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graph cl ass

ncl ude <i ostreane
ncl ude <map>

ncl ude <set>

ncl ude <queue>

ncl ude <limts>
ncl ude <al gorithnpe

usi ng nanespace std;

tenpl ate <typenane Node, typenanme Wight = int>

class graph {
publi c:
/1 MJST BE | NI TI ALI ZED JUST AFTER CLASS DEFI NI TI ON ENDS. See |ines 126-127
static const Weight |INF;
/* Value Map can be used to track node weights, to track the
nei ghbors of a particular node together with edge weights, or in
general to keep track of a set of val ues associated with nodes
(such as the nodes’ distances froma single source)
*/
typedef map<Node, Wi ght> VM /1 VM Val ue Map
typedef typenane VM:iterator VM; /1 VM : Value Map Iterator
typedef typenane VM :const_ iterator CVWM; // CYM: const Value Map lterator
/* The Adjacency Map can be used for an undirected adjacency list,
as each node has adjacencies that are represented with a Val ue
Map. For a directed graph, would keep two adjacency maps, one
for incom ng adjacencies and one for outgoing.
*/
typedef nmap<Node, VM> AM /1 AM Adj acency Map
typedef typenane AM:iterator AM; /1 AM: Adjacency Map Iterator
typedef typenane AM:const iterator CAM; // CAM: const Adajacency Map lter
/*
The Parent Map is typically used to represent tree structures by
havi ng each node map to a "parent” node (with the parent napping
to itself by convention)
*/
typedef map<Node, Node> PM /1 PM Parent Map
typedef typenane PM:iterator PM; /[l PM: Parent Map lterator
typedef typenane PM:const_iterator CPM; [// CPM: const Parent Map Iterator
private:
AMin, out; /1 Adj acency naps
bool dir;
publi c:
graph(bool dir) : dir(dir) { } /1 true=directed, fal se=undirected

bool isDirected() const { return dir; }

/* Note: adding an edge that already exists overwites weight */
voi d addEdge(Node from Node to, Weight wt = 1) {
out[fronf[to] = w;

if (dir) {
inf[to][fron] = wt; // reverse edge
out[to]; /1l creates enpty neighborhood if "to’ is new node
in[from; /'l creates enpty neighborhood if "froni is new node
} else {
out[to][from = w; // reverse edge

}
}

bool hasEdge(Node from Node to) const {
CAM it = out.find(from;
return (it !'= out.end() && it->second.find(to) !=it->second.end());

}



graph cl ass

66:

67: Wei ght get EdgeWei ght (Node from Node to) const { /1 UNSAFE i f no such edge
68: const VM& dm = out.find(fron->second

69: return dm find(to)->second,

70: }

71:

72: VM enpt y; /1 sentine
73: const VM& get Nei ghbor s(Node node, bool outward=true) const {

74. const AM &adj ( (dir && 'outward) ? in : out);
75: CAM iter = adj.find(node);

76: if (iter !'= adj.end())

77: return iter->second;

78: el se

79: return enpty;

80: }

81:

82: i nt get Degree(Node node, bool outbound=true) {
83: return get Nei ghbor s(node, out bound) . si ze();

84: }

85:

86: void reverse() {

87: if (dir) in.swap(out);

88:

89:

90: set <Node> get Nodes() const {

91: set <Node> nodes;

92: for (CAM it = out.begin(); it !'= out.end(); ++it)
93: nodes.insert(it->first);

94: if (dir)

95: for (CAM it =in.begin(); it !'=in.end(); ++it)
96: nodes.insert(it->first);

97: return nodes;

98: }

99:

100: /] OPTIONAL METHOD. ONLY NECESSARY WHEN MODEL NEEDS EDGE DELETI ONS
101: voi d del et eEdge(Node from Node to) { /1 UNSAFE i f no such edge
102: out[fron].erase(to);

103: if (dir)

104 in[to].erase(from;

105: el se

106: out[to].erase(from

107:

108: if (out[fronm.size() + in[fronj.size() == 0) {
109: out.erase(from;

110: in.erase(fron;

111: }

112:

113: if (out[to].size() + in[to].size() == 0) {
114 out.erase(to);

115: in.erase(to);

116: }

117: }

118:

119:

120: /1 I NSERT ADDI TI ONAL SUPPORT FOR ALGORI THVS HERE
121:

122:

123: }; I/ end of graph class

124;

125: // must initialize I NF constant
126: tenpl ate <typenane Node, typenane Wi ght>
127: const Wei ght graph<Node, Wi ght>::INF = nuneric_|imts<Wight>::max();
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I L Debug Utilities -------------------------

voi d printNei ghbors(string node) const {
cout << node << "'s ";
if (isDirected()) cout << "outgoing "
cout << "neighbors are:" << endl
const VM &hNei gh( get Nei ghbor s(node));
for (CY it = hNeigh.begin(); it !'= hNeigh.end(); ++it) {
cout << " " << jt->first << " with edge weight " << it->second << endl

}

if (isDirected()) {
cout << node << "'s incom ng neighbors are:" << endl
const VM &hNei gh( get Nei ghbor s(node, false));
for (CY it = hNeigh.begin(); it !'= hNeigh.end(); ++it) {

cout << " " << it->first << " with edge weight " << it->second << endl

}

}

}

voi d debugbDunp() const {
cout << endl << "DEBUG DUMP' << endl
set <string> nodes = getNodes();
typenane set<string>: :const _iterator it
for (it=nodes.begin(); it != nodes.end(); ++it) {
cout << "Node " << *it << endl
print Nei ghbors(*it);
}
}
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e R T T Shortest Path Support -------------------------

* %

* result[node] equals the distance from source to node
* graph::INF is used if node was unreachabl e.

*/

VM conput e_SP_di st ances(Node source) const {
set <Node> nodes = get Nodes();
typenane set<Node>::iterator it

}
/

VM esti mat e;
for (it = nodes. begin();
estimate[*it] = ( (*it

int V = nodes. size();
bool changed = true;
i nt passes = 0;

it !'= nodes.end(); ++it)
== source) ? 0 : INF);

whil e (changed && passes < V-1) {

changed = fal se

for (it = nodes.begin(); it != nodes.end(); ++it) {
if (estimate[*it] !'= INF) {
const VM& nei ghbors = get Nei ghbors(*it);
for (CVWM d = neighbors.begin(); d != neighbors.end(); ++d) {
if (estimate[*it] + d->second < estimate[d->first]) {
changed = true;

estinmate[d->fi
}
}
}
}

passes++;

}

return esti mate;

* %

rst] = esti

mate[*it] + d->second;

* result[node] is the parent of node in shortest-path tree.
node for root and unreachabl e nodes.

* Note: result[node] =
*/

PM conput e_SP_par ent s(const VM& sp) const {

}

PM par ent ;
for (CVWM it = sp.begin(
parent[it->first] = it

); it 1= sp.end(); ++it) {

->first;

/1l by default, be own parent

const VM& nei ghbors = get Nei ghbors(it->first);
for (CVM d = neighbors. begin();
if (sp.find(d->first)->second + d->second == sp.find(it->first)->second)

parent[it->first]

}

return parent;

= d->first;

d !'= neighbors.end(); ++d) {
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207: I M ni mrum Spanni ng Tree Support ----------------o---
208:

209: /* result[node] = parent of that node in MST, or self if root */
210: PM conput eMST() const {

211: typedef nul ti map<Wei ght, Node> PQ

212: typedef typenane PQ :iterator pqlter;

213: typedef nmap<Node, pqlter> Trace;

214: PQ fringe;

215: Trace | ocators;

216: PM par ent;

217:

218: /1 initially, all nodes have priority infinity except a chosen root
219: set <Node> nodes = get Nodes();

220: typenane set<Node>::iterator it

221: Node root = *nodes. begin();

222: | ocators[root] = fringe.insert(nake_pair(0, root));

223: parent[root] = root;

224: for (it = ++nodes.begin(); it != nodes.end(); ++it) {

225: | ocators[*it] = fringe.insert(make pair(INF *it));

226: parent[*it] = *it;

227:

228:

229: while (!fringe.enpty()) {

230: pglter small = fringe. begin();

231: Node renmoved = snall ->second;

232: fringe.erase(small);

233: | ocators. erase(locators. find(renoved));

234

235: /1 check nei ghbors of renoved

236: const VM& nei ghbors = get Nei ghbor s(renoved);

237: for (CYM d = neighbors. begin(); d != neighbors.end(); ++d) {
238: Node dest = d->first;

239: Wei ght edgecost = d->second

240: typenane Trace::iterator loc = locators.find(dest);

241: if (loc !'=1locators.end() && edgecost < |oc->second->first) {
242: /1 found better edge to dest; renove/reinsert PQ entry
243: fringe. erase(l oc->second);

244 | ocators[dest] = fringe.insert(nake_pair(edgecost, dest));
245: parent[dest] = renoved;

246:

247: }

248: }

249:

250: return parent;

251: }

252:

253: /* conputes the total cost of the MST returned by conputeMsT */
254 Wei ght conput eMSTWei ght (const PM& nst) const {

255: Wei ght wt = 0;

256: for (CPM it = mst.begin(); it !'= mst.end(); ++it) {
257: if (it->first I'=it->second)

258: wt += get EdgeWei ght (it->second, it->first);

259: }

260: return wt;

261: }
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R Graph Traversals, Reachability, Connectivity ---------------

/** Note: unreachable nodes will not be included in PM**/
PM bf s(Node start) const {
queue<Node> itensToVisit;
PM visitedNodes; //first is the node visited; second is it’'s parent
itensToVisit.push(start);
vi si tedNodes[start] = start;
while (litemsToVisit.empty()) {
Node item = itenmsToVisit.front();
itemsToVisit.pop();
VM nei ghbors = get Nei ghbors(item

for (VW iter = neighbors.begin(); iter != neighbors.end(); ++iter) {
if (visitedNodes.find(iter->first) == visitedNodes.end()) {
visitedNodes[iter->first] = item

itemsToVisit.push(iter->first);
}
}
}

return visitedNodes

}

/** |s destination reachable from source? */
bool reachabl e(Node source, Node to) const {
PMtree = bfs(source);
return (tree.find(to) !'= tree.end());

/| ======= remuai nder of this section is for dfs and connected conponents ======
/* node’s parent should be recorded BEFORE this call */

void dfsUtil|l (Node node, Node from PM& parent, vector<Node>& finished) const {
if (parent.find(node) == parent.end()) {

parent [ node] = from /1 mark node as visited
VM nei ghbors = get Nei ghbor s(node) ;
for (VWM iter = neighbors.begin(); iter != neighbors.end(); ++iter) {
if (parent.find(iter->first) == parent.end()) {
dfsUtil (iter->first, node, parent, finished);
}
b
fini shed. push_back( node) ;
}
}
/**

* Returns the DFS-tree and a vector of finish tines.
* Originally begins at node s.
* |f all nodes are not yet visit, restarts based upon order
* fromiterator restart to end
*/
tenpl at e <typenane Cont ai ner >
pai r<PM vector<Node> > df sHi nt (Node s, const Container& order) const {
PM par ent;
vect or <Node> fi ni shed;
typenane Container::const _iterator wal k(order. begin());
df sUtil (s, s, parent, finished);
while (walk !'= order.end()) {

if (parent.find(*wal k) == parent.end())
dfsUtil (*wal k, *wal k, parent, finished);
++wal K;

return nake_pair(parent, finished);
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Not e: unreachabl e nodes will not be included in PM**/

PM df s(Node start) const {
return dfsHint(start, getNodes()).first;

}

/* pointer hop to root of tree */
voi d traceRoot (Node n, PM& roots) const {
if (roots[n] '=n) {

}
}

traceRoot (roots[n], roots);
roots[n] = roots[roots[n]];

PM conput eConponent sUti | (const PM& tree) const {
PMresult(tree);
for (CPM it = tree.begin(); it !=tree.end(); ++it)

traceRoot (it->first, result);

return result;

}

/* Result actually naps each node to the "captain" of its conponent */
PM conput eConponent s() const {

PMtree;
if (!'dir) {

tree = df sHint(out. begin()->first, getNodes()).first;
} else {

}

const _cast <graph*>(this)->reverse();

vect or <Node> fini sh = df sHi nt(out. begin()->first, getNodes()).second;
std::reverse(finish.begin(), finish.end());

const _cast <graph*>(this)->reverse();

tree = dfsHint(finish.front(), finish).first;

return conputeConponentsUtil (tree);

}
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I L Net wor k Fl ow Support -------------------------
/1 NOTE: Need to include code for 'bfs’ graph traversal function

/'l using Ednonds-Karp version of Ford-Ful kerson

gr aph<Node, Wi ght > conput eMaxFl ow( Node from Node to) const {
gr aph<Node, Wi ght > fl ow(true);
const set<Node>& nodes = get Nodes();
typenane set <Node>::const _iterator a;

/1 make initial flowwth all zero weights
for (a=nodes.begin(); a != nodes.end(); ++a) {
const VM& nei gh(get Nei ghbors(*a));
for (CV Db = neigh.begin(); b != neigh.end(); ++b) {
fl ow. addEdge(*a, b->first, 0);
}
}

bool i nprovi ng;
while (true) {
gr aph<Node, Wi ght > resi dual (true);
for (a=nodes.begin(); a != nodes.end(); ++a) {
const VM& nei gh(get Nei ghbors(*a));
for (CVM b = neigh.begin(); b != neigh.end(); ++b) {
Wei ght capaci ty(get EdgeWi ght (*a, b->first));
Wi ght fwd(fl ow get EdgeWei ght (*a, b->first));
if (capacity > fwd)
resi dual . addEdge(*a, b->first, capacity-fwd); // remaining capacity

if (fwd > 0)
resi dual . addedge(b->first, *a, fwd); /'l reverse edge
}
}
PM aug = residual.bfs(from;
if (aug.find(to) == aug.end()) break; /1 no augnenting path

Wei ght bottle = INF;

Node wal k(to);

while (walk !'= from {
Node parent = aug[wal k] ;
bottle = min(bottle, residual.get EdgeWi ght (parent,wal k));
wal k = parent;

}

wal k = to;
while (walk !'= from {
Node parent = aug[wal k];
if (flow haskEdge(wal k, parent) && flow. get EdgeWei ght (wal k, par ent) >0)
fl ow. addEdge(wal k, parent, flow get EdgeWei ght (wal k, parent)-bottle);
el se
fl ow. addEdge(parent, wal k, bottle + flow get EdgeWei ght (parent, wal k));
wal k = parent;

}

return flow

}

/1 NOTE: invoked on the FLOW perhaps as g.conputeMaxFl ow(fromto).flowal ()
Wei ght fl owval (Node src) const {
Weight total = O;
VM nei gh( get Nei ghbors(src));
for (CVM it = neigh.begin(); it != neigh.end(); ++it)
total += it->second
return total

}
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* Rest of this file shows sanpl e usage.

* Since we are specifically interested in graph<string,int> and want to
* save future typing, we provide conveni ent typedef for renainder of program

*/

typedef graph<string,int> G /1l fromnow on we can sinply say 'G for typenane

G exanpl eUndi rected() { /1 graph from past csci 314 midterm

G g(fal se);

g. addEdge(" A", "D', 1);
g. addEdge(" A", "E', 3);
g. addEdge(" A", "G', 9);
g. addEdge("B", "D', 11);
g. addEdge("B", "E", 14);
g. addEdge("B", "H', 12);
g. addEdge("C', "D', 6);
g. addEdge("C', "F", 2);
g. addEdge("C', "G', 13);
g. addEdge("C', "H', 4);
g. addEdge("D', "E", 5);
g. addEdge(" D', "G', 8);
g. addEdge(" D', "H', 7);
g. addEdge("F", "H', 10);
return g

G exanpl eDirected() { /1 graph from CLRS page 589
G g(true); /1 directed graph
g. addEdge("s", "t", 6);
g. addEdge("s", "y", 7);
g. addEdge("t", "x", 5);
g. addEdge("t", "y", 8);
g. addEdge("t", "z", -4);
g. addEdge("x", "t", -2);
g. addEdge("y", "x", -3);
g. addEdge("y", "z", 9);
g. addEdge("z", "s", 2);
g. addEdge("z", "x", 7);
return g;

G exanpl eConnectivity() { /1 graph from CLRS page 553

G g(true); /1 directed graph
g. addEdge("a", "b");
g. addEdge("b", "c");
g. addEdge("b", "e");
g. addEdge("b", "f");
g. addEdge("c", "d");
g. addEdge("c", "g");
g. addEdge("d", "c");
g. addEdge("d", "h");
g. addEdge("e", "a");
g. addEdge("e", "f");
g. addEdge("f", "g");
g. addEdge("g", "f");
g. addEdge("g", "h");
return g;
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G exanpl eFl owm() { /1 graph from CLRS page 645
G g(true); /1 directed graph
. addEdge("s", "v1", 16);
. addEdge("s", "v2", 13);

. addEdge("v1", "v2", 10);
. addEdge("v2", "vi1", 4);
. addEdge("v1", "v3", 12);
. addEdge("v2", "v4", 14);
. addEdge("v3", "v2", 9);
. addEdge("v3", "t", 20);
. addEdge("v4", "v3", 7);
. addEdge("v4", "t", 4);

[(eN(oN(eN(oNloN{oN(oN(oN(oN(e]

return g;

}

voi d spTest(const G& g, string source) {
cout << endl << "Shortest path distances from" << source <<
G :VMsp = g.conpute_SP_distances(source);
G : PM parent = g.conpute_SP_parents(sp);
for (G:VM it = sp.begin(); it !'=sp.end(); ++it)
cout << " " << it->first << " is at distance "
<< " via " << parent[it->first] << endl

<< endl

<< i t->second

}

voi d mst Test (const G& g) {

G :PM nst = g. conmput eMsT();
i nt nst Cost = g.conput eMSTWei ght (nst);
cout << endl << "M ni mum Spanni ng Tree has wei ght " << nst Cost << endl
cout << "Edges are:" << endl
for (G:PM it = nmst.begin(); it !'= mst.end(); ++it)

if (it->first !'=it->second) {

cout << "(" << it->first << "," << it->second <<") wth weight
<< ¢. get EdgeWei ght (it->second, it->first) << endl

}

voi d connectivityTest(const G& g) {
cout << endl
if (g.isDirected()) cout << "Strongly ";
cout << "Connected Conponents:" << endl
G : PM captai ns = g. conput eConponent s();
for (G:PM it = captains.begin(); it != captains.end(); ++it)
cout << " node " << it->first << " in component " << it->second << endl
cout << endl << "testing reachability from" << captains.begin()->first
<< " to " << captains.rbegin()->first << endl
if (g.reachabl e(captains.begin()->first, captains.rbegin()->first))
cout << "REACHABLE" << endl
el se
cout << "UNREACHABLE" << endl

cout << endl << "testing reachability from" << captains.rbegin()->first
<< " to " << captains.begin()->first << endl
if (g.reachabl e(captains.rbegin()->first, captains.begin()->first))
cout << "REACHABLE" << endl
el se
cout << "UNREACHABLE" << endl

}

void fl owTest(const G& g, const string& from const string& to) {
cout << endl
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G fl owm g. conput eMaxFl ow(fromto));
int value = flow flowal (from;

cout << "Flow is

<< val ue << endl;
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int main() {

}

G g(true);
string source

g = exanpl eUndi rected();
source = "H';

g. pri nt Nei ghbor s(source);
spTest (g, source);

nmst Test (Q) ;

cout << endl << endl

g = exanpl eDi rected();
source = "s
g. pri nt Nei ghbor s(source);
spTest (g, source);

cout << endl
g = exanpl eConnectivity();
G:PMresult = g.dfs("b");
for (G:PM it =result.begin(); it !'=result.end(); ++it)
cout << "parent of " << it->first << " is " << it->second << endl

/1 nmore conpl ex df sH nt denonstration
cout << endl
pai r<G :PM vector<string> > details = g.dfsHint("b", g.getNodes())
for (int i=0; i<details.second.size(); i++)
cout << "finish order " << details.second[i] << endl

connectivityTest(g);

g = exanpl eFl ow() ;
flowlest(g, "s", "t");

/*** test output

H s nei ghbors are:

B with edge weight 12
C with edge weight 4
D with edge weight 7
F with edge wei ght 10

Shortest path distances fromH:

Ais at distance 8 via D
at distance 12 via H
at distance 4 via H
at distance 7 via H
at distance 11 via A
at distance 6 via C
at distance 15 via D
at distance 0 via H

IOTMmMOO®

nnununnonuon

M ni mum Spanni ng Tree has wei ght 35
Edges are:

(B,D) with weight
(C,D) with weight
(D,A) with weight
(E,A) with weight
(F,O with weight
(G D) with weight
(H C with weight

[E

AONWEOR

s’ s outgoi ng nei ghbors are:



graph cl ass

621: t with edge weight 6

622: y with edge weight 7

623: s’s incom ng nei ghbors are:
624 z with edge weight 2

625:

626: Shortest path distances froms
627: s is at distance 0 via s
628: t is at distance 2 viat
629: X is at distance 4 via X
630: y is at distance 7 via z
631: z is at distance -2 via z
632:

633: parent of ais e

634: parent of bis b

635: parent of cis b

636: parent of dis c

637: parent of eis b

638: parent of f is g

639: parent of gis c

640: parent of his d

641:

642: finish order h

643: finish order d

644: finish order f

645: finish order g

646: finish order c

647: finish order a

648: finish order e

649: finish order b

650:

651: Strongly Connected Conponents:
652: node a in conponent a
653: node b in conponent a
654: node ¢ in conponent c
655: node d in conponent c
656: node e in conponent a
657: node f in conponent f
658: node g in conponent f
659: node h in conponent h
660:

661: testing reachability froma to h
662: REACHABLE

663:

664: testing reachability fromh to a
665: UNREACHABLE

666:

667: Flow is 23

668:

669: */



