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public class DirectedEdge
DirectedEdge(int v, int w, double weight) vV o=> W leags JU sl
int from(Q) V gl o, @l
int to(int v) W ) i, 0Ll
double weight() JY @39 Rl
String toString() sl dids, 90 0 Jb Gigles

@— weight 4>@
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public class DirectedEdge

private final int v, w;
private final double weight;

public DirectedEdge (int v, int w, double weight)
{

this.v = v;

this.w = w;

this.weight = weight;
}

public int from()
{ return v; }

public int to()
{ return w; }

public double weight ()
{ return weight; }
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public class EdgeWeightedDigraph
EdgeWeightedDigraph(int V) o, VU o5 SIS Syl
EdgeWeightedDigraph(In in) 59,9 QU 31 SIS D Sl
void addEdge(DirectedEdge e) SlS v e Ju @yl
Iterable<DirectedEdge> adj(int v) V i, ) e WU @l
Iterable<DirectedEdge> edges() S Sl s @iy
int VO g, Sz @l
int EQ WO S5 0l
String toString() G, g 90 4 509 <3S lyles
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public class EdgeWeightedDigraph
{

private final int V;
private final Bag<DirectedEdge>[] adj;

public EdgeWeightedDigraph (int V) «—— oyl
{
this.V = V;
adj = (Bag<DirectedEdge>[]) new Bagl[V];
for (int v = 0; v < V; v++)
adj[v] = new Bag<DirectedEdge>() ;

public void addEdge (DirectedEdge e)
{

int v = e.from(); . S
adj[v].add(e) ; 4 e Jy @y 6Ll

} V fluas cnd @

public Iterable<DirectedEdge> adj(int v)
{ return adj[v]; }
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public class SP

SP(EdgeWeightedDigraph G, int s) S ;1 b puaun (1580 9 tuwlas

double distTo(int v) V 4 S ;I puus e galsl Job
Iterable<DirectedEdge> pathTo(int v) V o S ;I puus g galisl
boolean hasPathTo(int v) Syl> >89 pus V0 S ;1 4T

SP sp = new SP(G, s);

for (int v = 0; v < G.V(); v++)
{
StdOut.printf (“%d to %d (%.2f): 7, s, v, sp.distTo(v))
for (DirectedEdge e : sp.pathTo(v))
StdOut.println(e + % ”);
StdOut.println() ;
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public class SP
SP(EdgeWeightedDigraph G, int s) S ;1 (o g (ys 760 5) duwlae
double distTo(int v) V 4 S ;I puus e galsl Job
Iterable<DirectedEdge> pathTo(int v) V 0 S ;I yuun g palisf
boolean hasPathTo(int v) So/ly >989 s V 0 S ;1 4T
% java SP tinyEWD.txt O
0 to 0 (0.00):
0 to 1 (1.05): 0->4 0.38 4->5 0.35 5->1 0.32
0 to 2 (0.26): 0->2 0.26
0 to 3 (0.99): 0->2 0.26 2->7 0.34 7->3 0.39
0 to 4 (0.38): 0->4 0.38
0 to 5 (0.73): 0->4 0.38 4->5 0.35
0 to 6 (1.51): 0->2 0.26 2->7 0.34 7->3 0.39 3->6 0.52
0 to 7 (0.60): 0->2 0.26 2->7 0.34
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Dl toles 5lgs o wl,l g0 5l eolaiwl b 1, jws oy 50ligS CBy0 Laml O
VSl e o 50ligS Jobo =distTo[V]
v | distTo[] edgeTo[] VSl e o 50lieS o Jb 51 =edgeTo[v]
0 0.00 null
1 1.05 5->1 @
2 0.26 0->2 (:)’
3| 0.97 7->3 @(@
5 0.38 0->4 0
4 0.73 4->5 e @
6 1.49 3->6 P
7 0.60 2->7 Sl pws @ psly) i,
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ol Gioled led s aslyl g0 sl oolaiwl by e o 50ligS Co o Lz
NS 5l e o golisS Jgb = distTo[v]

NV aS ;s oy ,506sS j0 Jb o 5>l = edgeTo[V]

public double distTo(int v)
{ return distTo([vVv]; }

public Iterable<DirectedEdge> pathTo (int v)
{
if ('hasPathTo(v)) return null;
Stack<DirectedEdge> path = new Stack<DirectedEdge> () ;
for (DirectedEdge e = edgeTo[v]; e !'= null; e = edgeTo[e.from()])
path.push (e) ;
return path;
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e = v->w JL gilees!, O
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(relaxation) Ju ¢s)bwcanl)

e = V_>Wtﬂiéﬂwg0%

Vsl ded e o 50lisS Job b sl plydistTo[v]
WasS 5l Jed e o 50lisS Job b el ol distTol[w]
Was 5l (b e 0 50lisS 0 Jb on )yl b el il edgeTo[w]

&S o obul Wl 4 (6,508 o v > W L S
S S, 59, 4], edgeTo[w] gdistTo[w] jlade g0 ,»

private void relax (DirectedEdge e) {
int v = e.from(), w = e.to();

if (distTo[w]

{

distTo[w]
edgeTo [w]

> distTo[v] + e.weight())

= distTo[v] + e.weight()
=e;
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distTo[w] <= distTo[v] + e.weight() il ails @ = v->w Jb 2 sl a
lesy L sl .ol o

distTo[w] > distTo[v] + e.weight() il ailbe = v>w Ju gl 4 oss 5,8
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: 51 dads g Sl o s 5l s 0 50ligS Job [Slo distTo[] polie &yge (ol o
ALV 4 S 5l e S Job Sl distTo[v] Jlade v ol, 2 ly 4
distTo[w] <= distTo[v] + e.weight() :(xuil ailo @ = v->w JL ,» sl &

[ 25 b,a] oL
BT AL W 'S 5l e 5el3gS S = Vum>Vi—>L >V = W asS 5,8

distTo[v,] <= distTo[v,_;] + e..weight()
distTo[v,.;] <= distTol[v,.,] + e,;.weight()

distTo[v4] <= distTo[vy] + e;.weight()

429;;3)&

distTo[w] = distTo[v,] <= e;.weight() + e;.weight(+ .. + e,.weight()
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Generic Algorithm (to compute SPT from s)

Initialize distTo[[s] = 0 and distTo[v] = « for all other vertices.

Repeat until optimality conditions are satisfied:
- Relax any edge

S (o0 dulie (9929 Djgo 1) |y yue (2 50lsS L350 cages 98l o) T
il - b O

Cawl Vo s 3lools e & Jeb distTo[v] >l Jsbo o

223 oo yualS |distTo[v] lude (3850 g3luce], o

b jmalS gogusme Gileds slaxy wilgy o JiSTas distTo[v] lade
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Generic Algorithm (to compute SPT from s)

Initialize distTo[s] = 0 and distTo[v] = « for all other vertices.

Repeat until optimality conditions are satisfied:
- Relax any edge
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public class DijkstraSP

{
private DirectedEdge[] edgeTo;
private double[] distTo;
private IndexMinPQ<Double> pq;

public DijkstraSP (EdgeWeightedDigraph G, int s)
{

edgeTo = new DirectedEdge[G.V ()],

distTo = new double[G.V ()]’

pg = new IndexMinPQ<Double>(G.V()) ;

for (int v = 0; v < G.V(); v++)
distTo[v] = Double. POSITIVE INFINITY;
distTo[s] = 0.0;

pg.insert(s, 0.0);
while ('pg.isEmpty())
{
int v = pg.delMin() ;
for (DirectedEdge e : G.adj(v))
relax(e) ;

} 1WRQIE — (5018) 1oL 3w — dosly Hlalalw
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private void relax(DirectedEdge e)
{
int v = e.from(), w = e.to();
if (distTo[w] > distTo[v] + e.weight())

{

distTo[w] = distTo[v] + e.weight() ;

edgeTo[w] = e;

if (pg.contains(w)) pg.decreaseKey(w, distTol[w]) ;
else pg.insert (w, distTo[w]);
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public class AcyclicSP

{
private DirectedEdge[] edgeTo;
private double[] distTo;

public AcyclicSP ( (EdgeWeightedDigraph G, int s)
{

edgeTo new DirectedEdge[G.V ()]’
distTo = new double[G.V()];

for (int v = 0; v < G.V(); v++)
distTo[v] = Double. POSITIVE INFINITY;
distTo[s] = 0.0;
Topological topological = new Topological (G) ;
for (int v : topological.order())
for (DirectedEdge e : G.adj(v))
relax(e) ;
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Bellman-Ford Algorithm

Initialize distTo[s] = 0 and distTo[v] = o for all other vertices

Repeat V times:
- Relax each edge

for (int pass = 0; pass < G.V(), pass++)
for (int v = 0; v < G.V(); v++)

for (DirectedEdge e : G.adj(v)) <——(@J/r-e'|ax 1, Wi (Sp) T /,U/

relax(e) ;
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Bellman-Ford Algorithm

Initialize distTo[s] = 0 and distTo[v] = o for all other vertices

Repeat V times:
- Relax each edge

for (int pass = 0; pass < G.V(); pass++)
for (DirectedEdge e : G.edges())
relax(e) ; — (Jrelax |, Wi sws)i i
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Bellman-Ford Algorithm

Initialize distTo[s] = 0 and distTo[v] = o for all other vertices

Repeat V times:
- Relax each edge
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public class BellmanFordSP {

private double[] distTo;
private DirectedEdge[] edgeTo;
private boolean[] onQ;
private Queue<Integer> queue;

public BellmanFordSP (EdgeWeightedDigraph G, int s) ({
distTo = new double[G.V()];
edgeTo = new DirectedEdge[G.V()];
onQ = new boolean[G.V ()]’
queue = new Queue<Integer>() ;

for (int v = 0; v < G.V(),; v++)
distTo[v] = Double.POSITIVE_INFINITY;
distTo[s] = 0.0;

queue.enqueue (s) ;
while (!'queue.isEmpty()) {
int v = queue.dequeue() ;
onQ[v] = false;
for (DirectedEdge e : G.adj(v)) relax(e);
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private void relax(DirectedEdge e)
{
int v = e.from(), w = e.to();
if (distTo[w] > distTo[v] + e.weight())
{
distTo[w] = distTo[v] + e.weight();
edgeTo[w] = e;
if ('onQ[w])
{

queue.enqueue (w) ;
onQ[w] = true;
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boolean hasNegativeCycle()

Iterable<DirectedEdge> negativeCycle()
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uUSD
EUR

GBP
CHF
CAD

1000 USD -> 741 EUR -> 1012.206 CAD -> 1007.14497 USD

1.350
1.521
0.943
0.995

0.741
1
1.126
0.698
0.732

0.657
0.888
1
0.620
0.650

1.0601
1.433
1.614
1
1.049

1.011

1.366

1.538

0.953
1

!

1000 x 0.741 x 1.366 x 0.995 = 1.007.14497
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