeniden kullanir, yalnizca finish[] dizisini ekler:

int color_of[MAX_V]; /* @ white, 1 gray, 2 black */
int finish[MAX_V], finish_len;
int has_cycle;

void dfs_visit(int u) {

color_of[u] = 1; /* gray: in progress */
for (AdjNode *n = cur_g->adj[u]; n != NULL; n = n->next) { /* alphabetical order */
if (color_of[n->to] == @) dfs_visit(n->to); /* tree edge */
else if (color_of[n->to] == 1) has_cycle = 1; /* back edge -> a cycle */
}
color_of[u] = 2; /* black: done */
finish[finish_len] = u; finish_len++;
}
int[] colorOf = new int[MAX_V]; // © white, 1 gray, 2 black

int[] finish = new int[MAX_V]; int finishLen;
boolean hasCycle;

void dfsVisit(int u)

colorOf[u] = 1; // gray: in progress
for (AdjNode n = curG.adj[u]; n != null; n = n.next) { // alphabetical order
if (colorOf[n.to] == @) dfsVisit(n.to); // tree edge
else if (colorOf[n.to] == 1) hasCycle = true; // back edge -> a cycle
}
colorOf[u] = 2; // black: done
finish[finishLen] = u; finishLen++;
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renk[] = W W W W W W W W renk[] =

¢agri yigini = cagri yigini = E]

bitis sirasi = bitis sirasi =

topo sira = topo sira =
1. TOPOLOJIK SIRALAMA (DFS): &zyinelemeli DFS her 2. A beyaz ve kendi koki -- yeni bir DFS agaci
diigiimi BITIRDIGI sirayla bitis sirasi satirina yazar, baglatilr.

sonunda bu satir ters cevrilecek.

A B C o E F G
h r‘enk[] B B @ h B B h h h
cogr yrgm = @ @ cogr yrgm = @ @ B

renk[]

bitis sirasi = bitis sirasi =

topo sira = topo sira =
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4. Komsu D beyaz -- bir AGAC KENARI, icine dalinir. 5. Komsu E beyaz -- bir AGAC KENARI, icine dalinir.

0000 08
DEEEEE - DEEEEE

cagri yigini

bitis sirasi = bitis sirasi =
tOpO 5ira = tOpO 51ira =
7. Komsu H beyaz -- bir AGAC KENARI, icine dalinir. 8. H'nin komsusu yok, déngl hemen biter.

A B C ] E F G H
0RO BE -~
e - DDEEE erin- DD
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bitis sirasi = [B bitis sirasi = [E][B[B

tOpO 5ira = tOpO 51ira =
9. H biter (siyah): bitis sirasina eklenir (simdiye kadar: 11. E biter (siyah): bitis sirasina eklenir (simdiye kadar:
H), yigindan cikar. H, G, E), yigindan cikar.

A B C o E A B C o E F G H
- QRI0EIEE -~ 000660
¢agri yigini = B cagri yigini = [B
pitis sirasi - [D [B [B @ pitis siras: - [B [B [B [E]

topo sira = topo sira =
12. D biter (siyah): bitis sirasina eklenir (simdiye kadar: 14. B biter (siyah): bitis sirasina eklenir (simdiye kadar:
H, G, E, D), yigindan cikar. H, G, E, D, B), yigindan cikar.

A B C D E F G H A B C D E F G H
wo- WEREAREE - REEEE R
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— e e e e | m—— T e e e e | ————

¢agri yigini = BE] cagri yigini = BE]
pitis sirasi - [D[B [B [D pitis siras: - [B[B [B [E]

topo sira = topo sira =

15. Komsu C beyaz -- bir AGAC KENARY, icine dalinir. 16. Komsu D siyah (bitmis) -- yeni bir agag kenari
eklenmez, sadece atlanir.

-« OHOOOOEE - 0000006
E]E]E] cagra yigan < E]E]
- EEE s - DEEEEE

¢agri yigini

topo sira = topo sira =
18. Komsu G siyah (bitmis) -- yeni bir agac kenari 19. F biter (siyah): bitis sirasina eklenir (simdiye kadar:
eklenmez, sadece atlanir. H, G, E, D, B, F), yigindan cikar.

RTEU Bilgisayar Miihendisligi - Dr. Ogr. Uyesi Ugur CORUH - 2026-2027 Giiz Page 13/ 167



CEN207 Veri Yapllari Hafta 9 — Ders Notu
N ' NA
E E

renk[]

DOOOEE0E ~ 00000006

s s - (1) (D EOEER] o - DOEEEEEE)
N wo s - (1) D EHEHEEHEE)

21. A biter (siyah): bitis sirasina eklenir (simdiye kadar: 22. bitis sirasi ters cevrilir: A, C, F, B, D, E, G, H. Her
H, G, E D, B, F, C, A), yigindan cikar. digiim, kendisine gelen biitlin kenarlardan sonra
gelir.

Kahn'inkiyle ayni hazir 6rnekler (iki algoritma da ayni ¢izgelerde caligir, boylece siralarini dogrudan karsilastirabilirsiniz),
artl i+ rastgele ve kendi degerleriniz.
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1.5 Deneyin

H Tam program: topological_sort_kahn.c / TopologicalSortKahn. java v
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/* Week 9 -- Graph Algorithms

Topological sort by KAHN's algorithm: count every vertex's in-degree, seed
a queue with the vertices that have in-degree 0, then repeatedly dequeue
one, print it, and decrement its neighbours' in-degree. If a cycle exists,
the queue empties before every vertex is placed.

CEN207 Data Structures (formerly CE205)

* % Sk F F

*/
#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V 32
#define MAX_LBL 4

typedef struct AdjNode { int to; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int indeg[MAX_V];
int queue_data[MAX_V], front, rear;
int order[MAX_V], order_len;

void enqueue(int v) { queue_data[rear] = v; rear++; }
int dequeue(void) { int v = queue_data[front]; front++; return v; }

int topo_sort_kahn(Graph *g) {
for (int i = @; i < g->vertex_count; i++) indeg[i] = ©;
for (int u = @; u < g->vertex_count; u++)
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next)
indeg[n->to]++;
front = rear = 0; order_len = 0;
for (int v = 0; v < g->vertex_count; v++) /* alphabetical order */
if (indeg[v] == 8) enqueue(Vv);
while (front < rear) {
int u = dequeue();
order[order_len] = u; order_len++;
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) { /* alphabetical order */
indeg[n->to]--;

if (indeg[n->to] == @) enqueue(n->to);
}
}
return order_len == g->vertex_count; /* @ -> a cycle exists */
}
/* ---- construction: build Graph from a (label, label) DIRECTED edge list. ---- */

typedef struct { const char *a, *b; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = 0; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '\0"';
g->adj[g->vertex_count] = NULL;
return g->vertex_count++;

static AdjNode *new_node(int to) {
AdjNode *n = malloc(sizeof(AdjNode));
n->to = to;
n->next = NULL;
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return n;

}

static void add_neighbour_sorted(Graph *g, int v, int neighbour) {
AdjNode *n = new_node(neighbour);

if (g->adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > @) {
n->next = g->adj[v];
g->adjlv] = n;
return;

}

AdjNode *cur = g->adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= @)
cur = cur->next;

n->next = cur->next;

cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {
g->vertex_count = 0;
for (int i = @; i < MAX_V; i++) g->adj[i] = NULL;
for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
if (a == b) continue; /* self-loop: only used to seed a lone vertex
*/
add_neighbour_sorted(g, a, b);

}

static void free_graph(Graph *g) {
for (int i = ©; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; }
g->adj[i] = NULL;

}

static void run_scenario(const char *label, EdgeIn edges[], int n) {
printf("-- %s --\n", label);
Graph g;
build_graph(&g, edges, n);

int ok = topo_sort_kahn(&g);

printf("order:");

for (int 1 = @; i < order_len; i++) printf(" %s", g.label[order[i]]);
printf("\n");

if (ok) {

printf("all %d vertices placed: a valid topological order\n", g.vertex_count);
} else {

printf("only %d of %d vertices placed -- a cycle exists, unplaced:", order_len,

g.vertex_count);
for (int i = ©; i < g.vertex_count; i++) {
int placed 0;
for (int j = ©; j < order_len; j++) if (order[j] == i) placed = 1;
if (!placed) printf(" %s", g.label[i]);

}
printf("\n");

free_graph(&g);
printf("\n");
}

int main(void) {
EdgeIn normal[] = {
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{"A", "B"}, {"A", "C"}, {"B", "D"}, {"C", "D"}, {"D", "E'},
{"c*, "F"}, {"E", "G"}, {"F", "G"}, {"6", "H"}, {"B", "E")
b
run_scenario("normal: 8 vertices, 10 edges, a valid DAG", normal, 10);
EdgeIn hard[] = {
{"A", "D"}, {"B", "D"}, {"C", "E"}, {"D", "F'}, {"E", "F'},
{"D", "6"}, {"F", "H"}, {"6", "H'}, {"H", "I'}, {"'I", "J'},
{"6", "J"}, {"B", "E"}, {"A", "G"}, {"C", "F"}

b

run_scenario("hard: 10 vertices, 14 edges, a DAG with several sources", hard, 14);

EdgeIn cycle[] = {
{"A", "B"}, {"B", "C"}, {"C", "A"}, {"C", "D"}
{"E", "F"}, {"A", "D"}, {"F D F"}

, {'D", "E")
, ("B, D"}

b

run_scenario("edge: 10 edges but a cycle exists, no full order", cycle, 10);

EdgeIn single[] = { {"A", "A"} };
run_scenario("edge: a single vertex, no edges (self-loop is ignored)", single, 1);

return 0;
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/* Week 9 -- Graph Algorithms
* Topological sort by KAHN's algorithm: count every vertex's in-degree, seed
* a queue with the vertices that have in-degree 0, then repeatedly dequeue
* one, print it, and decrement its neighbours' in-degree. If a cycle exists,
* the queue empties before every vertex is placed.
* CEN207 Data Structures (formerly CE205)
5/
public class TopologicalSortKahn {
static final int MAX_V = 32;

static class AdjNode { int to; AdjNode next; AdjNode(int to) { this.to = to; } }
static class Graph {

String[] label = new String[MAX_V];

AdjNode[] adj = new AdjNode[MAX_V];

int vertexCount;

}

static int[] indeg = new int[MAX_V];
static int[] queueData = new int[MAX_V]; static int front, rear;
static int[] order = new int[MAX_V]; static int orderlLen;

static void enqueue(int v) { queueDatal[rear] = v; rear++; }
static int dequeue() { int v = queueData[front]; front++; return v; }

static boolean topoSortKahn(Graph g) {
for (int i1 = @; i < g.vertexCount; i++) indeg[i] = ©;
for (int u = @; u < g.vertexCount; u++)
for (AdjNode n = g.adj[u]; n != null; n = n.next)
indeg[n.to]++;
front = rear = 0; orderLen = 0;
for (int v = @; v < g.vertexCount; v++) // alphabetical order
if (indeg[v] == 8) enqueue(v);
while (front < rear) {
int u = dequeue();
order[orderLen] = u; orderLen++;
for (AdjNode n = g.adj[u]; n != null; n = n.next) { // alphabetical order
indeg[n.to]--;

if (indeg[n.to] == @) enqueue(n.to);
}
}
return orderLen == g.vertexCount; // false -> a cycle exists
}
// ---- construction: build Graph from a (label, label) DIRECTED edge list. ----

static class EdgeIn {

String a, b;

EdgeIn(String a, String b) { this.a = a; this.b = b; }
}

static int findOrAddVertex(Graph g, String 1bl) {
for (int i = @; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
return g.vertexCount++;

}

static void addNeighbourSorted(Graph g, int v, int neighbour) {
AdjNode n = new AdjNode(neighbour);

if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 0)
n.next = g.adj[v];
g.adjlv] = n;
return;
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}

AdjNode cur = g.adj[v];

while (cur.next !'= null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= @)
cur = cur.next;

n.next = cur.next;

cur.next = n;

}

static void buildGraph(Graph g, EdgeIn[] edges) {

g.vertexCount = 0;

for (int i = ©; 1 < MAX_V; i++) g.adj[i] = null;

for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
if (a == b) continue; // self-loop: only used to seed a lone

vertex

addNeighbourSorted(g, a, b);

}

static void runScenario(String label, EdgeIn[] edges) {
System.out.println("-- " + label + " --");
Graph g = new Graph();
buildGraph(g, edges);

boolean ok = topoSortKahn(g);
StringBuilder sb = new StringBuilder("order:");
for (int i = @; i < orderLen; i++) sb.append(' ').append(g.label[order[i]]);
System.out.println(sb);
if (ok) {

System.out.println("all " + g.vertexCount +

vertices placed: a valid topological

order");
} else {
StringBuilder ub = new StringBuilder("only " + orderLen + " of " + g.vertexCount + "
vertices placed -- a cycle exists, unplaced:");

for (int i = @; i < g.vertexCount; i++) {
boolean placed = false;
for (int j = ©; j < orderLen; j++) if (order[j] == i) placed
if (!placed) ub.append(' ').append(g.label[i]);

true;

}
System.out.println(ub);

}

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("B", "D"), new EdgeIn("C",
"D"), new EdgeIn("D", "E"),
new EdgeIn("C", "F"), new EdgeIn("E", "G"), new EdgeIn("F", "G"), new EdgeIn("G",
"H"), new EdgeIn("B", "E")
b5

runScenario("normal: 8 vertices, 10 edges, a valid DAG", normal);

EdgeIn[] hard =
new EdgeIn("

"F"), new EdgeIn("E", "F"),
new EdgeIn("D", "G"), new EdgeIn("F", "H"), new EdgeIn("G", "H"), new EdgeIn("H",

"I"), new EdgeIn("I", "J"),
new EdgeIn("G", "J"), new EdgeIn("B", "E"), new EdgeIn("A", "G"), new EdgeIn("C",

{
", "D"), new EdgeIn("B", "D"), new EdgeIn("C", "E"), new EdgeIn("D",

"E"Y
b

runScenario("hard: 10 vertices, 14 edges, a DAG with several sources", hard);
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EdgeIn[] cycle = {
new EdgeIn("A", "B"), new EdgeIn("B", "C"), new EdgeIn("C", "A"), new EdgeIn("C"
"D"), new EdgeIn("D", "E")
new EdgeIn("E", "F"), new EdgeIn("A", "D"), new EdgeIn("F", "G"), new EdgeIn("D"
"F"), new EdgeIn("B", "D")
b

runScenario("edge: 10 edges but a cycle exists, no full order", cycle);

EdgeIn[] single = { new EdgeIn("A", "A") };
runScenario("edge: a single vertex, no edges (self-loop is ignored)", single);

’

’
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E Tam program: topological_sort_dfs.c / TopologicalSortDfs. java v
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/* Week 9 -- Graph Algorithms

* Topological sort by DFS: run recursive DFS, record every vertex's FINISH
* time, then read the finish order back to front. A back edge (to a grey,

* still-open ancestor) means the graph has a cycle, so no topological order
* exists.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V 32
#define MAX_LBL 4

typedef struct AdjNode { int to; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int color_of[MAX_V]; /* @ white, 1 gray, 2 black */
int finish[MAX_V], finish_len;

int has_cycle;

Graph *cur_g;

void dfs_visit(int u) {

finish[finish_len] = u; finish_len++;

}

void topo_sort_dfs(Graph *g) {
cur_g = g;
for (int i = @; i < g->vertex_count; i++) color_of[i] = 0;
finish_len 0; has_cycle = 0;
for (int v = @; v < g->vertex_count; v++) /* alphabetical order */
if (color_of[v] == 0) dfs_visit(v);
/* topological order = finish[] read back to front */

}

/* ---- construction: build Graph from a (label, label) DIRECTED edge list. ---- */
typedef struct { const char *a, *b; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = @; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '"\@"';
g->adj[g->vertex_count] = NULL;
return g->vertex_count++;

}

static AdjNode *new_node(int to) {
AdjNode *n = malloc(sizeof(AdjNode));
n->to = to;
n->next = NULL;
return n;
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color_of[u] = 1; /* gray: in progress */

for (AdjNode *n = cur_g->adj[u]; n != NULL; n = n->next) { /* alphabetical order */
if (color_of[n->to] == @) dfs_visit(n->to); /* tree edge */
else if (color_of[n->to] == 1) has_cycle = 1; /* back edge -> a cycle */

}

color_of[u] = 2; /* black: done */
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static void add_neighbour_sorted(Graph *g, int v, int neighbour) {

AdjNode *n = new_node(neighbour);

if (g-»adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > 8) {
n->next = g->adj[v];
g->adjlv] = n;
return;

}

AdjNode *cur = g->adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= 8)
cur = cur->next;

n->next = cur->next;

cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {
g->vertex_count = 0;
for (int i = @; i < MAX_V; i++) g->adj[i] = NULL;
for (int i = 0; 1 < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
if (a == b) continue;
add_neighbour_sorted(g, a, b);

}

static void free_graph(Graph *g) {
for (int i = @; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; }
g->adj[i] = NULL;

}

}

static void run_scenario(const char *label, EdgeIn edges[], int n) {
printf("-- %s --\n", label);
Graph g;

build_graph(&g, edges, n);

topo_sort_dfs(&g);
printf("finish order:");
for (int i = 0; i < finish_len; i++) printf(" %s", g.label[finish[i]]);
printf("\n");
if (has_cycle) {
printf("a back edge was found: NOT a valid topological order (the graph has a cycle)\n");
} else {
printf("topo order:");
for (int i = finish_len - 1; i >= 0; i--) printf(" %s", g.label[finish[i]]);
printf("\n");
}

free_graph(&g) ;
printf("\n");

int main(void) {

EdgeIn normal[] = {
{"A", "B"}, {"A", "C"}, {"B", "D"}, {"C", "D"}, {"D", "E"},
{"c", "F"}, {"E", "G"}, {"F", "G"}, {"G", "H"}, {"B", "E"}
s
run_scenario("normal: 8 vertices, 10 edges, a valid DAG", normal, 10);
EdgeIn hard[] = {
{"A", "D"}, {"B", "D"}, {"C", "E"}, {"D", "F'}, {"E", "F'},
{"D", "6"}, {"F", "H'}, {"6", "H"}, {"W", "I"}, {"I", "J"},
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b

EdgeIn cycle[] = {
{"A", "B"}, {"B", "C"
{"E", "F"}, {"A", "D

b

EdgeIn single[] = { {"A",

return 0;

{"6", "J"}, {"B", "E'}, {"A", "6"}, {'C", "F"}

run_scenario("hard: 10 vertices, 14 edges, a DAG with several sources", hard, 14);

, {7C", "ATy, {C", D"}, {"D", "E
{"F", "6"}, {"D", "F"}, {"B", "D’

run_scenario("edge: 10 edges but a cycle exists, a back edge is found", cycle, 10);

A"} Y

run_scenario("edge: a single vertex, no edges (self-loop is ignored)", single, 1);
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/* Week 9 -- Graph Algorithms

Topological sort by DFS: run recursive DFS, record every vertex's FINISH
time, then read the finish order back to front. A back edge (to a grey,
still-open ancestor) means the graph has a cycle, so no topological order
exists.

CEN207 Data Structures (formerly CE205)

* % Ok F F

Y
public class TopologicalSortDfs {
static final int MAX_V = 32;

static class AdjNode { int to; AdjNode next; AdjNode(int to) { this.to = to; } }
static class Graph {

String[] label = new String[MAX_V];

AdjNode[] adj = new AdjNode[MAX_V];

int vertexCount;

}

static int[] colorOf = new int[MAX_V]; // © white, 1 gray, 2 black
static int[] finish = new int[MAX_V]; static int finishLen;

static boolean hasCycle;

static Graph curG;

static void dfsVisit(int u) {

colorOffu] = 1; // gray: in progress
for (AdjNode n = curG.adj[u]; n != null; n = n.next) { // alphabetical order
if (colorOf[n.to] == @) dfsVisit(n.to); // tree edge
else if (colorOf[n.to] == 1) hasCycle = true; // back edge -> a cycle
}
colorOf[u] = 2; // black: done

finish[finishLen] = u; finishLen++;

}

static void topoSortDfs(Graph g) {
curG = g;
for (int 1 = @; i < g.vertexCount; i++) colorOf[i] = ©;
finishLen = 0; hasCycle = false;

for (int v = 0; v < g.vertexCount; v++) // alphabetical order
if (colorOf[v] == @) dfsVisit(v);
}
// ---- construction: build Graph from a (label, label) DIRECTED edge list. ----

static class EdgeIn {
String a, b;
EdgeIn(String a, String b) { this.a = a; this.b = b; }

static int findOrAddVertex(Graph g, String 1lbl) {
for (int i = 0; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
return g.vertexCount++;

}

static void addNeighbourSorted(Graph g, int v, int neighbour) {
AdjNode n = new AdjNode(neighbour);

if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 8) {
n.next = g.adj[v];
g.adjlv] = n;
return;

}

AdjNode cur = g.adj[v];
while (cur.next '= null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= @)
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cur = cur.next;
n.next = cur.next;
cur.next = n;

}

static void buildGraph(Graph g, EdgeIn[] edges) {
g.vertexCount = 0;
for (int i = ©; 1 < MAX_V; i++) g.adj[i] = null;
for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
if (a == b) continue;
addNeighbourSorted(g, a, b);

}

static void runScenario(String label, EdgeIn[] edges) {
System.out.println("-- " + label + " --");
Graph g = new Graph();
buildGraph(g, edges);

topoSortDfs(g);
StringBuilder sb = new StringBuilder("finish order:");
for (int i = @; i < finishLen; i++) sb.append(' ').append(g.label[finish[i]]);
System.out.println(sb);
if (hasCycle) {
System.out.println("a back edge was found: NOT a valid topological order (the graph
has a cycle)");
} else {
StringBuilder ob = new StringBuilder("“topo order:");
for (int i = finishLen - 1; i >= ©; i--) ob.append(' ').append(g.label[finish[i]]);
System.out.println(ob);
}

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("B", "D"), new EdgeIn("C",
"D"), new EdgeIn("D", "E"),
new EdgeIn("C", "F"), new EdgeIn("E", "G"), new EdgeIn("F", "G"), new EdgeIn("G",
"H"), new EdgeIn("B", "E")
bo

runScenario("normal: 8 vertices, 10 edges, a valid DAG", normal);

EdgeIn[] hard =
new EdgeIn("

"F"), new EdgeIn("E", "F"),
new EdgeIn("D", "G"), new EdgeIn("F", "H"), new EdgeIn("G", "H"), new EdgeIn("H",

"I"), new EdgeIn("I", "J"),
new EdgeIn("G", "J"), new EdgeIn("B", "E"), new EdgeIn("A", "G"), new EdgeIn("C",

{
", "D"), new EdgeIn("B", "D"), new EdgeIn("C", "E"), new EdgeIn("D",

IIFIV)
%

runScenario("hard: 10 vertices, 14 edges, a DAG with several sources", hard);

EdgeIn[] cycle = {
new EdgeIn("A", "B"), new EdgeIn("B", "C"), new EdgeIn("C", "A"), new EdgeIn("C",
"D"), new EdgeIn("D", "E"),
new EdgeIn("E", "F"), new EdgeIn("A", "D"), new EdgeIn("F", "G"), new EdgeIn("D",
"F"), new EdgeIn("B", "D")
b

runScenario("edge: 10 edges but a cycle exists, a back edge is found", cycle);

EdgeIn[] single = { new EdgeIn("A", "A") };
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runScenario("edge: a single vertex, no edges (self-loop is ignored)", single);
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Deneyin

gcc -std=c11 -Wall -Wextra -o topological_sort_kahn topological_sort_kahn.c
./topological_sort_kahn

-- normal: 8 vertices, 10 edges, a valid DAG --
order: ABCDFEGH
all 8 vertices placed: a valid topological order

-- hard: 10 vertices, 14 edges, a DAG with several sources --
order: ABCDEGFHTIUJ
all 10 vertices placed: a valid topological order

-- edge: 10 edges but a cycle exists, no full order --
order:
only @ of 7 vertices placed -- a cycle exists, unplaced: ABCDEFG

-- edge: a single vertex, no edges (self-loop is ignored) --

order: A
all 1 vertices placed: a valid topological order

javac -Xlint:all TopologicalSortKahn.java
java TopologicalSortKahn

(C programiyla bayt bayt ayni ¢iktr)

DFS siirimii (gcc ... topological_sort_dfs.c & ./a.out,yada javac/ java TopologicalSortDfs ) sunu yazdirir:
-- normal: 8 vertices, 10 edges, a valid DAG --
finish order: HGEDBFC A
topo order: ACFBDEGH

-- hard: 10 vertices, 14 edges, a DAG with several sources --
finish order: JIHF GDAEBGC
topo order: CBEADGFHTIUJ

-- edge: 10 edges but a cycle exists, a back edge is found --
finish order: GF ED C B A
a back edge was found: NOT a valid topological order (the graph has a cycle)

-- edge: a single vertex, no edges (self-loop is ignored) --
finish order: A
topo order: A

Dikkat: iki algoritma da ayni "normal" ¢izge igin farkli ama esit derecede gecerli siralar buluyor (A B C D F E G H
karsisinda A C F B D E G H) — bir DAG genellikle birden fazla dogru topolojik siraya sahiptir; hicbir algoritma digerinden

"daha dogru" degildir.
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1.6 Karmasiklik, hatalar, kendini sinama

Karmasiklik. iki algoritma da O(V + E)'dir: Kahn'inki icdereceleri saymak icin bir gegis ve tiim galisma boyunca her kenarin
tam olarak bir kez gevsetildigi bir gecis yapar; DFS her diugimu bir kez ziyaret eder ve her kenari bir kez izler. Bellek,
komsuluk listesi igin O(V + E) arti ek diziler igin O(V)'dir.

Sik yapilan hatalar

o Topolojik siranin tek olmadigini unutmak: bir testte "dogru” cevabi sabit kodlamayin — DAG gergekten tek bir
gecerli siraya sahip degilse (yalniz bir zincirse), konumlari karsilastirin (pos[a] < pos[b] ), asla tam sirayi degil.

» Kahn algoritmasinda, indeg[ ] 'i bir kenar igin iki kez azaltmak (6rnegdin yanhslikla ters komsuluk listesini de
gezerek) sessizce yanlig, daha kisa bir sira iretir, hi¢ hata vermez.

e DFS siiriimiinde, yonli gizgelerde yaygin olan bir ileri ya da ¢apraz kenar (forward/cross edge) dongi degildir —
yalnizca hala gri (heniiz bitmemis) bir diigiime giden geri kenar dongiidir. "Zaten ziyaret edilmis" (bitmis, siyah
diglmleri de igerir) ile "gri"yi karistirmak buradaki en yaygin hatadir.

 Bir gizgenin dongiilu ¢iktigi bir algoritmayi ¢alistirip sonra kismi order[] 'a giivenmek: Kahn'in order_len <
vertex_count 'uve DFS'in has_cyclel, sira herhangi bir sey igin kullanilmadan 6nce ikisi de kontrol edilmelidir.

/ Kendini sina: Kahn algoritmasi neden yalnizca tek bir dah degil, TUM kuyrugu bastan alr? v

Glinkd bir DAG'In ayni anda birkag bagimsiz kaynagi olabilir (baslangigta icderecesi 0 olan birkag diigiim, yukaridaki
"hard" 6rnegindeki gibi). Hepsi hemen uygundur; kuyruk, algoritmanin bunlari tek bir gegiste i¢ ice gegirmesine izin
verir, bir dali bitirmeden digerine baslamak zorunda kalmadan — bu, birden fazla dogru topolojik siranin genellikle
neden var oldugunun da tam olarak nedenidir.

2.Yonlu cizgelerde dongu sezimi

2.1 Baslangi¢ sorusu

Bolim 1'in DFS tabanli topolojik siralamasi, bir dongtiyl yan etki olarak sessizce sezer (bir geri kenar). Ama dongi nerede
— hangi diglimler, hangi sirayla? Kahn algoritmasi bir dongi oldugunu soyleyebilir (bazi diigimler asla icderece 0'a
ulagsmaz) ama onu olusturan digiimlerin hangileri oldugunu sdyleyemez. Bu bolim buna dogrudan cevap verir.

2.2 Fikir: acgik bir yolla 3 renkli DFS

Her digiimi beyaz (ziyaret edilmemis), gri (su anki DFS yolunda, heniiz bitmemis) ya da siyah (bitmis, ve onun lizerinden
kanitlanmis sekilde donglisiiz) yapin. Su anki yolun kendisini acik bir dizide, on_path[] 'te tutun — bir diigiim griye
dondigiinde eklenir, siyaha dondiginde cikarilir. Bir geri kenar — gri bir diiglime giden bir kenar — o diigimiin hala agik
bir ata oldugu anlamina gelir: on_path[] 'in o atadan buraya kadar olan dilimi, arti kenarin kendisi, dongtinin ta kendisidir,
ve dogrudan diziden okunabilir.
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2.3 Bellekte nasil durur, ve kod

color_of[MAX_V]; /* @ white,
on_path[MAX_V], path_top;
cycle[MAX_V], cycle_len;

int 1 gray,
int

int

dfs_cycle(int u) {
color_of[u] = 1;
on_path[path_top] = u; path_top++;
for (AdjNode *n = cur_g->adj[u]; n != NULL; n
if (color_of[n->to] == @) {
if (dfs_cycle(n->to)) return 1;
} else if (color_of[n->to] == 1) {
int i = path_top - 1;

int

&l

while (on_path[i] != n->to) i--;

cycle_len 0;

for (; i < path_top; i++) { cycle[cycle_len]

return 1;

}
}
path_top--;
color_of[u] = 2;
return 0;

int[] colorOf = new int[MAX_V]; // @ white,
int[] onPath new int[MAX_V]; int pathTop;
int[] cycle = new int[MAX_V]; int cyclelen;

boolean dfsCycle(int u) {
colorOf[u] = 1;
onPath[pathTop] = u; pathTop++;
for (AdjNode n = curG.adj[u]; n != null; n
if (colorOf[n.to] == @) {
if (dfsCycle(n.to)) return true;
} else if (colorOf[n.to] == 1) {
int i = pathTop - 1;
while (onPath[i] != n.to) i--;
cyclelLen 0;
for (; i < pathTop; i++) { cycle[cyclelLen]
return true;

/

}
}
pathTop--;
colorOf[u] = 2;
return false;
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n->next) {

n.next) {

Hafta 9 — Ders Notu

2 black */

/* gray: on the current path */

/* alphabetical order */

/* n->to is a grey ancestor: extract the cycle

on_path[i]; cycle_len++; }

/* leaving the path: no cycle through u */

1 gray, 2 black

/ gray: on the current path

// alphabetical order

// n.to is a grey ancestor: extract the cycle

onPath[i]; cycleLen++; }

// leaving the path: no cycle through u
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renk[] =

yol (on_path)

déngl =

1. DONGU SEZIMI (3 renk DFS): her diigiim
beyaz(0)/gri(1, yolda)/siyah(2, bitmis) olur; on_path
simdiki DFS yolunu tutar.

renk[ ]

yol (on_path)

.

déngii =

4. Komsu B beyaz -- icine daliyoruz.

O NN
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renk[] =

yol {on_path)

déngl =

Hafta 9 — Ders Notu

2. A beyaz -- yeni bir DFS basliyor.

renk[ ]

yol {on_path) =

déngii =

5. dfs_cycle(B) -- gri yapilir, yola eklenir: A, B.

O NN
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A B C o E F G
- @@L - @ETE T
yol (on_path) = E] yol (on_path) = [Z] @

déngl = déngi =

6. Komsu D beyaz -- icine daliyoruz. 8. Komsu E beyaz -- icine daliyoruz.

A B C ] E F G H A B C ] E F G H
- GO O - ORI EE
e - DEEE e - DEEE

déngi = déngl =

9. dfs_cycle(E) -- gri yapilir, yola eklenir: A, B, D, E. 10. Komsu G beyaz -- icine daliyoruz.

/” 0\0 O\o
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- 00 00 6 -0 00 OB
yol (on_path) = [E] [E] E] yol (on_path) = [Z] [B B [E] @

déngl = déngi =

12. Komsu H beyaz -- icine daliyoruz. 13. dfs_cycle(H) -- gri yapilir, yola eklenir: A, B, D, E, G,
H.

A B C D E F G H A B C D E F G H
- D O0I0E - 0000 606
e - DDEEE s - DEE

déngl = déngi =

14. H yoldan cikar (siyah): H Gzerinden déngu yok. 16. E yoldan cikar (siyah): E Gzerinden déngl yok.

{3 {3
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SO O

E E
A B C D E F G H A B C D E F G H
HE - EE -a- )& - HEOEE

déngi = déngi =

17. Komsu F beyaz -- icine daliyoruz. 18. dfs_cycle(F) -- gri yapilir, yola eklenir: A, B, D, F.

A B C D E F G H A B C D E F G H
- (DEOOEEE -~ O00OBEEE
- DB EE - DEEEE
- - DOE

20. dfs_cycle(C) -- gri yapilir, yola eklenir: A, B, D, F, C. 21. Komsu D gri: D hala yolda, bir ATA. Yoldaki 2.
konumdan buraya kadarki dilim BIR DONGU: D -> F
->C->D.

"bir dongii: C-D-F-C", "iki i¢ ige dongii", u¢ durumlari "tamamen dongiisiiz (DAG)" ve "en kiigiik dongii, A-B-A" (2 kenar)
deneyin, sonra . rastgele ya da kendi A>B B>C ... degerlerinizi yazin.
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2.4 Deneyin

H Tam program: cycle_detection_directed.c / CycleDetectionDirected. java v
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/* Week 9 -- Graph Algorithms

* Cycle detection in a DIRECTED graph: 3-colour DFS (white/gray/black) with
* an explicit "on the current path" stack. A back edge to a GREY vertex

* means that vertex is still an open ancestor -- the path from it down to

* here, plus the back edge, IS the cycle.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V 32
#define MAX_LBL 4

typedef struct AdjNode { int to; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int color_of[MAX_V]; /* @ white, 1 gray, 2 black */
int on_path[MAX_V], path_top;

int cycle[MAX_V], cycle_len;

Graph *cur_g;

int dfs_cycle(int u) {
color_of[u] = 1; /* gray: on the current path */
on_path[path_top] = u; path_top++;
for (AdjNode *n = cur_g->adj[u]; n !'= NULL; n = n->next) { /* alphabetical order */

if (color_of[n->to] == 8) {
if (dfs_cycle(n->to)) return 1;
} else if (color_of[n->to] == 1) {
int i = path_top - 1; /* n->to is a grey ancestor: extract the
cycle */
while (on_path[i] !'= n->to) i--;

cycle_len = 0;
for (; i < path_top; i++) { cycle[cycle_len] = on_path[i]; cycle_len++; }

return 1;
}
}
path_top--; /* leaving the path: no cycle through u */
color_of[u] = 2;
return 0;
}
int has_cycle_directed(Graph *g) {
cur_g = g;
for (int i = @; i < g->vertex_count; i++) color_of[i] = 0;
path_top = 0; cycle_len = 0;
for (int v = @; v < g->vertex_count; v++) /* alphabetical order */
if (color_of[v] == @ && dfs_cycle(v)) return 1;
return 0;
}
/* ---- construction: build Graph from a (label, label) DIRECTED edge list. ---- */

typedef struct { const char *a, *b; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = @; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '\@0"';
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g->adj[g->vertex_count] = NULL;

return g->vertex_count++;

static AdjNode *new_node(int to)

AdjNode *n = malloc(sizeof(AdjNode));
n->to = to;

n->next = NULL;

return n;

}

static void add_neighbour_sorted(Graph *g, int v, int neighbour) {
AdjNode *n = new_node(neighbour);
if (g-»adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > 8) {
n->next = g->adj[v];
g->adjlv] = n;
return;

}

AdjNode *cur = g->adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= @)
cur->next;

n->next = cur->next;

cur->next = n;

cur =

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {
g->vertex_count = 0;
for (int i = @; i < MAX_V; i++) g->adj[i] =
for (int i = 0; 1 < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
add_neighbour_sorted(g, a, b);

NULL ;

}

static void free_graph(Graph *g) {
for (int i = @; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx =
g->adj[i] = NULL;

cur->next; free(cur); cur = nx; }

}

static void run_scenario(const char *label, EdgeIn edges[], int n) {
printf("-- %s --\n", label);
Graph g;
build_graph(&g, edges, n);

int found = has_cycle_directed(&g);
if (found) {
printf("cycle found:");
for (int i = 9; i < cycle_len; i++) printf(" %s", g.label[cycle[i]]);
printf(" -> %s\n", g.label[cycle[0]]);
} else {
printf("no cycle found\n");
}

free_graph(&g);
printf("\n");

}
int main(void) {
EdgeIn normal[] = {
{"A", "B"}, {"A", "C"}, {"B", "D"}, {"C", "D"}, {"D", "F"},
{"F", "C"}, {"D", "E"}, {"F", "6"}, {"E", "6"}, {"C", "H'}

RTEU Bilgisayar Miihendisligi - Dr. Ogr. Uyesi Ugur CORUH - 2026-2027 Giiz

Hafta 9 — Ders Notu

Page 37 /167



CEN207 Veri Yapllari Hafta 9 — Ders Notu

b

run_scenario("normal: 8 vertices, 10 edges, one cycle: C-D-F-C", normal, 10);

EdgeIn hard[] = {
{"A", "B"}, {"B", "C"}, {"C", "D"}, {"D", "B}, {"D", "E'},
{"E", UFU}, {UFT, UDU}, {TFT, UGTR, {767, WU}, {THT, 1T,
{("I", 9"}, LAY, TET), {7CT, UFTR, (7B, 67

b

run_scenario("hard: 10 vertices, 14 edges, two overlapping cycles", hard, 14);

EdgeIn acyclic[] = {
{("A", "B}, {("A", T, {7
{"E", "'}, {

3 P, e
{er, UFTY, '}, {

B", "D ", D"}, {"D", "E'},
"F", "G"}, "H { "E

C D
: 6", "H'}, ("B", "E")

’ ’

%

run_scenario("edge: 10 edges, entirely cycle-free (a DAG)", acyclic, 10);

EdgeIn min_cycle[] = {
{"A", "B"}, {"B", "A"}, {"C", "D},
{"c", "E"}, {"F", "G"}, {"G", "H"}
b5

run_scenario("edge: the smallest cycle, A-B-A (2 edges), among 10 edges", min_cycle, 10);

return 0;
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/* Week 9 -- Graph Algorithms

Cycle detection in a DIRECTED graph: 3-colour DFS (white/gray/black) with
an explicit "on the current path" stack. A back edge to a GREY vertex
means that vertex is still an open ancestor -- the path from it down to
here, plus the back edge, IS the cycle.

CEN207 Data Structures (formerly CE205)

* % Ok F F

&l
public class CycleDetectionDirected {
static final int MAX_V = 32;

static class AdjNode { int to; AdjNode next; AdjNode(int to) { this.to = to; } }
static class Graph {

String[] label = new String[MAX_V];

AdjNode[] adj = new AdjNode[MAX_V];

int vertexCount;

}

static int[] colorOf = new int[MAX_V]; // © white, 1 gray, 2 black
static int[] onPath = new int[MAX_V]; static int pathTop;

static int[] cycle = new int[MAX_V]; static int cyclelen;

static Graph curG;

static boolean dfsCycle(int u) {
colorOf[u] = 1; // gray: on the current path
onPath[pathTop] = u; pathTop++;
for (AdjNode n = curG.adj[u]; n != null; n = n.next) { // alphabetical order

static boolean hasCycleDirected(Graph g) {
curG = g;
for (int 1 = @; i < g.vertexCount; i++) colorOf[i] = ©;
pathTop = 0; cyclelLen = 0;
for (int v = @; v < g.vertexCount; v++) // alphabetical order
if (colorOf[v] == @ && dfsCycle(v)) return true;
return false;

// ---- construction: build Graph from a (label, label) DIRECTED edge list. ----

static class EdgeIn {

String a, b;

EdgeIn(String a, String b) { this.a = a; this.b = b; }
}

static int findOrAddVertex(Graph g, String 1bl) {
for (int i = @; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
return g.vertexCount++;
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if (colorOf[n.to] == @) {
if (dfsCycle(n.to)) return true;
} else if (colorOf[n.to] == 1) {
int i = pathTop - 1; // n.to is a grey ancestor: extract the
cycle
while (onPath[i] != n.to) i--;
cyclelLen = 0;
for (; i < pathTop; i++) { cycle[cycleLen] = onPath[i]; cycleLen++; }
return true;
}
}
pathTop--; // leaving the path: no cycle through u
colorOf[u] = 2;
return false;
}
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}

static void addNeighbourSorted(Graph g, int v, int neighbour) {
AdjNode n = new AdjNode(neighbour);

if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 8) {
n.next = g.adj[v];
g.adjlv] = n;
return;

}

AdjNode cur = g.adj[v];

while (cur.next != null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= @)
cur = cur.next;

n.next = cur.next;

cur.next = n;

}

static void buildGraph(Graph g, EdgeIn[] edges) {
g.vertexCount = 0;
for (int i = @; i < MAX_V; i++) g.adj[i] = null;
for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
addNeighbourSorted(g, a, b);

}

static void runScenario(String label, EdgeIn[] edges) {
System.out.println("-- " + label + " --");
Graph g = new Graph();
buildGraph(g, edges);

boolean found = hasCycleDirected(g);
if (found) {
StringBuilder sb = new StringBuilder("cycle found:");
for (int i = @; i < cyclelLen; i++) sb.append(' ').append(g.label[cycle[i]]);
sb.append(" -> ").append(g.label[cycle[0]]);
System.out.println(sb);
} else {
System.out.println("no cycle found");

}

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {

an)' new EdgeIn(”D”, uFu)’

"G"), new EdgeIn("G", "H")
o

runScenario("normal: 8 vertices, 10 edges, one cycle: C-D-F-C", normal);

EdgeIn[] hard =
new EdgeIn("
"B"), new EdgeIn("D", "E"),

{

"H"), new EdgeIn("H", "I"),
"G")
b

runScenario("hard: 10 vertices, 14 edges, two overlapping cycles", hard);

EdgeIn[] acyclic = {
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new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("B", "D"), new EdgeIn("C",

new EdgeIn("F", "C"), new EdgeIn("D", "E"), new EdgeIn("F", "G"), new EdgeIn("E",

"B"), new EdgeIn("B", "C"), new EdgeIn("C", "D"), new EdgeIn("D",
new EdgeIn("E", "F"), new EdgeIn("F", "D"), new EdgeIn("F", "G"), new EdgeIn("G",

new EdgeIn("I", "J"), new EdgeIn("A", "E"), new EdgeIn("C", "F"), new EdgeIn("B",

new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("B", "D"), new EdgeIn("C",
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"D"), new EdgeIn("D", "E"),
new EdgeIn("C", "F"), new EdgeIn("E", "G"), new EdgeIn("F", "G"), new EdgeIn("G",
"H"), new EdgeIn("B", "E")
ba

runScenario("edge: 10 edges, entirely cycle-free (a DAG)", acyclic);

EdgeIn[] minCycle = {
new EdgeIn("A", "B"), new EdgeIn("B", "A"), new EdgeIn("C", "D"), new EdgeIn("D",
"E"), new EdgeIn("E", "F"),
new EdgeIn("C", "E"), new EdgeIn("F", "G"), new EdgeIn("G", "H"), new EdgeIn("D",
"G"), new EdgeIn("H", "I")
ba

runScenario("edge: the smallest cycle, A-B-A (2 edges), among 10 edges", minCycle);

Deneyin

gcc -std=c11 -Wall -Wextra -o cycle_detection_directed cycle_detection_directed.c &&
./cycle_detection_directed
javac -Xlint:all CycleDetectionDirected.java && java CycleDetectionDirected

-- normal: 8 vertices, 10 edges, one cycle: C-D-F-C --
cycle found: D F C -> D

-- hard: 10 vertices, 14 edges, two overlapping cycles --
cycle found: B C D -> B

-- edge: 10 edges, entirely cycle-free (a DAG) --
no cycle found

-- edge: the smallest cycle, A-B-A (2 edges), among 10 edges --
cycle found: A B -> A

2.5 Karmasiklik, hatalar, kendini sinama

Karmasiklik. O(V + E) — her zamanki gibi tek bir DFS, arti bir dongii bulundugunda dénglyi ¢ikarmak icin en gok bir O(V)
taramasli on_path[] lizerinde (ve bu en gok bir kez olur). Ug dizi i¢in bellek O(V).

A\ Sikyapilan hatalar

 "Bu bir geri kenar mi" karari igin color_of[n->to] != @ ("beyaz degil") kontrolii yapmak, == 1 (6zellikle gri)
yerine: siyah bir komsu zaten tamamen kesfedilmistir ve giivenlidir, déngi degildir. Bu, Bolim 1'in DFS topolojik
siralamasindaki tuzagin tipatip aynisidir.

e DOngiyl on_path[] 'ten ¢ikarma isini, gtkarma yerine gikardiktan sonra yapmak: path_top-- calistiktan sonra
dilim artik az 6nce biten digimi icermez.

e Yonsiiz bir kenarin bu anlamda higbir zaman "dongi" saymadigini varsaymak: bu algoritma yalnizca yonlii
gizgeler igindir — yonsiz bir gizgede, az 6nce geldiginiz kenardan geri yuriimek her zaman bir geri kenar gibi
gorinr. (Yonsiiz gizgelerde dongi sezimi, ebeveyn kenarini hatirlayip atlamayi gerektirir — burada ele alinmayan,
farkl ve daha basit bir kontrol.)
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+/ Kendini sina: bir 6z-dongii ( A>A ) bu anlamda dongii sayilir mi? v

Matematiksel olarak evet — ama bu animasyonun girdi bigimi bir tane yazmaniza izin vermez ( parse_dag A>A'yl
reddeder), diger iki topolojik siralama animasyonunun tersine, tam olarak bu dersi gergekten aramaniz gereken
donglilere odakli tutmak igin. Kendi programiniz 6z-dongiilere izin veriyorsa, gri/siyah kontroliinden once tek bir if
(n->to == u) kontroli onlari DFS'e hig ihtiya¢c duymadan, O(1)'de, hemen yakalar.

3. Ayrik kime union-find

3.1 Baslangi¢ sorusu

Kruskal algoritmasi, iki boliim sonra, bir yayilan agag kurarken tekrar tekrar bir soruyu yanitlamaldir: "bu iki digim,
simdiye kadar segtigim kenarlarla (dogrudan ya da dolayl olarak) zaten bagli mi?" Bunu her seferinde taze bir BFS ya da
DFS ile kontrol etmek dogru olur ama yavastir. Tam olarak "X hangi grupta, ve X ile Y ayni grupta mi" sorusunu neredeyse
sabit zamanda yanitlamak igin kurulmus bir veri yapisi var mi?

3.2 Fikir: ebeveyn isaretcilerinden bir orman, iki hileyle

Ayrik kiime (disjoint-set, ya da union-find) yapisi, elemanlari gruplara ayiran bir bolimlemeyi tutar. Her grup kiicik bir
agactir: her elemanin bir parent 'i (ebeveyni) vardir, ve grubun kokii kendi ebeveyni olan tek elemandir. find(v) , ebeveyn
isaretgilerini koke kadar yirir — kok, grubun kimligi**dir**, yani iki eleman find ayni koki dondiirdiigiinde tam olarak
ayni gruptadir. union(a, b), bir koki diderine isaret ettirerek iki grubu birlestirir.

iki kiigiik hile bunu hizlandirir. Riitbeye gore birlestirme (union by rank): her zaman daha kisa agaci daha uzun olanin
altina asin (bir rank[] yiiksekligin tahminidir), boylece agaglar uzun bir zincire doniigmek yerine sig kalir. Yol sikistirma
(path compression): find(v) koke kadar yiiriirken, gectigi her diigiimii dogrudan o kdke yeniden baglayin, boylece
bunlardan herhangi biri tizerindeki bir sonraki find aninda olur. Birlikte, n eleman lzerinde m islemlik bir dizi o(m *
alpha(n)) tutar, burada alpha ters Ackermann fonksiyonudur — bir insanin kullanacagi her n i¢in alpha(n) <= 4 'tdr,
yani pratikte bu, islem basina, her amag igin O(1)'dir.
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3.3 Bellekte nasil durur, ve kod

int parent_of[MAX_V], rank_of[MAX_V];
void make_set(int v) { parent_of[v] = v; rank_of[v] = 0; }

int find(int v) {
int root = v;

Hafta 9 — Ders Notu

while (parent_of[root] '= root) root = parent_of[root]; /* walk up to the root */

while (parent_of[v] != root) { /* path compression: relink every node on the way */
int next = parent_of[v];
parent_of[v] = root;
vV = next;

}

return root;

}

void union_sets(int a, int b) {
int ra = find(a), rb = find(b);

if (ra == rb) return; /* already in the same set */
if (rank_of[ra] < rank_of[rb]) { /* union by rank: shorter tree hangs under the taller
one */
parent_of[ra] = rb;
} else if (rank_of[ra] > rank_of[rb]) {
parent_of[rb] = ra;
} else {
parent_of[rb] = ra;

rank_of[ra]++;

int[] parentOf = new int[MAX_V], rankOf = new int[MAX_V];
void makeSet(int v) { parentOf[v] = v; rankOf[v] = @; }

int find(int v) {
int root = v;

while (parentOf[root] != root) root = parentOf[root]; // walk up to the root

while (parentOf[v] != root) { // path compression: relink every node on the way
int next = parentOf[v];
parentOf[v] = root;
v = next;

}

return root;

}

void unionSets(int a, int b) {
int ra = find(a), rb = find(b);

if (ra == rb) return; // already in the same set
if (rankOf[ra] < rankOf[rb]) { // union by rank: shorter tree hangs under the taller
one
parentOf[ra] = rb;
} else if (rankOf[ra] > rankOf[rb]) {
parentOf[rb] = ra;
} else {
parentOf[rb] = ra;
rankOf[ral++;
}
I3
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HEERLOOH - OEHHDEEE®

ebeveyn[] = =
el - woen - (1)) (J (I IIIC
1. MAKE-SET: her 6ge kendi kiimesinin kokd olarak 3. iki riitbe esit (1): B A'min altina asilir ve rank[A] bire
baglar: parent[v] = v, rank[v] = 0. K&k olan diiglimler artar (1).
yesil.
A B C o] E F G H A B C D E F G H
- DDEEEOOE - DEEREOOGOE
ot = () (J(JDEEEE] - GEEGOMEEE

4. union_sets(C, D) -- find(C) = C, find(D) = D. 6. union_sets(A, C) -- find(A) = A, find(C) = C.

@ °‘o
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© (&

®®

ebeveyn[] = @@@@@@Cz]@
aoaaoonno

7. iki riitbe esit (2): C A'nin altina asilir ve rank[A] bire
artar (2).

ritbe[ ]

Og €
awens- DD EEOOOM
goaonaonon

10. union_sets(G, H) -- find(G) = G, find(H) = H.

ritbe[]
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O, ()
)

ebeveyn[] = @@@@@é}@@
aoanaonn

ritbe[]

9. iki riitbe esit (1): F E'nin altina asilir ve rank[E] bire
artar (1).

Op ©
- DDHEOEEEE
oooonoao

12. union_sets(E, G) -- find(E) = E, find(G) = G.

ritbe[]
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N N
A B o D E F G H A B o D E F G H
s - HHEEOOEOEE - OHEEOEOE

et - (2 CEEEE] - EEEEEIECIE)
13. iki riitbe esit (2): G E'nin altina asilir ve rank[E] bire 15. YOL SIKISTIRMA: yoldaki her digiim (D, C) artik
artar (2). dogrudan koke (A) bakiyor -- bir sonraki find bu

digtimlerden herhangi biri icin O(1) olur.

vt - WOOOOOOE - DODOOOO0
ws- DEOEOEOOE - ODO0EH0E

16. union_sets(A, E) -- find(A) = A, find(E) = E. 18. find(D) -- koke kadar yiirlniir: D -> A.

E E
A B C D EF 6 H A B C D E F G H
awent - (DWW EEEE | - DEHEEGBEGE
e W W W e W e W e W e e Ve Ve Ve W e Ve Ve
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s L L) s Ll

19. Yol tek adimlik, sikistiracak bir sey yok: parent[D] 21.YOL SIKISTIRMA: yoldaki her diigiim (H, G, E) artik
zaten kok. dogrudan koke (A) bakiyor -- bir sonraki find bu
digtmlerden herhangi biri icin O(1) olur.

A B C D E F G H A B C D E F G H
Ebeveyn[] B B Ebeveyn[] ) B

22.union_sets(B, H) -- find(B) = A, find(H) = A. 24. Bitti. Kimeler: {A,B,C,D,E,F,G,H}.

Ogeler bir cember tizerinde durur, tipki bir ¢izgenin diigiimleri gibi; kok olmayan bir 6genin su anki ebeveynine bir oku
vardir, bir kokiin yoktur. "iki riitbe-1 agacini daha derin bir zincire birlestirir, sonra find ile diizlestirir" (gergek bir derinlik-2
zincirin bir adimda derinlik-1'e sikistigini izleyin), "i¢ ige birlesmeler ve zaten-ayni-kiimede birlegsmeler”, ve u¢ durumu
"ayni kiimeyi tekrar tekrar birlestirmeye galismak" deneyin; girdi bir A-B (birlestirme) ve find:A jetonlan dizisidir.
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3.4 Deneyin

H Tam program: union_find.c / UnionFind. java v
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/* Week 9 -- Graph Algorithms

* Disjoint-set union-find with UNION BY RANK and PATH COMPRESSION. A

* sequence of operations is replayed: "union A B" merges the sets

* containing A and B; "find A" finds A's root and compresses the path from
* A to it.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>

#define MAX_V 32
#define MAX_LBL 4

char label[MAX_V][MAX_LBL];
int vertex_count;
int parent_of[MAX_V], rank_of[MAX_V];

static int find_or_add_vertex(const char *1bl) {
for (int i = @; i < vertex_count; i++)
if (strcmp(label[i], 1bl) == @) return i;
strncpy(label[vertex_count], 1bl, MAX_LBL - 1);
label[vertex_count] [MAX_LBL - 1] = '\@"';
return vertex_count++;

}

void make_set(int v) { parent_of[v] = v; rank_of[v] = @; }

int find(int v) {
int root = v;

while (parent_of[root] != root) root = parent_of[root]; /* walk up to the root */

while (parent_of[v] !'= root) { /* path compression: relink every node on the way */
int next = parent_of[v];
parent_of[v] = root;
vV = next;

}

return root;

}

void union_sets(int a, int b) {
int ra = find(a), rb = find(b);
if (ra == rb) return; /* already in the same set */
if (rank_of[ra] < rank_of[rb]) { /* union by rank: shorter tree hangs under the
taller one */
parent_of[ra] = rb;
} else if (rank_of[ra] > rank_of[rb]) {
parent_of[rb] = ra;
} else {
parent_of[rb] = ra;
rank_of[ral++;

typedef struct { int is_find; const char *a, *b; } Op;

static void run_scenario(const char *label_txt, Op ops[], int n) {
printf("-- %s --\n", label_txt);
vertex_count = 0@;

/* discover every vertex mentioned, then make_set each one */
for (int i = 0; i < n; i++) {

find_or_add_vertex(ops[i].a);

if (ops[i].b) find_or_add_vertex(ops[i].b);
}

for (int i = @; i < vertex_count; i++) make_set(i);
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for (int i = 0; 1 < n; i++) {
if (ops[i].is_find) {
int a = find_or_add_vertex(ops[i].a);
int root = find(a);
printf("find(%s) = %s\n", ops[i].a, label[root]);
} else {
int a = find_or_add_vertex(ops[i].a), b = find_or_add_vertex(ops[i].b);
int ra = find(a), rb = find(b);
union_sets(a, b);
if (ra == rb) printf("union(%s, %s): already the same set (%s)\n
ops[i].b, label[ra]);
else printf("union(%s, %s): merged, new root = %s\n", ops[i].a, ops[i].b,
label[find(a)]);
}

, ops[i].a,

}

printf("final sets:");
for (int 1 = @; 1 < vertex_count; i++) printf(" %s->%s", label[i], label[find(i)]);
printf("\n\n");

}

int main(void) {
Op normal[] = {
{6, "A", "B"}, {e, "C", "D"}, {@, "A", "C"},
{6, "E", "F"}, {e, "G", "H"}, {o, "E", "G"},
{1, "D", NULL}, {e, "A", "E"}, {1, "D", NULL}, {1, "H", NULL}, {e, "B", "H"}
b3

it with find (11 ops)", normal, 11);

Op hard[] = {

{6, "A", "B"}, {0, "C", "D"}, {e@, "E", "F"}, {0, "G", "H"},
{e, "A", "C"}, {o, "E", "G"}, {1, "F", NULL}, {e, "I", "J"},
{6, "A", "E"}, {o, "B", "D"}, {1, "H", NULL}, {e, "A", "I"},
{1, "J", NULL}, {e, "C", "F"}, {1, "B", NULL}

b

hard, 15);

{6, "A", "B"}, {o, "A", "B"}, {@0, "B", "A"},
{e, "c", "D"}, {0, "A", "C"}, {0, "D", "B"},
{6, "A", "D"}, {1, "D", NULL}, {o, "C", "A"}, {1, "B", NULL}

b

run_scenario("edge: repeatedly unioning the same set with itself (10 ops)", noop, 10);

Op single[] = { {1, "A", NULL} };
run_scenario("edge: a single element, no unions, only a find", single, 1);

return 0;
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/* Week 9 -- Graph Algorithms

Disjoint-set union-find with UNION BY RANK and PATH COMPRESSION. A
sequence of operations is replayed: "union A B" merges the sets
containing A and B; "find A" finds A's root and compresses the path from
A to it.

CEN207 Data Structures (formerly CE205)

* % Sk F F

Y
public class UnionFind {
static final int MAX_V = 32;

static String[] label = new String[MAX_V];
static int vertexCount;
static int[] parentOf = new int[MAX_V], rankOf = new int[MAX_V];

static int findOrAddVertex(String 1bl) {
for (int i = @; i < vertexCount; i++)
if (label[i].equals(1lbl)) return i;
label[vertexCount] = 1bl;
return vertexCount++;

}
static void makeSet(int v) { parentOf[v] = v; rankOf[v] = 0; }

static int find(int v) {
int root = v;
while (parentOf[root] !'= root) root = parentOf[root]; // walk up to the root
while (parentOf[v] != root) { // path compression: relink every node on the
way
int next = parentOf[v];
parentOf[v] = root;
VvV = next;
}

return root;

}

static void unionSets(int a, int b) {
int ra = find(a), rb = find(b);
if (ra == rb) return; // already in the same set
if (rankOf[ra] < rankOf[rb]) { // union by rank: shorter tree hangs under the
taller one
parentOf[ra] = rb;
} else if (rankOf[ra] > rankOf[rb]) {
parentOf[rb] = ra;
} else {
parentOf[rb] = ra;
rankOf[ra]++;

}

static class Op {

boolean isFind; String a, b;

Op(boolean isFind, String a, String b) { this.isFind = isFind; this.a = a; this.b = b; }
}

static void runScenario(String labelTxt, Op[] ops) {
System.out.println("-- " + labelTxt + " --");
vertexCount = 0;

// discover every vertex mentioned, then makeSet each one
for (Op op : ops) {

findOrAddVertex(op.a);

if (op.b != null) findOrAddVertex(op.b);
}

for (int i = 0; i < vertexCount; i++) makeSet(i);
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for (Op op : ops) {
if (op.isFind) {
int a = findOrAddVertex(op.a);
int root = find(a);
System.out.println("find(" + op.a + ") = " + label[root]);
} else {
int a = findOrAddVertex(op.a), b = findOrAddVertex(op.b);
int ra = find(a), rb = find(b);
unionSets(a, b);

if (ra == rb) System.out.println("union(" + op.a + ", " + op.b + "): already the
same set (" + label[ra] + ")");

else System.out.println("union(" + op.a + ", " + op.b + "): merged, new root = "
+ label[find(a)]);

}
}

StringBuilder sb = new StringBuilder("final sets:")

for (int i = @; i < vertexCount; i++) sb.append(' '
>") .append(label[find(i)]);

System.out.println(sb);

System.out.println();

) .append(label[i]).append("-

}

public static void main(String[] args) {
op[] normal = {
new Op(false, "A", "B"), new Op(false, "C", "D"), new Op(false, "A", "C"),
new Op(false, "E", "F"), new Op(false, "G", "H"), new Op(false, "E", "G"),
new Op(true, "D", null), new Op(false, "A", "E"), new Op(true, "D", null), new
Op(true, "H", null), new Op(false, "B", "H")
Do
runScenario("normal: 8 elements, merges two rank-1 trees into a deeper chain, then
flattens it with find (11 ops)", normal);

op[] hard = {
new Op(false, "A", "B"), new Op(false, "C", "D"), new Op(false, "E", "F"), new
Op(false, "G", "H"),
new Op(false, "A", "C"), new Op(false, "E", "G"), new Op(true, "F", null), new
Op(false, "I", "J"),
new Op(false, "A", "E"), new Op(false, "B", "D"), new Op(true, "H", null), new
Op(false, "A", "I"),
new Op(true, "J", null), new Op(false, "C", "F"), new Op(true, "B", null)
bo

runScenario("hard: 10 elements, nested merges and some already-same-set unions (15 ops)",
hard) ;

= {
new Op(false, "A", "B"), new Op(false, "A", "B"), new Op(false, "B", "A")
new Op(false, "C", "D"), new Op(false, "A", "C"), new Op(false, "D", "B"),
new Op(false, "A", "D") A")
Op(true, "B", null)

b

runScenario("edge: repeatedly unioning the same set with itself (10 ops)", noop);

Op[] noop

, new Op(true, "D", null), new Op(false, "C", new

Oop[] single = { new Op(true, "A", null) };
runScenario("edge: a single element, no unions, only a find", single);

Deneyin
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gcc -std=c11 -Wall -Wextra -o union_find union_find.c && ./union_find
javac -Xlint:all UnionFind.java && java UnionFind

-- normal: 8 elements, merges two rank-1 trees into a deeper chain, then flattens it with find (11
ops) --

union(A, B): merged, new root = A
union(C, D): merged, new root = C
union(A, C): merged, new root = A
union(E, F): merged, new root = E
union(G, H): merged, new root = G
union(E, G): merged, new root = E
find(D) = A

union(A, E): merged, new root = A
find(D) = A

find(H) = A

union(B, H): already the same set (A)
final sets: A->A B->A C->A D->A E->A F->A G->A H->A

("hard" ve ug durumu senaryolari da ayni bigimde yazdirir — her 6ge sonunda grubunun kokiine dogrudan isaret eder; tam
dokimi kendiniz galistirarak goriin).

3.5 Karmasiklik, hatalar, kendini sinama

Karmasiklik. Hem riitbeye gore birlestirme hem de yol sikistirma ile, n eleman lizerinde m find / union islemlik bir dizi
O(m * a(n)) tutar, burada a ters Ackermann fonksiyonudur — inga edebileceginiz her n igin 5'in altindadir, yani pratikte
islem basina amortize O(1) olarak kabul edilir. Yalnizca iki hileden biriyle iglem basina 0(1log n) 'dir; ikisi de olmadan,
kot bir birlestirme sirasi iglem basina 0(n) 'e (diiz bir zincir) disebilir.

Sik yapilan hatalar

e union(a, b)'nin a ve b'yidogrudan karsilagtirmasi, find(a) ve find(b) yerine: kokleri birlestirmelisiniz,
asla ham argiimanlari degil, yoksa iki ebeveynli bir digiim yaratabilirsiniz.

Yol sikistirmayi uygulayip "asil" iyilestirme diye adlandirip riitbeye gére birlestirmeyi atlamak (ya da tersi): her biri
tek basina iyi bir sinir verir, ama bu bolimiin iddia ettigi (neredeyse) sabit garantiyi veren ikisinin birlikteligidir.

e Bir 6genin ilk kullanimindan 6nce make_set 'i unutmak: parent_of[v] v 'nin kendisi dedil, bellekte 6nceden ne
varsa onunla baslar, ve find ¢06p verilere dogru yurdr.

+/ Kendini sina: yol sikistirmasindan sonra rank_of[] 'yanls' hale gelebilir mi? v

Evet, sikistirma yollar diizlestirdikten sonra rank_of[] 'in tam bir agag yuksekligi olmaktan ¢ikmasi anlaminda —
ama bu sorun degildir, ¢linkd riitbe yalnizca bir birlestirme sirasinda hangi agacin hangisinin altina asilacagina karar
vermek icin goreli bir siralama olarak kullanilir, baska higbir yerde tam bir yiikseklik olarak okunmaz. Yiikseklik igin
gecerli bir st sinir olmaya devam eder, ki riitbeye gore birlestirme kanitinin gergekten ihtiyag duydugu tek sey de
budur.
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4. En kucuk yayilan agaclar

4.1 Baslangi¢ sorusu

Bir elektrik kurumu n kasabayi elektrik hatlaryla baglamak zorunda. Herhangi iki kasaba, aralarindaki uzaklikla orantil bir
bedelle, dogrudan baglanabilir — ama kurumun tek ihtiyaci her kasabanin her digerinden ulasilabilir olmasi, her gift
arasinda dogrudan bir hat degil. En ucuz, hala her seyi badlayan hat kiimesi nedir?

4.2 Kisa bir tarihce, ve fikir

Bagl, yonsiiz, agirlikli bir gizgenin yayilan agaci (spanning tree), her diigiime dokunan ve hi¢ dongi igermeyen bir kenar
alt kiimesidir (v diigim icin tam olarak v - 1 kenar). En kiigiik yayilan agag (MST), kenarlarinin toplami miimkiin olan
en kiglk olanidir. Asagidaki iki algoritma da aggozliidiir (greedy) — her adimda yerel olarak en ucuz segimi yapar ve asla
geri doniip disiinmez — ve klasik bir kanit ("kesme 6zelligi": digiimleri iki bos-olmayan kiimeye bélen herhangi bir bélimi
gecen en ucuz kenar, bir MST'ye ait olmalidir) aggézlii segimin her zaman giivenli oldugunu gosterir. Joseph Kruskal
algoritmasini 1956'da yayimladi; Robert Prim kendisininkini (1930'da Vojtéch Jarnik'in coktan kullandigi bir fikri yeniden
kesfederek) 1957'de yayimladi — ikisi de ayni kisa pencerede, ayni problemi yapisal olarak farkli iki yolla ¢6zd.

Kruskal algoritmasi, TUM kenarlari agirliga gore bir kez siralar, sonra en ucuzdan baslayarak tarar, bir kenari zaten bagli
olmadigi siirece ekler (bu haftanin union-find'iyla neredeyse 0(1)'de kontrol edilir) — zaten bagl iki diigim birlestiren bir
kenar eklemek yalnizca bir dongu kapatir, higbir seye yardimci olmaz. Bagh olmayan bir gizgeyi de dogal olarak isler:
yalnizca her bilesen igin bir agag uretir, bir yayilan orman (spanning forest).

Prim algoritmasi bunun yerine segilen bir baslangi¢ diigiimiinden disari dogru tek bir agag biiydtiir: her adimda, agacta
zaten olan bir diigiimi agacta heniiz olmayan bir diigiime baglayan en ucuz kenari ekleyin (bir key[1 dizisi, aga¢
disindaki her digim igin, simdiye kadar bulunan bdyle en ucuz kenari takip eder — tam olarak asagidaki Dijkstra'nin
dist[] fikri, ama "igeri giren en ucuz kenar", "simdiye kadarki en ucuz yol" yerine). Yalnizca start 'tan biylidigu igin,
Prim asla farkli bir bagli bilesene ulasamaz: o diigiimlerin anahtarlari sonsuza kadar "sonsuz" kalir, ve dongii basitce

erken durur.

4.3 Bellekte nasil durur, ve kod

int cmp_weight(const void *x, const void *y) {
const Edge *ex = x, *ey = vy;

if (ex->w != ey->w) return ex->w - ey->w;

return ex->idx - ey->idx; /* explicit tie-break: gsort is not guaranteed stable */
}
int kruskal_mst(Edge *sorted, int edge_count, Edge *mst_out, int *total_out) {

for (int v = @; v < vertex_count; v++) { parent_of[v] = v; rank_of[v] = 0; }

gsort(sorted, (size_t) edge_count, sizeof(Edge), cmp_weight); /* ascending by weight, stable
ties */

int mst_len = 0, total = 0;
for (int i = @; i < edge_count; i++) {

if (find(sorted[i].a) == find(sorted[i].b)) continue; /* would close a cycle */
union_sets(sorted[i].a, sorted[i].b);
mst_out[mst_len] = sorted[i]; mst_len++;

total += sorted[i].w;

}
*total_out = total;
return mst_len;
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static int cmpWeight(Edge x, Edge y) { return x.w !'= y.w ?2 x.w - y.w : x.idx - y.idx; }

static int kruskalMst(Edge[] sorted, Edge[] mstOut, int[] totalOut) {
for (int v = 0; v < vertexCount; v++) { parentOf[v] = v; rankOf[v] = 0; }
Arrays.sort(sorted, Comparator.comparingInt((Edge e) -> e.w).thenComparingInt(e -> e.idx));
int mstLen = 0, total = 0;
for (Edge e : sorted) {

if (find(e.a) == find(e.b)) continue; // would close a cycle
unionSets(e.a, e.b);
mstOut[mstLen] = e; mstlLen++;

total += e.w;

}
totalOut[0] = total;
return mstLen;

find, union_sets ve label[]/ vertex_count, B6lim 3'Un union-find'inin ta kendisidir, deg@istiriimeden yeniden kullanilir
— onu ayri, genel bir arag olarak inga etmenin karsiligi budur.
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E
sirali kenarlar = B-C:1 A-C:2 D-E:2 E-F:3 A-B:4
A B C D E F G
Ebeveyn[] B @BB B

MST agirligi = @

1. Biitiin kenarlar AGIRLIGA gére siralanir (esitlikte
girig sirasi korunur): B-C, A-C, D-E, E-F, A-B, B-D, D-F,
E-G, C-D, C-E.

JAN
N > Ly
E — 2 —/] D

Slr‘all kenar‘lar‘ -
B-D:5 D-F:6

[=]
m
(%]
1
[
T
[}
I

m
1]
-
[=]
o
[
m
[
=]

A B C o E F G

MST agirligi = 3

3. A-C2 -- farkh agaclar (A, B): MST'ye eklenir,
union_sets cagrilir. Toplam agirlik simdi 3.
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A

‘\..\ )
\“"\.
G B
1
7 5
F C
E — 2 — D
sirali kenarlar = B-C:1 A-C:2 D-E:2 E-F:3 A-B:4
B-D:5 D-F:6 E-G:7 C-D:8 11 C-E:10

A B C D E F G
speveynl] = @@B

MST agirligi = 1

2. B-C:1 -- farkli agaclar (B, C): MST'ye eklenir,
union_sets cagrilir. Toplam agirlik simdi 1.

‘\..“‘ )
\“"\.
G B
NA
1
7 5
F C
3 ><C B
E =— 2 — D
sirali kenarlar = [B—C:l ] [ A—C:z][D—E:z] E-F:3 A-B:4
B-D:5 D 6 E-G:7 C-D:8 C-E:10

A B C D E F G

MST agirligi = 5

4. D-E:2 -- farkh agaclar (D, E): MST'ye eklenir,
union_sets cagrilir. Toplam agirlik simdi 5.
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siralil kenarlar = [B—(:l][ﬂ—{:z ][D—E:Z ][E—F:3]

ebeveyn[]

A B C D E F G
HEHEDEO
MST agirligi = 8

5. E-F:3 -- farkli agaclar (D, F): MST'ye eklenir,
union_sets cagrilir. Toplam agirlik simdi 8.

siralil kenarlar = [B—C:l][A—C:Z ][D—E:Z ][E—F:3 ] A-B:4

A B C D E F G
[3[3

MST agirligi = 13

ebeveyn[]

7. B-D:5 -- farkl agaclar (B, D): MST'ye eklenir,
union_sets cagrilir. Toplam agirlik simdi 13.

RTEU Bilgisayar Miihendisligi - Dr. Ogr. Uyesi Ugur CORUH - 2026-2027 Giiz

Hafta 9 — Ders Notu

sxvas vensrie - (o) () (o) (27 (o)

ebeveyn[]

A B C D E F G
goohnonn
MST agirligi = 8

6. A-B:4 -- find(A) = find(B) = B: ikisi de zaten ayni
agacta, eklenirse DONGU olusur -- atlanr.

sirali kenarlar = [B—C:l][A—C:Z ][D—E:Z ][E—F:3 ] A-B:4

A B C D E F G
[D

MST agirligi = 13

ebeveyn[]

8. D-F:6 -- find(D) = find(F) = B: ikisi de zaten ayni
agacta, eklenirse DONGU olusur -- atlanr.
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sirali kenarlar = [B*C:l][A*C:Z ][D*E:Z ][E*F:3 ] A-B:4 sirali kenarlar = [BfC:ll[AfC:Z ][DfE:z ][EfF:3 ] A-B:4

v e
A B C D E F G A B C D E F G
ebeveyn(] - ebeveyn[] -

MST agirligi = 20 MST agirligi = 20
9. E-G:7 -- farkli agaclar (B, G): MST'ye eklenir, 10. C-D:8 -- find(C) = find(D) = B: ikisi de zaten ayni
union_sets cagrilir. Toplam agirlik simdi 20. agacta, eklenirse DONGU olusur -- atlanr.

sirali kenarlar = [B—c:l][n—c:z ][D—E:Z ][E—F:3 ] A-B:4 sirali kenarlar = [B—C:l][A—C:Z ][D—E:Z ][E—F:3 ] A-B:4

D-F:6 C-D:8 C-E:10 D-F:6 C-D:8 C-E:10
A B C h] E F G A B C D E F G
ebeveyn(] - ebeveyn[] -

MST agirligi = 20 MST agirligi = 20

11. C-E:10 -- find(C) = find(E) = B: ikisi de zaten ayni 12. Bitti: 6 kenar secildi, toplam agirlik 20. Tek bir
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agacta, eklenirse DUNGU olusur -- atianir. yaylan agac.

"7 diigiim, 10 kenar, tek bilesen", "9 diigiim, 14 kenar, birgok esit agirlik (giris sirasi bozar)", ve u¢ durum "10 kenar, 2
bilesen -- sonug bir orman (spanning FOREST)" deneyin; kenarlar A-B:AGIRLIK,yonsiiz.

Prim algoritmasi her diigiim igin bir key[]/ parent[] ¢ifti tutar ve her turda en ucuz dis anahtari seger:

int min_key_vertex(int vertex_count) {
int best = -1, best_key = INF;
for (int v = 0; v < vertex_count; v++)
if (!in_mst[v] && key_of[v] < best_key) { best_key = key_of[v]; best = v; }
return best;

int prim_mst(Graph *g, int start, Edge *mst_out, int *total_out) {
for (int v = @; v < g->vertex_count; v++) { key_of[v] = INF; in_mst[v] = @; parent_of[v] = -1; }
key_of[start] = 0;
int mst_len = 0, total = 0;
for (int count = @; count < g->vertex_count; count++) {
int u = min_key_vertex(g->vertex_count);

if (u == -1 || key_of[u] == INF) break; /* nothing left reachable */
in_mst[u] = 1;
if (parent_of[u] !'= -1) {
mst_out[mst_len].a = parent_of[u]; mst_out[mst_len].b = u; mst_out[mst_len].w =
key_of[u];
mst_len++; total += key_of[u];
}
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) /* alphabetical order */

if (!'in_mst[n->to] && n->weight < key_of[n->to]) { key_of[n->to] = n->weight;
parent_of[n->to] = u; }
}
*total_out = total;
return mst_len;

static int minKeyVertex(int vertexCount) {
int best = -1, bestKey = INF;
for (int v = @; v < vertexCount; v++)
if (!'inMst[v] && keyOf[v] < bestKey) { bestKey = keyOf[v]; best = v; }
return best;

}

static int primMst(Graph g, int start, Edge[] mstOut, int[] totalOut) {
for (int v = 0; v < g.vertexCount; v++) { keyOf[v] = INF; inMst[v] = false; parentOf[v] = -1; }
keyOf[start] = 0;
int mstLen = 0, total = 0;
for (int count = @; count < g.vertexCount; count++) {
int u = minKeyVertex(g.vertexCount);

if (u == -1 || keyOf[u] == INF) break; // nothing left reachable
inMst[u] = true;
if (parentOf[u] != -1) {

mstOut[mstLen] = new Edge(); mstOut[mstLen].a = parentOf[u]; mstOut[mstLen].b = u;
mstOut[mstLen].w = keyOf[u];
mstLen++; total += keyOf[u];

}
for (AdjNode n = g.adj[u]; n != null; n = n.next) // alphabetical order
if (!'inMst[n.to] && n.weight < keyOf[n.to]) { keyOf[n.to] = n.weight; parentOf[n.to] = u;
I3
}
totalOut[0] = total;
return mstLen;
}
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®

anahtar[] = anahtar[] = e

- OOO00O0 < 000000
oncelik kuyrugu = gncelik kuyrugu =

MST agirligi = @ MST agirligi = @
1. BASLANGIC: key[A]=0, geri kalan her digiim inf. 2. Kuyruktan en kiclik anahtarl diigtim cekilir: A
Oncelik kuyrugu anahtara gore sirali; en kiiciigi (key=0).
bastadir.
A A

A B C D A B
anahtar[] = e E]E] anahtar[] = e E] 2
- (DEO0O0 = OEEHO000
oncelik kuyrugu = gncelik kuyrugu =

MST agirligi = @ MST agirligi = @
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4. A'nin komsulari gevsetilir: B, C icin daha ucuz bir
kenar bulundu, key/parent gilincellendi.

anahtar[]

A B C D E F G
dncelik kuyrugu = F:inf!iG:inf

MST agirlagi = 2

7. C'nin komsularn gevsetilir: B, D, E icin daha ucuz bir
kenar bulundu, key/parent gilincellendi.

A B C D E F G
dncelik kuyrugu = F:inf)iG:inf
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5. Kuyruktan en kictik anahtarh diigtim cekilir: C
(key=2).

anahtar[]

A B C D E F G
o o
gncelik kuyrugu = F:inf!iG:inf

MST agirligy = 2

ebeveyn[]

8. Kuyruktan en kiictik anahtarl diigtim cekilir: B
(key=1).

anahtar[]

A B C i} E F G
o o
Ebe“‘e)’n[] . E]E]E]E]
gncelik kuyrugu = F:inf)iG:inf
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MST agirligi = 3 MST agirligi = 3
10. B'nin komsulan gevsetilir: D icin daha ucuz bir 11. Kuyruktan en kiictik anahtarl diigiim cekilir. D
kenar bulundu, key/parent gilincellendi. (key=5).

A B C D E F G A B C D E F G
COEEEE mvart « () ()]
wet- JODOEE0 - O0EOBE0
dncelik kuyrugu = E] G:inf tncelik kuyrugu = G:inf

anahtar[]

MST agirlagi = 8 MST agirligi = 8
13. D'nin komsulari gevsetilir: E, F icin daha ucuz bir 14. Kuyruktan en kiictik anahtarli dtigiim cekilir: E
kenar bulundu, key/parent gilincellendi. (key=2).

anahtar[]

A B C D E F G A B C ] E F G
CAOEAEEE marearts - ()] () E)E)
et - () ] () (=) (o)) ewevemts + ()] ()]
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dncelik kuyrugu = E] tncelik kuyrugu =

MST agirligi = 10 MST agirligi = 10
16. E'nin komsulari gevsetilir: F, G icin daha ucuz bir 17. Kuyruktan en kiictik anahtarl diigiim cekilir: F
kenar bulundu, key/parent giincellendi. (key=3).

anahtar[]

- (DEHEEE
- EEOEEE - OOEEEE

oncelik kuyrugu = dncelik kuyrugu =

MST agirligi = 13 MST agirligi = 13
19. F'nin komsularinin hicbiri gevsemedi: hepsi zaten 20. Kuyruktan en kticlik anahtarli digtim cekilir: G
agacta ya da daha ucuz bir yolu var. (key=7).

A B C v E F G A B C i} E F G

RTEU Bilgisayar Miihendisligi - Dr. Ogr. Uyesi Ugur CORUH - 2026-2027 Giiz Page 63 /167



CEN207 Veri Yapilar Hafta 9 — Ders Notu

ebeveyn[] = - C A B D E E ebeveyn[] = - C A B D
dgncelik kuyrugu = gncelik kuyrugu =
MST agirliZi = 20 MST agirligi = 20
22. G'nin komsularinin hichiri gevsemedi: hepsi zaten 23. Bitti: 6 kenar, toplam agirlik 20.

agacta ya da daha ucuz bir yolu var.

"Oncelik kuyrugu" satiri burada bir yigin degil, basit sirali bir dizidir — "7 diigiim, 10 kenar, A'dan baslar" deneyin (Kruskal'in
normal 6rnegiyle ayni gizge: iki MST'yi kargilagtirin — ayni toplam agirlik, agirliklar esitse belki farkl kenarlar) ve u¢ durum

"2 bilesen, A'dan baslar -- F..J hig erigilmez"; girdi start=A A-B:4 ....
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4.4 Deneyin

H Tam program: kruskal_mst.c / KruskalMst.java v
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/* Week 9 -- Graph Algorithms

* Kruskal's minimum spanning tree: sort every edge by weight, then scan it
* in that order and add it to the tree with UNION-FIND (union by rank +

* path compression) unless it would close a cycle. Ties keep the input

* order (a stable sort). If the graph is disconnected, Kruskal still

* finishes and produces a minimum spanning FOREST.

* CEN207 Data Structures (formerly CE205)

27

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V 32
#define MAX_E 64
#define MAX_LBL 4

typedef struct { int a, b, w, idx; } Edge; /* idx = original input position, an explicit tie-
break */

char label[MAX_V][MAX_LBL];
int vertex_count;
int parent_of[MAX_V], rank_of[MAX_V];

static int find_or_add_vertex(const char *1bl) {
for (int i = @; i < vertex_count; i++)
if (strcmp(label[i], 1bl) == @) return i;
strncpy(label[vertex_count], 1bl, MAX_LBL - 1);
label[vertex_count][MAX_LBL - 1] = '"\0"';
return vertex_count++;

int find(int v) {
int root = v;
while (parent_of[root] != root) root = parent_of[root];
while (parent_of[v] != root) { int next = parent_of[v]; parent_of[v] = root; v = next; }
return root;

void union_sets(int a, int b) {
int ra = find(a), rb = find(b);
if (rank_of[ra] < rank_of[rb]) parent_of[ra] = rb;
else if (rank_of[ra] > rank_of[rb]) parent_of[rb] = ra;
else { parent_of[rb] = ra; rank_of[ra]++; }

int cmp_weight(const void *x, const void *y) {
const Edge *ex = x, *ey =y;
if (ex->w != ey->w) return ex->w - ey->w;
return ex->idx - ey->idx; /* explicit tie-break: gsort is not guaranteed stable

int kruskal_mst(Edge *sorted, int edge_count, Edge *mst_out, int *total_out) {
for (int v = 0; v < vertex_count; v++) { parent_of[v] = v; rank_of[v] = 0; }
gsort(sorted, (size_t) edge_count, sizeof(Edge), cmp_weight); /* ascending by weight,
stable ties */
int mst_len = 0, total = 0;
for (int i = ©; i < edge_count; i++) {
if (find(sorted[i].a) == find(sorted[i].b)) continue; /* would close a cycle */
union_sets(sorted[i].a, sorted[i].b);
mst_out[mst_len] = sorted[i]; mst_len++;
total += sorted[i].w;
}
*total_out = total;
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return mst_len;

typedef struct { const char *a, *b; int w; } Edgeln;

static void run_scenario(const char *label_txt, EdgeIn edges[], int n) {

printf("-- %s --\n", label_txt);

vertex_count = 0;

Edge sorted[MAX_E];

for (int i = 0; i < n; i++) sorted[i] = (Edge) { find_or_add_vertex(edges[i].a),
find_or_add_vertex(edges[i].b), edges[i].w, i };

Edge mst[MAX_E]; int total = 0;
int mst_len = kruskal_mst(sorted, n, mst, &total);

printf("MST edges:");
for (int i = 0; i < mst_len; i++) printf(" %s-%s:%d", label[mst[i].a], label[mst[i].b],
mst[i].w);

printf("\ntotal weight = %d\n", total);

int roots = 0;
for (int i = 0; i < vertex_count; i++) if (find(i) == i) roots++;
printf("components = %d%s\n\n", roots, roots > 1 ? " (a spanning forest)" ",
}
int main(void) {
EdgeIn normal[] = {
{"A", "B", 4}, {"A", "C", 2}, {"B", "C", 1}, {"B", "D", 5},
{<c", "D, 8}, {"C", "E", 10}, {"D", "E", 2}, {"D", "F", 6},
{"E", "F", 3}, {"E", "G", 7}

b

run_scenario("normal: 7 vertices, 10 edges, one component”, normal, 10);

EdgeIn hard[] = {
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("A", "B", 3}, {"A", "C", 3}, {"B", "C", 3}, {"B", "D", 5},
("c", "p", 3}, {"C", "E", 6}, {"D", "E", 3}, {"D", "F", 4},
("E". "F". 3}, {"F". "G", 2}, {"F", "H", 3}, {"G", "H", 1},
{"H", "I", 3}, {"G", "I", 5}
b
run_scenario("hard: 9 vertices, 14 edges, many tied weights (input order breaks ties)",
14);
EdgeIn disconnected[] = {
{"A", "B", 2}, {"B", "C", 4}, {"A", "C", 5}, {"C", "D", 1}, {"D", "E", 3}
("F", "G", 2}, {"G", "H", 6}, {"F", "H", 7}, {"H", "I", 3}, {"I", "J", 4}
b
run_scenario("edge: 10 edges, 2 components -- the result is a spanning FOREST", disconnected,
10);
EdgeIn two_vertices[] = { {"A", "B", 9} };
run_scenario("edge: 2 vertices, 1 edge", two_vertices, 1);
return 0;
}

Hafta 9 — Ders Notu

hard,
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/* Week 9 -- Graph Algorithms

* Kruskal's minimum spanning tree: sort every edge by weight, then scan it
* in that order and add it to the tree with UNION-FIND (union by rank +

* path compression) unless it would close a cycle. Ties keep the input

* order (an explicit tie-break by original index). If the graph is

* disconnected, Kruskal still finishes and produces a minimum spanning

* FOREST.

* CEN207 Data Structures (formerly CE205)

5/

import java.util.Arrays;
import java.util.Comparator;

public class KruskalMst {
static final int MAX_V = 32;

static class Edge { int a, b, w, idx; Edge(int a, int b, int w, int idx) { this.a = a; this.b
= b; this.w = w; this.idx = idx; } }

static String[] label = new String[MAX_V];
static int vertexCount;
static int[] parentOf = new int[MAX_V], rankOf = new int[MAX_V];

static int findOrAddVertex(String 1bl) {
for (int i = 0; i < vertexCount; i++)
if (label[i].equals(1lbl)) return i;
label[vertexCount] = 1bl;
return vertexCount++;

}

static int find(int v) {
int root = v;
while (parentOf[root] !'= root) root = parentOf[root];
while (parentOf[v] !'= root) { int next = parentOf[v]; parentOf[v] = root; v = next; }
return root;

}

static void unionSets(int a, int b) {
int ra = find(a), rb = find(b);
if (rankOf[ra] < rankOf[rb]) parentOf[ra] =
else if (rankOf[ra] > rankOf[rb]) parentOf[rb] =
else { parentOf[rb] = ra; rankOf[ra]++; }

static int cmpWeight(Edge x, Edge y) { return x.w != y.w ? x.w - y.w : x.idx - y.idx; }

static int kruskalMst(Edge[] sorted, Edge[] mstOut, int[] totalOut) {
for (int v = 0; v < vertexCount; v++) { parentOf[v] = v; rankOf[v] = 0; }
Arrays.sort(sorted, Comparator.comparingInt((Edge e) -> e.w).thenComparingInt(e ->
e.idx));
int mstLen = 0, total =
for (Edge e : sorted) {
if (find(e.a) == find(e.b)) continue; // would close a cycle
unionSets(e.a, e.b);
mstOut[mstLen] = e; mstLen++;
total += e.w;
}
totalOut[@] = total;
return mstLen;

static class EdgeIn { String a, b; int w; EdgeIn(String a, String b, int w) { this.a = a;
this.b = b; this.w = w; } }

static void runScenario(String labelTxt, EdgeIn[] edges) {
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System.out.println("-- " + labelTxt + " --");

vertexCount = 0;

Edge[] sorted = new Edge[edges.length];

for (int 1 = @; i < edges.length; i++) sorted[i] = new Edge(findOrAddVertex(edges[i].a),
findOrAddVertex(edges[i].b), edges[i].w, 1i);

new int[1];

Edge[] mst = new Edge[edges.length]; int[] total
int mstLen = kruskalMst(sorted, mst, total);

StringBuilder sb = new StringBuilder ("MST edges:");

for (int i = ©; i < mstLen; i++) sb.append(' ').append(label[mst[i].a]).append('-
') .append(label[mst[i].b]).append(':").append(mst[i].w);

System.out.println(sb);

System.out.println("total weight = " + total[@0]);

int roots = 0;
for (int i = 0; i < vertexCount; i++) if (find(i) == i) roots++;
System.out.println("“components = " + roots + (roots > 1 ? " (a spanning forest)" : ""));
System.out.println();

}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B", 4), new EdgeIn("A", "C", 2), new EdgeIn("B", "C", 1), new
EdgeIn("B", "D", 5),
new EdgeIn("C", "D", 8), new EdgeIn("C", "E", 18), new EdgeIn("D", "E", 2), new
EdgeIn("D", "F", 6),
new EdgeIn("E", "F", 3), new EdgeIn("E", "G", 7)
bo

runScenario("normal: 7 vertices, 10 edges, one component"”, normal);

EdgeIn[] hard = {

new EdgeIn("A", "B", 3), new EdgeIn("A", "C", 3), new EdgeIn("B",
EdgeIn("B", "D", 5),

new EdgeIn("C", "D", 3), new EdgeIn("C", "E", 6), new EdgeIn("D", "E", 3), new
EdgeIn("D", "F", 4),

new EdgeIn("E", "F", 3), new EdgeIn("F", "G", 2), new EdgeIn("F", "H", 3), new
EdgeIn("G", "H", 1),

new EdgeIn("H", "I", 3), new EdgeIn("G", "I", 5)

Cc", 3), new

b
runScenario("hard: 9 vertices, 14 edges, many tied weights (input order breaks ties)",
hard) ;

EdgeIn[] disconnected = {
new EdgeIn("A", "B", 2), new EdgeIn("B", "C", 4), new EdgeIn("A", "C", 5), new
EdgeIn("C", "D", 1), new EdgeIn("D", "E", 3),
new EdgeIn("F", "G", 2), new EdgeIn("G", "H", 6), new EdgeIn("F", "H", 7), new
EdgeIn("H", "I", 3), new EdgeIn("I", "J", 4)
bo
runScenario("edge: 10 edges, 2 components -- the result is a spanning FOREST",
disconnected) ;

EdgeIn[] twoVertices = { new EdgeIn("A", "B", 9) };
runScenario("edge: 2 vertices, 1 edge", twoVertices);
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B Tam program: prim_mst.c / PrimMst.java v
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/* Week 9 -- Graph Algorithms
Prim's minimum spanning tree: grow ONE tree from a start vertex. Every
vertex not yet in the tree keeps a "key" (the cheapest edge weight
connecting it to the tree so far); each round the smallest key is picked
and its neighbours' keys are relaxed. Unlike Kruskal, Prim only grows
from “start’: a vertex in another component is never reached (key stays
"infinite").

* CEN207 Data Structures (formerly CE205)

5/
#include <stdio.h>
#include <string.h>
#include <stdlib.h>

* X X X X X

#define MAX_V 32
#define MAX_LBL 4
#define INF 1000000000

typedef struct AdjNode { int to, weight; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int key_of[MAX_V], parent_of[MAX_V], in_mst[MAX_V];

int min_key_vertex(int vertex_count) {
int best = -1, best_key = INF;
for (int v = 0; v < vertex_count; v++)
if ('in_mst[v] && key_of[v] < best_key) { best_key = key_of[v]; best = v; }
return best;

typedef struct { int a, b, w; } Edge;

int prim_mst(Graph *g, int start, Edge *mst_out, int *total_out) {
for (int v = 0; v < g->vertex_count; v++) { key_of[v] = INF; in_mst[v] = 0; parent_of[v] =
=15 §
key_of[start] = 0;
int mst_len = 0, total = 0;
for (int count = ©@; count < g->vertex_count; count++) {
int u = min_key_vertex(g->vertex_count);

0

if (u == -1 || key_of[u] == INF) break; /* nothing left reachable */
in_mst[u] = 1;
if (parent_of[u] '= -1) {
mst_out[mst_len].a = parent_of[u]; mst_out[mst_len].b = u; mst_out[mst_len].w =
key_of[u];
mst_len++; total += key_of[u];
}
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) /* alphabetical order */
if (!'in_mst[n->to] && n->weight < key_of[n->to]) { key_of[n->to] = n->weight;
parent_of[n->to] = u; }
}

*total_out = total;

return mst_len;
/* ---- construction: build Graph from a (label, label, weight) UNDIRECTED edge list. ---- */
typedef struct { const char *a, *b; int w; } Edgeln;
static int find_or_add_vertex(Graph *g, const char *1bl) {

for (int i = @; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
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strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '"\@"';
g->adj[g->vertex_count] = NULL;

return g->vertex_count++;

}

static AdjNode *new_node(int to, int w) {
AdjNode *n = malloc(sizeof(AdjNode));
n->to = to; n->weight = w; n->next = NULL;
return n;

}

static void add_neighbour_sorted(Graph *g, int v, int neighbour, int w) {

AdjNode *n = new_node(neighbour, w);

if (g->adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > @) {
n->next = g->adj[v];
g->adj[v] = n;
return;

}

AdjNode *cur = g->adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= @)
cur = cur->next;

n->next = cur->next;

cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {
g->vertex_count = 0;
for (int i = @; i < MAX_V; i++) g->adj[i] = NULL;
for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
add_neighbour_sorted(g, a, b, edges[i].w);
add_neighbour_sorted(g, b, a, edges[i].w);

}

static void free_graph(Graph *g) {
for (int i = @; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; }
g->adj[i] = NULL;

}

static void run_scenario(const char *label_txt, const char *start_label, EdgeIn edges[], int n) {
printf("-- %s --\n", label_txt);
Graph g;
build_graph(&g, edges, n);
int start = find_or_add_vertex(&g, start_label);

Edge mst[MAX_V]; int total = 0;
int mst_len = prim_mst(&g, start, mst, &total);

printf("MST edges:");

for (int i = 0; i < mst_len; i++) printf(" %s-%s:%d", g.label[mst[i].a], g.label[mst[i].b],
mst[i].w);

printf("\ntotal weight = %d\n", total);

int unreached = 0;

for (int v = 0; v < g.vertex_count; v++) if (!in_mst[v]) unreached = 1;

if (unreached) {
printf("unreached:");
for (int v = @; v < g.vertex_count; v++) if (!in_mst[v]) printf(" %s", g.label[v]);
printf("\n");
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}

free_graph(&g);
printf("\n");
}

int main(void) {
EdgeIn normal[] = {

{"A", "B", 4}, {"A", "C", 2}
{'c", "D", 8}, {"C", "E", 10
{"E", "F", 3}, {"E", "G", 7}

b

run_scenario("normal: 7 vertices

EdgeIn hard[] = {

{"A", "B", 3}, {"A", "C", 3}
{'c", "D", 3}, {"C", "E", 6}
{"E", "F", 3}, {"F", "G", 2}
{"H", "I", 3}, {"G", "I", 5}

b

EdgeIn disconnected[] = {

return 0;
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/* Week 9 -- Graph Algorithms

Prim's minimum spanning tree: grow ONE tree from a start vertex. Every
vertex not yet in the tree keeps a "key" (the cheapest edge weight
connecting it to the tree so far); each round the smallest key is picked
and its neighbours' keys are relaxed. Unlike Kruskal, Prim only grows
from “start’: a vertex in another component is never reached (key stays
"infinite").

CEN207 Data Structures (formerly CE205)

* ok X X X X X

*/
public class PrimMst {
static final int MAX_V = 32, INF = 1000000000 ;

static class AdjNode { int to, weight; AdjNode next; AdjNode(int to, int w) { this.to = to;
this.weight = w; } }
static class Graph {
String[] label = new String[MAX_V];
AdjNode[] adj = new AdjNode[MAX_V];
int vertexCount;

}

static int[] keyOf = new int[MAX_V], parentOf = new int[MAX_V]; static boolean[] inMst = new
boolean[MAX_V];

static int minKeyVertex(int vertexCount) {
int best = -1, bestKey = INF;
for (int v = 0; v < vertexCount; v++)
if (!'inMst[v] && keyOf[v] < bestKey) { bestKey = keyOf[v]; best = v; }
return best;

}
static class Edge { int a, b, w; }

static int primMst(Graph g, int start, Edge[] mstOut, int[] totalOut) {
for (int v = 0; v < g.vertexCount; v++) { keyOf[v] = INF; inMst[v] = false; parentOf[v] =
-1; )
keyOf[start] = 0;
int mstLen = @, total = 0;
for (int count = ©@; count < g.vertexCount; count++) {
int u = minKeyVertex(g.vertexCount);

if (u == -1 || keyOf[u] == INF) break; // nothing left reachable
inMst[u] = true;
if (parentOf[u] !'= -1) {

mstOut[mstLen] = new Edge(); mstOut[mstLen].a = parentOf[u]; mstOut[mstLen].b =
u; mstOut[mstLen].w = keyOf[u];
mstlLen++; total += keyOf[u];
}
for (AdjNode n = g.adj[u]; n != null; n = n.next) // alphabetical order
if (!'inMst[n.to] && n.weight < keyOf[n.to]) { keyOf[n.to] = n.weight;
parentOf[n.to] = u; }
}
totalOut[0] = total;
return mstlLen;

}

// ---- construction: build Graph from a (label, label, weight) UNDIRECTED edge list. ----

static class EdgeIn { String a, b; int w; EdgeIn(String a, String b, int w) { this.a = a;
this.b = b; this.w = w; } }

static int findOrAddVertex(Graph g, String 1bl) {
for (int i = @; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
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return g.vertexCount++;

}

static void addNeighbourSorted(Graph g, int v, int neighbour, int w) {
AdjNode n = new AdjNode(neighbour, w);

if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 8) {
n.next = g.adj[v];
g.adj[v] = n;
return;

}

AdjNode cur = g.adj[v];

while (cur.next '= null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= @)

cur = cur.next;
n.next = cur.next;
cur.next = n;

}

static void buildGraph(Graph g, EdgeIn[] edges) {
g.vertexCount = 0;
for (int i = ©; 1 < MAX_V; i++) g.adj[i] = null;
for (EdgeIn e : edges) {

int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
addNeighbourSorted(g, a, b, e.w);
addNeighbourSorted(g, b, a, e.w);

}

static void runScenario(String labelTxt, String startlLabel, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
Graph g = new Graph();
buildGraph(g, edges);
int start = findOrAddVertex(g, startlLabel);

Edge[] mst = new Edge[MAX_V]; int[] total = new int[1];
int mstLen = primMst(g, start, mst, total);

StringBuilder sb = new StringBuilder("MST edges:");

for (int i = @; i < mstLen; i++) sb.append(' ').append(g.label[mst[i].a]).append('-
') .append(g.label[mst[i].b]).append(':"').append(mst[i].w);

System.out.println(sb);

System.out.println("total weight = " + total[@]);

boolean unreached = false;
for (int v = @; v < g.vertexCount; v++) if (!inMst[v]) unreached = true;
if (unreached) {
StringBuilder ub = new StringBuilder("unreached:");
for (int v = 0; v < g.vertexCount; v++) if (!inMst[v]) ub.append("’
') .append(g.label[v]);
System.out.println(ub);
}

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B", 4), new EdgeIn("A", "C", 2), new EdgeIn("B", "C", 1), new
EdgeIn("B", "D", 5),
new EdgeIn("C", "D", 8), new EdgeIn("C", "E", 18), new EdgeIn("D", "E", 2), new
EdgeIn("D", "F", 6),
new EdgeIn("E", "F", 3), new EdgeIn("E", "G", 7)
b5

runScenario("normal: 7 vertices, 10 edges, starts at A", "A", normal);
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EdgeIn[] hard = {

new EdgeIn("A", "B", 3), new EdgeIn("A", "C", 3), new EdgeIn("B", "C", 3), new
EdgeIn("B", "D", 5),

new EdgeIn("C", "D", 3), new EdgeIn("C", "E", 6), new EdgeIn("D",
EdgeIn("D", "F", 4),

new EdgeIn("E", "F", 3), new EdgeIn("F", "G", 2), new EdgeIn("F", "H", 3), new
EdgeIn("G", "H", 1),

new EdgeIn("H", "I", 3), new EdgeIn("G", "I", 5)

E", 3), new

%

runScenario("hard: 9 vertices, 14 edges, starts at E, many tied weights", "E", hard);

EdgeIn[] disconnected = {
new EdgeIn("A", "B", 2), new EdgeIn("B", "C", 4), new EdgeIn("A", "C", 5), new
EdgeIn("C", "D", 1), new EdgeIn("D", "E", 3),
new EdgeIn("F", "G", 2), new EdgeIn("G", "H", 6), new EdgeIn("F", "H", 7), new
EdgeIn("H", "I", 3), new EdgeIn("I", "J", 4)
b5
runScenario("edge: 2 components, starts at A -- F..J are never reached", "A",
disconnected) ;

EdgeIn[] twoVertices = { new EdgeIn("A", "B", 9) };
runScenario("edge: 2 vertices, 1 edge", "A", twoVertices);

Deneyin

gcc -std=c11 -Wall -Wextra -o kruskal_mst kruskal_mst.c && ./kruskal_mst
javac -Xlint:all KruskalMst.java && java KruskalMst

-- normal: 7 vertices, 10 edges, one component --
MST edges: B-C:1 A-C:2 D-E:2 E-F:3 B-D:5 E-G:7
total weight = 20

components 1

-- hard: 9 vertices, 14 edges, many tied weights (input order breaks ties) --
MST edges: G-H:1 F-G:2 A-B:3 A-C:3 C-D:3 D-E:3 E-F:3 H-I:3

total weight = 21
components = 1

-- edge: 10 edges, 2 components -- the result is a spanning FOREST --
MST edges: C-D:1 A-B:2 F-G:2 D-E:3 H-I:3 B-C:4 I-J:4 G-H:6

total weight = 25

components = 2 (a spanning forest)

-- edge: 2 vertices, 1 edge --
MST edges: A-B:9

total weight = 9
components = 1

Prim programi (gcc ... prim_mst.c, javac/ java PrimMst ) ayni "'normal" gizgede:

-- normal: 7 vertices, 10 edges, starts at A --
MST edges: A-C:2 C-B:1 B-D:5 D-E:2 E-F:3 E-G:7
total weight = 20

Ayni toplam agirlik (20), ayni kenar kiimesi, tamamen farkli bir sirayla bulunmus — kesme 6zelligi kanitinin garanti ettigi
tam olarak budur.
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4.5 Karmagslklik, hatalar, kendini sinama

Karmasiklik. Kruskal: kenarlari siralamak igin 0(E log E) (baskin maliyet), arti union-find iglemleriigin 0(E * a(V)) —
etkin olarak 0(E log E) . Prim (bu dizi-taramali siirim, animasyon ve programin insa edildigi bigimde): o(v+2) — v tur,
her biri en kiiciik anahtar igin bir 0(v) tarama yapar. Oncelik kuyrugu icin bir ikili yigin kullanilirsa, Prim 0(E log V) 'ye
diiser, yogun gizgelerde Kruskal'dan daha iyidir; bu ders, dncelik kuyrugunun fikrinin basit sirali bir satir olarak goriinir
kalmasi i¢in daha basit dizi stirimind kullanir, agagidaki Dijkstra'nin 6ncelik kuyruguyla eslesir — yiginlar (Hafta 4) ve bu
satir tanidik geldikten sonra yigin siirimi dogal bir sonraki adimdir.

Sik yapilan hatalar

« Kruskal'l 6nce siralamadan (ya da yanls alana gore siralayarak) calistirmak: aggozli kanit yalnizca kenarlar
kesinlikle en ucuzdan baslayarak ele alindiginda gegerlidir.

e find(a) == find(b)'yi find 'l gagirmak (yolu sikistiran) yerine ham ebeveyn isaretgileriyle kontrol etmek: bu
hala dogru evet/hayir cevabini verir ama union-find'in neredeyse-O(1) garantisinin biitiin amacini bosa gikarir.

e Prim algoritmasini bir ¢izge tUzerinde ¢alistinp MST'nin bir digimu icermedigine sasirmak: in_mst[] 'i kontrol
edin — o diiglime start 'tan hi¢ ulagilamamistir, ve Prim (Kruskal'in tersine) ikinci bir bileseni kendi basina asla
kesfetmez.

e MST'nin tek oldugunu varsaymak: esit agirliklarla, birkag farkl kenar kiimesi ayni en kiigiik toplami paylasabilir
(yukaridaki "hard"a bakin) — yalnizca toplam agirhgin tek oldugu garantidir, kenar kiimesinin degil.

/" Kendini sina: Prim algoritmasi ayni gizge igin Kruskal'dan DAHA PAHALI bir kenar segebilir mi? v

Hayir — ikisi de kanitlanmis sekilde en iyidir (kesme 6zelligi hangi aggozli strateji kullanilirsa kullanilsin gegerlidir),
yani ikisi de her zaman bir MST dretir, ve bir gizgenin her MST'si ayni toplam agirliga sahiptir. Agirliklar esitlendiginde
hangi kenarlari segtikleri konusunda farklilasabilirler, asla toplamda degil.

5. Tek kaynaktan en kisa yollar

5.1 Baslangi¢ sorusu

En kiiglik yayilan agac her seyi toplamda mimkin oldugunca ucuza baglar — belirli bir diigiimden belirli bir bagka
digime en ucuz gidis hakkinda higbir sey séylemez. Bir baslangic sehri ve izerinde uzakliklar (ya da Ucretler, ya da
seyahat sireleri) olan bir yol agi verildiginde, oradan her diger sehre en ucuz nasil ulasilir?

5.2 Kisa bir tarihge, ve fikir

Edsger Dijkstra, algoritmasini 1956'da (1959'da yayimlandi), kendi sonraki anlatimina gore yeni bir bilgisayari halka
tanitmak igin 20 dakikalik bir alistirma olarak tasarladi — ve her adirhgin negatif olmadigi her durumda hala standart
cevap olarak kalir. Prim algoritmasinin, tek bir muhasebe degisikligiyle aynisidir: key[v] =" v 'yi agaca baglayan en ucuz
TEK kenar" yerine, dist[v] ="simdiye kadar bulunan, start 'tan v 'ye en ucuz TOPLAM YOL"u takip edin. Her turda,
henuiz bitmemis, dist 'i en kiiglik olan diiguimi segin — segildikten sonra, o uzaklik kesindir ve bir daha asla kiigilemez,
tam olarak diger her kenar agirligi negatif olmadigi igin (gizgedeki higbir kenar, sonradan kesfedilen daha uzun bir yolu
birden daha ucuz yapamaz). Giden kenarlarini gevsetin (dist[u] + agirlik < dist[v] ?) ve tekrarlayin.

Negatif adirliklar bu "bir kez gikarildi mi, kesindir" garantisini dogrudan bozar: erken gikarilan "kesin" uzakhkl bir digim,
daha sonra kesfedilen ¢cok negatif bir kenar tizerinden yenilebilir. Richard Bellman ve Lester Ford (bagimsiz olarak,
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1950'lerin sonunda), Dijkstra'nin aggozli "en kiigligl ¢ikar" adimindan tamamen vazgegerek negatif agirliklara katlanan bir
algoritma verdi: bunun yerine, her kenari, sabit bir sirada, en gok v - 1 tur boyunca gevsetin — herhangi bir diigiime
giden en ucuz yolun (bir en kisa yol asla bir diigiimii tekrarlamadigi igin en gok v - 1 kenar kullanir) tamamen yayilmasi
icin yeterli sayida tur. Hala bir iyilesme bulan bir Vv . tur, bir negatif dongiiniin kanitidir — toplamlari sifirin altina inen bir

dongd, ki bu dong etrafinda "uzaklik" sonsuza kadar kigdiltilebilir, en kisa yolu tanimsiz kilar.

5.3 Bellekte nasil durur, ve kod

int min_dist_vertex(int vertex_count) {
int best = -1, best_dist = INF;
for (int v = @; v < vertex_count; v++)
if (!'done[v] && dist_of[v] < best_dist) { best_dist = dist_of[v]; best = v; }
return best;

}

void dijkstra(Graph *g, int start) {

for (int v = ©; v < g->vertex_count; v++) { dist_of[v] = INF; done[v] = ©0; parent_of[v] =

dist_of[start] = 0;
for (int count = @; count < g->vertex_count; count++) {
int u = min_dist_vertex(g->vertex_count);
if (u == -1 || dist_of[u] == INF) break; /* nothing left reachable */
donef[u] = 1;
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) { /* alphabetical order */
int cand = dist_of[u] + n->weight;

-1; }

if (!done[n->to] && cand < dist_of[n->to]) { dist_of[n->to] = cand; parent_of[n->to] = u;

int minDistVertex(int vertexCount) {
int best = -1, bestDist = INF;
for (int v = @; v < vertexCount; v++)
if (!'done[v] && distOf[v] < bestDist) { bestDist = distOf[v]; best = v; }
return best;

void dijkstra(Graph g, int start) {

for (int v = @; v < g.vertexCount; v++) { distOf[v] = INF; done[v] = false; parentOf[v] =

distOf[start] = 0;
for (int count = @; count < g.vertexCount; count++) {
int u = minDistVertex(g.vertexCount);
if (u == -1 || distOf[u] == INF) break; // nothing left reachable
done[u] = true;
for (AdjNode n = g.adj[u]; n != null; n = n.next) { // alphabetical order
int cand = distOf[u] + n.weight;

if (!'done[n.to] && cand < distOf[n.to]) { distOf[n.to] = cand; parentOf[n.to] = u
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uzaklik[]

wemnrt - (O
gncelik kuyrugu = B:inf!iC:inf!D:inf! Ezinf!iF:inf!iG:inf

1. BASLANGIC: dist[A]=0, geri kalan her diiglim inf.
Oncelik kuyrugu uzakhga gére sirali.

3 6 10 8

N\ o<W
E 42 — D

G

A B C o E F
uzaklik[] = E]E] inf !vinf ! inf ! inf

et - [ JEEEE
dncelik kuyrugu = D:inf!iEzinf! F:inf!1G:inf

4. A'nin kenarlari gevsetilir: B=4, C=2 glincellendi

(dist[A] + agirhk daha kiictk).
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—»

\ \
: w | ) . c
NS

E /42 — D

A B C i} E F G

inf 'vinf "' inf 'v inf v inf '0inf
ety - ||

uzaklik[]

ncelik kuyrugu = 'B:inf!iC:inf!D:infliE:inf!iF:inf1G:inf

2. Kuyruktan en kiictik uzakhkh digiim cekilir: A
(dist=0); artik kesin -- bu uzaklik asla kiictilmez.

3 6 1@ 8

AN .
E 42— D

G

A B C D E F
uzaklik[] = E] inf !vinf !vinf !+ dinf

e OO0
oncelik kuyrugu = D:inf) E:inf)F:inf)1G:inf

5. Kuyruktan en kticiik uzaklikli digim cekilir: C
(dist=2); artik kesin -- bu uzaklik asla kliclilmez.

Q.
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E |4 2 D

uzaklik[]

A B C D E F G
[Z] inf 't inf v ipf ! inf
oncelik kuyrugu = D:inf!1Ezinf)F:inf) 1G:inf

6. C bitmig (done) olarak isaretlenir.

A B C o E F G
BOEEE
et - (OHEEOO0
dncelik kuyrugu = F:inf)1G:inf

9. B bitmis (done) olarak isaretlenir.

uzaklik[]
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uzaklik[]

A B C D E F G
dncelik kuyrugu = F:inf)1G:inf

8. Kuyruktan en kictik uzakhkh digim cekilir: B
(dist=3); artik kesin -- bu uzaklik asla kiictilmez.

A B C D E F G

uzaklik[]

ebeveyn[]

oncelik kuyrugu = F:inf)1G:inf

10. B'nin kenarlari gevsetilir: D=8 gtincellendi (dist[B]
+ agirlik daha kdctk).
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A B C D E F G A B C i} E F G
oncelik kuyrugu = F:inf!iG:inf gncelik kuyrugu = G:inf

12. D bitmis (done) olarak isaretlenir. 13. D'nin kenarlari gevsetilir: E=10, F=14 glincellendi
(dist[D] + agirlik daha kiicik).

uzaklik[]

A B c D E F G A B c D E F G
wet- JODOEE0 - O0EOBEG
dncelik kuyrugu = G:inf tncelik kuyrugu =

14. Kuyruktan en kiciik uzakhkl diigiim cekilir: E 16. E'nin kenarlar gevsetilir: F=13, G=17 glincellendi
(dist=10); artik kesin -- bu uzaklik asla kii¢tilmez. (dist[E] + agirhk daha kictik).

-
-
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E D E D
A B C D E F G A B C D F G
uzaklik[] = e 3 2 8 10 13 uzaklik[] = e 3 2 8 10 13

ebeveyn[] = - C A B D E E] ebeveyn[] = - C A B D E

]

oncelik kuyrugu = |G:17 tncelik kuyrugu = |[G:17

17. Kuyruktan en kigiik uzaklhkl digim cekilir: F 18. F bitmis (done) olarak isaretlenir.
(dist=13); artik kesin -- bu uzaklik asla kiictilmez.

F c F c
E D E D
A B C D E G A B C D F G
uzaklik[] = e 3 2 8 10 13 17 uzaklik[] = e 3 2 8 1@ 13 17
ebeveyn[] = = C A B D E E ebeveyn[] = = C A B D E E
oncelik kuyrugu = dncelik kuyrugu =
20. G bitmis (done) olarak isaretlenir. 21. Bitti. Uzakhklar: A=0, B=3, C=2, D=8, E=10, F=13,
G=17.
Yonld, agirhkli, baglangig-digimld girdi, start=A A>B:4 ... — ayristirici negatif bir agirhg dogrudan reddeder ('Dijkstra

negatif agirlik kabul etmez: negatif kenarlar igin Bellman-Ford'a bakin"), boylece yanlislikla Dijkstra'nin istesinden
gelemeyecegi bir durum kuramazsiniz. "8 diigiim, 10 kenar, A'dan baslar", "10 diigiim, 14 kenar, A'dan baslar, birgok esit
uzakhk", ve u¢ durum "A'dan baslar, F..J yonlii kenarlarla hig erisilmez" deneyin.

Bellman-Ford her kenari, sabit bir diigiim sirasinda, v - 1 kez gevsetir, sonra bir kez daha bir iyilesme olup olmadigini
kontrol eder:
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int bellman_ford(Graph *g, int start) {
for (int v = 0; v < g->vertex_count; v++) { dist_of[v] =
dist_of[start] = 0;
for (int pass = 1;
int changed = ©0;
for (int u = @; u < g->vertex_count; u++) {
if (dist_of[u] == INF) continue;
for (AdjNode *n = g->adj[u]; n != NULL; n =
int cand = dist_of[u] + n->weight;
if (cand < dist_of[n->to]) { dist_of[n->to] =

pass <= g->vertex_count - 1; pass++) {

}

}

if (!'changed) break;
}
int neg_cycle = 0;
for (int u = @; u < g->vertex_count; u++) {

cycle */
if (dist_of[u] == INF) continue;

for (AdjNode *n = g->adj[u]; n != NULL; n = n->next)

Hafta 9 — Ders Notu

INF; parent_of[v] = -1; }

/* alphabetical order */

n->next) {

cand; parent_of[n->to] = u; changed =

/* nothing changed: done early */

/* one more pass: detect a negative

if (dist_of[u] + n->weight < dist_of[n->to]) neg_cycle = 1;

}

return neg_cycle;

boolean bellmanFord(Graph g, int start) {

for (int v = @; v < g.vertexCount; v++) { distOf[v] = INF; parentOf[v] = -1; }
distOf[start] = 9;
for (int pass = 1; pass <= g.vertexCount - 1; pass++) {
boolean changed = false;
for (int u = 0; u < g.vertexCount; u++) { // alphabetical order
if (distOf[u] == INF) continue;
for (AdjNode n = g.adj[u]; n != null; n = n.next) {
int cand = distOf[u] + n.weight;
if (cand < distOf[n.to]) { distOf[n.to] = cand; parentOf[n.to] = u; changed = true; }

}
}
if (!changed) break;
}
boolean negCycle = false;
for (int u = @; u < g.vertexCount; u++) {

cycle
if (distOf[u] == INF) continue;
for (AdjNode n = g.adj[u]; n != null; n = n.next)
if (distOf[u] + n.weight < distOf[n.to]) negCycle
}

return negCycle;
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\ %E\

- OO0

tur @ / 6

1. BASLANGIC: dist[A]=0, geri kalan her diigiim inf. En
cok 6 tur boyunca HER kenar gevsetilecek.

\ vQ\

et - DHEHOOEO0

tur 1/ 6

4. B taranir: D=9 icin daha kisa bir yol bulundu.
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\ 7@

s aaaann

tur 1/ 6

2. Tur 1 baslar: her diigiim alfabetik sirayla taranir,
kenarlari gevsetilir.

et (DEIDEIED)
- DOOHEEO

tur 1/ 6

5. Ctaranir: B=3, E=12 icin daha kisa bir yol bulundu.
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\*B%
Voo
Wt

E

uzaklik[] - [ﬁ[ﬁm[ﬁ[ﬁ][;ﬂ[ﬁ
S annnann

tur 1/ 6

7. E taranir: F=14, G=18 icin daha kisa bir yol bulundu.

N
b
R

E /4 2 —

A 2] C

it - (DD EDEEE)
s annaonn

tur 2 / 6
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\ ><.\
N

E<—2—D

uzaklik[] = ﬁ][ﬁmﬁ][ﬁ[ﬁ][&]
N annnoaonn

tur 2 / 6

8. Tur 2 baslar: her diigiim alfabetik sirayla taranir,
kenarlari gevsetilir.

F ! C
"%- /
N o

4 2 — D

E

it - (DD DEEE)
s aonoan

tur 2 / 6
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9. A taranir: hicbir kenar gevsemedi.

\*B%
\ 74.1\
Nt

E 4 2 —

A B C

st - (DD
s annaonn

tur 2 / 6

12. D taranir: E=10 icin daha kisa bir yol bulundu.

NS
\ N

q\&x .«/
0

E

A B

- (DD DEEE)
- DOOOEEE
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11. C taranir: hicbir kenar gevsemedi.

\‘B&
\ 74.1\

E

it - (D DDEEE
s aonoan

tur 3/ 6

14. Tur 3 baslar: her diiglim alfabetik sirayla taranir,
kenarlari gevsetilir,

\*B%
\ %j\

E

st - (D DEEE)
- annnann
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tur 3/ 6

15. A taranir: hicbir kenar gevsemedi.

\ >4.\
o

E<—2—D

A B C

it - (DD DEEE)
s annaonn

tur 3/ 6

18. D taranir: hicbir kenar gevsemedi.

Y
ey

E<—2—D

A B C

it - (DD DEEE
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tur 3/ 6

16. B taranir: hicbir kenar gevsemedi.

\ k\
N

E<—2—D

A B C

it - (DD DEEE
s aonoan

tur 3/ 6

19. E taranir: hicbir kenar gevsemedi.

Y
ey g

E<—2—D

C

it - (D DDEEE
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- DOOHEOE  «o- OOEHOOE

tur 3/ 6 tur 3/ 6
21. DENETLEME TURU: her kenar bir kez daha kontrol 22. Bitti. Uzakliklar: A=0, B=3, C=2, D=8, E=10, F=13,
edilir. Hala gevseyebilen varsa (yok), bu digimler bir G=17. Negatif dongu yok.
NEGATIF DONGUNUN icinde ya da onun ardindan
geliyor.
Ayni start=A A>B:4 ... gosterimi, ama agirlik negatif olabilir. "7 diigiim, 10 kenar, hepsi pozitif" (Dijkstra'nin ayni

cizgesindeki ¢iktisiyla karsilastirin — ayni uzakliklar olmali) ve gerekli u¢ durum "A-B-C-A negatif dongii (toplam -1), A'dan
baslar" deneyin — sezim turunun héala gevseyebilen bir kenar buldugunu izleyin.
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5.4 Deneyin

H Tam program: dijkstra.c / Dijkstra.java v
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/* Week 9 -- Graph Algorithms

* Dijkstra's shortest path: single source, non-negative weights only. Every
* not-yet-finished vertex keeps a "dist" (its current best distance from

* the start); each round the smallest is picked (it is now final) and its

* outgoing edges are relaxed.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V 32
#define MAX_LBL 4
#define INF 1000000000

typedef struct AdjNode { int to, weight; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int dist_of[MAX_V], parent_of[MAX_V], done[MAX_V];

int min_dist_vertex(int vertex_count) {
int best = -1, best_dist = INF;
for (int v = 0; v < vertex_count; v++)
if (!done[v] && dist_of[v] < best_dist) { best_dist = dist_of[v]; best = v; }
return best;

}
void dijkstra(Graph *g, int start) {
for (int v = 0; v < g->vertex_count; v++) { dist_of[v] = INF; done[v] = 0; parent_of[v] = -1;
}
dist_of[start] = 0;
for (int count = ©@; count < g->vertex_count; count++) {
int u = min_dist_vertex(g->vertex_count);
if (u == -1 || dist_of[u] == INF) break; /* nothing left reachable */
donel[u] = 1;
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) { /* alphabetical order */
int cand = dist_of[u] + n->weight;
if (!done[n->to] && cand < dist_of[n->to]) { dist_of[n->to] = cand; parent_of[n->to]
=u; }
}
}
}
/* ---- construction: build Graph from a (label, label, weight) DIRECTED edge list. ---- */

typedef struct { const char *a, *b; int w; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = ©; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '\0"';
g->adj[g->vertex_count] = NULL;
return g->vertex_count++;

static AdjNode *new_node(int to, int w) {
AdjNode *n = malloc(sizeof(AdjNode));
n->to = to; n->weight = w; n->next = NULL;
return n;
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}

static void add_neighbour_sorted(Graph *g, int v, int neighbour, int w) {

AdjNode *n = new_node(neighbour, w);

if (g->adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > @) {
n->next = g->adj[v];
g->adjlv] = n;
return;

}

AdjNode *cur = g->adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= @)
cur = cur->next;

n->next = cur->next;

cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {
g->vertex_count = 0;
for (int i = @; i < MAX_V; i++) g->adj[i] = NULL;
for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
add_neighbour_sorted(g, a, b, edges[i].w);

}

static void free_graph(Graph *g) {
for (int i = @; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; }
g->adj[i] = NULL;

}

}

static void run_scenario(const char *label_txt, const char *start_label, EdgeIn edges[], int n) {
printf("-- %s --\n", label_txt);
Graph g;

build_graph(&g, edges, n);
int start = find_or_add_vertex(&g, start_label);

dijkstra(&g, start);

printf("distances:");

for (int v = @; v < g.vertex_count; v++) {
if (dist_of[v] == INF) printf(" %s=inf", g.label[v]);
else printf(" %s=%d", g.label[v], dist_of[v]);

}

printf("\n");

free_graph(&g);
printf("\n");

int main(void) {
EdgeIn normal[] = {

{"A", "B", 4}, {"A", "C", 2}, {"'Cc", "B", 1}, {"B", "D", 5},
{'c", "D", 8}, {"C", "E", 10}, {"D", "E", 2}, {"D", "F", 6},
{"E", "F", 3}, {"E", "G", 7}
b
run_scenario("normal: 8 vertices, 10 edges, starts at A", "A", normal, 10);

EdgeIn hard[] = {
{"A", "B", 2}, {"A", "C", 2}, {("B", "D", 3}, {"C", "D", 3},
{"B", "E", 6}, {"C", "F", 6}, {"D", "G", 2}, {"E", "G", 3},
{"F", "G", 3}, {"G", "H", 1}, {"H", "I", 4}, {"H
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b
run_scenario("hard: 10 vertices, 14 edges, starts at A, many tied distances", "A"
EdgeIn unreachable[] = {
("A", "B", 2}, {"B", "C", 4}, {"A", "C", 5}, {"C", "D", 1}, {"D", "E", 3}
("E", "G", 2}, {"G", "H", 6}, {"H", "F", 7}, {"H", "I", 3}, {"I", "J", 4}

b
run_scenario("edge: starts at A, F..J are never reachable via the directed edges"
unreachable, 10);

EdgeIn two_vertices[] = { {"A", "B", 9} };
run_scenario("edge: 2 vertices, 1 edge", "A", two_vertices, 1);

return 0;
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hard, 14);
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/* Week 9 -- Graph Algorithms

Dijkstra's shortest path: single source, non-negative weights only. Every
not-yet-finished vertex keeps a "dist" (its current best distance from
the start); each round the smallest is picked (it is now final) and its
outgoing edges are relaxed.

CEN207 Data Structures (formerly CE205)

* % Sk F F

Y
public class Dijkstra {
static final int MAX_V = 32, INF = 1000000000 ;

static class AdjNode { int to, weight; AdjNode next; AdjNode(int to, int w) { this.to = to;
this.weight = w; } }
static class Graph {
String[] label = new String[MAX_V];
AdjNode[] adj = new AdjNode[MAX_V];
int vertexCount;

}

static int[] distOf = new int[MAX_V], parentOf = new int[MAX_V]; static boolean[] done = new
boolean[MAX_V];

static int minDistVertex(int vertexCount) {
int best = -1, bestDist = INF;
for (int v = 0; v < vertexCount; v++)
if (!'done[v] && distOf[v] < bestDist) { bestDist = distOf[v]; best = v; }
return best;

}

static void dijkstra(Graph g, int start) {
for (int v = 0; v < g.vertexCount; v++) { distOf[v] = INF; done[v] = false; parentOf[v] =

-15 0}
distOf[start] = 0;
for (int count = @; count < g.vertexCount; count++) {
int u = minDistVertex(g.vertexCount);
if (u == -1 || distOf[u] == INF) break; // nothing left reachable
donel[u] = true;
for (AdjNode n = g.adj[u]; n != null; n = n.next) { // alphabetical order
int cand = distOf[u] + n.weight;
if (!'done[n.to] && cand < distOf[n.to]) { distOf[n.to] = cand; parentOf[n.to] =
u; }
}
}
}
// ---- construction: build Graph from a (label, label, weight) DIRECTED edge list. ----

static class EdgeIn { String a, b; int w; EdgeIn(String a, String b, int w) { this.a = a;
this.b = b; this.w = w; } }

static int findOrAddVertex(Graph g, String 1bl) {
for (int i = @; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
return g.vertexCount++;

static void addNeighbourSorted(Graph g, int v, int neighbour, int w) {
AdjNode n = new AdjNode(neighbour, w);

if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 8) {
n.next = g.adj[v];
g.adjlv] = n;
return;

}
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AdjNode cur = g.adj[v];

while (cur.next '= null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= @)
cur = cur.next;

n.next = cur.next;

cur.next = n;

}

static void buildGraph(Graph g, EdgeIn[] edges) {
g.vertexCount = 0;
for (int i = ©; 1 < MAX_V; i++) g.adj[i] = null;
for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
addNeighbourSorted(g, a, b, e.w);

}

static void runScenario(String labelTxt, String startLabel, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
Graph g = new Graph();
buildGraph(g, edges);
int start = findOrAddVertex(g, startlLabel);

dijkstra(g, start);

StringBuilder sb = new StringBuilder("distances:");

for (int v = 0; v < g.vertexCount; v++) {
if (distOf[v] == INF) sb.append(' ').append(g.label[v]).append("=inf");
else sb.append(' ').append(g.label[v]).append('=").append(distOf[v]);

}

System.out.println(sb);

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B", 4), new EdgeIn("A", "C", 2), new EdgeIn("C", "B", 1), new
EdgeIn("B", "D", 5),
new EdgeIn("C", "D", 8), new EdgeIn("C", "E", 18), new EdgeIn("D", "E", 2), new
EdgeIn("D", "F", 6),
new EdgeIn("E", "F", 3), new EdgeIn("E", "G", 7)
b5

runScenario("normal: 8 vertices, 10 edges, starts at A", "A", normal);

EdgeIn[] hard = {

new EdgeIn("A", "B", 2), new EdgeIn("A", "C", 2), new EdgeIn("B", "D", 3), new
EdgeIn("C", "D", 3),

new EdgeIn("B", "E", 6), new EdgeIn("C", "F", 6), new EdgeIn("D",
EdgeIn("E", "G", 3),

new EdgeIn("F", "G", 3), new EdgeIn("G", "H", 1), new EdgeIn("H", "I", 4), new
EdgeIn("H", "J", 4),

new EdgeIn("E", "H", 2), new EdgeIn("F", "H", 2)

G", 2), new

%

runScenario("hard: 10 vertices, 14 edges, starts at A, many tied distances", "A", hard);

EdgeIn[] unreachable = {
new EdgeIn("A", "B", 2), new EdgeIn("B", "C", 4), new EdgeIn("A", "C", 5), new
EdgeIn("C", "D", 1), new EdgeIn("D", "E", 3),
new EdgeIn("F", "G", 2), new EdgeIn("G", "H", 6), new EdgeIn("H", "F", 7), new
EdgeIn("H", "I", 3), new EdgeIn("I", "J", 4)
bs
runScenario("edge: starts at A, F..J are never reachable via the directed edges", "A",
unreachable) ;
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EdgeIn[] twoVertices = { new EdgeIn("A", "B", 9) };
runScenario("edge: 2 vertices, 1 edge", "A", twoVertices);
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E Tam program: bellman_ford.c / BellmanFord. java v
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/* Week 9 -- Graph Algorithms

* Bellman-Ford shortest path: single source, NEGATIVE weights allowed. Relax
* every edge, in a fixed alphabetical vertex order, for up to V-1 rounds

* (stopping early once a round changes nothing). A final extra round that

* still finds an improvement means a NEGATIVE CYCLE reaches that vertex --

* its distance is not well defined.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V ~ 32
#define MAX_LBL 4
#define INF 1000000000

typedef struct AdjNode { int to, weight; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int dist_of[MAX_V], parent_of[MAX_V];

int bellman_ford(Graph *g, int start) {
for (int v = 0; v < g->vertex_count; v++) { dist_of[v] = INF; parent_of[v] = -1; }
dist_of[start] = 0;
for (int pass = 1; pass <= g->vertex_count - 1; pass++) {
int changed = 0;
for (int u = @; u < g->vertex_count; u++) { /* alphabetical order */
if (dist_of[u] == INF) continue;
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) {
int cand = dist_of[u] + n->weight;

if (cand < dist_of[n->to]) { dist_of[n->to] = cand; parent_of[n->to] = u; changed
=05
}
}
if (!changed) break; /* nothing changed: done early */
}
int neg_cycle = 0;
for (int u = @; u < g->vertex_count; u++) { /* one more pass: detect a
negative cycle */
if (dist_of[u] == INF) continue;

for (AdjNode *n = g->adj[u]; n != NULL; n = n->next)
if (dist_of[u] + n->weight < dist_of[n->to]) neg_cycle = 1;

}

return neg_cycle;

}
/* ---- construction: build Graph from a (label, label, weight) DIRECTED edge list. ---- */
typedef struct { const char *a, *b; int w; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = @; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '\@"';
g->adj[g->vertex_count] = NULL;
return g->vertex_count++;

}

static AdjNode *new_node(int to, int w) {
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AdjNode *n = malloc(sizeof(AdjNode));
n->to = to; n->weight = w; n->next = NULL;
return n;

}

static void add_neighbour_sorted(Graph *g, int v, int neighbour, int w) {

AdjNode *n = new_node(neighbour, w);

if (g-»adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > @) {
n->next = g->adj[v];
g->adjlv] = n;
return;

}

AdjNode *cur = g->adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= @)
cur = cur->next;

n->next = cur->next;

cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {
g->vertex_count = 0;
for (int i = @; i < MAX_V; i++) g->adj[i] = NULL;
for (int i = 0; 1 < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
add_neighbour_sorted(g, a, b, edges[i].w);

}

static void free_graph(Graph *g) {
for (int i = @; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; }
g->adj[i] = NULL;

}

static void run_scenario(const char *label_txt, const char *start_label, EdgeIn edges[], int n) {
printf("-- %s --\n", label_txt);
Graph g;
build_graph(&g, edges, n);
int start = find_or_add_vertex(&g, start_label);

int neg_cycle = bellman_ford(&g, start);

printf("distances:");

for (int v = 0; v < g.vertex_count; v++) {
if (dist_of[v] == INF) printf(" %s=inf", g.label[v]);
else printf(" %s=%d", g.label[v], dist_of[v]);

}

printf("\n%s\n", neg_cycle ? "negative cycle detected" : "no negative cycle");

free_graph(&g);
printf("\n");

}
int main(void) {
EdgeIn normal[] = {
{"A", "B", 4}, {"A", "C", 2}, {('Cc", "B", 1}, {"B", "D", 5},
{'c", "D", 8}, {"C", "E", 10}, {"D", "E", 2}, {"D", "F", 6},
{"E", "F", 3}, {"E", "G", 7}
b
run_scenario("normal: 7 vertices, 10 edges, all positive, starts at A", "A", normal, 10);

EdgeIn hard[] = {
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{"A", "B", 6}, {"A", "C", 4}, {"B", "D", -3},
{'c", "E", 5}, {"D", "E", -2}, {"D", "F", 4},
{"E", "G", -4}, {"F", "G", 2}, {"F", "H", 3}

b

at A", "A", hard, 11);

EdgeIn negative_cycle[] = {
{"A", "B", 1}, {("B", "C", 2}, {"C", "A", -4},
{"A", "D", 3}, {"D", "E", 2}, {"B", "D", 5},
{"e", "B", 2}, {"E", "C", 3}

b
negative_cycle, 10);

EdgeIn two_vertices[] = { {"A", "B", -5} };
run_scenario("edge: 2 vertices, 1 negative edge",

return 0;
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{"E", "F", 1},

run_scenario("hard: 8 vertices, 11 edges, negative edges present but no cycle (a DAG), starts
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/* Week 9 -- Graph Algorithms

Bellman-Ford shortest path: single source, NEGATIVE weights allowed. Relax
every edge, in a fixed alphabetical vertex order, for up to V-1 rounds
(stopping early once a round changes nothing). A final extra round that
still finds an improvement means a NEGATIVE CYCLE reaches that vertex --
its distance is not well defined.

CEN207 Data Structures (formerly CE205)

* X X X X X

&/
public class BellmanFord {
static final int MAX_V = 32, INF = 1000000000 ;

static class AdjNode { int to, weight; AdjNode next; AdjNode(int to, int w) { this.to = to;
this.weight = w; } }
static class Graph {
String[] label = new String[MAX_V];
AdjNode[] adj = new AdjNode[MAX_V];
int vertexCount;

}
static int[] distOf = new int[MAX_V], parentOf = new int[MAX_V];

static boolean bellmanFord(Graph g, int start) {
for (int v = 9; v < g.vertexCount; v++) { distOf[v] = INF; parentOf[v] = -1; }
distOf[start] = 0;
for (int pass = 1; pass <= g.vertexCount - 1; pass++) {
boolean changed = false;
for (int u = @; u < g.vertexCount; u++) { // alphabetical order
if (distOf[u] == INF) continue;
for (AdjNode n = g.adj[u]; n != null; n = n.next) {

int cand = distOf[u] + n.weight;
if (cand < distOf[n.to]) { distOf[n.to] = cand; parentOf[n.to] = u; changed =
true; }
}
}
if (!changed) break; // nothing changed: done early
}
boolean negCycle = false;
for (int u = 0; u < g.vertexCount; u++) { // one more pass: detect a

negative cycle
if (distOf[u] == INF) continue;
for (AdjNode n = g.adj[u]; n != null; n = n.next)
if (distOf[u] + n.weight < distOf[n.to]) negCycle = true;
}

return negCycle;

}

// ---- construction: build Graph from a (label, label, weight) DIRECTED edge list. ----

static class EdgeIn { String a, b; int w; EdgeIn(String a, String b, int w) { this.a = a;
this.b = b; this.w = w; } }

static int findOrAddVertex(Graph g, String 1bl) {
for (int i = ©; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
return g.vertexCount++;

}

static void addNeighbourSorted(Graph g, int v, int neighbour, int w) {
AdjNode n = new AdjNode(neighbour, w);

if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 0) {
n.next = g.adj[v];
g.adjlv] = n;
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return;

}
AdjNode cur = g.adj[v];

cur = cur.next;
n.next = cur.next;
cur.next = n;

}

static void buildGraph(Graph g, EdgeIn[] edges) {
g.vertexCount = 0;
for (int i = ©; 1 < MAX_V; i++) g.adj[i] = null;
for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
addNeighbourSorted(g, a, b, e.w);

}
static void runScenario(String labelTxt, String startLabel, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
Graph g = new Graph();
buildGraph(g, edges);
int start = findOrAddVertex(g, startlLabel);
boolean negCycle = bellmanFord(g, start);

StringBuilder sb = new StringBuilder("distances:");
for (int v = @; v < g.vertexCount; v++) {

else sb.append(' ').append(g.label[v]).append('=").append(distOf[v]);

}
System.out.println(sb);

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {

EdgeIn("B", "D", 5),
EdgeIn("D", "F", 6),
new EdgeIn("E", "F", 3), new EdgeIn("E", "G", 7)
bé
EdgeIn[] hard =
EdgeIn("C", "D", 2),
EdgeIn("E", an' 1)'
b5
starts at A", "A", hard);
EdgeIn[] negativeCycle = {
EdgeIn("C", "E", 1), new EdgeIn("D", "A", 6),
new EdgeIn("E", "B", 2), new EdgeIn("E", "C", 3)

%

runScenario("edge: A-B-C-A is a negative cycle (total -1), starts at A",

RTEU Bilgisayar Miihendisligi - Dr. Ogr. Uyesi Ugur CORUH - 2026-2027 Giiz

while (cur.next != null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= 0)

if (distOf[v] == INF) sb.append(' ').append(g.label[v]).append("=inf");

System.out.println(negCycle ? "negative cycle detected" : "no negative cycle");

new EdgeIn("A", "B", 4), new EdgeIn("A", "C", 2), new EdgeIn("C", "B", 1), new

new EdgeIn("C", "D", 8), new EdgeIn("C", "E", 108), new EdgeIn("D", "E", 2), new

runScenario("normal: 7 vertices, 10 edges, all positive, starts at A", "A", normal);

{
new EdgeIn("A", "B", 6), new EdgeIn("A", "C", 4), new EdgeIn("B", "D", -3), new
new EdgeIn("C", "E", 5), new EdgeIn("D", "E", -2), new EdgeIn("D", "F", 4), new
new EdgeIn("E", "G", -4), new EdgeIn("F", "G", 2), new EdgeIn("F", "H", 3)

runScenario("hard: 8 vertices, 11 edges, negative edges present but no cycle (a DAG),

new EdgeIn("A", "B", 1), new EdgeIn("B", "C", 2), new EdgeIn("C", "A", -4),
new EdgeIn("A", "D", 3), new EdgeIn("D", "E", 2), new EdgeIn("B", "D", 5), new

A"
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negativeCycle);

EdgeIn[] twoVertices = { new EdgeIn("A", "B", -5) };
runScenario("edge: 2 vertices, 1 negative edge", "A", twoVertices);

Deneyin

gcc -std=c11 -Wall -Wextra -o dijkstra dijkstra.c && ./dijkstra
javac -Xlint:all Dijkstra.java && java Dijkstra

-- normal: 8 vertices, 10 edges, starts at A --
distances: A=0 B=3 C=2 D=8 E=10 F=13 G=17

-- hard: 10 vertices, 14 edges, starts at A, many tied distances --
distances: A=0 B=2 C=2 D=5 E=8 F=8 G=7 H=8 I=12 J=12

-- edge: starts at A, F..J are never reachable via the directed edges --
distances: A=0 B=2 C=5 D=6 E=9 F=inf G=inf H=inf I=inf J=inf

-- edge: 2 vertices, 1 edge --
distances: A=0 B=9

Bellman-Ford (gcc ... bellman_ford.c, javac/ java BellmanFord ), Dijkstra'nin "normal" 6rnegiyle ayni bigimli bir
cizgede, ayni uzakliklar verir — Bellman-Ford, karsi gikacak bir negatif sey olmadiginda her zaman Dijkstra ile ayni
fikirdedir:

-- normal: 7 vertices, 10 edges, all positive, starts at A --
distances: A=0 B=3 C=2 D=8 E=10 F=13 G=17
no negative cycle

-- hard: 8 vertices, 11 edges, negative edges present but no cycle (a DAG), starts at A --
distances: A=0 B=6 C=4 D=3 E=1 F=2 G=-3 H=5
no negative cycle

-- edge: A-B-C-A is a negative cycle (total -1), starts at A --
distances: A=-4 B=-2 C=0 D=0 E=1
negative cycle detected

-- edge: 2 vertices, 1 negative edge --

distances: A=0 B=-5
no negative cycle

5.5 Karmasiklik, hatalar, kendini sinama
Karmasiklik. Dijkstra (dizi-taramali stirim): 0(v+2) , yukaridaki Prim algoritmasiyla ayni bigim, ayni nedenle (Vv tur, her

biri bir o(v) tarama) — bir ikili yigin onu 0(E log V) 'ye indirir. Bellman-Ford: o(V * E) —engok V - 1 tur, herbiri E
kenarin hepsini gevsetir — negatif adirliklara katlanmanin bedeli olarak Dijkstra'dan belirgin bigcimde yavastir.
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Sik yapilan hatalar

e Negatif kenarl bir gizgede Dijkstra'yl galistirmak: sonlanir ve bir sey yazdirir, sessizce yanls, ¢iinki "bir kez
ctkarildi mi, kesindir" arglimani artik gecerli degildir. Bu bolimdeki program, tam olarak bunun yanlislikla
olmamasi igin negatif adirliklari reddeder; elle yazilmis bir Dijkstra genellikle higbir seyi reddetmez.

o Bellman-Ford'da, negatif dongliyliana v - 1 tur sirasinda kontrol etmek, ayri bir ek tur yerine: ana turlar normal
bir en kisa yolu yaymak i¢in tam olarak yeterlidir, fazlasi degil — hala gevseyebilen bir kenar, ancak turlar bittikten
sonraki turda bir dongi sinyali olarak anlamlidir.

¢ Yalnizca bir negatif dongu iizerinden ulasilabilen bir digim icin tek bir "uzaklik" bildirmek: bu uzaklik iyi tanimli
degildir (dongliyl daha fazla kez dolasarak siiresiz kigdiltiilebilir) — Bellman-Ford size bir negatif dongu
oldugunu soyleyebilir, ama ondan etkilenen digiimler igin dist[] degerleri anlamsizdir, yalnizca "biyik" degil.

e Bellman-Ford'un negatif dongi seziminin, tipki Dijkstra'nin ve Prim'in ulasilabilirligi gibi, yalnizca sonlu bir
dist_of[] 'a sahip diigimleri inceledidini unutmak: kaynagin hi¢ ulagsamayacag bir negatif déngi bu algoritma
icin goriinmezdir (bir sonraki bolimiin Floyd-Warshall'inin dist[v][v] < 8 kontroli bunun yerine bu durumu
yakalar).

+/ Kendini sina: Bellman-Ford i¢cin vV yada v / 2 degil, neden tam olarak v - 1 tur dogru? v

Negatif donglisii olmayan bir gizgede bir en kisa yol asla bir diigiimii tekrarlamak zorunda degildir (bir digima
tekrarlamak sifir-ya-da-pozitif fazladan agirlik tizerinden geri donmek anlamina gelir, ki bu yolu yalnizca
kotilestirebilir ya da esit birakabilir, asla iyilestiremez) — yani en gok v - 1 kenar kullanir. Her tam gevsetme turu,
her en kisa yolun "simdiye kadar dogrulanmis" 6n ekini en az bir kenar uzatir, yani v - 1 tur, ne kadar kenar
uzunlugunda olursa olsun, miimkiin olan en uzununa kadar her en kisa yolu tamamen dogrulamaya yeter.

6. BUtun ciftler igin en kisa yollar

6.1 Baslangi¢ sorusu

Dijkstra ve Bellman-Ford ikisi de "tek bir kaynaktan en kisa yollar" sorusunu yanitlar. Bir ugus rezervasyon sistemi, hizmet
verdigi yaklasik 20 sehrin her ¢ifti arasindaki en ucuz bileti ayni anda ister — Dijkstra'yi 20 kez ayri ayri ¢alistirmak ise
yarar (20 * 0(V+2) ), ama her ciftin cevabini birlikte, isi paylasarak doldurmanin bir yolu var mi?

6.2 Fikir: her digumu bir durak olarak sirayla dene

Robert Floyd ve Stephen Warshall birbirine yakin matris algoritmalarini bagimsiz olarak 1962'de yayimladi (Warshall'inki
ulagilabilirlik igin, Floyd'unki en kisa uzakliklar i¢in — birlesik algoritma her iki adi da tasir). Bir N x N matris dist[i][]]
tutun, dogrudan kenar adirligina (ya da yoksa inf ‘e, kosegende 0 'a) ilklenmis. Sonra, her k dugimii igin sirayla, her (1,
j) ciftine sorun: i -> k -> j gitmek, suanki dist[i][j] 'den daha kisa mi? Oyleyse giincelleyin. Her diigiimii olas! bir
ara durak olarak denedikten sonra, dist[i][j] her ¢ift arasindaki gercek en kisa uzaklidi tutar.

Matrisi yerinde glincellemek neden giivenlidir? Sabit bir k igin gegilen turda, dist[i][k] ve dist[k][j] — o turdaki her
giincellemenin okudugu iki deger — o ayni turda kendileri asla bir giincellemenin hedefi olmaz (bu, k 'dan k 'yayada

i 'den k 'ya giden bir yolda k 'nin kendisinin bir ara durak olmasini gerektirir, ki bu dogrudan gitmekten asla daha kisa
degildir). Yani matris tek, paylasilan bir dizi olabilir, ayri bir "6nceki tur" kopyasina gerek yoktur — ender ve hos bir

sadelesme.
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6.3 Bellekte nasil durur, ve kod

void floyd_warshall(int vertex_cnt) {
for (int k = 0; k < vertex_cnt; k++) { /* try every vertex as an intermediate stop */
for (int i = ©; i < vertex_cnt; i++) {
for (int j = 9; j < vertex_cnt; j++) {
if (dist[i][k] == INF || dist[k][j] == INF) continue; /* no path through k */
int through = dist[i][k] + dist[k][j];
if (through < dist[i][j]) dist[i][j] = through;

int has_negative_cycle(int vertex_cnt) {
for (int v = 0; v < vertex_cnt; v++)
if (dist[v][v] < @) return 1; /* a path from v back to v got shorter than @ */
return 0;

static void floydWarshall(int vertexCnt) {
for (int k = 0; k < vertexCnt; k++) { // try every vertex as an intermediate stop
for (int i = @; i < vertexCnt; i++) {
for (int j = 0; j < vertexCnt; j++) {
if (dist[i][k] == INF || dist[k][j] == INF) continue; // no path through k
int through = dist[i][k] + dist[k][j];
if (through < dist[i][j]) dist[i][j] = through;

}

static boolean hasNegativeCycle(int vertexCnt) {
for (int v = 0; v < vertexCnt; v++)
if (dist[v][v] < @) return true; // a path from v back to v got shorter than 0

return false;
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A B C D E @ B C D E
- . r—— - ~ 1 - ~ ~
A [ ] ] 3 [ 8 ] -4 Al e 3 [ 8 ] inf -4
S e W aa— e W e W a——
B (] 1 7 B inf (%] 1 7
Ne— N— — Ne— e— N— —
EEE S - N ~ —
C 4 2 C inf 4 [ %] ] 2
| ) \ ) g J\ ) \ )
oy Ty oy
G- GG IDRak
e —— e —— S—
S S S
Ne— e Ne—
1. BASLANGIC MATRISI: dist[i][i]=0, dogrudan bir 2. ARA DUGUM k = A: her (i) cifti icin A (izerinden
kenar varsa dist[i][j]=agirlik, yoksa inf. Henliz hicbir ara gecmenin daha kisa olup olmadigina bakilir -- knin

digiim denenmedi. satirt ve sttunu bu turda degismez.

7~ N ' 4 ™ i AY i A )

A (] 3 [ 8 ][ inf ] -4 A [ (] ] 3 8 -4
. 7 N r . ’ . A 7 L r
e W R 4 \ ™) r ™)

B inf (2] 7 B [ inf ] (2] inf [ 1 ] 7
e e —— —_— " AN 7 " v
- ~N ~ ¥ SRR —

C inf 4 [ 2] ] 2 C 4 2] 2
) \ ) \ J\ \ )

D 2 5 [ -5 ][ (] ] -2 D [ 2 ] 5 -5 [ (] ] -2

pr—— — e
B OE e GG
| — | — —

3. lyilesen hiicreler: (D,B)=5, (D,E)=-2. 4. ARA DUGUM k = B: her (i) cifti icin B (izerinden
gecmenin daha kisa olup olmadigina bakilir -- knin
satin ve slitunu bu turda degismez.

|

A [ %) ] 3 8 4 -4 A [ %) ] 3 8 4 -4

B [in'F] (] inf 1 7 B (%] inf 1 7

C 4 (] 5 2 C [in'F] 4 (] 5 2

D [ 2 ] 5 -5 e -2 D [ 2 ] 5 -5 0 -2
% 7N 7 N PN 7 N J: :: :: :

E inf 6 %] E inf 6 2]
Ne— Me—— S— \ FAN J J
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5. lyilesen hiicreler: (A,D)=4, (C,D)=5. 6. ARA DUGUM k = C: her (ij) cifti icin C iizerinden
gecmenin daha kisa olup olmadigina bakilir -- knin
satirt ve stitunu bu turda degismez.

A [ e ] 3 8 4 -4 A [ e ] 3 [ 8 ] 4 -4
- - < < 4 ——t —
B (] inf 1 7 B (2] 1 7
| J{ A § ) | ) | J\ )
C [m'F ] 4 2] 5 2 C 4 [ 2] ] 5 2
D [2 ] -1 -5 ) -3 D [2 ] -1 [-5] ) -3
. S : : : : : : . S . F N J
E inf 6 2] E 6 (-]
| > 7 . 7 - 7 L o
7. lyilesen hiicreler: (D,B)=-1, (D,E)=-3. 8. ARA DUGUM k = D: her (i) cifti icin D {izerinden

gecmenin daha kisa olup olmadigina bakilir -- knin
satirt ve sttunu bu turda degismez.

Ar9”3”_1”41 _4‘ Araﬂraﬂ,_l,,4,r_4,
Br3w9w_4”1”_21 Br3”9”_4”1”_21
cr7”4”ew5 r21 cr7r4r915ﬂ21
Drz r_lqr_s reur_31 Drzqr_lqr_51r91r_31
Erswswl,,s‘.e, Er31F5”1”5”9‘

9. lyilesen hiicreler: (A,C)=-1, (B,A)=3, (B,0)=-4, 10. ARA DUGUM k = E: her (i) cifti icin E Gzerinden

(B,E)=-2, (C,A)=7, (E,A)=8, (E,B)=5, (E,C)=1. gecmenin daha kisa olup olmadigina bakilir -- knin

satirt ve sttunu bu turda degismez.

A | e 1 -3 2 -4 A | © 1 -3 2 -4
. 7 N 7\ 7N S 7 . 7N S 7 N F S 7
B 3 ) -4 1 -2 B 3 ) -4 1 -2
i Y 4 Y Y 4 Y 4 Y ' Y 4 Y Y 4 Y Y
C 7 a4 ) 5 2 C 7 a ) 5 2
D 2 -1 -5 ] -3 D 2 -1 -5 ) -3
" 7N 7\ 7 N 7\ 7 " 7N\ F N 7N 7N\ 7
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30 £ EN RN = )l

11. lyilesen hiicreler: (A,B)=1, (A,0)=-3, (AD)=2. 12. NEGATIF DONGU KONTROLU: késegende dist[v][v]
< 0 olan bir v varsa, v bir negatif déngii lizerindedir.

A B c D E
Al e 1 -3 2 -4
B 3 ) 4 | 1 -2
cr7”4,,ew5w21
Drzw-lw-sre”-ai
E 8 5 1 6 )

13. Bitti: 5 digUmn her cifti icin en kisa yol
hesaplandi. Negatif dongl yok.

Biitlin matris, her (i,j) ciftiigin degil, her k ara digiimd igin bir kez yeniden gizilir (bu izlemek igin gok fazla adim
olurdu), o turda degismeyen k 'nin satiri ve siitunu vurgulanmis olarak. "5 diigiim, 10 kenar, negatif kenarlar var ama
negatif dongii yok", u¢ durum "6 diigiim, 11 kenar, bazi ¢giftler bagh degil (uzaklik inf kalir)", ve "A-B-C-A negatif dongii'
(k6segenin negatife dondiglind izleyin) deneyin; girdi diiz bir A>B:4 ... kenar listesidir, matris okunakl kalsin diye en
¢ok 7 digimle sinirhdir.
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6.4 Deneyin

H Tam program: floyd_warshall.c / FloydWarshall. java v
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/* Week 9 -- Graph Algorithms

* Floyd-Warshall all-pairs shortest paths: an N x N distance matrix, tried
* as an intermediate stop vertex by vertex. For a fixed k, dist[i][k] and

* dist[k][j] never change during that pass, so the matrix can be updated in
* place. A negative diagonal entry dist[v][v] < @ means v lies on a

* negative cycle.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>

#define MAX_V 32
#define MAX_LBL 4
#define INF 1000000000

char label[MAX_V][MAX_LBL];
int vertex_count;

int dist[MAX_V][MAX_V];

void floyd_warshall(int vertex_cnt) {

for (int k = 0; k < vertex_cnt; k++) { /* try every vertex as an intermediate stop
&7/
for (int i = 0; i < vertex_cnt; i++) {
for (int j = 0; j < vertex_cnt; j++) {
if (dist[i][k] == INF || dist[k][j] == INF) continue; /* no path through k */
int through = dist[i][k] + dist[k][j];
if (through < dist[i][j]) dist[i][j] = through;
}
}
}
}
int has_negative_cycle(int vertex_cnt) {
for (int v = 0; v < vertex_cnt; v++)
if (dist[v][v] < @) return 1; /* a path from v back to v got shorter than ©
*/
return 0;
}

static int find_or_add_vertex(const char *1bl) {
for (int i = @; i < vertex_count; i++)
if (strcmp(label[i], 1bl) == @) return i;
strncpy(label[vertex_count], 1bl, MAX_LBL - 1);
label[vertex_count][MAX_LBL - 1] = '"\0"';
return vertex_count++;

typedef struct { const char *a, *b; int w; } Edgeln;

static void run_scenario(const char *label_txt, EdgeIn edges[], int n) {
printf("-- %s --\n", label_txt);
vertex_count = 0;
for (int i = 0; 1 < n; i++) { find_or_add_vertex(edges[i].a); find_or_add_vertex(edges[i].b);

for (int i = @; i < vertex_count; i++)
for (int j = @; j < vertex_count; j++)
dist[i][j] = (i == j) ? @ : INF;
for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(edges[i].a), b = find_or_add_vertex(edges[i].b);
if (edges[i].w < dist[a][b]) dist[a][b] = edges[i].w;
}

floyd_warshall(vertex_count);

Hafta 9 — Ders Notu
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printf("distance matrix:\n");
printf(" "),
for (int j = @; j < vertex_count; j++) printf(" %3s", label[j]);
printf("\n");
for (int i = ©; i < vertex_count; i++) {
printf("%3s", label[i]);
for (int j = 0; j < vertex_count; j++) {
if (dist[i][j] == INF) printf(" inf");
else printf(" %3d", dist[il[j]);
}
printf("\n");
}

int neg = has_negative_cycle(vertex_count);

if (neg) {
printf("negative cycle at:");
for (int v = 0; v < vertex_count; v++) if (dist[v][v] < @) printf(" %s", label[v]);
printf("\n");

} else {
printf("no negative cycle\n");

}

printf("\n");

}

int main(void) {
EdgeIn normal[] = {

{"A", "B", 3}, {"A", "C", 8}, {"A", "E", -4}, {"B", "D", 1},
{"B", "E", 7}, {"C", "B", 4}, {"D", "A", 2}, {"D", "C", -5},
{"e", "D", 6}, {"C", "E", 2}

b

run_scenario("normal: 5 vertices, 10 edges, negative edges but no negative cycle", normal,

10);

EdgeIn hard[] = {
{"A", "B", 2}, {"B", "C", 3}, {"A", "C", 8}, {"C", "D", 1},
{"D", "B", -2},
{"x", "y", 4y, {"y", "z, 2}, {"z", "X", 1}, {"X", "z2", 9},
{"y", "x", 5}, {"z", "Y", 3}

b
run_scenario("hard: 6 vertices, 11 edges, some pairs stay disconnected (distance remains
inf)", hard, 11);

EdgeIn negative_cycle[] = {
{"A", "B", 1}, {"B", "C", 2}, {"C", "A", -4}, {"A", "D", 3},
{"o", "E", 2}, {"B", "D", 5}, {"C", "E", 1}, {"D", "A", 6},
{"e", "B", 2}, {"E", "C", 3}

%

run_scenario("edge: A-B-C-A is a negative cycle, 10 edges", negative_cycle, 10);

EdgeIn two_vertices[] = { {"A", "B", 5} };
run_scenario("edge: 2 vertices, 1 edge", two_vertices, 1);

return 0;
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/* Week 9 -- Graph Algorithms

Floyd-Warshall all-pairs shortest paths: an N x N distance matrix, tried
as an intermediate stop vertex by vertex. For a fixed k, dist[i][k] and
dist[k][j] never change during that pass, so the matrix can be updated in
place. A negative diagonal entry dist[v][v] < @ means v lies on a
negative cycle.

CEN207 Data Structures (formerly CE205)

* % X X X X

5/
public class FloydWarshall {
static final int MAX_V = 32, INF = 1000000000 ;

static String[] label = new String[MAX_V];
static int vertexCount;

static int[][] dist = new int[MAX_V][MAX_V];

static void floydWarshall(int vertexCnt) {

for (int k = 0; k < vertexCnt; k++) { // try every vertex as an intermediate
stop
for (int 1 = @; i < vertexCnt; i++) {
for (int j = @; j < vertexCnt; j++) {
if (dist[i][k] == INF || dist[k][j] == INF) continue; // no path through k
int through = dist[i][k] + dist[k][j];
if (through < dist[i][j]) dist[i][j] = through;
}
}
}
}

static boolean hasNegativeCycle(int vertexCnt) {
for (int v = 0; v < vertexCnt; v++)
if (dist[v][v] < @) return true; // a path from v back to v got shorter
than 0
return false;

}

static int findOrAddVertex(String 1bl) {
for (int i = @; i < vertexCount; i++)
if (label[i].equals(1lbl)) return i;
label[vertexCount] = 1bl;
return vertexCount++;

static class EdgeIn { String a, b; int w; EdgeIn(String a, String b, int w) { this.a = a;
this.b = b; this.w = w; } }

static void runScenario(String labelTxt, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
vertexCount = 0;
for (EdgeIn e : edges) { findOrAddVertex(e.a); findOrAddVertex(e.b); }

for (int i = @; i < vertexCount; i++)
for (int j = @; j < vertexCount; j++)
dist[i][j] = (4 == j) ? @ : INF;
for (EdgeIn e : edges) {
int a = findOrAddVertex(e.a), b = findOrAddVertex(e.b);
if (e.w < dist[a][b]) dist[a][b] = e.w;
}

floydWarshall(vertexCount) ;

System.out.println("distance matrix:");

StringBuilder head = new StringBuilder (" "),

for (int j = @; j < vertexCount; j++) head.append(String.format(" %3s", label[jl]));
System.out.println(head);
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for (int i = 0; i < vertexCount; i++) {
StringBuilder row = new StringBuilder(String.format("%3s", label[i]));
for (int j = 0; j < vertexCount; j++) {
if (dist[i][j] == INF) row.append(" inf");
else row.append(String.format(" %3d", dist[i][j]));
}

System.out.println(row);

}

boolean neg = hasNegativeCycle(vertexCount);

if (neg) {
StringBuilder nb = new StringBuilder("negative cycle at:");
for (int v = 0; v < vertexCount; v++) if (dist[v][v] < @) nb.append("'

") .append(label[v]);

System.out.println(nb);

} else {
System.out.println("no negative cycle");

}

System.out.println();

}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B", 3), new EdgeIn("A", "C", 8), new EdgeIn("A", "E", -4), new
EdgeIn("B", "D", 1),
new EdgeIn("B", "E", 7), new EdgeIn("C", "B", 4), new EdgeIn("D", "A", 2), new
EdgeIn("D", "C", -5),
new EdgeIn("E", "D", 6), new EdgeIn("C", "E", 2)
ba
runScenario("normal: 5 vertices, 10 edges, negative edges but no negative cycle",
normal) ;

EdgeIn[] hard = {
new EdgeIn("A", "B", 2), new EdgeIn("B", "C", 3), new EdgeIn("A",
EdgeIn("C", "D", 1),
new EdgeIn("D", "B", -2),
new EdgeIn("X", "Y", 4), new EdgeIn("Y", "Z", 2), new EdgeIn("Z", "X", 1), new
EdgeIn("X", "Z", 9),
new EdgeIn("Y", "X", 5), new EdgeIn("z", "Y", 3)

c", 8), new

b
runScenario("hard: 6 vertices, 11 edges, some pairs stay disconnected (distance remains
inf)", hard);

EdgeIn[] negativeCycle = {
new EdgeIn("A", "B", 1), new EdgeIn("B", "C", 2), new EdgeIn("C", "A", -4), new
EdgeIn("A", "D", 3),
new EdgeIn("D", "E", 2), new EdgeIn("B", "D", 5), new EdgeIn("C", '
EdgeIn("D", "A", 6),
new EdgeIn("E", "B", 2), new EdgeIn("E", "C", 3)

E", 1), new
b
runScenario("edge: A-B-C-A is a negative cycle, 10 edges", negativeCycle);

EdgeIn[] twoVertices = { new EdgeIn("A", "B", 5) };
runScenario("edge: 2 vertices, 1 edge", twoVertices);

Deneyin

gcc -std=c11 -Wall -Wextra -o floyd_warshall floyd_warshall.c && ./floyd_warshall
javac -Xlint:all FloydWarshall.java && java FloydWarshall
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-- normal: 5 vertices, 10 edges, negative edges but no negative cycle --
distance matrix:

oOmo w >

no negative cycle

-- hard: 6 vertices,
distance matrix:

N < X OO W >

A

o N woo

2

A

0
inf
inf
inf
inf
inf
inf

B
]
(%]
4
5)
-1

B

2

(%]
-1
-2
inf
inf
inf

no negative

(05

=5

® W o O

1

- b~ O O

0

inf inf
inf inf
inf inf

cycle

-- edge: A-B-C-A is

distance
A

A -1

B -2

cC -5

D o

E -2
negative
-- edge:
distance
A

A ©

B inf

no negative cycle

matrix:
B ©

0 2

-1 1

-4 -2
1 3

-1

cycle at: A B C

©® = O

© oo = N O

11

X
inf
inf
inf
inf

a negative cycle,

edges, some pairs stay disconnected (distance remains inf) --

Y
inf
inf
inf
inf

VA
inf
inf
inf
inf

2 vertices, 1 edge --

matrix:

B
5
0

10 edges --
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Dikkat edin: "normal" galistirmadaki siitun sirasi A B C E D 'dir, alfabetik degil — diigiimler kenar listesi taranirken énce
goriildiikleri sirayla numaralandirilir ( {"A","B",3} ©once A'yi sonra B'yi goriir; dérdiinci kenar {"A","E", -4}, E'yiilk anan
kenardir, yani E, dordiincii kenarda ilk goriilen D'den 6nce numaralandirilir). Matris yine de dogrudur; yalnizca yazdirilan

situn sirasi sasirtici gorinr.

6.5 Karmasiklik, hatalar, kendini sinama

Karmasiklik. O(V*3) zaman (her diigiim lizerinde {g i¢ ice déngii) ve matris igin 0(V*2) bellek — sade, ama kiibik zaman
Floyd-Warshall'l en ¢ok birkag yiiz diglime kadar pratik kilar, Dijkstra'yi ya da Bellman-Ford'u her kaynaktan ¢alistirmaktan

farkli olarak (seyrek gizgelerde E << v*2 daha hizl olabilir).
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Sik yapilan hatalar

e i, j, k dongdlerini, k 'y1 en i¢teki dongii yaparak dolasmak, en distaki yerine: Bolim 6.2'deki yerinde-
glincelleme argiimani tamamen k'nin (i, j) lzerindeki TUM turda sabit kalmasina dayanir — déngii sirasini
yanlis alirsaniz algoritma sessizce yanlis uzakliklar hesaplar.

e Toplamadan 6nce dist[i][k] == INF kontroliiniiunutmak: INF + INF (yada INF arti herhangi bir agirlk) 32
bitlik bir int 'i tagirabilir ve blyiik negatif bir saylya donebilir, ki bu da harika bir kisayol gibi goriiniip biitiin
matrisi bozar. Kodun through 'u hesaplamadan once == INF 'i kontrol edip continue etmesinin tam nedeni
budur.

e dist[v][v]'yi"0dongl yok demek, pozitif pozitif bir dongii demek" diye okumak: kdsegen, tanim geregi her
digiim icin tam olarak 0'la baslar ve bir negatif dongi onu asadi gekmedikge 0'da kalmalidir — asla yararli bir
sekilde 0'In Gizerine gikamaz (uzunlugu 0 olan bos yol her zaman mevcuttur ve 0'a mal olur).

+/ Kendini sina: Floyd-Warshall, farkli bagl olmayan bilesenlerdeki iki diigiim igin ne hesaplar? v

inf, ilklemeden dedismeden — her ara diigim k kontrol edilir, ama bilesenleri hig badlayan bir yol yoksa dist[i]
[k] yada dist[k][j] her k igin inf kalir, yani continue korumasi her olasi glincellemeyi atlar. Bunu, dist / key
dizileri ayni sekilde davranan Dijkstra ve Prim ile karsilastirin: "sonsuz" ayri ele alinan 6zel bir durum degildir, yalnizca
ayni gevsetme kuralindan kendiliginden gikar.

/. GUclU bagli bilesenler

7.1 Baslangi¢ sorusu

Bolim 1'in (Hafta 5'ten) bagh bilesenleri, "kenar yoniinii g6z ardi ederek hangi digiimler birbirine ulasabilir" sorusunu
yanitlar. Yonlii bir cizgede daha giicli, daha kullanigli bir soru ortaya gikar: yoni gozeterek, hangi digimler birbirine
ulasabilir VE geri donebilir — A, B 'ye ulasabilir ve B, A'ya ulasabilir? Birbirine dongi halinde badlanan web sayfalari,
karsilikli 6zyinelemeli fonksiyonlar, ve kilitlenmis trafik kavsaklari hepsi dogal olarak bu sekilde tanimlanir.

7.2 Fikir: iki derinlik oncelikli arama

Giiglii bagh bilesen (SCC), her diigimiin yonli bir yolla her diger diigime ulasabildigi maksimal bir diigiim kiimesidir.
Sergei Kosaraju, asagidaki algoritmayi 1978 civarinda tanimladi (kendisi yayimlamadi; S. Micali ve V. Vazirani'nin 1981
makalesiyle baskiya ulasti ve evrensel olarak Kosaraju'ya atfedilir); alternatif, tek gegisli bir algoritma Robert Tarjan
tarafindan 1972'de yayimlandi. Bu ders Kosaraju'nun sirimiind ogretir ¢linki Boliim 1'in tam olarak ayni iki renkli DFS'ini
(bitis zamanlari) yeniden kullanir, yalnizca TEK bir yeni fikir ekler — ¢izgenin devrigini aramak — Tarjan'in ayri diisiik-
baglanti/yiginda-mi defterini tutma yerine.

Asama 1: Bolim 1.3'teki gibi tam olarak gizge tizerinde DFS ¢alistirin, her digimiin bitis zamanini kaydedin — burada sira
onemli degildir, 5nemli olan yalnizca her diigiimn bir bitis zamani almasidir. Asama 2: devrik gizgeyi kurun (her kenar
tersine gevrilmis — A>B, B>A olur), sonra devrik lizerinde DFS galistirin, ama ziyaret edilmemis kokleri Asama 1'den bitig
zamanina gore azalan sirayla segerek. Asama 2'deki her DFS agaci tam olarak bir SCC'dir. Sezgi: Asama 1'in en son biten
digimdi, gizgenin bagimhlk yapisinda "en yiiksekte" oturur; Asama 2'ye ondan baslamak, tersine gevrilmis gizgede,
orijinal gizgede de ona ulasabilen digiimlerden baska higbir diijiime ulagsamaz — ki bu tam olarak "ayni SCC" tanimidir.
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7.3 Bellekte nasil durur, ve kod

void dfs1(int u) { /* phase 1: order by finish time */
visited[u] = 1;
for (AdjNode *n = cur_g->adj[u]; n != NULL; n = n->next) /* alphabetical order */
if (!visited[n->to]) dfs1(n->to);
finish[finish_len] = u; finish_len++;

void dfs2(int u, int id) { /* phase 2: collect one component */
visited[u] = 1;
comp_of[u] id;
for (AdjNode *n = cur_g->adjT[u]; n != NULL; n = n->next) /* alphabetical order, on the
TRANSPOSE */
if (!visited[n->to]) dfs2(n->to, id);

}
int kosaraju(Graph *g) {
cur_g = g;
for (int 1 = ©; i < g->vertex_count; i++) visited[i] = 0;
finish_len = 0;
for (int v = @; v < g->vertex_count; v++) /* alphabetical order */
if (!visited[v]) dfs1(v);
for (int 1 = ©; i < g->vertex_count; i++) visited[i] = 0;
comp_count = 0;
for (int i = finish_len - 1; i >= 0; i--) { /* decreasing finish time */

int v = finish[i];
if (!visited[v]) { dfs2(v, comp_count); comp_count++; }

}
return comp_count;
}
static void dfs1(int u) { // phase 1: order by finish time
visited[u] = 1;
for (AdjNode n = curG.adj[u]; n != null; n = n.next) // alphabetical order
if (visited[n.to] == @) dfsi(n.to);
finish[finishLen] = u; finishLen++;
}
static void dfs2(int u, int id) { // phase 2: collect one component
visited[u] = 1;
compOf[u] = id;
for (AdjNode n = curG.adjT[u]; n != null; n = n.next) // alphabetical order, on the TRANSPOSE
if (visited[n.to] == @) dfs2(n.to, id);
}
static int kosaraju(Graph g) {
curG = g;
for (int i = ©; i < g.vertexCount; i++) visited[i] = ©;
finishLen = 0;
for (int v = ©; v < g.vertexCount; v++) // alphabetical order
if (visited[v] == 0) dfs1(v);
for (int i = @; i < g.vertexCount; i++) visited[i] = ©;
compCount = 0;
for (int i = finishLen - 1; i >= 0; i--) { // decreasing finish time
int v = finish[i];
if (visited[v] == @) { dfs2(v, compCount); compCount++; }
}

return compCount;
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Py PN
1N N

¢agri yigini = cagri yigini = @E]

bitis sirasi = bitis sirasi =
A B C D E F G H A B C D E F G H
bilesen[] = - - - - - - - - bilesen[] = - - - - - - - -
1. KOSARAJU, 1. ASAMA: normal gizgede 6zyinelemeli 4. Komsu C beyaz -- icine dalinir, dfs1(C) cagnhr.

DFS ile her diigiimiin BITIS sirasi kaydedilir (topolojik
siralamadaki gibi).

e - DOEE) - D DEOEO

bitis sirasi = bitis sirasi =
A B C D E F G H A B C D E F G H
bilesen[] = - - - - - - - - bilesen[] = - - - - - - - -
6. Komsu D beyaz -- icine dalinir, dfs1(D) cagrlir. 9. Komsu(lar) D zaten ziyaret edilmis -- atlanir.
N N
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e - DDEOEEEE  wnren

bitis sirasi = bitis siras1

bilesen[] = - = = = = = = - bilesen[] = - - - - - = = =

12. H'nin komsusu yok. 15. F biter, bitis sirasina eklenir (simdiye kadar: H, G, F).

e - DDEE] oo (1]
s - DEEE - HEOOEEE

A B C ] E F G H A B C ] E F G H
bilesen[] = - - - - - - - - bilesen[] = - - - - - - - -
17. E biter, bitis sirasina eklenir (simdiye kadar: H, G, F, 20. B biter, bitis sirasina eklenir (simdiye kadar: H, G, F,
E). E D, C B).

R~ @m
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H \ H B
G c
: '\: e : F AN :
B

cagri yigini = cagri yigini =

St 00000000 0000000

A B C D E F G H A B C D E F G H
bilesen[] = = = = = = = = = bilesen[] = = = = = =
23. A henliz ziyaret edilmedi -- YENI bir bilesen (id=0) 26. Devrik komsu(lar) A zaten bu taramada ziyaret
baglar. edildi.

¢agri yigini = cagri yigini =

bitis sirasi = E][BE]E][E]@E] bitis sirasi = E][BE]E]E]E]E]
A B C ] A B C ] E F G H
bilesen[] = - - - - - bilesen[] - - - -

28. B, C zaten bir bilesende -- atlanr. 31. Devrik komsu F beyaz -- D ile ayni bilesene katilir.

: () : ()
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¢agri yigini = cagri yigini =

sets swrass - (0] () (7] () (o)) (e])(n]  wrussses - (w])(e](F) () (] () (=) 2]
A B C D E F G A B C D E F G H

bilesen[] =
34. Bilesen 1 tamam: {D, E, F}. 37. Devrik komsu(lar) E, F zaten bu taramada ziyaret
edildi.
A A
B - B
G c G c
F D F D
E E
¢agri yigini = cagrli yigini =

bitis sirasi = E]E][Z]E]E]@ bitis sirasi = E]E][Z]E]E]E]
A B C D E F G H A B C D E F G H
woer - QOEOEOE s HOEODOGOE

39. H heniiz ziyaret edilmedi -- YENI bir bilesen (id=3) 42. Bitti: 4 gliclii baglh bilesen bulundu: {A,B,C} {D,E,F}
baslar. {G} {H}

iki agamayi yan yana izleyin: Agama 1 igin gagri yigini ve bitis sirasi satirlari, sonra Agama 2 igin her kenari tersine
gevrilmis gosteren ayni gizge. "8 diigiim, 10 kenar, 2 dongiisel bilesen + 2 tekil" deneyin, ve iki gerekli u¢ durumu "hepsi
tek bir dongii, tiim gizge tek bir bilegen" ve "dongiisiiz bir ¢cizge (DAG), her diigiim kendi bileseni"; girdi A>B B>C ... .
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7.4 Deneyin

H Tam program: strongly_connected_components.c / StronglyConnectedComponents.java v
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/* Week 9 -- Graph Algorithms

* Strongly connected components by KOSARAJU's algorithm: (1) DFS on the
* graph, recording every vertex's FINISH time; (2) DFS again on the

* TRANSPOSE graph, visiting unvisited roots in DECREASING finish-time

*

*

*

order -- each resulting DFS tree is exactly one strongly connected
component.
CEN207 Data Structures (formerly CE205)

&/

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V ~ 32
#define MAX_LBL 4

typedef struct AdjNode { int to; struct AdjNode *next; } AdjNode;
typedef struct Graph {
char label[MAX_V][MAX_LBL];
AdjNode *adj[MAX_V];
AdjNode *adjT[MAX_V]; /* transpose: every edge reversed */
int vertex_count;
} Graph;

int visited[MAX_V];

int finish[MAX_V], finish_len;
int comp_of[MAX_V], comp_count;
Graph *cur_g;

visited[u] = 1;

for (AdjNode *n = cur_g->adj[u]; n != NULL; n = n->next) /* alphabetical order */
if (!visited[n->to]) dfs1(n->to);

finish[finish_len] = u; finish_len++;

TRANSPOSE */
if (!visited[n->to]) dfs2(n->to, id);

}
int kosaraju(Graph *g) {
cur_g = g;
for (int 1 = @; i < g->vertex_count; i++) visited[i] = ©;
finish_len = 9;
for (int v = 0; v < g->vertex_count; v++) /* alphabetical order */

if (!visited[v]) dfs1(v);

for (int 1 = @; i < g->vertex_count; i++) visited[i] = ©;

comp_count 0;

for (int i = finish_len - 1; i >= @; i--) { /* decreasing finish time */
int v = finish[i];
if (!visited[v]) { dfs2(v, comp_count); comp_count++; }

}
return comp_count;
}
/* ---- construction: build Graph (and its transpose) from a DIRECTED edge list. ---- */

typedef struct { const char *a, *b; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = @; i < g->vertex_count; i++)
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void dfs1(int u) { /* phase 1: order by finish time */

}

void dfs2(int u, int id) { /* phase 2: collect one component */
visited[u] = 1;
comp_of[u] = id;

for (AdjNode *n = cur_g->adjT[u]; n != NULL; n = n->next) /* alphabetical order, on the
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if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count] [MAX_LBL - 1] = "\@0"';
g->adj[g->vertex_count] = NULL;
g->adjT[g->vertex_count] = NULL;
return g->vertex_count++;

}

NULL; return n; }

static void add_sorted(Graph *g, AdjNode *adj[], int v, int neighbour) {

AdjNode *n = new_node(neighbour);

if (adj[v] == NULL || strcmp(g->label[adj[v]->to], g->label[neighbour]) > 8) {

n->next = adj[v]; adj[v] = n; return;

}

AdjNode *cur = adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= @)
cur->next;

n->next = cur->next; cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {

g->vertex_count = 0;

for (int i = @; i < MAX_V; i++) { g->adj[i] = NULL; g->adjT[i] = NULL; }

for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
if (a == b) continue;
add_sorted(g, g->adj, a, b);
add_sorted(g, g->adjT, b, a);

}

static void free_graph(Graph *g) {
for (int i = @; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i]; while (cur) { AdjNode *nx = cur->next; free(cur); cur =
g->adj[i] = NULL;
cur = g->adjT[i]; while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; } g-
>adjT[i] = NULL;
}
}

static void run_scenario(const char *label_txt, EdgeIn edges[], int n) {
printf("-- %s --\n", label_txt);
Graph g;
build_graph(&g, edges, n);

int cc = kosaraju(&g);

printf("%d component%s:\n", cc, cc == 1?2 "" : "s");
for (int id = 0; id < cc; id++) {
printf(" ");
for (int v = 0; v < g.vertex_count; v++) if (comp_of[v] == id) printf(" %s", g.lab

printf("\n");
}

free_graph(&g) ;
printf("\n");

}
int main(void) {
EdgeIn normal[] = {
{"A", "B"}, {"B", "C"}, {"C", A"}, {"C", "D"}, {"D", "E"},
{"e", "F"}, {"F", "D"}, {"F", "G"}, {"G", "H"}, {"E", "G"}

s
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static AdjNode *new_node(int to) { AdjNode *n = malloc(sizeof(AdjNode)); n->to = to; n->next =

cur =

nx; }

el[v]);
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run_scenario("normal: 8 vertices, 10 edges, 2

EdgeIn hard[] =

{
{"A", "B"}, {"B", "C"}, {"C", "D"}, {"D",
{"c", "B"}, {"D", "E"}, {"E", "F"}, {"F",
{"6", W'}, {UHY, UTT), {7, 6T, (T
b
EdgeIn one_big_scc[] = {
{"A", "B"}, {"B", "C"}, {"C", "D"}, {"D",
{("F", 6"}, 6T, UHT), {THY, UATH, (e

b
run_scenario("edge: everything is
one_big_scc, 10);

EdgeIn dag[] = {
("A", "B"}, {"A", "C"}, {"B", "D"}, {'C",
e, "Fy, BT, @y, {"FT, "@"), {"e",

b

return 0;
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run_scenario("hard: 10 vertices, 14 edges, 3 components (one large)", hard, 14);

run_scenario("edge: a cycle-free graph (a DAG), every vertex is its own component", dag, 10);

Hafta 9 — Ders Notu

cyclic components + 2 singletons"”, normal, 10);

A"y, (B,
"€}, (F
J'}
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/* Week 9 -- Graph Algorithms

Strongly connected components by KOSARAJU's algorithm: (1) DFS on the
graph, recording every vertex's FINISH time; (2) DFS again on the
TRANSPOSE graph, visiting unvisited roots in DECREASING finish-time
order -- each resulting DFS tree is exactly one strongly connected
component.

CEN207 Data Structures (formerly CE205)

* X X X X X

&/
public class StronglyConnectedComponents {
static final int MAX_V = 32;

static class AdjNode { int to; AdjNode next; AdjNode(int to) { this.to = to; } }
static class Graph {

String[] label = new String[MAX_V];

AdjNode[] adj = new AdjNode[MAX_V];

AdjNode[] adjT = new AdjNode[MAX_V]; // transpose: every edge reversed

int vertexCount;

static int[] visited = new int[MAX_V];

static int[] finish = new int[MAX_V]; static int finishLen;
static int[] compOf = new int[MAX_V]; static int compCount;
static Graph curG;

static void dfs1(int u) { // phase 1: order by finish time
visited[u] = 1;
for (AdjNode n = curG.adj[u]; n != null; n = n.next) // alphabetical order
if (visited[n.to] == @) dfs1(n.to);
finish[finishLen] = u; finishLen++;
}
static void dfs2(int u, int id) { // phase 2: collect one component
visited[u] = 1;
compOf[u] = id;
for (AdjNode n = curG.adjT[u]; n !'= null; n = n.next) // alphabetical order, on the
TRANSPOSE
if (visited[n.to] == @) dfs2(n.to, id);
}

static int kosaraju(Graph g) {
curG = g;
for (int i = ©; i < g.vertexCount; i++) visited[i] = ©;
finishLen = 9;
for (int v = 0; v < g.vertexCount; v++) // alphabetical order
if (visited[v] == @) dfs1(v);
for (int 1 = @; i < g.vertexCount; i++) visited[i] = ©;
compCount = 0;

for (int i = finishLen - 1; i >= 0; i--) { // decreasing finish time
int v = finish[i];
if (visited[v] == @) { dfs2(v, compCount); compCount++; }
}
return compCount;
}
// ---- construction: build Graph (and its transpose) from a DIRECTED edge list. ----

static class EdgeIn { String a, b; EdgeIn(String a, String b) { this.a = a; this.b = b; } }

static int findOrAddVertex(Graph g, String 1bl) {
for (int i = @; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
g.adjT[g.vertexCount] = null;
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return g.vertexCount++;

}

static void addSorted(Graph g, AdjNode[] adj, int v, int neighbour) {
AdjNode n = new AdjNode(neighbour);

if (adj[v] == null || g.label[adj[v].to].compareTo(g.label[neighbour]) > 8) {
n.next = adj[v]; adj[v] = n; return;
}
AdjNode cur = adj[v];
while (cur.next != null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= @) cur =
cur.next;

n.next = cur.next; cur.next = n;

}

static void buildGraph(Graph g, EdgeIn[] edges) {
g.vertexCount = 0;
for (int i = ©; i < MAX_V; i++) { g.adj[i] = null; g.adjT[i] = null; }
for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
if (a == b) continue;
addSorted(g, g.adj, a, b);
addSorted(g, g.adjT, b, a);

}

static void runScenario(String labelTxt, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
Graph g = new Graph();
buildGraph(g, edges);

int cc = kosaraju(g);
System.out.println(cc + " component” + (cc == 1 2 "" : "s") + ":");
for (int id = @; id < cc; id++) {
StringBuilder sb = new StringBuilder(" ");
for (int v = 0; v < g.vertexCount; v++) if (compOf[v] == id) sb.append('
') .append(g.label[v]);
System.out.println(sb);
}

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B"), new EdgeIn("B", "C"), new EdgeIn("C", "A"), new EdgeIn("C",
"D"), new EdgeIn("D", "E"),
new EdgeIn("E", "F"), new EdgeIn("F", "D"), new EdgeIn("F", "G"), new EdgeIn("G",
"H"), new EdgeIn("E", "G")
ba

runScenario("normal: 8 vertices, 10 edges, 2 cyclic components + 2 singletons", normal);

EdgeIn[] hard =
new EdgeIn("

"A"), new EdgeIn("B", "D"),
new EdgeIn("C", "B"), new EdgeIn("D", "E"), new EdgeIn("E", "F"), new EdgeIn("F",

"E"), new EdgeIn("F", "G"),
new EdgeIn("G", "H"), new EdgeIn("H", "I"), new EdgeIn("I", "G"), new EdgeIn("I",

{
", "B"), new EdgeIn("B", "C"), new EdgeIn("C", "D"), new EdgeIn("D",

g
s

runScenario("hard: 10 vertices, 14 edges, 3 components (one large)", hard);

EdgeIn[] oneBigScc = {
new EdgeIn("A", "B"), new EdgeIn("B", "C"), new EdgeIn("C", "D"), new EdgeIn("D",
"E"Y, new EdgeIn("E", "F"),

RTEU Bilgisayar Miihendisligi - Dr. Ogr. Uyesi Ugur CORUH - 2026-2027 Giiz Page 125/ 167



CEN207 Veri Yapilar Hafta 9 — Ders Notu

new EdgeIn("F", "G"), new EdgeIn("G", "H"), new EdgeIn("H", "A"), new EdgeIn("C",
HAH)' neW EdgeIn(”F”, HDII)
ba
runScenario("edge: everything is one big cycle, the whole graph is one component",
oneBigScc) ;

EdgeIn[] dag = {
new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("B", "D"), new EdgeIn("C",
"D"), new EdgeIn("D", "E"),
new EdgeIn("C", "F"), new EdgeIn("E", "G"), new EdgeIn("F", "G"), new EdgeIn("G",
"H"), new EdgeIn("B", "E")
b5

runScenario("edge: a cycle-free graph (a DAG), every vertex is its own component", dag);

Deneyin

gcc -std=c11 -Wall -Wextra -o strongly_connected_components strongly_connected_components.c &&
./strongly_connected_components
javac -Xlint:all StronglyConnectedComponents.java && java StronglyConnectedComponents

-- normal: 8 vertices, 10 edges, 2 cyclic components + 2 singletons --
4 components:

ABC

DEF

G

H

-- hard: 10 vertices, 14 edges, 3 components (one large)
4 components:

ABCD
F
HI

_ o m

-- edge: everything is one big cycle, the whole graph is one component --
1 component:
ABCDEFGH

-- edge: a cycle-free graph (a DAG), every vertex is its own component --
8 components:
A

I oG MmO w T o

7.5 Karmasiklik, hatalar, kendini sinama

Karmasiklik. O(V + E) — iki tam DFS gegisi (¢izge lizerinde Asama 1, devrik lizerinde Asama 2), her biri o(v + E) , arti
devrik komsuluk listesini kurmak igin o(v + E) .
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Sik yapilan hatalar

e Asama 2'yi Asama 1 ile ayni bitis-zamani sirasinda calistirmak, tersine gevrilmis yerine: bu en yaygin hatadir, ve
birden fazla bilesenli her gizgede sessizce yanlis gruplamalar uretir.

e Asama 1 ile Asama 2 arasinda visited[ ] 'i sifirlamayi unutmak: Asama 2, Asama 1 hepsini az dnce bitirmis
olsa bile baglamadan 6nce her digiimin tekrar beyaz olmasini gerektirir.

e Devrigi, Asama 2 iginde her seferinde orijinal komsuluk listelerini yeniden gezerek kurmak, dnceden bir kez
kurulmus gergekten ayri bir adjT[] yerine: galigir ama Asama 2'nin her bir DFS ¢agrisinda O(V + E) isi yeniden
yapar, toplamda bir kez yerine.

2?7 success "Kendini sina: Kosaraju algoritmasi neden gizgenin DEVRIGINE ihtiya¢ duyar — Asama 2'de neden ayni cizge
Uzerinde tekrar DFS calistirmayalim?" Clinki yonlu bir gizgede ulasilabilirlik simetrik degildir: A 'nin Asama 1'in ¢izgesinde
B 'ye ulasabilmesi, B 'nin A 'ya ulasabildigi hakkinda higbir sey sdylemez. Asama 2'yi tersine ¢evrilmis kenarlarda
caligtirmak, "Asama 2'nin kokiiniin X ‘ten GELEN bir kenari var mi"y1 " X 'in Agsama 2'nin kékiine GIDEN bir yolu var mi"ya
donusturdr, ki bu tam olarak bir SCC'nin "birbirine ulasabilir" taniminin eksik yarisidir.

8. Iki parcali cizgeler
8.1 Baslangi¢ sorusu

Bir okulun final sinavlarini, higbir 6grencinin ayni anda iki sinavi olmayacak sekilde planlamasi gerekiyor. Derslerin digim
oldugu ve bir 6grenciyi paylasan iki dersi birlestiren bir kenar olan bir gizge kurun; bu gizgeyi hi¢bir kenar ayni renkli iki
digimd birlestirmeyecek sekilde renklendirmek, her renk bir zaman dilimi olmak izere gegerli bir ders programi verir. Bu
sorunun en basit hali — ¢izge yalnizca iki renkle boyanabilir mi — kendi adina sahiptir, ve genel gizge boyamadan (Bolim
10) ¢ok daha hizli bir testi vardir.

8.2 Fikir: iki renkle BFS

Bir gizge iki parcalidir (bipartite), diigiimleri, her kenar bir gruptaki bir digimu diger gruptaki bir digiime baglayacak —
asla ayni gruptaki iki digimi degil — sekilde iki gruba ayrilabiliyorsa. Herhangi bir digiimden BFS'i (Hafta 5) calistirin,
onu 0 renkleyin; onu az dnce kuyruga ekleyen diigiimiin rengi ne olursa olsun, her komsuyu ters renkleyin, ve kuyruga
ekleyin. BFS zaten renklenmis bir komsuya ulasirsa ve o komsu islenmekte olan diigiimle ayni renkteyse, o kenar ayni
renkli iki digumu birlestirir — gizge iki pargal degildir, ve o kenar tam olarak nedenidir. Bir ¢izgenin birkag bileseni olabilir,
yani bu, tipki Hafta 5'in bagli bilesenler déngiisi gibi, hentiz renklenmemis her diigiim igin bir BFS gerektirir.

Yararli, esdeger bir gergek, yukaridaki BFS argimanindan kanitlanabilir: bir gizge iki pargalidir ancak ve ancak tek sayili
uzunlukta bir dongii igermiyorsa. Cift bir dong, renkleri tim gember boyunca miikkemmel sekilde degistirir ve tutarli
sekilde kapanir; tek sayili bir dongl bunu yapamaz — onu gezerken, son diigiime atamak zorunda kaldi§iniz renk her
zaman ilkiyle gakisir.
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8.3 Bellekte nasil durur, ve kod

int is_bipartite(Graph *g) {

for (int 1 = ©; i < g->vertex_count; i++) color_of[i] = -1;

for (int s = @; s < g->vertex_count; s++) { /* alphabetical: one BFS per component */
if (color_of[s] != -1) continue;
color_of[s] = @; front = rear = 0; enqueue(s);

while (front < rear) {
int u = dequeue();
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) { /* alphabetical order */

if (color_of[n->to] == -1) { color_of[n->to] = 1 - color_of[u]; enqueue(n->to); }
else if (color_of[n->to] == color_of[u]) return @; /* same colour -> an odd cycle */
}
}
I3
return 1;
}
boolean isBipartite(Graph g) {
for (int 1 = ©; i < g.vertexCount; i++) colorOf[i] = -1;
for (int s = @; s < g.vertexCount; s++) { // alphabetical: one BFS per component
if (colorOf[s] != -1) continue;
color0Of[s] = @; front = rear = @; enqueue(s);

while (front < rear) {
int u = dequeue();
for (AdjNode n = g.adj[u]; n != null; n = n.next) { // alphabetical order
if (colorOf[n.to] == -1) { colorOf[n.to] = 1 - colorOf[u]; enqueue(n.to); }
else if (colorOf[n.to] == colorOf[u]) return false; // same colour -> an odd cycle

}

return true;
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H/A\B H B
/ \ / \
\ / \ /

renk[] = - - - - - - - - renk[] =

kuyruk = kuyruk =

1. IKi RENK ile BFS: kékii 0 yapariz, her komsuya TERS 3. dequeue() -> A (renk 0).
renk veririz. Ayni renk komsu bulunursa, o kenar tek
sayil bir déngt kapatir -- iki parcali DEGIL.

: X / D
E
A B C D E F G H A B C D E F G H
- (D) - @RTATE
- OEE
4. Komsu B renksiz -- ters renk (1) verilir, kuyruga 6. Komsu H renksiz -- ters renk (1) verilir, kuyruga
eklenir. eklenir.
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F G H E F G H

A B C D E A B C D
«- DO TTE 00 TE
- DEE - DE

8. Komsu C renksiz -- ters renk (0) verilir, kuyruga 9. dequeue() -> D (renk 1).
eklenir.

renk[]

A B C D E F G H A B C D E F G H
MEEEE T G - OEEEE O
- D@ - D@

11. dequeue() -> H (renk 1). 13. dequeue() -> C (renk 0).
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A B C D E F G H A B C D E F G H
-o- JOHOOOOE - CUOOEOE
- DEE o - (]

14. Komsu F renksiz -- ters renk (1) verilir, kuyruga 16. dequeue() -> G (renk 0).
eklenir.

A B C o] E F G H A E C o] E F G H
kuyruk = kuyruk =

18. B zaten renkli -- atlanir. 19. C zaten renkli -- atlanir.
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oooaoooo

renk[]

kuyruk =

21. E zaten renkli -- atlanir.

A B C D E F G H
kuyruk =

24. H zaten renkli -- atlanir.

Hafta 9 — Ders Notu

NEEEOBHE

renk[]

kuyruk =

23. G zaten renkli -- atlanir.

A B C D E F G H
o - [ DEEBHMEE

kuyruk =

26. Bitti. iki parcali: renk O ve renk 1 taraflan birbirine
hi¢c komsu degil.

"8 diigiim, ¢ift uzunluklu dongii + 2 kosegen, iki pargali”, "10 diigiim, 2 bilesen, ikisi de iki pargali”, ve gerekli u¢ durum
"A-B-C-D-E-A 5-dongiisii (tek sayih), iki pargali DEGIL" deneyin — gakisan kenarin BFS ona ulasti§i anda kirmiziya

dondigundi izleyin; girdi A-B B-C ... ,yonsuz.
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8.4 Deneyin

H Tam program: bipartite_check.c / BipartiteCheck.java v
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/* Week 9 -- Graph Algorithms

* Bipartite check by 2-colouring: BFS colours the start vertex 0, every

* neighbour the OPPOSITE colour, and queues it. If an already-coloured

* neighbour has the SAME colour, that edge closes an odd cycle -- the graph
* is not bipartite. One BFS per component.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V 32
#define MAX_LBL 4

typedef struct AdjNode { int to; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int color_of[MAX_V]; /* -1 = uncoloured, 0/1 = the two sides */
int queue_data[MAX_V], front, rear;

void enqueue(int v) { queue_data[rear] = v; rear++; }
int dequeue(void) { int v = queue_data[front]; front++; return v; }

int is_bipartite(Graph *g) {

typedef struct { const char *a, *b; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = @; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '"\@"';
g->adj[g->vertex_count] = NULL;
return g->vertex_count++;

}
NULL; return n; }
static void add_neighbour_sorted(Graph *g, int v, int neighbour) {

AdjNode *n = new_node(neighbour) ;
if (g-»adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > 8) {
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for (int i = 0; i < g->vertex_count; i++) color_of[i] = -1;
for (int s = 0; s < g->vertex_count; s++) { /* alphabetical: one BFS per component
*/
if (color_of[s] != -1) continue;
color_of[s] = @; front = rear = 0; enqueue(s);
while (front < rear) {
int u = dequeue();
for (AdjNode *n = g->adj[u]; n != NULL; n = n->next) { /* alphabetical order */
if (color_of[n->to] == -1) { color_of[n->to] = 1 - color_of[u]; enqueue(n->to); }
else if (color_of[n->to] == color_of[u]) return @; /* same colour -> an odd
cycle */
}
}
}
return 1;
}
/* ---- construction: build Graph from a (label, label) UNDIRECTED edge list. ---- */

static AdjNode *new_node(int to) { AdjNode *n = malloc(sizeof(AdjNode)); n->to = to; n->next =
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n->next = g->adj[v]; g->adj[v] = n; return;
}
AdjNode *cur = g->adj[v];
while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= 8) cur =
cur->next;
n->next = cur->next; cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {

g->vertex_count = 0;

for (int i = @0; i < MAX_V; i++) g->adj[i] = NULL;

for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
if (a == b) continue;
add_neighbour_sorted(g, a, b);
add_neighbour_sorted(g, b, a);

}

static void free_graph(Graph *g) {
for (int i = 0; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; }
g->adj[i] = NULL;

}

}

static void run_scenario(const char *label_txt, EdgeIn edges[], int n) {
printf("-- %s --\n", label_txt);
Graph g;

build_graph(&g, edges, n);

int ok = is_bipartite(&g);

printf("colors:");

for (int v = 0; v < g.vertex_count; v++) printf(" %s=%d", g.label[v], color_of[v]);
printf("\n%s\n", ok ? "bipartite" : "NOT bipartite");

free_graph(&g);
printf("\n");
}

int main(void) {
EdgeIn normal[] = {
{"A", "B"}, {"B", "C"}, {"C", "D"}, {"D", "E'}, {"E", "F'},
{"F", "6"}, {"G H"}, {"H bo d bAoA }

D D
" TR G

’ ) )

b
run_scenario("normal: 8 vertices, an even cycle plus 2 safe diagonals, bipartite", normal,
10);

EdgeIn hard[] = {
{"A", "B"}, {"B", "C"}, {"C", "D"}, {'D", "E'}, {"E", "F'}, {"F", "A"}, {"A", "D},
{"6", "W}, ("', "7}, {'I b }

E
g
b

run_scenario("hard: 10 vertices, 2 components, both bipartite”, hard, 11);

EdgeIn odd_cycle[] = {
{"A", "B"}, {"B", "C"}, {"C", "D"}, {"D", "E"}, {"E", "A"},
{"A", "F"}, {"F", "6"}, {"6", "H"}, {"H bAoA F'}
b
run_scenario("edge: A-B-C-D-E-A is a 5-cycle (odd), NOT bipartite", odd_cycle, 10);

EdgeIn two_vertices[] = { {"A", "B"} };
run_scenario("edge: 2 vertices, 1 edge", two_vertices, 1);
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return 0;
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* % 3k Ok

=Y
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Week 9 -- Graph Algorithms

Bipartite check by 2-colouring: BFS colours the start vertex 0, every
neighbour the OPPOSITE colour, and queues it. If an already-coloured
neighbour has the SAME colour, that edge closes an odd cycle -- the graph
is not bipartite. One BFS per component.

CEN207 Data Structures (formerly CE205)

public class BipartiteCheck {

static final int MAX_V = 32;

static class AdjNode { int to; AdjNode next; AdjNode(int to) { this.to
static class Graph {

String[] label = new String[MAX_V];

AdjNode[] adj = new AdjNode[MAX_V];

int vertexCount;

to; } }

}

static int[] colorOf = new int[MAX_V]; // -1 = uncoloured, 0/1 the two sides

static int[] queueData = new int[MAX_V]; static int front, rear;

static void enqueue(int v) { queueDatal[rear] = v; rear++; }
static int dequeue() { int v = queueData[front]; front++; return v; }

static boolean isBipartite(Graph g) {

for (int i1 = @; i < g.vertexCount; i++) colorOf[i] = -1;
for (int s = @; s < g.vertexCount; s++) { // alphabetical: one BFS per
component
if (colorOf[s] != -1) continue;

colorOf[s] = ©; front = rear = 0; enqueue(s);
while (front < rear) {
int u = dequeue();
for (AdjNode n = g.adj[u]; n != null; n = n.next) { // alphabetical order

if (colorOf[n.to] == -1) { colorOf[n.to] = 1 - colorOf[u]; enqueue(n.to); }
else if (colorOf[n.to] == colorOf[u]) return false; // same colour -> an odd
cycle
}
}
}
return true;
}
// ---- construction: build Graph from a (label, label) UNDIRECTED edge list. ----
static class EdgeIn { String a, b; EdgeIn(String a, String b) { this.a = a; this.b = b; } }
static int findOrAddVertex(Graph g, String 1bl) {
for (int i = @; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
return g.vertexCount++;
}
static void addNeighbourSorted(Graph g, int v, int neighbour) {
AdjNode n = new AdjNode(neighbour);
if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 08) {
n.next = g.adj[v]; g.adj[v] = n; return;
}
AdjNode cur = g.adj[v];
while (cur.next != null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= @) cur
cur.next;

n.next = cur.next; cur.next = n;

}

Hafta 9 — Ders Notu
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static void buildGraph(Graph g, EdgeIn[] edges) {

g.vertexCount = 0;

for (int i = ©; 1 < MAX_V; i++) g.adj[i] = null;

for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
if (a == b) continue;
addNeighbourSorted(g, a, b);
addNeighbourSorted(g, b, a);

}

static void runScenario(String labelTxt, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
Graph g = new Graph();
buildGraph(g, edges);

boolean ok = isBipartite(g);
StringBuilder sb = new StringBuilder("colors:");
for (int v = @; v < g.vertexCount; v++) sb.append("’
") .append(g.label[v]).append('=").append(colorOf[v]);
System.out.println(sb);
System.out.println(ok ? "bipartite"” : "NOT bipartite");

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B"), new EdgeIn("B", "C"), new EdgeIn("C", "D"), new EdgeIn("D",
"E"), new EdgeIn("E", "F"),
new EdgeIn("F", "G"), new EdgeIn("G", "H"), new EdgeIn("H", "A"), new EdgeIn("A",
"D"), new EdgeIn("C", "F")
ba
runScenario("normal: 8 vertices, an even cycle plus 2 safe diagonals, bipartite",
normal) ;

EdgeIn[] hard =
new EdgeIn( "B"), new EdgeIn("B", "C"), new EdgeIn("C", "D"), new EdgeIn("D"

"E"), new EdgeIn("E", "F"), new EdgeIn("F", "A"), new EdgeIn("A", "D"),
new EdgeIn("G", "H"), new EdgeIn("H", "I"), new EdgeIn("I", "J"), new EdgeIn("J",

{

"6
b

runScenario("hard: 10 vertices, 2 components, both bipartite", hard);

EdgeIn[] oddCycle = {
new EdgeIn("A", "B"), new EdgeIn("B", "C"), new EdgeIn("C", "D"), new EdgeIn("D",
"E"), new EdgeIn("E", "A"),
new EdgeIn("A", "F"), new EdgeIn("F", "G"), new EdgeIn("G", "H"), new EdgeIn("H",
"F"), new EdgeIn("B", "F")
b
runScenario("edge: A-B-C-D-E-A is a 5-cycle (odd), NOT bipartite", oddCycle);

EdgeIn[] twoVertices = { new EdgeIn("A", "B") };
runScenario("edge: 2 vertices, 1 edge", twoVertices);

Deneyin

gcc -std=c11 -Wall -Wextra -o bipartite_check bipartite_check.c && ./bipartite_check
javac -Xlint:all BipartiteCheck.java && java BipartiteCheck
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-- normal: 8 vertices, an even cycle plus 2 safe diagonals, bipartite --
colors: A=0 B=1 C=0 D=1 E=0 F=1 G=0 H=1
bipartite

-- hard: 10 vertices, 2 components, both bipartite --
colors: A=0 B=1 C=0 D=1 E=0 F=1 G=0 H=1 I=0 J=1
bipartite

-- edge: A-B-C-D-E-A is a 5-cycle (odd), NOT bipartite --
colors: A=0 B=1 C=0 D=-1 E=1 F=1 G=-1 H=-1
NOT bipartite

-- edge: 2 vertices, 1 edge --
colors: A=0 B=1
bipartite

5-déngusiinin renkleri yari yolda durur (D, G ve H -1, renksiz kalir). A'dan BFS 6nce B=1, E=1, F=1'irenkler; B'yi
kuyruktan gikarirken, komsulari A (zaten @, cakisma yok), ¢ (renksiz, @ olur), sonra F — zaten 1 renkli, B ile ayni renk.
iste cakisma budur: B-F kenari ayni renkli iki diigiimii birlestirir, yani is_bipartite hemen false déner. ¢ 'nin kendi
komsusu D, ve F'nin komsulan G/ H, sirasi hi¢ gelmedigi i¢in hi¢ ulasilamadi — sonsuza kadar -1 'de kaldilar. Bu
beklenendir, hata degil: herhangi bir gakisma bulundugunda, cevap zaten "iki pargali degil"dir ve hesaplanacak daha yararli
bir sey kalmaz.

8.5 Karmasiklik, hatalar, kendini sinama

Karmasiklik. O(V + E) — tek bir BFS, tam olarak Hafta 5'in karmasikhdi, kenar basina O(1) ek igle (bir renk kontrolii ve belki
bir atama).

Sik yapilan hatalar

e Bir digimdi yalnizca kuyruktan cikarildiginda renklemek, kuyruga eklendiginde degil: burada kullanilan kuyruga-
ekleme-zamani renklendirmeyle, ayni diigimiin, hala kuyrukta bekleyen iki komsusu asla yanliglikla birbiriyle
karsilastirilamaz (onlari kuyruga ekleyen diigiimle karsilastirilirlar, ki bu dogrudur) — kuyruktan-gikarma-
zamaninda renklendirmek ayni-bilesen-BFS argiimanini dogru yapmayi daha kirilgan kilar.

» Bagli olmayan bir gizgeyi tek bir kontrol gibi ele almak: renksiz her diigiim igin bir BFS olmadan, ikinci bir
bilesendeki tek basina bir tek sayili dongi hig ziyaret edilmez, yanlislikla "iki pargali" raporlanir.

 Bir agacin her zaman kontrol edilmesi gerektigini varsaymak: bir agacin tanim geregi hi¢ dongiisi (tek ya da gift)
yoktur, yani her zaman iki pargalidir — hizh bir akil sagligi kontrolii olarak kullanishdir, algoritmayi atlamak igin bir
kisayol olarak degil (algoritma bunu her durumda dogru ve hizli ele alir).

+/ Kendini sina: bir gizge iki pargaliysa, 2 renklendirmesi TEK midir? v

Yalnizca iki rengi bir biitiin olarak takas etmek anlaminda, ve yalnizca her bagh bilesen ayr ayri iginde: hangisinin "0"
hangisinin "1" adlandirilacagi, BFS'in her bilesenin ilk digimiini renklendirdigi anda yapilan keyfi bir segimdir, ve
farkli bilesenlerin renklendirmelerini birbirine bagdlayan higbir kisit yoktur.
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9. En buyUk akis

9.1 Baslangi¢ sorusu

Bir su sebekesinin bir kaynak rezervuari, bir hedef kasabasi, ve aralarinda her biri bir maksimum kapasiteye (saniyede
litre) sahip bir boru labirenti var. Higbir boru kapasitesini agmadan, kaynaktan hedefe, hepsi birden, sebekenin
tasiyabilecegi en biiyiik toplam akis hizi nedir?

9.2 Kisa bir tarihce, ve fikir

Lester Ford ve Delbert Fulkerson, genel yontemi 1956'da tanimladi: kaynak s 'ten batik t 'ye, her kenarinin hala bos
kapasitesi oldugu herhangi bir yolu — bir artirici yol (augmenting path) — tekrar tekrar bulun, en dar kenarinin (darbogaz)
izin verdigi kadar akisg gonderin, ve artirici yol kalmayana kadar tekrarlayin. Bir kenarda ileri yonde akis gondermek, bu
kararin bir kismini sonradan geri almak igin de bir segenek yaratir: az énce gonderilen akisa esit kapasiteli bir ters kenar
acilir, sonraki bir artirici yolun etkin bigimde onceki bir yoldan "geri itmesine" izin verir, akisi ikisinin de tek basina
basaramayacagi kadar akillica yeniden yonlendirir. "Hala kullanilabilir olan, ileri ya da geri" gizgesi kalan (residual)
cizgedir. Ford ve Fulkerson'in yontemi her seferinde hangi artirici yolun kullanilacagini belirtmez, ve dikkatsiz bir segim
yavas olabilir; Jack Edmonds ve Richard Karp, 1972'de her zaman en kisa artirici yolu (en az kenar, kalan gizgede BFS ile
bulunur) segmenin, tim siirecin polinom zamanda bitmesini garantiledigini kanitladi — asagidaki algoritma.

Artirici yollarin tikenmesi neden bulunan akisin gercekten en biiyiik oldugu anlamina gelir? Bu, en biyik akis-en kiigiik
kesim teoremidir (yine Ford ve Fulkerson): miimkiin olan en biiylik akis her zaman en ucuz "kesime" esittir — kaldirilirsa
s'yi t'den tamamen ayiracak kenarlarin en kigik toplam kapasitesi. Hig artirici yol kalmadiginda, BFS'in kalan gizgede
s 'ten hala ulasabildigi digim kiimesi, geri kalanina karsi, tam olarak bdyle bir kesim**tir**, ve kapasitesi tam olarak
zaten bulunan akisa esittir — yani daha fazla akis mimkin olamaz.
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9.3 Bellekte nasil durur, ve kod

Hafta 9 — Ders Notu

int bfs_augmenting_path(int vertex_cnt, int s, int t) { /* shortest path using cap_of > 0 only */

int visited[MAX_V] = {@}, queue_data[MAX_V], front = @, rear = 0;
visited[s] = 1; queue_data[rear] = s; rear++;
while (front < rear) {

int u = queue_data[front]; front++;

for (int v = 0; v < vertex_cnt; v++) /* alphabetical order */

if (!visited[v] && cap_of[u][v] > @) { visited[v] = 1; parent_of[v] = u; queue_data[rear]

= V; rear++; }

}

return visited[t];

int edmonds_karp(int vertex_cnt, int s, int t) {
int max_flow = 0;
while (bfs_augmenting_path(vertex_cnt, s, t)) {
int bottleneck = INF;
for (int v = t; v != s; v = parent_of[v]) {
int u = parent_of[v];
if (cap_of[u][v] < bottleneck) bottleneck = cap_of[u][v];

for (int v = t; v !=s; v = parent_of[v]) {
int u = parent_of[v];

cap_of[u][v] -= bottleneck; /* use up forward capacity */
cap_of[v][u] += bottleneck; /* open up backward (undo) capacity */

}

max_flow += bottleneck;

}

return max_flow;

static boolean bfsAugmentingPath(int vertexCnt, int s, int t) { // shortest path using capOf > ©

only

boolean[] visited = new boolean[MAX_V]; int[] queueData = new int[MAX_V]; int front

0;
visited[s] = true; queueDatal[rear] = s; rear++;
while (front < rear) {
int u = queueData[front]; front++;
for (int v = 0; v < vertexCnt; v++) // alphabetical order

= 0, rear =

if (!visited[v] && capOf[u][v] > @) { visited[v] = true; parentOf[v] = u; queueDatalrear]

= VvV, rear++; }
}
return visited[t];

}

static int edmondsKarp(int vertexCnt, int s, int t) {
int maxFlow = 0;
while (bfsAugmentingPath(vertexCnt, s, t)) {
int bottleneck = INF;
for (int v = t; v != s; v = parentOf[v]) {
int u = parentOf[v];
if (capOf[u][v] < bottleneck) bottleneck = capOf[u][v];

for (int v = t; v != s; v = parentOf[v]) {
int u = parentOf[v];

capOf[u][v] -= bottleneck; // use up forward capacity

capOf[v][u] += bottleneck; // open up backward (undo) capacity

}

maxFlow += bottleneck;

}

return maxFlow;
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a/6

kalan (residual) = A>B:6 A>C:4 A>D:2 B>C:2 B>D:5

C>D:3 C>E:4 D>E:1 D>F:4 E>F:

en biiyik akis = @

1. BASLANGIC: her kenarin akisi 0. Kalan (residual)

kapasite listesi, o an > 0 olan butin yonli kapasiteleri

gosterir.
A
8/6
a/a
8/6
E
kalan (residual) = A>B:6 A>C:4 AxD:2 B>C:2 B>D:5

C>D:3 C>E:4 D>E:1 D>F:4 E>F:

en biyik akis = @

3. Darbogaz (bottleneck) = yol lizerindeki en kiciik

kalan kapasite = 2.
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8/6

kalan (residual) = A>B:6 A>C:4 AxD:2 B>C:2 B>D:5

C>D:3 CrE:4 D>E:1 D>F:4 E>F:6

en biiyiik akis = @

2. BFS ile en kisa artinci yol bulunur (tur 1): A-> D ->
F.

8/6

E
kalan (residual) = A>B:6 A>C:4 B>C:2 B»D:5 C>D:3
C>E:4 D>A:2 D>E:1 DxF:2 E>F:6
>D:2

en biyik akis = 2

4. Yol boyunca 2 birim akis eklenir; ters yonde 2 birim
geri alma kapasitesi acilir. Toplam akis simdi 2.
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a/6 0/6

E E
kalan (residual) = A¥B:6 AxC:4 B»C:2 B>D:5 C>D:3 kalan (residual) = A>B:6 AxC:4 B»C:2 B>D:5 CxD:3
C>E: 4 D>A:2 D>E:1 D>F:2 ExF:6 C>E:4 D>A:2 D>E:1 D>F:2 E>F:6
»D:2 F>D:2
en biiyik akis = 2 en biiyiilk akis = 2
5. BFS ile en kisa artinci yol bulunur (tur 2): A-> B -> 6. Darbogaz (bottleneck) = yol tizerindeki en kictik
D->F kalan kapasite = 2.
A A
2/6 2/6
B B
a/4
0/6 2/2 0/2
| a/4 2/5 ¢
E a/4 c
a/1 l a/3
~N &
D
kalan (residual) = AxB:4 AxC:4 BrA:2 B>C:2 B>D:3 kalan (residual) = AxB:4 AxC:4 B>A:2 B>C:2 B>D:3
cx>D:3 C>E: 4 D>A:2 D>B:2 D>E:1 c>D:3 C>E:4 D>A:2 D>B:2 D>E:1
E>F:6 04 E>F:6 *D:4
en biyik akis = 4 en biyik akis = 4
7. Yol boyunca 2 birim akis eklenir; ters yonde 2 birim 8. BFS ile en kisa artinci yol bulunur (tur 3): A-> C-> E
geri alma kapasitesi acilir. Toplam akis simdi 4. -> F.

() ()
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kalan (residual) = A>B:4 A>C:4 B>A:2 B>C:2 B>D:3

C>D:3 C>E:4 D>A:2 D>B:2 D>E:1

en biyik akis = 4

9. Darbogaz (bottleneck) = yol lizerindeki en kiciik
kalan kapasite = 4.

kalan (residual) = AxB:4 BxA:2 B»C:2 B>D:3 CxA:4
C>D:3 D>A:2 D>B:2 D>E:1 E>C:4
E>F:2 >D:4 >E: 4

en biyik akis = 8

11. BFS ile en kisa artiriai yol bulunur (tur 4): A-> B ->
D->E->F.

3/6
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N
2/6
B
4/4
2/2 a/2
AN\

E 4/4
KD_-"'l\ l (D_-"'S/
D
kalan (residual) = A>B:4 BxA:2 B>C:2 B>D:3 CxA:4
C>D:3 D>A:2 D>B:2 D>E:1 ExC:4
E>F:2 >D:d >E: 4

en biiyik akis = 8

10. Yol boyunca 4 birim akis eklenir; ters ydonde 4 birim
geri alma kapasitesi acilir. Toplam akis simdi 8.

kalan (residual) = A>B:4 BrA:2 B»C:2 B>D:3 CxA:4
C>D:3 D>A:2 D>B:2 D>E:1 ExC:4
E>F:2 >D:d >E: 4

en biyik akis = 8

12. Darbogaz (bottleneck) = yol lizerindeki en kiiclik
kalan kapasite = 1.

3/6
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O,

kalan (residual) =

en biyik akis = 9

13. Yol boyunca 1 birim akis eklenir; ters yonde 1 birim
geri alma kapasitesi acilir. Toplam akis simdi 9.

O
O,

kalan (residual) =

en biyik akis = 9

15. Bitti. A'dan F'ye en biiytik akis = 9 (4 artirici yol
kullanildi).

Hafta 9 — Ders Notu

kalan (residual) =

en biyik akis = 9

14. BFS: F'ye artik ARTIRICI (augmenting) bir yol yok --
durur.

Her kenar akis/kapasite gosterir; bir "kalan (residual)" satir, su anda kalan kapasitesi pozitif olan her yonli gifti listeler
— ileri VE geri. "6 diigiim, 10 kenar, A'dan F'e", "8 diigiim, 14 kenar, Adan H'ye, birkag genisletici yol gerekir" (daha sonraki
bir yolun, 6nceki bir yolun ters kenarini kismen yeniden kullandigini izleyin), ve u¢ durum "A ve J iki ayri bilesende -- en

biiyiik akis 0" deneyin; girdi s=A t=F A>B:5 .
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9.4 Deneyin

H Tam program: max_flow_edmonds_karp.c / MaxFlowEdmondsKarp.java v
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/* Week 9 -- Graph Algorithms

* Maximum flow by EDMONDS-KARP: repeatedly BFS the RESIDUAL graph (an edge
* may still be used if capacity minus flow already sent is positive) for

* the SHORTEST augmenting path from s to t, push the bottleneck, and repeat
* until no path remains. Pushing flow forward on an edge also opens

* capacity on its REVERSE edge.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>

#define MAX_V 32
#define MAX_LBL 4
#define INF 1000000000

char label[MAX_V][MAX_LBL];

int vertex_count;

int cap_of[MAX_V][MAX_V]; /* residual capacity; reverse pairs start at @ unless also a given
edge */

int parent_of[MAX_V];

int bfs_augmenting_path(int vertex_cnt, int s, int t) { /* shortest path using cap_of > 0@ only

*/
int visited[MAX_V] = {0}, queue_data[MAX_V], front = @, rear = 0;
visited[s] = 1; queue_data[rear] = s; rear++;
while (front < rear) {
int u = queue_data[front]; front++;
for (int v = 0; v < vertex_cnt; v++) /* alphabetical order */
if (!visited[v] && cap_of[u][v] > @) { visited[v] = 1; parent_of[v] = u;
queue_datal[rear] = v; rear++; }
}
return visited[t];
}

int edmonds_karp(int vertex_cnt, int s, int t) {
int max_flow = 0;
while (bfs_augmenting_path(vertex_cnt, s, t)) {
int bottleneck = INF;
for (int v = t; v != s; v = parent_of[v]) {
int u = parent_of[v];
if (cap_of[u][v] < bottleneck) bottleneck = cap_of[u][v];

}
for (int v = t; v != s; v = parent_of[v]) {
int u = parent_of[v];
cap_of[u][v] -= bottleneck; /* use up forward capacity */
cap_of[v][u] += bottleneck; /* open up backward (undo) capacity
*/
}
max_flow += bottleneck;
}
return max_flow;
}

static int find_or_add_vertex(const char *1bl) {
for (int i = @; i < vertex_count; i++)
if (strcmp(label[i], 1bl) == @) return i;
strncpy(label[vertex_count], 1bl, MAX_LBL - 1);
label[vertex_count][MAX_LBL - 1] = '"\0"';
return vertex_count++;

typedef struct { const char *a, *b; int cap; } Edgeln;

static void run_scenario(const char *label_txt, const char *s_label, const char *t_label, Edgeln
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edges[], int n) {

printf("-- %s --\n", label_txt);

vertex_count = 0;

for (int i = @; i < MAX_V; i++) for (int j = @; j < MAX_V; j++) cap_of[i][j] = @;

for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(edges[i].a), b = find_or_add_vertex(edges[i].b);
cap_of[a][b] = edges[i].cap;

}

int s = find_or_add_vertex(s_label), t = find_or_add_vertex(t_label);
int max_flow = edmonds_karp(vertex_count, s, t);

printf("max flow from %s to %s = %d\n\n", label[s], label[t], max_flow);

int main(void) {
EdgeIn normal[] = {

{"A", "B", 6}, {"A", "C", 4}, {"B", "C", 2}, {"B", "D", 5},
{'c", "E", 4}, {"D", "E", 1}, {"D", "F", 4}, {"E", "F", 6},
{"c", "D", 3}, {"A", "D", 2}
b
run_scenario("normal: 6 vertices, 10 edges, A to F", "A", "F", normal, 10);

EdgeIn hard[] = {

("A". "B" 18}, {"A", "C", 8}, {"B", "C", 5}, {"B", "D", 5},
{"c", "p", 3}, {"C", "E", 6}, {"D", "E", 2}, {"D", "F", 8},
("E", "F"., 4}, {"E", "G", 6}, {"F", "H", 9}, {"G", "H", 7},
{"E", "G", 3}, {"B", "E", 4}
b
run_scenario("hard: 8 vertices, 14 edges, A to H, needs several augmenting paths",
hard, 14);

EdgeIn no_path[] = {
("A", "B", 3}, {"B", "C", 4}, {"A", "C", 2}, {"C", "D", 5}, {"D", "E', 1},
{"6", "', 6}, {"W", "I", 3}, {"I", "V, 4}, {'F

{"F", "G", 2}, t,ondn, 1}
b
run_scenario("edge: A and J are in two separate components -- max flow is 0", "A",
no_path, 10);

EdgeIn two_vertices[] = { {"A", "B", 7} };
run_scenario("edge: 2 vertices, 1 edge", "A", "B", two_vertices, 1);

return 0;
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/* Week 9 -- Graph Algorithms

Maximum flow by EDMONDS-KARP: repeatedly BFS the RESIDUAL graph (an edge
may still be used if capacity minus flow already sent is positive) for
the SHORTEST augmenting path from s to t, push the bottleneck, and repeat
until no path remains. Pushing flow forward on an edge also opens
capacity on its REVERSE edge.

CEN207 Data Structures (formerly CE205)

* X X X X X

&/
public class MaxFlowEdmondsKarp {
static final int MAX_V = 32, INF = 1000000000 ;

static String[] label = new String[MAX_V];

static int vertexCount;

static int[][] capOf = new int[MAX_V][MAX_V]; // residual capacity; reverse pairs start at
0@ unless also a given edge

static int[] parentOf = new int[MAX_V];

static boolean bfsAugmentingPath(int vertexCnt, int s, int t) { // shortest path using capOf
> 0 only
boolean[] visited = new boolean[MAX_V]; int[] queueData = new int[MAX_V]; int front = 0,
rear = 0;
visited[s] = true; queueData[rear] = s; rear++;
while (front < rear) {
int u = queueData[front]; front++;

for (int v = @; v < vertexCnt; v++) // alphabetical order
if (!visited[v] && capOf[ul[v] > @) { visited[v] = true; parentOf[v] = u;
queueData[rear] = v; rear++; }

}

return visited[t];

}

static int edmondsKarp(int vertexCnt, int s, int t) {
int maxFlow = 9;
while (bfsAugmentingPath(vertexCnt, s, t)) {
int bottleneck = INF;
for (int v = t; v != s; v = parentOf[v]) {
int u = parentOf[v];
if (capOf[u][v] < bottleneck) bottleneck = capOf[u][v];
}
for (int v = t; v != s; v = parentOf[v]) {
int u = parentOf[v];

capOf[u][v] -= bottleneck; // use up forward capacity
capOf[v][u] += bottleneck; // open up backward (undo)
capacity
I3
maxFlow += bottleneck;
}

return maxFlow;

}

static int findOrAddVertex(String 1lbl) {
for (int i = @; i < vertexCount; i++)
if (label[i].equals(1lbl)) return i;
label[vertexCount] = 1bl;
return vertexCount++;

static class EdgeIn { String a, b; int cap; EdgeIn(String a, String b, int cap) { this.a = a;
this.b = b; this.cap = cap; } }

static void runScenario(String labelTxt, String sLabel, String tLabel, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
vertexCount = 0;
for (int i = 0; i < MAX_V; i++) for (int j = @; j < MAX_V; j++) capOf[i][j]

e;
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for

}

int

int

}

(EdgeIn e :

edges) {

int a = findOrAddVertex(e.a), b = findOrAddVertex(e.b);

capOf[a][b]

= e.cap;

s = findOrAddVertex(sLabel), t = findOrAddVertex(tLabel);

maxFlow = edmondsKarp(vertexCount, s, t);

System.out.println("max flow from "
System.out.println();

public static void main(String[] args) {
EdgeIn[] normal

{

"A", "B", 6), new EdgeIn("A",

+ label[s] + " to "

+ label[t] + "

' + maxFlow);

Hafta 9 — Ders Notu

new EdgeIn( “C", 4), new EdgeIn("B", "C", 2), new
EdgeIn("B", "D", 5),
new EdgeIn("C", "E", 4), new EdgeIn("D", "E", 1), new EdgeIn("D", "F", 4), new
EdgeIn(”E", nFn' 6),
new EdgeIn("C", "D", 3), new EdgeIn("A", "D", 2)
bo
runScenario("normal: 6 vertices, 10 edges, A to F", "A", "F", normal);
EdgeIn[] hard = {
new EdgeIn("A", "B", 10), new EdgeIn("A", "C", 8), new EdgeIn("B", "C", 5), new
EdgeIn("B", "D", 5),
new EdgeIn("C", "D", 3), new EdgeIn("C", "E", 6), new EdgeIn("D", "E", 2), new
EdgeIn("D", "F", 8),
new EdgeIn("E", "F", 4), new EdgeIn("E", "G", 6), new EdgeIn("F", "H", 9), new
EdgeIn("G", "H", 7),
new EdgeIn("F", "G", 3), new EdgeIn("B", "E", 4)
Do
runScenario("hard: 8 vertices, 14 edges, A to H, needs several augmenting paths", "A",
"H", hard);
EdgeIn[] noPath = {
new EdgeIn("A", "B", 3), new EdgeIn("B", "C", 4), new EdgeIn("A", "C", 2), new
EdgeIn("C", "D", 5), new EdgeIn("D", "E", 1),
new EdgeIn("F", "G", 2), new EdgeIn("G", "H", 6), new EdgeIn("H", "I", 3), new
EdgeIn("I", "J", 4), new EdgeIn("F", "J", 1)
bo
runScenario("edge: A and J are in two separate components -- max flow is @", "A", "J",
noPath) ;
EdgeIn[] twoVertices = { new EdgeIn("A", "B", 7) };
runScenario("edge: 2 vertices, 1 edge", "A", "B", twoVertices);
}
}
Deneyin
gcc -std=c11 -Wall -Wextra -o max_flow_edmonds_karp max_flow_edmonds_karp.c &&
./max_flow_edmonds_karp
javac -Xlint:all MaxFlowEdmondsKarp.java && java MaxFlowEdmondsKarp
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-- normal: 6 vertices, 10 edges, A to F --
max flow from A to F = 9

-- hard: 8 vertices, 14 edges, A to H, needs several augmenting paths --
max flow from A to H = 16

-- edge: A and J are in two separate components -- max flow is @ --
max flow from A to J = 0

-- edge: 2 vertices, 1 edge --
max flow from A to B = 7

9.5 Karmasiklik, hatalar, kendini sinama

Karmasiklik. Ozellikle Edmonds-Karp igin O(V * E*2) (klasik, apagik olmayan bir sinir: artirici-yol asamalarinin sayisi 0(V
* E) 'dir, her biri bir 0(E) BFS ile bulunur) — polinom, genel Ford-Fulkerson fikrinin dikkatsiz bir uygulamasinin tersine, ki
bu diismanca, biiyiik tamsayi kapasiteli ¢cizgelerde keyfi sayida artirma alabilir. Buradaki BFS bir 0(v+2) komsuluk-
matrisi taramasi olarak yazilmistir (fikri 6gretmek igin kullanilan kiigiik gizgeler igin sorun degil); gergek bir komsuluk-
listeli kalan gizge her BFS'i 0(E) 'ye indirir.

Sik yapilan hatalar

e Ters kenari (cap_of[v][u] += bottleneck ) ileri olanla birlikte giincellemeyi unutmak: bunsuz, algoritma geri-
almasiz diiz Ford-Fulkerson'a dejenere olur, ki bu daha sonra kismen tersine gevrilmesi gereken erken bir aggozlii
secimin oldugu gizgelerde gergek en biiyiikten kisa kalabilir.

e Birartirici yol bulmak igin BFS yerine DFS kullanmak: herhangi bir yol-bulma stratejisiyle Ford-Fulkerson yine de
dogrudur, ama Edmonds ve Karp'in polinom oldugunu kanitladigi tek sey en kisa yol segimidir (BFS) — DFS
tabanli bir siiriim, prensip olarak, bazi gizgelerde ¢ok daha uzun surebilir.

o Kapasiteyi akisla karigtirmak: bu programda cap_of[ ][] zaten kalan kapasite**dir** (kapasite eksi gonderilen
akig), yerinde glincellenir — ayri bir flow[ ][] dizisi yoktur, ki bu, bu kodu ikisini ayri tutan bir ders kitabi
sunumuyla karsilastirirken yaygin bir kafa karisikligi noktasidir.

+/ Kendini sina: Edmonds-Karp bittikten sonra, HER kenarin kalan kapasitesi tek bagina anlamli midir? v

Yalnizca orijinal kapasitelerle birlikte: algoritma bittikten sonra cap_of[a][b] 'nin tek basina, "hi¢ kullaniimamis
kapasite" ile "yalnizca bir geri almaya izin vermek igin agilan kapasite"yi (ters kenar mekanizmasi) karistirir, yani
gercek bir a -> b kenarindaki gergek akigi geri kazanmak orijinal kapasiteyi de gerektirir: akis =

orijinal_kapasite - cap_of[a][b].

10. Geri izleme

10.1 Baslangi¢ sorusu

Simdiye kadarki her algoritmanin bir formdilli ya da agik bir aggdzli kural vardi. Bazi problemlerin ikisi de yok: bir haritayi,
hicbir iki komsu Ulke ayni rengi paylagsmayacak sekilde, miimkiin olan en az renkle boyayin; misafirleri, higbir kiiskiin ¢ift
yan yana olmayacak sekilde oturtun; bir satrang tahtasina, higbiri digerine saldirmayacak sekilde N vezir yerlestirin.
Bunlarin higbiri igin bilinen bir kisayol formiilii yok — olasi cevaplarin bir uzayinda, ne ¢ézimu kagirarak ne de her olasihigi
sagma derecede yavas tek tek kontrol ederek, sistematik olarak nasil ararsiniz?
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10.2 Fikir: dene, 0zyinele, geri al

Geri izleme (backtracking), kismi ¢oziimler uzayinda derinlik oncelikli aramadir: kismi bir ¢6ziimii bir karar daha
ekleyerek genisletin; bu karar hala her kuralla tutarlysa, igine 6zyineleyin ve genisletmeye devam edin; tutarsizsa, ya da
onu genisletmenin her yolu sonunda basarisiz olursa, karari geri alin (bu, "geri izleme" kismidir) ve tam o noktada bir
sonraki segenegi deneyin. Bu bélim bunu gizge boyamaya uygular: her diigiime, hi¢bir kenar ayni renkli iki dugimu
birlestirmeyecek sekilde k renginden birini atayin, digiimleri sabit bir sirayla ve her diigiimde renkleri 1. .k sirayla
deneyerek, bir segim giivensiz ¢iktiginda geri alarak (renk @) ve bir sonraki rengi deneyerek.

Geri izleme, klasik bir alternatif 6rnek olan Hamilton yoluna (her diigiimii tam olarak bir kez, kenarlar boyunca ziyaret
etmek) karsi segcildi, 6zellikle ¢linki ¢izge boyamanin karari — digliim basina bir renk, zaten renklenmis komsulara karsl
kontrol edilir — Bolim 8'in iki pargalilik testinin zaten 6grettigi tam color[] satirini ve komsu-gakisma kontroliini
yeniden kullanir; bir Hamilton yolu, dersin bu kadar ge¢ bir noktasinda tamamen yeni bir "simdiye kadarki yol" / ziyaret-
yigini kurali gerektirirdi, geri izlemenin kendisinin katti§i gorece az ek kavrayis igin.

10.3 Bellekte nasil durur, ve kod

int color_of[MAX_V]; /* 8 = uncoloured */

int safe(int v, int c) {
for (AdjNode *n = cur_g->adj[v]; n != NULL; n = n->next) /* alphabetical order */

if (color_of[n->to] == c¢) return 0; /* a neighbour already has this colour */
return 1;
}
int color_graph(int v, int k) { /* try to colour v, v+1, ... with k colours */
if (v == cur_g->vertex_count) return 1; /* every vertex coloured: success */
for (int ¢ = 1; ¢ <= k; c++) {
if (safe(v, c)) {
color_of[v] = c; /* try colour c */
if (color_graph(v + 1, k)) return 1;
color_of[v] = 0; /* backtrack: undo, try the next colour */
}
}
return 0; /* no colour works for v: fail, backtrack
further */
}
int[] colorOf = new int[MAX_V]; // 8 = uncoloured

boolean safe(int v, int c¢) {
for (AdjNode n = curG.adj[v]; n != null; n = n.next) // alphabetical order
if (colorOf[n.to] == c¢) return false; // a neighbour already has this colour
return true;

}
boolean colorGraph(int v, int k) { // try to colour v, v+1, ... with k colours
if (v == curG.vertexCount) return true; // every vertex coloured: success
for (int ¢ = 1; ¢ <= k; c++) {
if (safe(v, c)) {
colorOf[v] = c; // try colour c
if (colorGraph(v + 1, k)) return true;
colorOf[v] = 0; // backtrack: undo, try the next colour
}
}
return false; // no colour works for v: fail, backtrack
further
}
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A B o D E F A B o D E F

renk[] = e e e e e e renk[] = E] e e e e 8

1. GERI IZLEME: her diigiime alfabetik sirayla 1.3 2. A'ye renk 1 (kirmizi) denenir: hicbir komsuda
renklerinden biri denenir. Komsuda ayni renk varsa cakisma yok.

denenmez. Hicbiri olmuyorsa, 6nceki diigiime doniip
BASKA bir renk denenir.

X K

N\ N

A B C D E F A B C D E F
renk[] = B e e e e e renk[] = B B e e e e
3. Renk 1 (kirmizi) B icin olmuyor: komsu A zaten bu 4. B'ye renk 2 (mavi) denenir: hicbir komsuda cakisma
renkte. yok.
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N X DA

NN N

A B C D E F A B C D E F
renk[] = E]E] e e e e renk[] = E]E] e e e e

5. Renk 1 (kirmizi) C icin olmuyor: komsu A zaten bu 6. Renk 2 (mavi) C icin olmuyor: komsu B zaten bu

renkte. renkte.

\ / C E
A B o D E F .\ B o D E F
renk[] = BE]B e e e renk[] = [1][2][3][1] e 8
7. C'ye renk 3 (yesil) denenir: hicbir komsuda cakisma 8. D'ye renk 1 (kirmizi) denenir: hicbir komsuda
yok. cakisma yok.

F e
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E
A B c D E F A B c D E F
renk[]:[l][z][3][1]e e r‘enk[]:[l][Z][3][1][2]9
9. Renk 1 (kirmizi) E i¢in olmuyor. komsu D zaten bu 10. E'ye renk 2 (mavi) denenir: hicbir komsuda cakisma
renkte. yok.

A B o D E F A B o D E F
o-DEOOE . w00 -
11. Renk 1 (kirmizi) F icin olmuyor: komsu A zaten bu 12. Renk 2 (mavi) F icin olmuyor: komsu E zaten bu

renkte. renkte.
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A B c D - F A B c D - F
- 000 --0E00EG
13. F'ye renk 3 (yesil) denenir: hicbir komsuda cakisma 14. Bltln dugtmler renklendi: basan!

yok.

)

©
)
-o- DEEOEEGE

15. Bitti. Boyama: A=1, B=2, C=3, D=1, E=2, F=3.

Reddedilen bir rengin kirmizi yanip sondiigiini (zaten renklenmis bir komsuyla gakisma) ve geri alinan bir rengin bosa
dondigilind (gergek bir geri izleme, sonraki her diigiim basarisiz olduktan sonra) izleyin. "6 diigiim, 10 kenar, k=3 renkle
¢oziiliir", "7 diigiim, 12 kenar, k=3, epeyce geri izleme gerekir", ve gerekli u¢ durum "K4 (4 diigiim birbirine bagh) k=3 ile
GOZULEMEZ" deneyin — her olasilig tiikettigini ve basarisizhdi dogru raporladigini izleyin; girdi k=3 A-B A-C ... .
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10.4 Deneyin

H Tam program: backtracking_graph_coloring.c / BacktrackingGraphColoring.java v
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/* Week 9 -- Graph Algorithms

* Backtracking: colour every vertex with one of k colours so that no edge
* joins two same-coloured vertices. Vertices are tried in alphabetical

* order, colours 1..k in order; when no colour works, we UNDO (colour 0)
* and let the caller try its next colour.

* CEN207 Data Structures (formerly CE205)

#include <stdio.h>
#include <string.h>
#include <stdlib.h>

#define MAX_V 32
#define MAX_LBL 4

typedef struct AdjNode { int to; struct AdjNode *next; } AdjNode;
typedef struct Graph {

char label[MAX_V][MAX_LBL];

AdjNode *adj[MAX_V];

int vertex_count;
} Graph;

int color_of[MAX_V]; /* @ = uncoloured */
Graph *cur_g;

int safe(int v, int c) {
for (AdjNode *n = cur_g->adj[v]; n != NULL; n = n->next) /* alphabetical order */

if (color_of[n->to] == c) return 0; /* a neighbour already has this colour */
return 1;
}
int color_graph(int v, int k) { /* try to colour v, v+1, ... with k colours */
if (v == cur_g->vertex_count) return 1; /* every vertex coloured: success */
for (int ¢ = 1; ¢ <= k; c++) {
if (safe(v, c)) {
color_of[v] = c; /* try colour c */
if (color_graph(v + 1, k)) return 1;
color_of[v] = 0; /* backtrack: undo, try the next colour */
}
}
return 0; /* no colour works for v: fail, backtrack
further */
}
/* ---- construction: build Graph from a (label, label) UNDIRECTED edge list. ---- */

typedef struct { const char *a, *b; } Edgeln;

static int find_or_add_vertex(Graph *g, const char *1bl) {
for (int i = @; i < g->vertex_count; i++)
if (strcmp(g->label[i], 1bl) == @) return i;
strncpy(g->label[g->vertex_count], 1bl, MAX_LBL - 1);
g->label[g->vertex_count][MAX_LBL - 1] = '"\0"';
g->adj[g->vertex_count] = NULL;
return g->vertex_count++;

static AdjNode *new_node(int to) { AdjNode *n = malloc(sizeof(AdjNode)); n->to = to; n->next =
NULL; return n; }

static void add_neighbour_sorted(Graph *g, int v, int neighbour) {
AdjNode *n = new_node(neighbour);
if (g-»adj[v] == NULL || strcmp(g->label[g->adj[v]->to], g->label[neighbour]) > 8) {
n->next = g->adj[v]; g->adj[v] = n; return;

}

Hafta 9 — Ders Notu
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AdjNode *cur = g->adj[v];

while (cur->next != NULL && strcmp(g->label[cur->next->to], g->label[neighbour]) <= 8) cur =
cur->next;

n->next = cur->next; cur->next = n;

}

static void build_graph(Graph *g, EdgeIn edges[], int n) {

g->vertex_count = 0;

for (int i = @; i < MAX_V; i++) g->adj[i] = NULL;

for (int i = 0; i < n; i++) {
int a = find_or_add_vertex(g, edges[i].a), b = find_or_add_vertex(g, edges[i].b);
if (a == b) continue;
add_neighbour_sorted(g, a, b);
add_neighbour_sorted(g, b, a);

}

static void free_graph(Graph *g) {
for (int i = @; i < g->vertex_count; i++) {
AdjNode *cur = g->adj[i];
while (cur) { AdjNode *nx = cur->next; free(cur); cur = nx; }
g->adj[i] = NULL;

}

static void run_scenario(const char *label_txt, int k, EdgeIn edges[], int n) {
printf("-- %s --\n", label_txt);
Graph g;
build_graph(&g, edges, n);
cur_g = &g;
for (int i = 9; i < g.vertex_count; i++) color_of[i] = 0;

int ok = color_graph(@, k);
if (ok) {
printf("colouring:");
for (int v = 0; v < g.vertex_count; v++) printf(" %s=%d", g.label[v], color_of[v]);
printf("\n");
} else {
printf("no valid colouring with k=%d\n", k);

}

free_graph(&g);
printf("\n");

}
int main(void) {
EdgeIn normal[] = {
{"A", "B"}, {"A", "C"}, {"B", "C"}, {"B", "D"}, {"C", "D"},
{"c", "E"}, {"D", "E"}, {"D", "F"}, {"E", "F"}, {"A", "F"}

b

run_scenario("normal: 6 vertices, 10 edges, solvable with k=3 colours", 3, normal, 10);

EdgeIn hard[] = {
{"A", "B"}, {"A ©
{"B", "E"}, {"B", "F"
{"E F"}, {"F G

" n
)

b
run_scenario("hard: 7 vertices, 12 edges, k=3, needs a fair amount of backtracking", 3, hard,
12);

EdgeIn impossible[] = {
("A", TB"Y, {"A",
{"D", "E"}, {"E", "

b5
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run_scenario("edge: K4 (4 mutually connected vertices) is UNSOLVABLE with k=3 (10 edges)", 3,
impossible, 10);

EdgeIn triviall[] = { {"A", "B"} };
run_scenario("edge: 2 vertices, 1 edge, k=2 (the minimum needed)", 2, trivial, 1);

return 0;
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/* Week 9 -- Graph Algorithms

Backtracking: colour every vertex with one of k colours so that no edge
joins two same-coloured vertices. Vertices are tried in alphabetical
order, colours 1..k in order; when no colour works, we UNDO (colour ©)
and let the caller try its next colour.

CEN207 Data Structures (formerly CE205)

* F Sk Ok

5/
public class BacktrackingGraphColoring {
static final int MAX_V = 32;

static class AdjNode { int to; AdjNode next; AdjNode(int to) { this.to = to; } }
static class Graph {

String[] label = new String[MAX_V];

AdjNode[] adj = new AdjNode[MAX_V];

int vertexCount;

}

static int[] colorOf = new int[MAX_V]; // 8 = uncoloured
static Graph curG;

static boolean safe(int v, int c) {

for (AdjNode n = curG.adj[v]; n != null; n = n.next) // alphabetical order
if (colorOf[n.to] == c) return false; // a neighbour already has this colour
return true;
}
static boolean colorGraph(int v, int k) { // try to colour v, v+1, ... with k
colours
if (v == curG.vertexCount) return true; // every vertex coloured: success
for (int ¢ = 1; ¢ <= k; c++) {
if (safe(v, c¢)) {
colorOf[v] = c; // try colour c
if (colorGraph(v + 1, k)) return true;
colorOf[v] = 0; // backtrack: undo, try the next
colour
}
}
return false; // no colour works for v: fail,
backtrack further
}
// ---- construction: build Graph from a (label, label) UNDIRECTED edge list. ----

static class EdgeIn { String a, b; EdgeIn(String a, String b) { this.a = a; this.b = b; } }

static int findOrAddVertex(Graph g, String 1bl) {
for (int i = @; i < g.vertexCount; i++)
if (g.label[i].equals(1lbl)) return i;
g.label[g.vertexCount] = 1bl;
g.adj[g.vertexCount] = null;
return g.vertexCount++;

}

static void addNeighbourSorted(Graph g, int v, int neighbour) {
AdjNode n = new AdjNode(neighbour);
if (g.adj[v] == null || g.label[g.adj[v].to].compareTo(g.label[neighbour]) > 08) {
n.next = g.adj[v]; g.adj[v] = n; return;

}

AdjNode cur = g.adj[v];

while (cur.next != null && g.label[cur.next.to].compareTo(g.label[neighbour]) <= 8) cur =
cur.next;

n.next = cur.next; cur.next = n;

}
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static void buildGraph(Graph g, EdgeIn[] edges) {

g.vertexCount = 0;

for (int i = @; 1 < MAX_V; i++) g.adj[i] = null;

for (EdgeIn e : edges) {
int a = findOrAddVertex(g, e.a), b = findOrAddVertex(g, e.b);
if (a == b) continue;
addNeighbourSorted(g, a, b);
addNeighbourSorted(g, b, a);

}

static void runScenario(String labelTxt, int k, EdgeIn[] edges) {
System.out.println("-- " + labelTxt + " --");
Graph g = new Graph();
buildGraph(g, edges);
curG = g;

for (int i = @; i < g.vertexCount; i++) colorOf[i] = ©;

boolean ok = colorGraph(@, k);

if (ok) {
StringBuilder sb = new StringBuilder("colouring:");
for (int v = @; v < g.vertexCount; v++) sb.append("’

") .append(g.label[v]).append('=").append(color0f[v]);

System.out.println(sb);

} else {
System.out.println("no valid colouring with k=" + k);

}

System.out.println();
}

public static void main(String[] args) {
EdgeIn[] normal = {
new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("B", "C"), new EdgeIn("B",
"D"), new EdgeIn("C", "D"),
new EdgeIn("C", "E"), new EdgeIn("D", "E"), new EdgeIn("D", "F"), new EdgeIn("E",
"F"), new EdgeIn("A", "F")
b5

runScenario("normal: 6 vertices, 10 edges, solvable with k=3 colours", 3, normal);

EdgeIn[] hard = {
new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("A", "E"), new EdgeIn("A",
"G"), new EdgeIn("B", "C"),
new EdgeIn("B", "E"), new EdgeIn("B", "F"), new EdgeIn("C", "D"), new EdgeIn("C",
"F"), new EdgeIn("D", "E"),
new EdgeIn("E", "F"), new EdgeIn("F", "G")
b
runScenario("hard: 7 vertices, 12 edges, k=3, needs a fair amount of backtracking", 3,
hard) ;

EdgeIn[] impossible = {
new EdgeIn("A", "B"), new EdgeIn("A", "C"), new EdgeIn("A", "D"), new EdgeIn("B",
"C"), new EdgeIn("B", "D"), new EdgeIn("C", "D"),
new EdgeIn("D", "E"), new EdgeIn("E", "F"), new EdgeIn("F", "D"), new EdgeIn("E",
A"
b
runScenario("edge: K4 (4 mutually connected vertices) is UNSOLVABLE with k=3 (10 edges)",
3, impossible);

EdgeIn[] trivial = { new EdgeIn("A", "B") };
runScenario("edge: 2 vertices, 1 edge, k=2 (the minimum needed)", 2, trivial);
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Deneyin

gcc -std=c11 -Wall -Wextra -o backtracking_graph_coloring backtracking_graph_coloring.c &&
./backtracking_graph_coloring
javac -Xlint:all BacktrackingGraphColoring.java && java BacktrackingGraphColoring

-- normal: 6 vertices, 10 edges, solvable with k=3 colours --
colouring: A=1 B=2 C=3 D=1 E=2 F=3

-- hard: 7 vertices, 12 edges, k=3, needs a fair amount of backtracking --
colouring: A=1 B=2 C=3 E=3 G=2 F=1 D=1

-- edge: K4 (4 mutually connected vertices) is UNSOLVABLE with k=3 (10 edges) --
no valid colouring with k=3

-- edge: 2 vertices, 1 edge, k=2 (the minimum needed) --
colouring: A=1 B=2

hard boyamasi A B C E G F D yazdirilir — yine kenar listesi taranirken kesif sirasi, alfabetik degil (B6lim 6.4'ln Floyd-
Warshall matrisindeki ayni etki izerine notuyla karsilastirin). color_graph 'In gergekten garanti ettigi tek sey, girdideki her
kenarin farkli renkli iki digimi birlestirmesidir — "hard" senaryosunun kenar listesindeki herhangi bir kenari bu renklerle
(A=1,B=2,C=3,D=1,E=3,F=1,G=2 ) kontrol edin, ve bu 6zellik diglimlerin yazdirldidi sira onunla hig ilgisiz goriinse bile
boyunca gecerlidir.

10.5 Karmasiklik, hatalar, kendini sinama

Karmasiklik. En kot durumda O(k*V) — v digiimiin her birinde, en gok k renk denenir, ve bir basarisizlik ancak keyfi
derinlikte dnce inildikten sonra kesfedilebilir; geri izlemenin son gare bir teknik olarak kullanilmasinin, problem i¢in daha
hizli bir yapi (aggozlii bir kural, bir DP tablosu, dogrudan bir formiil) bilinmediginde kullaniimasinin nedeni budur. Pratikte,
safe() kontroli arama uzayinin devasa kisimlarini erken budar — giivensiz bir renk, igine hig 6zyinelenmeden O(1)'de
reddedilir — ki bu, geri izlemenin Ustel en kotli duruma ragmen neden kullanilabilir oldugunun nedenidir.

Sik yapilan hatalar

o Ozyinelemeli bir cagr basarisiz olduktan sonra geri alma adimini (color_of[v] = @) unutmak: bunsuz, daha
sonraki, ilgisiz bir arama dali, terk edilmis bir denemeden kalan bayat bir rengi gorebilir ve yanlis bir glivenlik
karari verebilir.

e safe() 'i 6zyinelemeden sonra kontrol etmek, &nce yerine: geri izlemenin bitin verimlilik argimani, kétu bir
segimi, altinda zaman harcamadan, mimkin oldugunca erken reddetmeye dayanir.

e "BuTEK didim igin higbir renk ise yaramadi'yi "biitiin problem ¢oziilemez"le karigtirmak: birincisine dogru tepki,
basarisizhigi gagirana dondirmektir, ki o da kendi en son segimini geri alir ve tekrar dener — yalnizca ilk digim
(v == 0) her rengi tiikettiginde bitiin problem gergekten ¢oziilemez kanitlanmistir.

e Geri izlemenin her zaman toplamda en az renkle boyamayi buldugunu varsaymak: bu program verildigi k renkle
gegerli bir boyama bulur, ya da higbirinin olmadigini kanitlar — gercekten gereken en kiguk renk sayisini
(kromatik sayi1) bulmak, bu programin otomatik yapmadigi, artan k ile ilk basariya kadar gagirmayi gerektirir.

7?2 success "Kendini sina: K4'lin k=3 renkle, daha biiytik bir 'hard' 6rnegi yerine, iyi bir gerekli u¢ durum olmasinin nedeni
nedir?" Clinki geri izlemenin dogru yapmasi gereken diger yariyi gosterir: her olasiligi tilketmek ve basarisizligi dogru
raporlamak, yalnizca sonunda sansh bir basari bulmak degil. K4 (her diigiim her diger digiime komsu) kanitlanmis
sekilde 4 renk gerektirir — yalnizca 3 renkle, color_graph her kombinasyonu dener, her birini giivensiz bulur, ve @' tim
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yol boyunca g¢agirana kadar dondiiriir. Bu tam, dogru tiikenmenin gergeklestigini izlemek (yalnizca hizli bir bagariyi
izlemek yerine) ug durumun asil amacidir.

Ozet

Bu hafta, Hafta 5'in arag setine agirliklar, sira ve dongdler ekledi, ve geri izlemeyi bir probleme tamamen farkl bir yaklagim

olarak tanitti:

Problem

Bagimliliklara saygili sira

Dongl var mi?

Bagh gruplari takip et
Her seyi en ucuza bagla
Tek kaynaktan en ucuz yol

Her ¢ift arasi en ucuz yol
Karsilikh ulasilabilir gruplar

iki takima béliinme,
¢akisma yok

Agdan gecebilecek en
biyuk akis

Formil yokken arama

Alistirmalar

Algoritma(lar) Karmasikhk
Kahn / DFS topolojik O(V+E)
siralama

3 renkli DFS O(V+E)
Union-find ~0(1)

amortize/iglem

Kruskal / Prim O(Elog E) / O(V*2)

Dijkstra / Bellman-Ford 0(V*2) / O(V*E)
Floyd-Warshall 0(V*3)
Kosaraju SCC O(V+E)

iki parcalilik kontrolii O(V+E)
Edmonds-Karp O(V*E*2)

Geri izleme 0(k*V) en koti

durum

Anahtar fikir

once i¢cderece 0 / bitig zamani ters
cevrilmis

GRI bir diigiime giden bir geri kenar

riitbeye gore birlestirme + yol
sikistirma

aggozlu kenar segimi, kanitlanmig
guvenli

kenarlar gevset; Bellman-Ford
negatifleri kaldirir

her diigiim bir ara durak olarak denenir

DFS iki kez, ikinci gecis devrikte

2 renkli BFS, tek sayili dongii =
imkansiz

en kisa artirici yol, kalan gizge

dene, 0zyinele, geri al, erken buda

1. A>B A>C B>D C>D D>E kenarlarinda Kahn algoritmasini elle izleyin, her kuyruktan-gikarmadan sonra kuyrugun

icerigini gosterin.

2. Ayni gizgede DFS tabanl topolojik siralamayi izleyin ve gegerli (belki farkli) bir sira trettigini dogrulayin.

3. Dongl sezimi programini, yalnizca digimleri degil, buldugu dongiiniin uzunlugunu da yazdiracak sekilde degistirin.

4. union(A,B) union(C,D) union(A,C) union(E,B) union-find dizisi verildijinde, ortaya ¢ikan ormani gizin ve

find(E) 'i belirtin.

5. Her kenarin ayni agirlia sahip oldugu bir gizgede, Kruskal ve Prim algoritmalari her zaman tam olarak ayni kenar

kiimesini mi seger? Cevabinizi gerekgelendirin.
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6. Kendi tasarladiginiz, 5 diigiim ve 7 kenarli kiiguk bir gizgede Dijkstra'yi elle ¢alistirin; cevabinizi programla dogrulayin.

7. Negatif bir kenari olan ama negatif dongisu olmayan 4 diigiimli bir ¢izge kurun, ve Bellman-Ford ile Floyd-Warshall'in
her ¢ift uzaklikta ayni fikirde oldugunu dogrulayin.

8. Gligli bagli bilesenler programini, her bilesen igin ayrica, 6z-dongiisii olmayan tek bir digiim mi ("6nemsiz" bir SCC)
yoksa gergek bir dongi mii oldugunu da yazdiracak sekilde genisletin.

9. Bolum 8.2'deki tek sayili dongu karakterizasyonunu kullanarak, her agacin iki pargali oldugunu kanitlayin.

10. Geri izleme programini, "hard" ve "K4" senaryolari igin denenen toplam boyama sayisini (giivenli olsun olmasin) sayip
yazdiracak sekilde degistirin, ve ikisini karsilastirin.

Kendini sinama

/1. Bir topolojik sira, her u -> v kenari hakkinda ne garanti eder? v

u'nun sirada v 'den once goriindiigiinii — her 6nkosul, kendisine bagimli olandan once gelir.

/2. Kahn algoritmasi neden dongiilii bir ¢izge i¢in tam bir sira iiretemez? v

Donglideki her diigiim dongiideki bagka bir digime bagimhdir, yani higbiri icderece 0'a ulasmaz; kuyruk, o diigiimler
hig yerlestiriimeden bosalir.

/3. 3 renkli DFS dongii kontroliinde, bir geri kenan 6zellikle ne belirler? v

Su anda gri olan — hala su anki DFS yolunda, heniiz bitmemis (siyah) ve ziyaret edilmemis (beyaz) olmayan — bir
digime giden bir kenar.

7?7 success "4. Ritbeye gore birlestirme ve yol sikistirma, union-find'in neredeyse-0(1) hizina ayri ayri ne katkida
bulunur?" Ritbeye gore birlestirme her agaci bastan si§ tutar (asla O(log n)'den derin degil); yol sikistirma bir agaci her
arandijinda daha da diizlestirir, yani sonraki islemler de daha hizli olur.

/5. Kruskal algoritmasi neden once kenarlari siralamali ama Prim algoritmasi siralamamalidir? v

Kruskal, aggozlu segimin giivenli oldugunu garanti etmek igin kenarlari kesinlikle artan agirlik sirasinda, global olarak
ele alir; Prim bunun yerine tekrar tekrar su anki agactan ¢ikan en ucuz TEK kenari seger, ki bu her adimda yalnizca
(kliglik) aday kenarlar kiimesini karsilagtirmayi gerektirir, tam bir global siralamay degil.

/6. Dijkstra negatif kenarli bir gcizgede neden basarisiz olur, ama Bellman-Ford olmaz? v

Dijkstra, en kii¢lik gecici uzaklikla gikarildigi anda bir digimiin uzakligini kesin sayar — bu argliman yalnizca kalan
her kenar agirhgi negatif olmadiginda gecerlidir; Bellman-Ford, vV - 1 turun hepsi bitene kadar higbir uzakligi kesin
saymaz, yani sonradan gelen negatif bir kenar daha dnceki bir tahmini hala diizeltebilir.
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7?? success "7. Floyd-Warshall'da, sabit bir ara digiim k igin gegilen turda mesafe matrisini yerinde giincellemek neden
glvenlidir?" Clnkd dist[i][k] ve dist[k][j] — o turdaki her glincellemenin okudugu iki deger — o ayni turda kendileri
asla glincellenmez; k 'ya ulagsmak igin k 'dan gegcmek, zaten k 'da olmaktan asla daha kisa degildir.

7?2 success "8. Kosaraju algoritmasi, bitis-zamani-tarzi bir DFS tabanl topolojik siralamanin tizerine hangi TEK yeni fikri
ekler?" ikinci DFS gegisini gizgenin devriginde (her kenar tersine gevrilmis) calistirmak, bdylece birlikte gruplanan
digimlerin kanitlanmis sekilde birbirlerinden her iki yonde de ulasilabilir oldugu garanti edilir, yalnizca bir yonde degil.

9. 'iki pargall' ile 'tek sayil dongii yok' arasindaki tam iligki nedir? v

Esdegerdirler: bir ¢izge iki parcalidir ancak ve ancak tek sayili uzunlukta bir dongu igermiyorsa.

77? success "10. Edmonds-Karp'ta, bir ters kalan kenari, sonraki bir artirici yolun 6zellikle ne yapmasina izin verir?" Daha
onceki bir yolun karsilik gelen ileri kenar boyunca gonderdigi akisi kismen "geri almasina’, akisi ikisinin de tek basina
basaramayacagi kadar akillica yeniden yonlendirerek — bu olmadan, algoritma gergek en buiylkten daha diisiik bir akista
takilp kalabilir.

Sirada ne var

Hafta 1-9, dizileri, bagh listeleri, yiginlari ve kuyruklari, agaglari ve yiginlari (heap), gizgeleri ve gezinmelerini, arama ve
Ozetlemeyi (hashing), ve — bu hafta — agirliklari, sirayi ve dénglileri ise kosan gizge algoritmalarini kapsadi. Hafta 10,
gelismis agag yapilarina (AVL agaglari, kirmizi-siyah agaclar, B-agaglari) doner — bir ikili arama agacinin 0(log n)
garantisinin, talihsiz bir ekleme sirasinda 0(n) 'e ¢gokmesini 6nleyen kendi kendini dengeleyen diizenek; bu hafta genelde
diziler ve komsuluk listeleri Gizerinde galisarak bu endiseden kagindi. Ara proje (RAP1, Hafta 7'den 6nce teslim) sizden
zaten bir yapinin segimini Big-O ile gerekgelendirmenizi istedi; bundan sonra, bu gerekgelendirmenin giderek Hafta 10'un
getirdigi denge garantilerini de igcermesini bekleyin.
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 williamfiset/Algorithms (MIT Lisansi) — https://github.com/williamfiset/Algorithms — yukaridaki algoritmalarin
birkaginin Java uygulama tslubu igin fikir ve gapraz kontrol amaciyla kullanildi.

¢ Programiz DSA — htips://www.programiz.com/dsa — bu notun adim adim, kii¢lik ¢izimli agiklayici tslubu igin bir
ilham (metin ya da ¢izim kopyalanmad).
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