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FordFulkerson.java

FordFulkerson. java

package maxflow;

import java.io.IOException;
import java.util.LinkedList;

import java.util.Queue;

import graph.FlowEdge;

import graph.FlowNetwork;

VeLd
* Ford-Fulkerson algorithm to compute maz—flow/min-cut.
*
* Qauthor Xiong Wangqi
* Quersion V1.0
* @since JDK1.8
*/
public class FordFulkerson {
private static final double EPS = 1le-10;
/%% marked[v] = true iff s->v path in residual graph. */
private boolean[] marked;
/*% edgeTo[v] = last edge on shortest residual s->v path. */
private FlowEdge[] edgeTo;
/*% current value of maz flow. */

private double value;

Jkk
* Compute a maz flow and min cut in the network g from vertexr s to t: <br>
* The key is increasing flow along augmenting paths.
*
* @param g the flow network
* @param s the source vertex
* @param t the sink vertex
*/
public FordFulkerson(FlowNetwork g, int s, int t) {
validate(s, g.getVertexNum());

validate(t, g.getVertexNum());

if (s ==1t) {

throw new IllegalArgumentException("Source equals sink");
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if (!isFeasible(g, s, t)) {

throw new IllegalArgumentException(“Initial flow is infeasible");

// while there exists an augmenting path, use it (the value)
value = excess(g, s);
while (hasAugmentingPath(g, s, t)) {

// 1 compute bottleneck capacity

double bottleneck = Double.POSITIVE_INFINITY;

for (int v = t; v != s; v = edgeTo[v].other(v)) {

bottleneck = Math.min(bottleneck, edgeTo[v].residualCapacityTo(v));

// 2 update the flow on the augment path
for (int v = t; v != s; v = edgeTo[v].other(v)) {

edgeTo[v] .addResidualFlowTo(v, bottleneck);

// 3 update current "maz—flow"
value += bottleneck;
}
// If there is no augmenting path, then the maz-flow/min-cut is found.

VEz]
* 45 v in the s side of the min s-t cut?/is v reachable from s in residual network?.
*
* @param v the vertezx
* @return true if vertex is on the side of mincut, false otherwise
*/
public boolean inCut(int v) {
validate(v, marked.length);

return marked[v];

/**
* Return the value of the maz flow.
*
* @return the value of the maz flow
*/

public double value() {

return value;

* Is there an augmenting path? <br>

* if so, upon termination edgeTo[] will contain a parent-link representation of such a path <br>

*

this implementation finds a shortest augmenting path (fewest number of edges), <br>

*

which performs well both in theory and in practice <br>
* The augmenting path: <br>
* 1 can increase flow on forward edges (not full) <br>

* 2 can decrease flow on backward edge (not empty).

*

@param g the flow network

*

@param s the source vertex

*

@param t the sink vertex
* @return True if there is an augmenting path, false otherwise

*/

private boolean hasAugmentingPath(FlowNetwork g, int s, int t) {
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101 int vertexNum = g.getVertexNum();

102 edgeTo = new FlowEdge[vertexNum] ;

103 marked = new boolean[vertexNum] ;

104

105 // breadth-first search

106 Queue<Integer> queue = new LinkedList<>();

107 queue.add(s);

108 marked[s] = true;

109 while (!queue.isEmpty() && !'marked[t]) {

110 int v = queue.poll();

111

112 for (FlowEdge e: g.adj(v)) {

113 int w = e.other(v);

114 if (e.residualCapacityTo(w) > 0) {

115 if (!marked[w]) {

116 edgeTo[w] = e;

117 marked[w] = true;

118 queue.add(w) ;

119 }

120 }

121 }

122 }

123

124 // Is there an augmenting path?

125 return marked[t];

126 }

127

128 private boolean isFeasible(FlowNetwork g, int s, int t) {
129 // check that capacity constraints are satisfied

130 int vertexNum = g.getVertexNum();

131 for (int v = 0; v < vertexNum; v++) {

132 for (FlowEdge e: g.adj(v)) {

133 if (e.getFlow() < -EPS || e.getFlow() > e.getCapacity()) {
134 System.err.println("Edge does not satisfy capacity constraints: " + e);
135 return false;

136 }

137 }

138 }

139

140 // check that net flow into a vertexz equals zero, except at source and sink
141 if (Math.abs(value + excess(g, s)) > EPS) {

142 System.err.println("Excess at source = " + excess(g, s));
143 System.err.println("Max flow = " + value);
144 return false;

145 }

146 if (Math.abs(value - excess(g, t)) > EPS) {

147 System.err.println("Excess at sink = " + excess(g, t));
148 System.err.println("Max flow =" + value);
149 return false;

150 }

151 for (int v = 0; v < vertexNum; v++) {

152 if (v=sllv==1){

153 continue;

154 }

155

156 if (Math.abs(excess(g, v))> EPS) {

157 return false;

158 }

159 }
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return true;

Jkk
* Return excess flow(in flow - out flow) at vertez v.
*
* @param g the flow network
* @param v the vertex
* @return excess flow at vertex v
*/
private double excess(FlowNetwork g, int v) {
double excess = 0.0;
for (FlowEdge e: g.adj(v)) {
if (v == e.from()) {
// out-flow
excess —= e.getFlow();
} else {
// in-flow

excess += e.getFlow();

return excess;

private void validate(int v, int n) {
if (v <0 ||l v>n){

throw new IndexOutOfBoundsException("vertex " + v + " is not between 0 and " + (n - 1));

public static void main(String[] args) {
// filename of the graph

String filename = "./data/tinyFN.txt";

FlowNetwork g = null;
try {

g = new FlowNetwork(filename);
} catch (IOException e) {

e.printStackTrace();

int s = 0;
int vertexNum = g.getVertexNum();
int t = vertexNum - 1;

FordFulkerson maxFlow = new FordFulkerson(g, s, t);

StringBuilder sb = new StringBuilder(String.format("Max flow from %d to %d:\n", s, t));
for (int v = 0; v < vertexNum; v++) {
for (FlowEdge e: g.adj(v)) {
if ((v == e.from()) && e.getFlow() > 0) {
sb.append(e);
sb.append('\n');

// print min-cut
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sb.append("Min cut: ");
for (int v = 0; v < vertexNum; v++) {
if (maxFlow.inCut(v)) {

sb.append(v + " ");
}
sb.append('\n');

sb.append("Max flow value = " + maxFlow.value());

System.out.print (sb.toString());

FlowEdge.java

FlowEdge. java

package graph;

Vezs

* Flow edge class.

*

* Qauthor Xiong Wangqi

* @uersion V1.0

* @since JDK1.8

*/

public class FlowEdge {

private final int from;
private final int to;
private final double capacity;

private double flow;

public FlowEdge(int from, int to, double capacity) {

if (from < 0 || to < 0) {

throw new IndexOutOfBoundsException("Vertex name must be a nonnegative integer");

}
if (capacity < 0.0) {

throw new IllegalArgumentException("Edge capacity must be nonnegaitve");

this.from = from;
this.to = to;
this.capacity = capacity;

this.flow = 0.0;

public FlowEdge(int from, int to, double capacity, double flow) {

if (from < 0 || to < 0) {

throw new IndexOutOfBoundsException("Vertex name must be a nonnegative integer");

if (capacity < 0.0) {

throw new IllegalArgumentException("Edge capacity must be nonnegaitve');

if (flow < 0.0) {

throw new IllegalArgumentException("Flow must be nonnnegative'");

if (flow > capacity) {
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throw new IllegalArgumentException("Flow exceeds capacity");

this.from = from;
this.to = to;
this.capacity = capacity;

this.flow = flow;

public FlowEdge (FlowEdge e) {
this.from = e.from;
this.to = e.to;
this.capacity = e.capacity;

this.flow = e.flow;

VEz]
* Return the residual capacity of the edge in the direction to the given vertex: <br>
* if vertex is the head vertez, the residual capacity equals {@link #flow} <br>
* if vertex is the tail vertez, the residual capacity equals {@link #capacity} - {@link #flow}
*
* @param vertex one endpoint of the edge
* @return the residual capacity of the edge in the direction to the given vertex
*/
public double residualCapacityTo(int vertex) {
if (vertex == from) {
return flow;
} else if (vertex == to) {
return capacity - flow;
} else {

throw new IllegalArgumentException("Illegal endpoint");

/**
* Increases the flow on the edge in the direction to the given wvertex: <br>
* if vertex is the head vertex, this decreases the flow on the edge by delta <br>
* if vertex is the tail vertexz, this increases the flow on the edge by delta.
*
* @param vertex one endpoint of the edge
*/
public void addResidualFlowTo(int vertex, double delta) {
if (vertex == from) {
flow -= delta;
} else if (vertex == to) {
flow += delta;
} else {

throw new IllegalArgumentException("Illegal endpoint");

if (flow < 0.0) {

throw new IllegalArgumentException("Flow must be nonnnegative");
}
if (flow > capacity) {

throw new IllegalArgumentException("Flow exceeds capacity");

public int other(int vertex) {
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if (vertex == from) {
return to;

} else if (vertex == to) {
return from;

} else {

throw new IllegalArgumentException("Illegal endpoint");

public int from() {

return from;

public int to() {

return to;

public double getCapacity() {

return capacity;

public double getFlow() {

return flow;

@Override
public String toString() {

return from + "->" + to + " " + flow + "/" + capacity;

FlowNetwork.java

FlowNetwork. java

package graph;

import java.io.FileInputStream;
import java.io.FileNotFoundException;
import java.util.LinkedList;

import java.util.Scanner;

* The FlowNetwork class, representing a capacitated network with vertezes, <br>

* and directed flow edge {@link FlowEdge} with a real-valued capacity and flow.

*

Q@author Xiong Wangqi

*

Q@uersion V1.0

*

@since JDK1.8

*/
public class FlowNetwork {
private final int vertexNum;
private int edgeNum;

private LinkedList<FlowEdge>[] adj;

@SuppressWarnings ("unchecked")

public FlowNetwork(int vertexNum) {
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// TODO Auto-generated constructor stub
if (vertexNum < 0) {

throw new IllegalArgumentException("Number of vertices in a Digraph must be nonnegative");
}

this.vertexNum = vertexNum;

edgeNum = 0;
adj = new LinkedList[vertexNum];
for (int v = 0; v < vertexNum; v++) {

adj[v] = new LinkedList<>();

@SuppressWarnings ("unchecked")
public FlowNetwork(String filename) throws FileNotFoundException {

Scanner scanner = new Scanner(new FileInputStream(filename));

/7 RBAT A A

vertexNum = scanner.nextInt();
adj = new LinkedList[vertexNum];
for (int i = 0; i < vertexNum; i++) {

adj[i] = new LinkedList<>();

int n = scanner.nextInt();
for (int i = 0; i < n; i++) {
int from = scanner.nextInt();
int to = scanner.nextInt();
double capacity = scanner.nextDouble();

addEdge (new FlowEdge(from, to, capacity));

scanner.close();

public void addEdge(FlowEdge e) {
int v = e.from();
int w = e.to();
validateVertex(v);

validateVertex(w);

adj[v] .push(e);
adj[w] .push(e);

edgeNum++;

public Iterable<FlowEdge> edges() {
LinkedList<FlowEdge> list = new LinkedList<>();
for (int v = 0; v < vertexNum; v++) {
for (FlowEdge e: adj[v]) {
if (e.to() !=v) {

list.push(e);

return list;
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public Iterable<FlowEdge> adj(int v) {
validateVertex(v);

return adj[v];

/*% adj[v] = adjacency list for vertex v. */
public int getVertexNum() {

return vertexNum;

public int getEdgeNum() {

return edgeNum;

@Override
public String toString() {
StringBuilder sb = new StringBuilder();
sb.append(vertexNum + " vertices, " + edgeNum + " edges \n");
for (int v = 0; v < vertexNum; v++) {
sb.append(v + ": ");
for (FlowEdge e : adjlv]) {
if (e.to) !'=v) {

sb.append(e + " ");

}
sb.append('\n');

return sb.toString();

/**
* throw an IllegalArgumentEzception unless 0 <= v < V
*
* @param given integer
*/
private void validateVertex(int v) {
if (v < 0 || v >= vertexNum) {

throw new IllegalArgumentException("vertex " + v + " is not between 0 and " + (vertexNum - 1));
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9.1 Dijkstra 5335 R Mg d5e o i S iR
9.2 Dijkstra 5y b5 KOy Ung
9.3 Python 5Z8 Dijkstra 5k

9.4 Java SZB Dijkstra 5k

AER e A AR

9.4.1 DijkstraSp.java

DijkstraSp.java

package shortestpath;

import java.io.IOException;
import java.util.ArrayDeque;
import java.util.Deque;

import java.util.PriorityQueue;

import java.util.Queue;

import graph.DirectedEdge;

import graph.EdgeWeightedDigraph;

VA
* Dijkstra algorithm in a edge-weighted digraph.
*
* Qauthor Xiong Wangqi
* Quersion V1.0
* @since JDK1.8
*/
public class DijkstraSp {
/*% distTo[v] = distance of shortest path from source verter to v. */
private double[] distTo;
/** edgeTo[v] = last edge on shortest s->v path. */
private DirectedEdge[] edgeTo;
/*% queue of wertices to relax. */

private Queue<Integer> pq;

/R
* compute shortest paths from source vertex to other wertices.
*
* @param g the edge-weighted digraph
* @param s source vertex
*/
public DijkstraSp(EdgeWeightedDigraph g, int s) {
for (DirectedEdge e : g.edges()) {
if (e.getWeight() < 0) {

throw new IllegalArgumentException("edge " + e + " has negative weight");

int vertexNum = g.getVertexNum();
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distTo = new double[vertexNum] ;

edgeTo = new DirectedEdge[vertexNum];

validateVertex(s);

// initalize the distTo

for (int v = 0; v < vertexNum; v++) {
distTo[v] = Double.POSITIVE_INFINITY;

¥

distTo[s] = 0.0;

Vezs
* Dijkstra algorithm:
* 1 Consider vertices(non-tree vertez) in increasing order of distance from s
* 2 Choose the vertexz with the lowest distTo[] wvalue) among vertices above
* 3 Add vertex to tree and relaz all edges pointing from that wvertex
*/
/7

pq = new PriorityQueue<Integer>(vertexNum, (v, w) -> Double.compare(distTo[v], distTo[w]));

Bl E 8 Comparator H)'E &

pq.offer(s);
while (!pq.isEmpty()) {
int v = pq.pollQ);
for (DirectedEdge e: g.adj(v)) {

relax(e);

Vil
* Is there a path from source vertex to vertex {@code v}?.
*
* @param v the vertex
* Oreturn {@code true} if there is a path from source vertez to vertex {@code v}, or {@code false} otherwise
*/
public boolean hasPathTo(int v) {
validateVertex(v);

return distTo[v] < Double.POSITIVE_INFINITY;

YAz
* Return a shortest path between source wvertexr and vertexr {@code v}, or {@code null} if no such path.
*
* @param v the vertezx
* @return shortest path between source vertex and vertex {@code v} as an Iterable, or {@code null} if no such
— path.
*/
public Iterable<DirectedEdge> pathTo(int v) {

validateVertex(v);

if ('hasPathTo(v)) {

return null;

Deque<DirectedEdge> path = new ArrayDeque<DirectedEdge>();

for (DirectedEdge e = edgeTo[v]; e != null; e = edgeTol[e.from()]) {
path.push(e);

}

return path;
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public double distTo(int v) {
validateVertex(v) ;

return distTol[v];

/**
* relaz edge e and update {@link #pq} if changed
*
* @param e directed edge
*/
private void relax(DirectedEdge e) {
int v = e.from();

int w = e.to();

if (distTo[w] > distTol[v] + e.getlWeight()) {

distTo[w], S AR distTolw] EH

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

edgeTolw] = e;

J**

* R w RFENFF, EH w £RF &
* remove HH: WE w EFHENFIF, Mk
*/

(EBBREFEN); T, &
WA #ATET R A

pq.remove (W) ;

pq.offer(w);

private void validateVertex(int v) {
int vertexNum = distTo.length;
if (v < 0 || v >= vertexNum) {

throw new IllegalArgumentException('vertex " + v + " is not between 0 and " + (vertexNum - 1));

public static void main(String[] args) {
// filename of the graph
String filename = "./data/tinyEWD.txt";
// source vertex

int s = 7;

EdgeWeightedDigraph g = null;
try {
g = new EdgeWeightedDigraph(filename);
} catch (IOException e) {
e.printStackTrace();
}
DijkstraSp sp = new DijkstraSp(g, s);

int n = g.getVertexNum();
StringBuilder sb = new StringBuilder();
for (int t = 0; t < n; t++) {
if (sp.hasPathTo(t)) {
sb.append(String.format("%d to %d (%.2f): ", s, t, sp.distTo(t)));
for (DirectedEdge e : sp.pathTo(t)) {

sb.append(e + " ");
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}
sb.append('\n');
} else {
sb.append(String.format("/d to %d: not connected\n", s, t));
}
¥
System.out.print(sb.toString());
}
}

9.4.2 DirectedEdge.java

DirectedEdge. java

//package graph;

Vi

* Qauthor Xiong Wangqi
* Quersion V1.0
* @since JDK1.8
*/
public class DirectedEdge {
private final int from;
private final int to;

private final double weight;

public DirectedEdge(int from, int to, double weight) {
this.from = from;
this.to = to;

this.weight = weight;

public int from() {

return from;

public int to() {

return to;

public double getWeight() {

return weight;

Q@0verride
public String toString() {

return from + "->" + to + " " + String.format("%5.2f", weight);
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9.4.3 EdgeWeightedDigraph.java

EdgeWeightedDigraph. java

package graph;

import java.io.FileInputStream;
import java.io.FileNotFoundException;
import java.util.ArrayDeque;

import java.util.Deque;

import java.util.LinkedList;

import java.util.Scanner;

Vi
* edge-weighted digraph.
*
* Qauthor Xiong Wangqi
* Quersion V1.0
* @since JDK1.8
*/
public class EdgeWeightedDigraph {
private final int vertexNum;
private int edgeNum;
/** adj[v] = adjacency list for vertex v. */

private LinkedList<DirectedEdge>[] adj;

@SuppressWarnings ("unchecked")
public EdgeWeightedDigraph(int vertexNum) {
if (vertexNum < 0) {
throw new IllegalArgumentException("Number of vertices in a Digraph must be nonnegative");
¥

this.vertexlNum = vertexNum;

edgeNum = 0;
adj = new LinkedList[vertexNum];
for (int v = 0; v < vertexNum; v++) {

adj[v] = new LinkedList<>();

public EdgeWeightedDigraph(EdgeWeightedDigraph g) {
this(g.vertexlNum) ;

this.edgeNum = g.edgeNum;

for (int v = 0; v < vertexNum; v++) {
// reverse so that adjacency list is in same order as original
Deque<DirectedEdge> reverse = new ArrayDeque<>();
for (DirectedEdge e: g.adjlv]) {

reverse.push(e);

for (DirectedEdge e: reverse) {

adj[v].push(e);

@SuppressWarnings ("unchecked")
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public EdgeWeightedDigraph(String filename) throws FileNotFoundException {

Scanner scanner = new Scanner (new FileInputStream(filename));

7/ WRAT AW B Y

vertexNum = scanner.nextInt();

adj = new LinkedList [vertexNum];
for (int i = 0; i < vertexNum; i++) {

adjl[i] = new LinkedList<>();

int n = scanner.nextInt();
for (int i = 0; i < mn; i++) {
int from = scanner.nextInt();
int to = scanner.nextInt();
double weight = scanner.nextDouble();

addEdge (new DirectedEdge(from, to, weight));

scanner.close();

public void addEdge(DirectedEdge e) {
int from = e.from();
int to = e.t0();
validateVertex(from);

validateVertex(to);

adj [from] .push(e);

edgeNum++;

/**
* Returns the edges incident on vertexr v.
*
* @param v the vertezx
* @return the edges incident on vertexr v as an Iterable
*/
public Iterable<DirectedEdge> adj(int v) {
validateVertex(v);

return adjlv];

/**
* Returns all edges in this edge-weighted graph as an Iterable
*
* @return all edges in this edge-weighted graph as an iterable
*/
public Iterable<DirectedEdge> edges() {
LinkedList<DirectedEdge> list = new LinkedList<>();
for (int v = 0; v < vertexNum; v++) {
for (DirectedEdge e: adj[v]) {

list.push(e);

return list;

public int getVertexNum() {
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return vertexNum;

public int getEdgeNum() {

return edgelNum;

@0verride
public String toString() {
StringBuilder sb = new StringBuilder();
sb.append(vertexNum + " vertices, " + edgeNum + " edges \n");
for (int v = 0; v < vertexNum; v++) {
sb.append(v + ": ");
for (DirectedEdge e : adjlv]) {
sb.append(e + " ");
}
sb.append('\n');

return sb.toString();

private void validateVertex(int v) {
if (v < 0 || v >= vertexNum) {

throw new IndexOutOfBoundsException('"vertex " + v + " is not between 0 and " + (vertexNum - 1));

9.5 Java Szl BellmanFordSp KfiE SPP

9.5.1 BellmanFordSp.java

BellmanFordSp. java

package shortestpath;

import java.io.IOException;
import java.util.ArrayDeque;
import java.util.Deque;

import java.util.LinkedList;

import java.util.Queue;

import graph.DirectedEdge;
import graph.EdgeWeightedDigraph;

import graph.EdgeWeightedDirectedCycle;

VA
* Queue-based implementation of BellmanFord algorithm in a edge-weighted digraph, and negative cycle is considered.
*
* Qauthor Xiong Wangqi
* Quersion V1.0
* @since JDK1.8
*/
public class BellmanFordSp {
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/*% distTo[v] = distance of shortest path from source verter to v. */
private double[] distTo;
/** edgeTo[v] = last edge on shortest s->v path. */

private DirectedEdgel[] edgeTo;

/** queue of wvertices to relaz. */
private Queue<Integer> queue;
/** onQueue[v] = is v currently on the queue. */

private boolean[] onQueue;

/*% number of calls to relaz(). */
private int cost;
/*% negative cycle (or null if no such cycle). */

private Iterable<DirectedEdge> cycle;

/**
* Computes a shortest paths tree from source vertexr to every other vertez in the edge-weighted digraph: <br>
* Repeat V times: relax all E edges(queue is used to improve the algorithm).
*
* @param g the edge-weighted digraph
* @param s source vertex
*/
public BellmanFordSp(EdgeWeightedDigraph g, int s) {
int vertexNum = g.getVertexNum();
distTo = new double[vertexNum];
edgeTo = new DirectedEdge [vertexNum] ;
onQueue = new boolean[vertexNum] ;
for (int v = 0; v < vertexNum; v++) {
distTo[v] = Double.POSITIVE_INFINITY;
}
distTo[s] = 0.0;

SRk
* Bellman-Ford algorithm, repeat V times: relaz all E edges
* If distTo[v] does not change during pass i, no need to relaz any edge pointing from v in pass i+1
* Maintain queue of vertices whose distTo[] changed
*/
queue = new LinkedList<>();
queue.offer(s);
onQueue[s] = true;
while (!queue.isEmpty() && 'hasNegativeCycle()) {
int v = queue.poll();
onQueue[v] = false;

relax(g, v);

public boolean hasNegativeCycle() {

return cycle != null;

public Iterable<DirectedEdge> negativeCycle() {

return cycle;

/**
* Is there a path from source vertex to vertex {@code v}?.

*

* @param v the vertez
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81 * Oreturn {@code true} if there is a path from source vertexz to vertex {@code v}, or {@code false} otherwise

82 */

83 public boolean hasPathTo(int v) {

84 validateVertex(v);

85 return distTo[v] < Double.POSITIVE_INFINITY;

86 }

87

88 /xk

89 * Return the shortest path between source vertex and vertex {@code v}

920 *

91 * @param v the vertex

92 * @return shortest path between source vertex and vertex {@code v} as an Iterable, or {@code null} if no such
— path.

93 */

94 public Iterable<DirectedEdge> pathTo(int v) {

95 validateVertex(v);

96

97 if (hasNegativeCycle()) {

98 throw new UnsupportedOperationException("Negative cost cycle exists");

99 ¥

100

101 if ('hasPathTo(v)) {

102 return null;

103 ¥

104

105 Deque<DirectedEdge> path = new ArrayDeque<DirectedEdge>();

106 for (DirectedEdge e = edgeTo[v]; e != null; e = edgeTole.from()]) {

107 path.push(e);

108 ¥

109 return path;

110 }

111

112 public double distTo(int v) {

113 validateVertex(v);

114 if (hasNegativeCycle()) {

115 throw new UnsupportedOperationException("Negative cost cycle exists");

116 ¥

117

118 return distTol[v];

119 }

120

121 private void relax(EdgeWeightedDigraph g, int v) {

122 // TODO Atk 1E

123 for (DirectedEdge e: g.adj(v)) {

124 int w = e.to();

125 if (distTol[w] > distTol[v] + e.getWeight()) {

126 distTo[w] = distTol[v] + e.getWeight();

127 edgeTo[w] = e;

128

129 if (!onQueuelw]) {

130 queue.add(w) ;

131 onQueue [w] = true;

132 ¥

133 }

134

135 // If any vertex v is updated in pass V, there exists a negative cycle

136 // So, if we can find a cycle in the digraph based on edgeTo[v] entries, then there is a negative cycle

137 // We can check for negative cycles more frequently, every vertezNum call of relaz for example

138 cost++;
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if (cost % g.getVertexNum() == 0) {
findNegativeCycle();
if (hasNegativeCycle()) {

return;
}
}
}

}

/**

* finding a cycle in predecessor graph.
*/

private void findNegativeCycle() {
int vertexNum = distTo.length;
// predecessor graph
EdgeWeightedDigraph spt = new EdgeWeightedDigraph (vertexNum) ;
for (int v = 0; v < vertexNum; v++) {
if (edgeTo[v] != null) {
spt.addEdge (edgeTo[v]);

EdgeWeightedDirectedCycle finder = new EdgeWeightedDirectedCycle(spt);

cycle = finder.cycle();

private void validateVertex(int v) {
int vertexNum = distTo.length;
if (v < 0 || v >= vertexNum) {

throw new IllegalArgumentException('vertex " + v + " is not between 0 and " + (vertexNum - 1));

public static void main(String[] args) {
// filename of the graph
// tinyEWDn.tzt has negative edges
// tinyEWDnc.tzt has negative cycle
String filename = "./data/tinyEWDnc.txt";
// source vertex

int s = 0;

EdgeWeightedDigraph g = null;
try {
g = new EdgeWeightedDigraph(filename);
} catch (IOException e) {
e.printStackTrace();
}
BellmanFordSp sp = new BellmanFordSp(g, s);

if (sp.hasNegativeCycle()) {
StringBuilder sb = new StringBuilder("The graph contains negative cycle:\n");
for (DirectedEdge e: sp.negativeCycle()) {
sb.append(e) ;
sb.append('\n');
}
System.out.print(sb.toString());

return;
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int n = g.getVertexNum();
StringBuilder sb = new StringBuilder();
for (dnt t = 0; t < n; t++) {
if (sp.hasPathTo(t)) {
sb.append(String.format("/%d to %d (%.2f): ", s, t, sp.distTo(t)));
for (DirectedEdge e : sp.pathTo(t)) {
sb.append(e + " ");
}
sb.append('\n');
} else {

sb.append(String.format("/d to %d: not connected\n", s, t));

}

System.out.print(sb.toString());

9.5.2 EdgeWeightedDirectedCycle.java

EdgeWeightedDirectedCycle. java

package graph;

import java.util.Stack;

VeLd
* Detect whether there is cycle in the edge-weighted digraph.
*
* Qauthor Xiong Wangqi
* Quersion V1.0
* @since JDK1.8
*/
public class EdgeWeightedDirectedCycle {
/** marked[v] = has vertex v been marked?. */
private boolean[] marked;
/** edgeTo[v] = previous edge on path to v. */
private DirectedEdgel[] edgeTo;
/*% directed cycle (or null if no such cycle). */
private Stack<DirectedEdge> cycle;
/** onStack[v] = is vertex on the stack?. */

private boolean[] onStack;

public EdgeWeightedDirectedCycle(EdgeWeightedDigraph g) {
int vertexNum = g.getVertexNum();
marked = new boolean[vertexNum] ;
onStack = new boolean[vertexNum] ;

edgeTo = new DirectedEdge[vertexNum] ;

for (int v = 0; v < vertexNum; v++) {
if (!marked[v]) {
dfs(g, v);

public boolean hasCycle() {
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return cycle != null;

public Iterable<DirectedEdge> cycle() {

return cycle;

/**
* check that algorithm computes either the topological order or finds a directed cycle.
*
* @param g edge-weighted digraph
* @param v vertex to start depth first search
*/
private void dfs(EdgeWeightedDigraph g, int v) {
onStack[v] = true;

marked[v] = true;

for (DirectedEdge e: g.adj(v)) {
if (cycle != null) {

return;

int w = e.to();
// found new vertex, so recur
if (!'marked[w]) {

edgeTo[w] = e;

dfs(g, w);

// trace back directed cycle
else if (onStack[w]) {
cycle = new Stack<>();
while (e.from() != w) {
cycle.push(e);
e = edgeTole.from()];
}
cycle.push(e);

return;

onStack[v] = false;

9.6 Java 3z8 FloydSp Kfit SPP

9.6.1 FloydSp.java

FloydSp. java

package shortestpath;

import java.io.IOException;

import java.util.ArrayDeque;
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import java.util.Deque;

import graph.DirectedEdge;
import graph.EdgeWeightedDigraph;
import graph.EdgeWeightedDirectedCycle;

Vezs
* Floyd-Warshall algorithm to find all-pairs shortest path.
*
* Qauthor Xiong Wangqi
* Quersion V1.0
* @since JDK1.8
*/
public class FloydSp {
private boolean hasNegativeCycle;
/#% distTo[v] [w] = length of shortest v->w path. */
private double[][] distTo;
/*% edgeTo[v] [w] = last edge on shortest v->w path. */

private DirectedEdge[] [] edgeTo;

public FloydSp(EdgeWeightedDigraph g) {
// TODO Auto-generated constructor stub
int vertexNum = g.getVertexNum();
distTo = new double[vertexNum] [vertexNum] ;

edgeTo = new DirectedEdge [vertexNum] [vertexNum] ;

// initialize distances to infinity
for (int v = 0; v < vertexNum; v++) {
for (int w = 0; w < vertexNum; w++) {

distTo[v] [w] = Double.POSITIVE_INFINITY;

// initialize distances between end points by using edge weight
for (int v = 0; v < vertexNum; v++) {
for (DirectedEdge e: g.adj(v)) {
distTo[e.from()] [e.to()] = e.getWeight();

edgeTo[e.from()][e.to ()] = e;

// in case of self-loops
if (distTol[v][v] >= 0) {
distTol[v][v] = 0.0;

edgeTo[v] [v] null;

// Floyd algorithm
for (int i = 0; i < vertexNum; i++) {
// compute shortest paths using only 0, 1, ..., % as intermediate vertices
for (int v = 0; v < vertexNum; v++) {
if (edgeTol[v][i]l == null) {
continue;
}
for (int w = 0; w < vertexNum; w++) {
if (distTolv][w] > distTolv][i] + distTol[il[wl) {
distTo[v] [w] = distTo[v][i] + distTo[i] [w];

edgeTo[v] [w] = edgeTol[il [w];
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if (distTol[v][v] < 0.0) {
hasNegativeCycle = true;

return;

public boolean hasNegativeCycle() {

return hasNegativeCycle;

public Iterable<DirectedEdge> negativeCycle() {
for (int v = 0; v < distTo.length; v++) {
// megative cycle in v's predecessor graph
if (distTol[v][v] < 0.0) {
int vertexNum = edgeTo.length;
EdgeWeightedDigraph spt = new EdgeWeightedDigraph (vertexNum) ;
for (int w = 0; w < vertexNum; w++) {
if (edgeTolv][w] != null) {
spt.addEdge (edgeTo [v] [w]);

EdgeWeightedDirectedCycle finder = new EdgeWeightedDirectedCycle(spt);

return finder.cycle();

}

return null;

YAz
#* Is there a path from the vertex {@code s} to vertex {@code t}?.
*
* @param s the source vertex
* @param t the destination vertex
* Oreturn {@code true} if there is a path from vertex {@code s} to vertex {@code t}, or {@code false}
> otherwise.
*/
public boolean hasPath(int s, int t) {
validateVertex(s);

validateVertex(t);

return distTo[s] [t] < Double.POSITIVE_INFINITY;

/**
# Return the shortest path between {@link #s} and vertex {@code v}
*
* @param s the source vertex
* @param t the destination vertex
* @return shortest path between {@code s} and {@code v} as an Iterable, or {@code null} %if no such path.
*/

public Iterable<DirectedEdge> path(int s, int t) {
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validateVertex(s);

validateVertex(t);

if (hasNegativeCycle()) {

throw new UnsupportedOperationException('Negative cost cycle exists'");

if ('hasPath(s, t)) {

return null;

Deque<DirectedEdge> path = new ArrayDeque<DirectedEdge>();

for (DirectedEdge e = edgeTo[s][t]; e != null; e = edgeTo[s][e.from()]) {
path.push(e);

}

return path;

public double dist(int s, int t) {
validateVertex(s);

validateVertex(t);

if (hasNegativeCycle()) {

throw new UnsupportedOperationException("Negative cost cycle exists");

return distTo[s] [t];

private void validateVertex(int v) {
int vertexNum = distTo.length;
if (v < 0 || v >= vertexNum) {

throw new IllegalArgumentException('"vertex " + v + " is not between 0 and " + (vertexNum - 1));

public static void main(String[] args) {
// filename of the graph
// tinyEWD.tzt has no negative edges
// tinyEWDn.tzt has negative edges
// tinyEWDnc.tzt has negative cycle

String filename = "./data/tinyEWD.txt";

EdgeWeightedDigraph g = null;
try {
g = new EdgeWeightedDigraph(filename);
} catch (IOException e) {
e.printStackTrace();
}
FloydSp sp = new FloydSp(g);

if (sp.hasNegativeCycle()) {
StringBuilder sb = new StringBuilder("The graph contains negative cycle:\n");
for (DirectedEdge e: sp.negativeCycle()) {
sb.append(e);
sb.append('\n');
}

System.out.print (sb.toString());

return;
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// print all-pairs shortest paths
int n = g.getVertexlum();
StringBuilder sb = new StringBuilder();
for (int s = 0; s < n; s++) {
for (int t = 0; t < n; t++) {
if (sp.hasPath(s, t)) {
sb.append(String.format ("%d to %d (%.2f):
for (DirectedEdge e : sp.path(s, t)) {
sb.append(e + " ");
}
sb.append('\n');
} else {

sb.append(String.format ("%d to %d:

}
sb.append('\n');
}

System.out.print(sb.toString());

", s, t, sp.dist(s, t)));

not connected\n", s, t));

9.7 Wi
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SRIGFR R L ABNHNITERRAET, 2308 R REAR, RIRZNE
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Ailsa Land £ Alison Doig F 1960 4FHEH ( ), ABE BT A R
HA o3 A, Mg John D. C. Little S£7F 1963 4 k&M% T TSP WIBFFH, HiKk
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10.8 Python ¥l Gurobi S e S TR i v R Bl

5 B, FRATTE S AR SO A RO KIS BI, RSEEL Branch and bound,

SRIGTHA VRPTW 6, 147 Branch and Bound KA (IRE) BEORRIM DB

BRI BELNTR BT o

max Z =100z, + 150z (10.8.1)
st. 2z +x9 <10 (10.8.2)
32, + 62 < 40 (10.8.3)

1,29 20 (10.8.4)

Z1, Ty integer (10.8.5)

FHEFATZ H Branch and Bound FASKAE LA BEGH ALY Python (L5 (# H

Gurobi). 77 fEEEE A, FRATE Jods b R e el oG . O OS5 i i 551y
IR PSRRI, 240 B el

Algorithm 1 Branch and Bound &Y (fajBAZEH)

1 PIAAE: ARPERIY (10.8.1) MAILAELAY, HARME IP /) LP FATEIER T S S
2: UB ¢ 00,LB + 0

3 WETAES Q «+ {5}, incumbent x* < Null

4: while Q {53 H. UB — LB > e do

PEHFAHTHT A S Qpop () (KRB Yy PY)
status « K P' iy LP ¥\t
XL 7 LP B s
x'(LP) « LP Wfi
if status g Optimal then
R R AT
else if z* < LB then
HR A SR B 5 A
else if z(LP) Z#E1Tf# then
EREIAR LB« 2
P incument x* < x(LP)
R e DI B A
else if status /& Optimal H x(LP) 2&/Nfi# then
KU HIfE o' (LP) [EHR SRR, 1, o, (LP)
if [ HEJi5 AE BFY HAreR%L «,,(LP) > LB then
BE LB < ), (LP) X HAReR 4L
B ¥ incument z* «+ ¢, (LP)
end if
Yo o (LP) s NS R 4 S
BIEPIASTHY A ST Sy, HAA, P Py
BT RER Q « QU{S], ST}
tempUB <— Q HETA M T-47 sl LP A5 H AR ek £ s K ME
¥ ¥ UB < tempUB
end if

29: end while
30: return incumbent x* optimal

bt

IBIEAL T IR IR T R B 5 A Python+Java SZH 61



R W N

® N o

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

10.8 PYTHON 8% GUROBI %35 3 & FH ik 04 ) 5040, remut, wokae, Bk, wck, Wb

FE LR AR, O T PGB LE AT AR, FRNTHERE S/ NEUR A ST TR
REAGHRAE, 1R R TR Y v MR B — BT, XX LB R
HH B AR, 10N R W AT OO SRS, T HAb R R — € WGE, R
THABFIE, SEETEATROTN A b, AT HERIER UB, JATED SC#H
PEJGSRIEE T BT 110 R M RA S ASE 2

N se R Python GRS,

Branch and bound

# Qauthor: Liu Xinglu
# @e-mail: hsinglul@163.com
# @institute: Tsinghua University

# Qdate : 2021-3-11

# Branch and Bound Algorithm
# max 100x1 + 150x2

# 2x1 + xo < 10

# 3x1 + 6x2 < 40

# x1,x2 = 0, and integer

# Creat LP

from gurobipy import *
import numpy as np
import copy

import matplotlib.pyplot as plt

RLP = Model('relaxed MIP')
x = {}
for i in range(2):
x[i] = RLP.addVar(lb = 0
, ub = GRB.INFINITY
, vtype = GRB.CONTINUOUS

, name = 'x_' + str(i)

RLP.setObjective(100 * x[0] + 150 * x[1], GRB.MAXIMIZE)

RLP.addConstr(2 * x[0] + x[1] <= 10, name = 'c_1')
RLP.addConstr(3 * x[0] + 6 * x[1] <= 40, name = 'c_2')

RLP.optimize ()

# Node class
class Node:
# this class defines the node
def __init__(self):
self.local_LB = 0
self.local_UB = np.inf
self.x_sol = {}
self.x_int_sol = {}
self.branch_var_list = []
self.model = None
self.cnt = None

self.is_integer = False

def deepcopy_node(node) :

new_node = Node()

new_node.local_LB = 0
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new_node.local_UB = np.inf

new_node.x_sol = copy.deepcopy(node.x_sol)
new_node.x_int_sol = copy.deepcopy(node.x_int_sol)
new_node.branch_var_list = []

new_node.model = node.model.copy()

new_node.cnt = node.cnt

new_node.is_integer = node.is_integer

return new_node

# Branch and Bound

def Branch_and_bound (RLP) :
# initialize the initial node
RLP.optimize ()
global_UB = RLP.ObjVal
global_ LB = 0
eps = le-3
incumbent_node = None

Gap = np.inf

Branch and Bound starts
Iy
# creat initial node
Queue = []
node = Node()
node.local_LB = 0
node.local_UB = global_UB
node.model = RLP.copy()
node.model.setParam("OutputFlag", 0)
node.cnt = 0

Queue . append (node)

cnt = 0

Global_UB_change = []

Global_LB_change = []

while (len(Queue) > O and global_UB - global LB > eps):
# select the current node
current_node = Queue.pop()

cnt += 1

# solve the current model
current_node.model.optimize ()

Solution_status = current_node.model.Status

e

OPTIMAL = 2
INFEASIBLE = 3
UNBOUNDED = 5

e

# check whether the current solution is integer and ezecute prune step
i
is_integer : mark whether the current solution is integer solution
Is_Pruned : mark whether the current solution is pruned
e
is_integer = True

Is_Pruned = False

if (Solution_status == 2):
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for var in current_node.model.getVars():
current_node.x_sol[var.varName] = var.x

print(var.VarName, ' = ', var.x)

# # round the solution to get an integer solution
current_node.x_int_sol[var.varName] = (int)(var.x) # round the solution to get an integer solution
if (abs((int) (var.x) - var.x) >= eps):

is_integer = False

current_node.branch_var_list.append(var.VarName) # to record the candidate branch variables

# update the LB and UB
if (is_integer == True):
# For integer solution node, update the LB and UB
current_node.is_integer = True
current_node.local_LB = current_node.model.ObjVal
current_node.local_UB = current_node.model.ObjVal
if (current_node.local_LB > global_LB):
global_LB = current_node.local_LB
incumbent_node = Node.deepcopy_node (current_node)
if (is_integer == False):
# For integer solution node, update the LB and UB also
current_node.is_integer = False
current_node.local_UB = current_node.model.ObjVal
current_node.local_LB = 0
for var_name in current_node.x_int_sol.keys():
var = current_node.model.getVarByName (var_name)
current_node.local_LB += current_node.x_int_sol[var_name] * var.Obj
if (current_node.local_LB > global_LB or (
current_node.local_LB == global_LB and current_node.is_integer == True)):
global LB = current_node.local_LB
incumbent_node = Node.deepcopy_node (current_node)
incumbent_node.local_LB = current_node.local_LB

incumbent_node.local_UB = current_node.local_UB

PRUNE step
# prune by optimility
if (is_integer == True):

Is_Pruned = True

# prune by bound
if (is_integer == False and current_node.local_UB < global_LB):

Is_Pruned = True

Gap = round(100 * (global_UB - global_LB) / global LB, 2)

print('\n —————=------ \n', cnt, '\t Gap ="', Gap, ' %')
elif (Solution_status != 2):

# the current node is infeasible or unbound

is_integer = False

o

PRUNE step

r

# prune by infeasiblity
Is_Pruned = True

continue

e

BRANCH STEP
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if (Is_Pruned
# selecte
branch_var
left_var_b

right_var_

== False):

the branch variable

_name = current_node.branch_var_list[0]

ound = (int) (current_node.x_sol[branch_var_name])

bound = (int) (current_node.x_sol[branch_var_name]) + 1

# creat two child nodes

left_node

right_node

# creat le
temp_var =
left_node.
left_node.
left_node.
cnt += 1

left_node.

# creat 71

temp_var =

right_node.
right_node.

right_node.

cnt += 1

right_node.

Queue . appe:

Queue . appe:

# update t

= Node.deepcopy_node (current_node)

= Node.deepcopy_node (current_node)

ft child node
left_node.model.getVarByName (branch_var_name)
model.addConstr (temp_var <= left_var_bound, name='branch_left_' + str(cnt))
model.setParam("OutputFlag", 0)
model.update ()

cnt = cnt

ght child node

right_node.model.getVarByName (branch_var_name)

model.addConstr(temp_var >= right_var_bound, name='branch_right_' + str(cnt))
model.setParam("OutputFlag", 0)

model .update ()

cnt = cnt

nd (left_node)

nd (right_node)

he global UB, explore all the leaf nodes

temp_global _UB = 0

for node i

n Queue:

node.model.optimize ()

if (nod
if

global_UB
Global _UB_
Global LB_

# all the nodes ar

global_UB = global

Gap = round(100 *

print ('\n\n\n\n')

e.model.status == 2):
(node.model.0ObjVal >= temp_global_UB):
temp_global_UB = node.model.ObjVal

= temp_global_UB
change . append (global_UB)
change . append (global_LB)

e explored, update the LB and UB

_LB

(global_UB - global LB) / global LB, 2)
Global_UB_change.append(global_UB)

Global_LB_change.append(global_LB)

print (' D)
print (' Branch and Bound terminates ")
print (' Optimal solution found ")
print (' ")
print('\nFinal Gap = ', Gap, ' %')

print('Optimal Solution:', incumbent_node.x_int_sol)
print('Optimal Obj:', global_LB)

return incumbent_n

ode, Gap, Global_UB_change, Global_LB_change
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# Solve the IP model by branch and bound

incumbent_node, Gap, Global UB_change, Global LB_change = Branch_and_bound(RLP)

# plot the results

# fig = plt. figure(1)

# plt. figure(figsize=(15,10))

font_dict = {"family":'Arial', #"Kaiti",
"style":"oblique",
"weight":"normal",
"color":"green",

"size": 20

plt.rcParams['figure.figsize'] = (12.0, 8.0) # (i Z 4nches
plt.rcParams["font.family"] = 'Arial' #"SimHei"

plt.rcParams["font.size"] = 16

x_cor = range(l, len(Global_LB_change) + 1)

plt.plot(x_cor, Global_LB_change, label = 'LB')

plt.plot(x_cor, Global_UB_change, label = 'UB')

plt.legend()

plt.xlabel('Iteration', fontdict=font_dict)

plt.ylabel('Bounds update', fontdict=font_dict)

plt.title('Bounds update during branch and bound procedure \n', fontsize = 23)
plt.savefig('Bound_updates.eps')

plt.show()

Bk AR T Bounds B HEH AR AN T B BN

Bounds update during branch and bound procedure
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10.9 Python /] Gurobi M XSt Rkt TSP

A/ N2z f i Branch and bound K f# TSP, E74f) Branch and bound Kfi# TSP 1

MERIARNE . T HE, TR Solomon VRP Benchmark(Solomon and Marius 1987)
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Branch and Bound TSP

#1/usr/bin/env python
# coding: utf-8

* aguthor : Liu Xinglu
* Institute: Tsinghua University
* Date : 2020-7-11

* E-mail : hsinglul@163.com

# # Python_Call_Gurobi_Solve_TSP

# # Prepare Data

# _*_coding:utf-8 _*_

from __future__ import print_function
from gurobipy import *

import re

import math

import matplotlib.pyplot as plt
import numpy

import pandas as pd

import networkx as nx

import copy

import random

class Data:
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def __init__(self):
self.customerNum =
self .nodeNum =

0
0
self.vehicleNum = 0
0

self.capacity =
self.cor_X =M
self.cor_Y =0
self.demand =0
self.serviceTime = []
self.readyTime = []
self.dueTime =0
self.disMatrix = [[]]
self.arcs =1{r

# function to read data from .tzt files
def readData(data, path, customerNum):
data.customerNum = customerNum
data.nodeNum = customerNum + 1
f = open(path, 'r')
lines = f.readlines()
count = O
# read the info
for line in lines:
count = count + 1
if (count == 5):
line = line[:-1].strip()
str = re.split(r" +", line)
data.vehicleNum = int(str[0])
data.capacity = float(str[1])
elif (count >= 10 and count <= 10 + customerNum):
line = line[:-1]
str = re.split(r" +", line)
data.cor_X.append(float(str[2]))
data.cor_Y.append(float(str[3]))
data.demand.append (float (str[4]))
data.readyTime.append(float (str[5]1))
data.dueTime.append(float(str[6]))

data.serviceTime.append(float(str[7]))

# compute the distance matriz

# data.disMatriz = [[0] * nodeNum] * nodeNum] ;
for i in range(0, data.nodeNum):

for j in range(0, data.nodeNum):

temp = (data.cor_X[i] - data.cor_X[jl)**2 + (data.cor_Y[i] - data.cor_Y[jl)**2

data.disMatrix[i] [j] = round(math.sqrt(temp),

temp = 0

# initialize the arc
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
if (i == j):
data.arcs[i,j]l = 0
else:
data.arcs[i,j] = 1

return data

def preprocess(data):

# preprocessing for ARCS

1)
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for i in range(data.nodeNum) :

for j in range(data.nodeNum) :
if (i == j):
data.arcs[i,j]l = 0
elif (data.readyTime[i] + data.serviceTime[i] + data.disMatrix[i][j] > data.dueTimel[j]
or data.demand[i] + data.demand[j] > data.capacity):
data.arcs[i,j] = 0
elif(data.readyTime[0] + data.serviceTime[i] + data.disMatrix[0][i] +
< data.disMatrix[i] [data.nodeNum-1] > data.dueTime[data.nodeNum-1]):
print("the calculating example is false")
else:
data.arcs[i,j]l = 1
for i in range(data.nodeNum) :
data.arcs[data.nodeNum - 1, i] = 0
data.arcs[i, 0] = 0

return data

def printData(data, customerNum):
print(" T @47 H %4 \n")
print("vehicle number = %4d" 7 data.vehicleNum)
print("vehicle capacity = %4d" % data.capacity)
for i in range(len(data.demand)):
print (' {O\t{13\t{2}\t{3} ' .format (data.demand[i], data.readyTime[i],data.dueTime[i],

— data.serviceTime[i]))

print(" JE 7 4B % \n")
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
#print ("7d za" % (i, 7));
print ("%6.2f" % (data.disMatrix[i][j]1), end = " ")

print ()

# # Read Data

data = Data()

path = 'cl01.txt'

customerNum = 5

data = Data.readData(data, path, customerNum)
data.vehicleNum = 1

Data.printData(data, customerNum)

data = Data.preprocess(data)

# # Build Graph

Graph = nx.DiGraph()

cnt = 0

pos_location = {}

nodes_col = {}

nodeList = []

for i in range(data.nodeNum) :
X_coor = data.cor_X[i]
Y_coor = data.cor_Y[i]
name = str(i)

nodeList .append (name)

nodes_col [name] = 'gray'
node_type = 'customer'
if(i == 0):

node_type = 'depot'

Graph.add_node (name
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, ID = i

node_type = node_type

time_window = (data.readyTime[i], data.dueTime[i])

A EL

arrive_time = 10000  # it/ A4

demand = data.demand

serviceTime = data.serviceTime

x_coor = X_coor

y_coor = Y_coor

min_dis = 0

previous_node = None

pos_location[name] = (X_coor, Y_coor)
# add edges into the graph
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
if(i == j or (i == 0 and j == data.nodeNum - 1) or (j == 0 and i == data.nodeNum - 1)):
pass
else:
Graph.add_edge(str(i), str(j)
, travelTime = data.disMatrix[i] [j]

, length = data.disMatrix[i] [j]

nodes_col['0'] = 'red’

nodes_col[str(data.nodeNum-1)] = 'red'

plt.rcParams['figure.figsize'] = (10, 10) # ¥ {72 inches
nx.draw(Graph

pos=pos_location

with_labels = True

node_size = 50

node_color = nodes_col.values() #ly!

font_size = 15

font_family = 'arial'

# , edge_color = 'grey' #'grey' #0b, k, m, g,
edgelist = [1 #edge_ list #[]

# , nodelist = nodeList
)
fig_name = 'network_' + str(customerNum) + '_1000.jpg’
plt.savefig(fig_name, dpi=600)
plt.show()

# # getRoute
def getValue(var_dict, nodeNum) :
x_value = np.zeros([nodeNum + 1, nodeNum + 1])
for key in var_dict.keys():
a = key[0]
b = key[1]

>

value[a] [b] = var_dict[key].x

return x_value

I T T 3

def getRoute(x_value):

x = copy.deepcopy (x_value)
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route_temp.append(0)

previousPoint 0

route_temp = [previousPoint]

count 0

while(len(route_temp) < len(x)):

'

#print ('previousPoint: ', previousPoint )

if (x[previousPoint] [count] > 0):

previousPoint count

route_temp.append(previousPoint)

count 0
continue
else:
count += 1

route_temp.append(0)

return route_temp

# # Build and solve TSP

big_M = data.nodeNum

nodeNum = data.nodeNum

# creat the model

model = Model('TSP')

# creat decision wvariables
x = {}

mu = {}

for i in range(nodeNum + 1):

mu[i] = model.addVar(lb = 0.0

, ub 100 #GRB.INFINITY

# , obj = distance_initial

, vtype = GRB.CONTINUOUS

, name = "mu_" + str(i)

for j in range(nodeNum + 1):
if(i 1= §):
x[i, j] = model.addVar(vtype = GRB.BINARY

, name

)

'x_' + str(i) + '

# set objective function

obj LinExpr (0)

for key in x.keys():

i = keyl[0]

j = keyl[1]
if (i < nodeNum and j < nodeNum) :
obj.addTerms(data.disMatrix[key[0]] [key[1]], x[keyl)

elif (i == nodeNum) :
obj.addTerms(data.disMatrix[0] [key[1]1], x[keyl)
elif (j == nodeNum) :

obj.addTerms (data.disMatrix[key[0]1][0], x[keyl)

model.setObjective(obj, GRB.MINIMIZE)

# add constraints 1
for j in range(1, nodeNum + 1):
lhs = LinExpr(0)

for i in range(0, nodeNum):

i 1= §):

'+ ostr(j)
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lhs.addTerms (1, x[i, j1)

model.addConstr(lhs == 1, name = 'visit_' + str(j))

# add constraints 2
for i in range(0, nodeNum):
lhs = LinExpr(0)
for j in range(l, nodeNum + 1):
i 1= §):
lhs.addTerms (1, x[i, j1)

model.addConstr(lhs == 1, name = 'visit_' + str(j))

# add MTZ constraints
# for key in X.keys():

# org = key[0]

# des = key[1]

# if(org != 0 or des != 0):

# # pass

# model.addConstr(mulorg] - mu[des] + 100 * X[key] <= 100 - 1)

for i in range(0, nodeNum) :
for j in range(l, nodeNum + 1):
if(E 1= §):

model.addConstr(muli] - mu[j] + 100 * x[i, j] <= 100 - 1)

# model.setParam('MIPGap', 0)
model.write('model.1lp')

model.optimize()

print('0Obj:', model.ObjVal)
x_value = getValue(x, nodeNum)
route = getRoute(x_value)

print('optimal route:', route)

print ("\n\n----- optimal value----- ")

print (model.ObjVal)

edge_list = []
for key in x.keys():
if (x[keyl.x > 0):
print (x[key] .VarName, ' = ', x[key].x)
arc = None
if ((int) (key[1]) == data.nodeNum) :
arc = (str(key[0]), '0")
else:

arc = (str(key[0]), str(key[1]1))

edge_list.append(arc)

nodes_col['0'] = 'red'

# nodes_col[str(data.nodeNum-1)] = 'red’

plt.rcParams['figure.figsize'] = (15, 15) #
nx.draw(Graph

pos=pos_location

# , with_labels = True

node_size = 50

node_color = nodes_col.values() #ly!

font_size = 15

font_family = 'arial'

# , edge_color = 'grey' #'grey' #0b, k, m, g,

edgelist = edge_list
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# , nodelist = nodeList

)

plt.savefig(fig_name, dpi=600)
plt.show()

# # Node class
class Node:
# this class defines the node
def __init__(self):
self.local_LB = 0O
self.local_UB = np.inf
self.x_sol = {}
self.x_int_sol = {}
self.branch_var_list = []
self.model = None
self.cnt = None
self.is_integer = False
self.var_LB = {}
self.var_UB = {}

def deepcopy_node(node) :
new_node = Node()
new_node.local_LB = 0

new_node.local_UB = np.inf

fig_name = 'TSP_solution_' + str(customerNum) + '_1000.jpg’

new_node.x_sol = copy.deepcopy(node.x_sol)

new_node.x_int_sol = copy.deepcopy(node.x_int_sol)
new_node.branch_var_list = []

new_node.model = node.model.copy()

new_node.is_integer

return new_node

class Node_2:

def __init__(self):

self.local_LB = 0O

self.x_sol = {}

self.x_int_sol = {}

self.cnt = None

self.var_LB = {}

self.var_UB = {}

new_node = Node()

new_node.local_LB

new_node.local_UB =

new_node.is_integer

new_node.cnt = node.

self.branch_var_list

def deepcopy_node(node) :

new_node.branch_var_

new_node.cnt = node.

cnt

= node.is_integer

# this class defines the node

self.local_UB = np.inf

=0

self.is_integer = False

0

np.inf

new_node.x_sol = copy.deepcopy(node.x_sol)

new_node.x_int_sol = copy.deepcopy(node.x_int_sol)

list = []
cnt

= node.is_integer

new_node.var_LB = copy.deepcopy(node.var_LB)

new_node.var_UB = copy.deepcopy(node.var_UB)
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return new_node

# # TSP Branch and Bound framework -vl: copy model at node
def Branch_and_bound(TSP_model, summary_interval):
Relax_TSP_model = TSP_model.relax()
# initialize the initial node
Relax_TSP_model.optimize ()
global_UB = np.inf
global_LB = Relax_TSP_model.ObjVal
eps = le-6
incumbent_node = None
Gap = np.inf

feasible_sol_cnt = 0

Branch and Bound starts

r

# creat initial node

Queue = []

node = Node()

node.local_LB = global_LB
node.local_UB = np.inf

node.model = Relax_TSP_model.copy()
node.model.setParam("OutputFlag", 0)
node.cnt = 0

Queue . append (node)

cnt = 0

branch_cnt = 0

Global_UB_change = []

Global_LB_change = []

while (len(Queue) > O and global_UB - global LB > eps):
# select the current node
current_node = Queue.pop()

cnt += 1

# solve the current model
current_node.model.optimize ()

Solution_status = current_node.model.Status

e

OPTIMAL = 2
INFEASIBLE = 3
UNBOUNDED = 5

e

# check whether the current solution is integer and ezecute prune step
i
is_integer : mark whether the current solution is integer solution
Is_Pruned : mark whether the current solution is pruned
e
is_integer = True
Is_Pruned = False
if (Solution_status == 2):
for var in current_node.model.getVars():

if (var.VarName.startswith('x')):

# print (var.VarName, ' = ', var.z)

current_node.x_sol[var.varName] = copy.deepcopy(current_node.model.getVarByName (var.VarName) .x)
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# record the branchable wvariable
# if(abs((int) (var.z) - var.z) >= eps):

if (abs(round(var.x, 0) - var.x) >= eps):

# if (round (var.z, 0) != war.z): # WEBEK , HELRERMGE
is_integer = False

current_node.branch_var_list.append(var.VarName) # to record the candidate branch
— wariables

# print (current_node.z_sol)

# update the LB and UB
if (is_integer == True):
feasible_sol_cnt += 1
# For integer solution node, update the LB and UB
current_node.is_integer = True
current_node.local_LB = current_node.model.ObjVal
current_node.local_UB = current_node.model.ObjVal
# if the solution is integer, uodate the UB of global and update the incumbent
if (current_node.local_UB < global_UB):
global_UB = current_node.local_UB
incumbent_node = Node.deepcopy_node(current_node)
if (is_integer == False):
# For integer solution node, update the LB and UB also
current_node.is_integer = False
current_node.local_UB = global_UB

current_node.local_LB = current_node.model.ObjVal

PRUNE step
P
# prune by optimility
if (is_integer == True):

Is_Pruned = True

# prune by bound
if (is_integer == False and current_node.local_LB > global_UB):

Is_Pruned = True

Gap = round(100 * (global_UB - global_LB) / global LB, 2)

elif (Solution_status != 2):
# the current node is infeasible or unbound

is_integer = False

PRUNE step
i
# prune by infeasiblity

Is_Pruned = True

continue

e

BRANCH STEP
I
if (Is_Pruned == False):
branch_cnt += 1
# selecte the branch wvariable: choose the value which is closest to 0.5

branch_var_name = None
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min_diff = 100
for var_name in current_node.branch_var_list:
if (abs(current_node.x_sol[var_name] - 0.5) < min_diff):
branch_var_name = var_name
min_diff = abs(current_node.x_sol[var_name] - 0.5)

# branch_var_name = current_node.branch_var_list[0]

# choose the wariable cloest to 0 or 1

# min_diff = 100

# for war_name in current_node.branch_var_list:

# diff = maz(abs(current_node.x_sol[var_name] - 1), abs(current_node.z_sol[var_name] - 0))
# if (min_diff >= diff):

# branch_var_name = var_name

# min_diff = diff

# branch_var_name = current_node.branch_var_list[0]

if (branch_cnt 7 summary_interval == 0):
print('Branch var name :', branch_var_name, '\t, Branch var value :',
< current_node.x_sol[branch_var_name])

left_var_bound = (int) (current_node.x_sol[branch_var_name])

right_var_bound = (int) (current_node.x_sol[branch_var_name]) + 1

# creat two child nodes
left_node = Node.deepcopy_node(current_node)

right_node = Node.deepcopy_node(current_node)

# creat left child node

temp_var = left_node.model.getVarByName (branch_var_name)
left_node.model.addConstr(temp_var <= left_var_bound, name='branch_left_' + str(cnt))
left_node.model.setParam("OutputFlag", 0)

left_node.model.update()

cnt += 1

left_node.cnt = cnt

# creat rTight child node

temp_var = right_node.model.getVarByName (branch_var_name)
right_node.model.addConstr(temp_var >= right_var_bound, name='branch_right_' + str(cnt))
right_node.model.setParam("OutputFlag", 0)

right_node.model.update()

cnt += 1

right_node.cnt = cnt

Queue . append (left_node)

Queue . append (right_node)

# update the global LB, explore all the leaf nodes
temp_global_LB = np.inf
for node in Queue:
node.model.optimize ()
if (node.model.status == 2):
if (node.model.ObjVal <= temp_global LB and node.model.ObjVal <= global_UB):
temp_global_LB = node.model.ObjVal

if (temp_global_LB == np.inf):
temp_global LB = Global_LB_change[-1]

global LB = temp_global_LB

Global_UB_change.append(global_UB)
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553 Global_LB_change.append(global_LB)

554

555 if( (ent - 2) 7, summary_interval == 0):

556 print (' \n\n ")

557 print ('Queue length :', len(Queue))

558 print('\n -------—---- \n', cnt, ' UB = ', global_UB, ' LB = ', global LB, '\t Gap = ', Gap, ' %',

<« 'feasible_sol_cnt :', feasible_sol_cnt)

559

560 # all the nodes are exzplored, update the LB and UB
561 incumbent_node.model.optimize()

562 global_UB = incumbent_node.model.ObjVal

563 global_LB = global_UB

564 Gap = round(100 * (global_UB - global_LB) / global_LB, 2)
565 Global_UB_change.append(global_UB)

566 Global_LB_change.append(global_LB)

567

568 print ('\n\n\n\n')

569 print (' ")
570 print (' Branch and Bound terminates ")
571 print (' Optimal solution found ")
572 print (' ")
573 print('\nIter cnt = ', cnt, ' \n\n')

574 print('\nFinal Gap = ', Gap, ' % \n\n')

575 # print('Optimal Solution:', incumbent_node.x_sol)
576 print(' ---- Optimal Solution ------ ")

577 for key in incumbent_node.x_sol.keys():

578 if (incumbent_node.x_sol[key] > 0):

579 print(key, ' = ', incumbent_node.x_soll[key])
580 print('\nOptimal Obj:', global_LB)

581

582 return incumbent_node, Gap, Global_UB_change, Global_LB_change
583

584

585 # # Solve the IP model by branch and bound

586 incumbent_node, Gap, Global UB_change, Global LB_change = Branch_and_bound(model, summary_interval = 50)
587
588
589 # # TSP Branch and Bound V2:do not copy model at node

590 def Branch_and_bound_v2(TSP_model, summary_interval):

591 Relax_TSP_model = TSP_model.relax()

592 Relax_TSP_model.setParam("OutputFlag", 0)

593 # Relaz_TSP_model.setParam("OptimalityTol”, 1e-3)
594 # Relax_TSP_model.Params.Presolve = 0

595 # Relaz_TSP_model.Params.FeasibilityTol = le-2
596 # initialize the initial node

597 Relax_TSP_model.optimize ()

598 global_UB = np.inf

599 global_LB = Relax_TSP_model.ObjVal

600 eps = le-6

601 eps_bound = 1e-3

602 incumbent_node = None

603 Gap = np.inf

604 feasible_sol_cnt = 0

605

606 et

607 Branch and Bound starts

608 e

609

610 # creat initial node
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Queue = []

node = Node_2()

node.local_LB = global_LB

node.local_UB = np.inf

node.cnt = 0

for var in Relax_TSP_model.getVars():
if (var.VarName.startswith('x')):

node.var_LB[var.VarName] = 0O

1

node.var_UB[var.VarName]
if (Relax_TSP_model.status == 2):
for var in Relax_TSP_model.getVars():
if (var.VarName.startswith('x')):
# print (var.VarName, ' = ', wvar.z)
# record the branchable wvariable
# if(abs(round(var.z, 0) - wvar.z) >= eps):
if (round(var.x, 0) != var.x):
node.branch_var_list.append(var.VarName) # to record the candidate branch variables
node.x_sol [var.varName] = var.x

else:

node.x_sol[var.varName] = round(var.x, 0) # fj il

Queue . append (node)

cnt = 0

Global_UB_change = []

Global_LB_change = []

while (len(Queue) > O and global UB - global LB > eps):
# select the current node
current_node = Queue.pop()

cnt += 1

for var_name in current_node.var_LB.keys():
Relax_TSP_model.getVarByName (var_name) .1b = current_node.var_LB[var_name]
Relax_TSP_model.getVarByName (var_name) .ub = current_node.var_UB[var_name]

Relax_TSP_model.update()

# solve the current model

Relax_TSP_model.optimize ()

Solution_status = Relax_TSP_model.Status

i

OPTIMAL = 2
INFEASIBLE = 3
UNBOUNDED = 5

r

# check whether the current solution is integer and exzecute prune step
is_integer : mark whether the current solution is integer solution
Is_Pruned : mark whether the current solution is pruned

i

is_integer = True

Is_Pruned = False

if (Solution_status == 2):
for var in Relax_TSP_model.getVars():

if (var.VarName.startswith('x")):
# print (var.VarName, ' = ', var.z)
# rTecord the branchable variable
if (abs(round(var.x, 0) - var.x) >= eps):

is_integer = False
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current_node.branch_var_list.append(var.VarName) # to record the candidate branch
— wariables
current_node.x_sol[var.VarName] = var.x

else:

current_node.x_sol [var.VarName] = round(var.x, 0) # f&

# update the LB and UB
if (is_integer == True):
feasible_sol_cnt += 1
# For integer solution node, update the LB and UB
current_node.is_integer = True
current_node.local_LB = Relax_TSP_model.ObjVal
current_node.local_UB = Relax_TSP_model.ObjVal
# if the solution is integer, uodate the UB of global and update the incumbent
if (current_node.local_UB < global_UB):
global_UB = current_node.local_UB
incumbent_node = Node_2.deepcopy_node (current_node)
if (is_integer == False):
# For integer solution node, update the LB and UB also
current_node.is_integer = False
current_node.local_UB = global_UB

current_node.local_LB = Relax_TSP_model.ObjVal

PRUNE step
i
# prune by optimility
if (is_integer == True):

Is_Pruned = True

# prune by bound
if (is_integer == False and current_node.local LB > global_UB):

Is_Pruned = True

Gap = round(100 * (global_UB - global_LB) / global LB, 2)

elif (Solution_status != 2):
# the current node is infeasible or unbound

is_integer = False

PRUNE step
i
# prune by infeasiblity

Is_Pruned = True

continue

e

BRANCH STEP
e
if (Is_Pruned == False):
# selecte the branch wvariable: choose the value which is closest to 0.5
branch_var_name = None
min_diff = 100
for war_name in current_node.branch_var_list:
if (abs(current_node.z_sol[var_name] - 0.5) < min_diff):

branch_var_name = var_name

* W W R B

min_diff = abs(current_node.z_sol[var_name] - 0.5)
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# print (var_name, ' = ', current_node.z_sol[branch_var_name])

# branch_var_name = current_node.branch_var_list[0]

# choose the wariable cloest to 0 or 1
min_diff = 100
for var_name in current_node.branch_var_list:
diff = max(abs(current_node.x_sol[var_name] - 1), abs(current_node.x_sol[var_name] - 0))
if (min_diff >= diff):
branch_var_name = var_name

min_diff = diff

# branch_var_name = current_node.branch_var_list[0]
if (cnt 7 summary_interval == 0):

print('Branch var name :', branch_var_name, '\t, value :', current_node.x_sol[branch_var_name])
left_var_bound = (int) (current_node.x_sol[branch_var_name])

right_var_bound = (int) (current_node.x_sol[branch_var_name]) + 1

# creat two child nodes
left_node = Node_2.deepcopy_node(current_node)

right_node = Node_2.deepcopy_node(current_node)

# creat left child node (update the bound data for left node)
left_node.var_LB[branch_var_name] = 0
left_node.var_UB[branch_var_name] = 0O

cnt += 1

left_node.cnt = cnt

# creat right child node (update the bound data for right node)
right_node.var_LB[branch_var_name] = 1
right_node.var_UB[branch_var_name] = 1

cnt += 1

right_node.cnt = cnt

Queue . append (left_node)

Queue . append (right_node)

# update the global LB, explore all the leaf nodes
temp_global_LB = np.inf
for node in Queue:
for var_name in node.var_LB.keys():
Relax_TSP_model.getVarByName (var_name) .1b = node.var_LB[var_name]

Relax_TSP_model.getVarByName (var_name) .ub = node.var_UB[var_name]

Relax_TSP_model.update()
Relax_TSP_model.optimize ()
if (Relax_TSP_model.status == 2):
if (Relax_TSP_model.ObjVal <= temp_global_ LB and Relax_TSP_model.0ObjVal <= global_UB):
temp_global_LB = Relax_TSP_model.0ObjVal

if (temp_global LB == np.inf):
temp_global LB = Global_LB_change[-1]

global_LB = temp_global_LB
Global_UB_change.append(global_UB)

Global_LB_change.append(global_LB)

if(cnt J summary_interval == 0):

print (' \n\n== ")

print('Queue length :', len(Queue))
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786 print('\n ------------ \n', cnt, ' UB = ', global UB, ' LB = ', global_LB, '\t Gap = ', Gap, ' %',

< 'feasible_sol_cnt :', feasible_sol_cnt)

787

788 # all the nodes are exzplored, update the LB and UB

789 for var_name in incumbent_node.var_LB.keys():

790 Relax_TSP_model.getVarByName (var_name) .1b = incumbent_node.var_LB[var_name]
791 Relax_TSP_model.getVarByName (var_name) .ub = incumbent_node.var_UB[var_name]
792 Relax_TSP_model.update ()

793 Relax_TSP_model.optimize ()

794 global_UB = Relax_TSP_model.ObjVal

795 global LB = global_UB

796 Gap = round(100 * (global_UB - global_LB) / global LB, 2)

797 Global_UB_change.append(global_UB)

798 Global_LB_change.append(global_LB)

799

800 print('\n\n\n\n')

801 print (' ")

802 print (' Branch and Bound terminates D)

803 print (' Optimal solution found ")

804 print (' "

805 print('\nFinal Gap = ', Gap, ' %")

806 # print ('Optimal Solution:', incumbent_node.z_sol)

807 print ('Optimal Solution: \n')

808 for key in incumbent_node.x_sol.keys():

809 if (incumbent_node.x_sol[key] > 0):

810 print(key, ' = ', incumbent_node.x_sol[key])

811 print('Optimal Obj:', global_LB)

812

813 return incumbent_node, Gap, Global_UB_change, Global_LB_change
814

815 incumbent_node, Gap, Global UB_change, Global LB_change = Branch_and_bound_v2(model, summary_interval = 500)
816
817 # # plot the results
818 # fig = plt. figure(1)
819 # plt.figure(figsize=(15,10))

820 font_dict = {"family":'Arial', #"Kaiti",
821 "style":"oblique",

822 "weight":"normal",

823 "color":"green",

824 "size": 20

825 }

826

inches

827 plt.rcParams['figure.figsize'] = (12.0, 8.0) #
828 plt.rcParams["font.family"] = 'Arial' #"SimHei"
829 plt.rcParams["font.size"] = 16

830 # plt.zlim(0, len(Global_LB_change) + 1000)

831
832 x_cor = range(l, len(Global_LB_change) + 1)

833 plt.plot(x_cor, Global_LB_change, label = 'LB')

834 plt.plot(x_cor, Global_UB_change, label = 'UB')

835 plt.legend()

836 plt.xlabel('Iteration', fontdict=font_dict)

837 plt.ylabel('Bounds update', fontdict=font_dict)

838 plt.title('TSP (c101-5) : Bounds update during branch and bound procedure \n', fontsize = 23)
839 plt.savefig('Bound_updates_TSP_c101_5.eps')

840 plt.savefig('Bound_updates_TSP_c101_5.pdf')

841 plt.show()
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VRPTW (¢101-10) : Bounds update during branch and bound procedure
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VRPTW (c¢101-50) : Bounds update during branch and bound procedure
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N2 Python il Gurobi sZ¥{ Branch and bound Kf# VRPTW [15¢ 8 ACH,

BHIR FaiAk A chttps: //www. sintef .no/projectweb/top/vrptw/100-customers/.

Branch and Bound

#!/usr/bin/env python
# coding: utf-8

# * author @ Liu Xinglu

# * Institute: Tsinghua University
# * Date : 2020-7-11
#

* E-mail : hsinglul@163.com
# # Python_Call_Gurobi_Solve_VRPTW

# # Prepare Data

# _*_coding:utf-8 _*_

from __future__ import print_function
from gurobipy import *

import re

import math

import matplotlib.pyplot as plt

import numpy

import pandas as pd
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import networkx as nx
import copy

import random

class Data:

def __init__(self):

self.customerNum = O
self .nodeNum =0
self.vehicleNum = 0
self.capacity =0
self.cor_X =0
self.cor_Y =0
self.demand =0

self.serviceTime = []

self.readyTime = []
self.dueTime =0
self.disMatrix = [[]]
self.arcs = {r

# function to read data from .tzt files
def readData(data, path, customerNum):
data.customerNum = customerNum
data.nodeNum = customerNum + 2
f = open(path, 'r')
lines = f.readlines()
count = 0
# read the info
for line in lines:
count = count + 1
if (count == 5):
line = line[:-1].strip()
str = re.split(r" +", line)
data.vehicleNum = int(str[0])
data.capacity = float(str[1])
elif (count >= 10 and count <= 10 + customerNum):
line = line[:-1]
str = re.split(r" +", line)
data.cor_X.append(float(str[2]))
data.cor_Y.append(float(str[3]))
data.demand.append (float (str[4]))
data.readyTime.append(float(str[5]))
data.dueTime.append(float(str[6]))

data.serviceTime.append(float(str[7]))

data.cor_X.append(data.cor_X[0])
data.cor_Y.append(data.cor_Y[0])
data.demand.append(data.demand [0])
data.readyTime.append(data.readyTime[0])
data.dueTime.append(data.dueTime [0])

data.serviceTime.append(data.serviceTime[0])

# compute the distance matriz

data.disMatrix = [([0] * data.nodeNum) for p in range(data.nodeNum)] # #]t4{l i &

# data.disMatriz = [[0] * nodeNum] * modeNum]; X/

for i in range(0, data.nodeNum):
for j in range(0, data.nodeNum):

temp = (data.cor_X[i] - data.cor_X[jl)**2 + (data.cor_Y[i] - data.cor_Y[j])**2

data.disMatrix[i] [j] = round(math.sqrt(temp), 1)
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79 temp = 0

80

81 # initialize the arc

82 for i in range(data.nodeNum) :

83 for j in range(data.nodeNum) :

84 if(i == §):

85 data.arcs[i,j] = 0

86 else:

87 data.arcs[i,j] = 1

88 return data

89

90 def preprocess(data):

91 # preprocessing for ARCS

92 T4 2 N:AE A

93 for i in range(data.nodeNum) :

94 for j in range(data.nodeNum) :

95 if(i == §):

96 data.arcs[i,j] = 0

97 elif(data.readyTime[i] + data.serviceTime[i] + data.disMatrix[i]l[j] > data.dueTime[j]
98 or data.demand[i] + data.demand[j] > data.capacity):
99 data.arcs[i,j]l = 0

100 elif (data.readyTime[0] + data.serviceTime[i] + data.disMatrix[0][i] +

<+ data.disMatrix[i] [data.nodeNum-1] > data.dueTime[data.nodeNum-1]):

101 print("the calculating example is false")
102 else:

103 data.arcs[i,j] = 1

104 for i in range(data.nodeNum) :

105 data.arcs[data.nodeNum - 1, i] = 0

106 data.arcs[i, 0] = 0

107 return data

108

109

110 def printData(data, customerNum):

111 print (" T 4T E & 4E \n")

112 print("vehicle number = %4d" 7 data.vehicleNum)

113 print("vehicle capacity = %4d" 7, data.capacity)

114 for i in range(len(data.demand)):

115 print (' {0\t{1}\t{2}\t{3} ' .format(data.demand[i], data.readyTime[i],data.dueTime[i],

< data.serviceTime[i]))

116

117 print(" BB B 4R [ \n")

118 for i in range(data.nodeNum) :

119 for j in range(data.nodeNum):

120 #print ("Jd  Jd" % (i, 3));

121 print ("%6.2f" % (data.disMatrix[i][j]), end = " ")
122 print()

123

124

125 # # Read Data

126 data = Data()

127 path = 'rcl01l.txt'

128 customerNum = 20

129 data = Data.readData(data, path, customerNum)
130 data.vehicleNum = 5

131 # Data.prmntData(data, customerNum)

132 # data = Data.preprocess(data)

133
134 # # Build Graph

135
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136 Graph = nx.DiGraph()
137 cnt = 0

138 pos_location = {}
139 nodes_col = {}

140 nodeList = []

141 for i in range(data.nodeNum) :

142 X_coor = data.cor_X[i]

143 Y_coor = data.cor_Y[i]

144 name = str(i)

145 nodeList.append (name)

146 nodes_col [name] = 'gray'

147 node_type = 'customer'

148 if(i == 0):

149 node_type = 'depot'

150 Graph.add_node (name

151 , ID = 1

152 , node_type = node_type

153 , time_window = (data.readyTime[i], data.dueTime[i])
154 , arrive_time = 10000 1
155 , demand = data.demand

156 , serviceTime = data.serviceTime

157 , x_coor = X_coor

158 , y_coor = Y_coor

159 , min_dis = 0 # X 2
160 , previous_node = None # it/ 1]

161 )

162

163 pos_location[name] = (X_coor, Y_coor)

164 # add edges into the graph

165 for i in range(data.nodeNum) :

166 for j in range(data.nodeNum):

167 if(i == j or (i == 0 and j == data.nodeNum - 1) or (j == 0 and i == data.nodeNum - 1)):
168 pass

169 else:

170 Graph.add_edge(str(i), str(j)

171 , travelTime = data.disMatrix[i][j]
172 , length = data.disMatrix[i] [j]

173 )

174

175 nodes_col['0'] = 'red'

176 nodes_col[str(data.nodeNum-1)] = 'red'

177 plt.rcParams['figure.figsize'] = (10, 10) # !

178 nx.draw(Graph

179 , pos=pos_location

180 , with_labels = True

181 , node_size = 50

182 , node_color = nodes_col.values() #ly!
183 , font_size = 15

184 , font_family = 'arial'

185 # , edge_color = 'grey' #'grey' #0b, k, m, g,
186 , edgelist = []1 #edge_list #[]

187 # , nodelist = nodeList

188 )

189

190 fig_name = 'network_' + str(customerNum) + '_1000.jpg’
191 plt.savefig(fig_name, dpi=600)

192 plt.show()

193

194 # # Build and solve VRPTW
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big_M = 100000

# creat the model

model = Model('VRPTW')

# decision variables
x = {}
s = {}

x_var = {}
for i in range(data.nodeNum) :
for k in range(data.vehicleNum):
name = 's_' + str(i) + '_' + str(k)
s[i, k] = model.addVar(lb = data.readyTimel[i]l # 0 # data.readyTime[i]
, ub = data.dueTime[i] # 1lel5 # data.dueTime[3]
, vtype = GRB.CONTINUQUS
, name = name
)
for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):
name = 'x_' + str(i) + '_' + str(j) + '_' + str(k)
x[i, j, k] = model.addVar(lb = O
, ub =1
, vtype = GRB.BINARY
, name = name)
x_var[i, j, k] = model.addVar(lb = 0
, ub =1
, vtype = GRB.CONTINUOUS

, name = name)

# Add constraints
# create the objective expression
obj = LinExpr(0)
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):
for k in range(data.vehicleNum):
obj.addTerms(data.disMatrix[i] [j], x[i,j,k1)

A

INFTLAT B B AT %

#print (model.getObjective()); #
# add the objective function into the model

model.setObjective (obj, GRB.MINIMIZE)

# constraint (1)

for i in range(l, data.nodeNum - 1): # i*
expr = LinExpr(0)
for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):
for k in range(data.vehicleNum):
if(i != 0 and i != data.nodeNum - 1):

expr.addTerms (1, x[i,j,k])

model.addConstr (expr

expr.clear ()

# constraint (2)
for k in range(data.vehicleNum):
expr = LinExpr(0);
for i in range(l, data.nodeNum - 1):

for j in range(data.nodeNum) :

if(i != 0 and i != data.nodeNum - 1 and i != j and data.arcs[i,j] == 1):
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expr.addTerms (data.demand[i], x[i,j,k])
model.addConstr(expr <= data.capacity, "c2")

expr.clear ()

# constraint (3)
for k in range(data.vehicleNum):
expr = LinExpr(0)

for j in range(l, data.nodeNum): # 4 4

if(data.arcs[0,j] == 1):
expr.addTerms (1.0, x[0,j,k])
model.addConstr(expr == 1.0, "c3")

expr.clear()

# constraint (4)
for k in range(data.vehicleNum):
for h in range(l, data.nodeNum - 1):
exprl = LinExpr(0)
expr2 = LinExpr(0)
for i in range(data.nodeNum) :
if(h != i and data.arcs[i,h] == 1):

exprl.addTerms (1, x[i,h,k])

for j in range(data.nodeNum) :
if(h != j and data.arcs[h,j] == 1):
expr2.addTerms (1, x[h,j,k])

model.addConstr(exprl == expr2, "c4")
exprl.clear()

expr2.clear ()

# constraint (5)
for k in range(data.vehicleNum):

expr = LinExpr(0)

for i in range(data.nodeNum - 1): # X , & data.nodeNum - 1, % data.nodeNum
if (data.arcs[i,data.nodeNum - 1] == 1):
expr.addTerms (1, x[i,data.nodeNum - 1,k])
model.addConstr(expr == 1, "c5")

expr.clear ()

# constraint (6)
big M = 0
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :

big M = max(data.dueTime[i] + data.disMatrix[i][j] - data.readyTimel[il, big_M)

for k in range(data.vehicleNum):
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
if(i !'= j and data.arcs[i,j] == 1):

model.addConstr(s[i,k] + data.disMatrix[i][j] - s[j,k] <= big M - big M * x[i,j,k], "c6")

# model.setParam('MIPGap', 0)

model.optimize()

print ("\n\n----- optimal value----- ")

print (model.ObjVal)

edge_list = []

for key in x.keys():
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if (x[keyl.x > 0):
print (x[key] .VarName, ' = ', x[key].x)
arc = (str(key[0]), str(key[1]))
edge_list.append(arc)

nodes_col['0'] = 'red'

nodes_col[str(data.nodeNum-1)] = 'red'

= inches

plt.rcParams['figure.figsize'] = (15, 15) # #
nx.draw(Graph

, pos=pos_location
# , with_labels = True

node_size = 50

node_color = nodes_col.values() #'y'

font_size = 15

font_family = 'arial'

# , edge_color = 'grey’ #'grey' # b, k, m, g,

edgelist = edge_list

# , nodelist = nodeList

)
fig_name = 'network_' + str(customerNum) + '_1000.jpg’
plt.savefig(fig_name, dpi=600)

plt.show()

# # Node class
class Node:
# this class defines the node
def __init__(self):
self.local_LB = 0
self.local_UB = np.inf
self.x_sol = {}
self.x_int_sol = {}
self .branch_var_list = []
self.model = None
self.cnt = None
self.is_integer = False
self.var_LB = {}
self.var_UB = {}

def deepcopy_node(node) :

new_node = Node()

new_node.local_LB = 0

new_node.local_UB = np.inf

new_node.x_sol = copy.deepcopy(node.x_sol)
new_node.x_int_sol = copy.deepcopy(node.x_int_sol)
new_node.branch_var_list = []

new_node.model = node.model.copy()

new_node.cnt = node.cnt

new_node.is_integer = node.is_integer

return new_node

class Node_2:
# this class defines the node
def __init__(self):
self.local_LB = O
self.local_UB = np.inf
self.x_sol = {}

self.x_int_sol = {}

self.branch_var_list = []
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self.cnt = None
self.is_integer = False
self.var_LB = {}
self.var_UB = {}

def deepcopy_node(node) :
new_node = Node()
new_node.local_LB = 0
new_node.local_UB = np.inf
new_node.x_sol = copy.deepcopy(node.x_sol)
new_node.x_int_sol = copy.deepcopy(node.x_int_sol)
new_node.branch_var_list = []
new_node.cnt = node.cnt
new_node.is_integer = node.is_integer
new_node.var_LB = copy.deepcopy(node.var_LB)

new_node.var_UB = copy.deepcopy(node.var_UB)

return new_node

# # Branch and Bound framework -vl: copy model at each node

def Branch_and_bound (VRPTW_model, summary_interval):

Relax_VRPTW_model = VRPTW_model.relax()
# initialize the initial node
Relax_VRPTW_model.optimize ()

global_UB = np.inf

global_LB = Relax_VRPTW_model.ObjVal
eps = le-6

incumbent_node = None

Gap = np.inf

feasible_sol_cnt = 0

Branch and Bound starts
Iy
# creat initial node
Queue = []
node = Node()
node.local_LB = global_LB
node.local_UB = np.inf
node.model = Relax_VRPTW_model.copy()
node.model.setParam("OutputFlag", 0)
node.cnt = 0

Queue . append (node)

cnt = 0

branch_cnt = 0

Global_UB_change = []

Global_LB_change = []

while (len(Queue) > O and global_UB - global LB > eps):
# select the current node
current_node = Queue.pop()

cnt += 1

# solve the current model
current_node.model.optimize ()

Solution_status = current_node.model.Status
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OPTIMAL = 2
INFEASIBLE = 3
UNBOUNDED = 5

rr

# check whether the current solution is integer and execute prune step
is_integer : mark whether the current solution is integer solution
Is_Pruned : mark whether the current solution is pruned

i

is_integer = True

Is_Pruned = False

if (Solution_status == 2):
for var in current_node.model.getVars():

if (var.VarName.startswith('x')):
current_node.x_sol[var.varName] = copy.deepcopy(current_node.model.getVarByName (var.VarName) .x)
print(var.VarName, ' = ', var.x)
# record the branchable wvariable

if (abs(round(var.x, 0) - var.x) >= eps):

#if (round(var.z, 0) != var.z):
is_integer = False
current_node.branch_var_list.append(var.VarName) # to record the candidate branch
— wariables

# print(current_node.z_sol)

# update the LB and UB
if (is_integer == True):
feasible_sol_cnt += 1
# For integer solution node, update the LB and UB
current_node.is_integer = True
current_node.local_LB = current_node.model.0ObjVal
current_node.local_UB = current_node.model.ObjVal
# if the solution is integer, uodate the UB of global and update the incumbent
if (current_node.local_UB < global_UB):
global_UB = current_node.local_UB
incumbent_node = Node.deepcopy_node(current_node)
if (is_integer == False):
# For integer solution node, update the LB and UB also
current_node.is_integer = False
current_node.local _UB = global_UB

current_node.local_LB = current_node.model.ObjVal

PRUNE step

# prune by optimility
if (is_integer == True):

Is_Pruned = True

# prune by bound
if (is_integer == False and current_node.local_LB > global_UB):

Is_Pruned = True

Gap = round(100 * (global_UB - global_LB) / global LB, 2)
elif (Solution_status !'= 2):
# the current node is infeasible or unbound

is_integer = False

PRUNE step
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O S T

r

# prune by infeasiblity

Is_Pruned = True

continue

i

BRANCH STEP
I
if (Is_Pruned == False):
branch_cnt += 1
# selecte the branch wvariable: choose the value which is closest to 0.5
branch_var_name = None
#
min_diff = 100
for var_name in current_node.branch_var_list:
if (abs(current_node.x_sol[var_name] - 0.5) < min_diff):
branch_var_name = var_name
min_diff = abs(current_node.x_sol[var_name] - 0.5)

# branch_var_name = current_node.branch_var_list[0]

# choose the wvariable cloest to 0 or 1
min_diff = 100
for war_name in current_node.branch_var_list:
diff = maz(abs(current_node.z_sol[var_name] - 1), abs(current_node.z_sol[var_name] - 0))
if (min_diff >= diff):
branch_var_name = wvar_name

min_diff = diff

branch_var_name = current_node.branch_var_list[0]
if (branch_cnt 7, summary_interval == 0):
print('Branch var name :', branch_var_name, '\t, Branch var value :',
< current_node.x_sol[branch_var_name])
left_var_bound = (int) (current_node.x_sol[branch_var_name])

right_var_bound = (int) (current_node.x_sol[branch_var_name]) + 1

# creat two child nodes
left_node = Node.deepcopy_node(current_node)

right_node = Node.deepcopy_node(current_node)

# creat left child node

temp_var = left_node.model.getVarByName(branch_var_name)
left_node.model.addConstr(temp_var <= left_var_bound, name='branch_left_' + str(cnt))
left_node.model.setParam("OutputFlag", 0)

left_node.model.update ()

cnt += 1

left_node.cnt = cnt

# creat right child node

temp_var = right_node.model.getVarByName(branch_var_name)
right_node.model.addConstr(temp_var >= right_var_bound, name='branch_right_' + str(cnt))
right_node.model.setParam("OutputFlag", 0)

right_node.model.update ()

cnt += 1

right_node.cnt = cnt

Queue . append (left_node)

Queue . append (right_node)
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547 # update the global LB, explore all the leaf nodes

548 temp_global_LB = np.inf

549 for node in Queue:

550 node.model.optimize ()

551 if (node.model.status == 2):

552 if (node.model.ObjVal <= temp_global LB and node.model.ObjVal <= global_UB):

553 temp_global LB = node.model.ObjVal

554

555

556 global_LB = temp_global_LB

557 Global_UB_change.append(global_UB)

558 Global_LB_change.append(global_LB)

559

560 if( (ent - 2) 7 summary_interval == 0):

561

562 print('Queue length :', len(Queue))

563 print('\n -- - \n', ecnt, ' UB ="', global_UB, ' LB = ', global_LB, '\t Gap = ', Gap, ' %',
< 'feasible_sol_cnt :', feasible_sol_cnt)

564

565 # all the nodes are exzplored, update the LB and UB

566 incumbent_node.model.optimize ()

567 global_UB = incumbent_node.model.ObjVal

568 global LB = global_UB

569 Gap = round(100 * (global_UB - global_LB) / global LB, 2)

570 Global_UB_change.append(global_UB)

571 Global_LB_change.append(global_LB)

572

573 print('\n\n\n\n')

574 print (' ")

575 print (' Branch and Bound terminates D)

576 print (' Optimal solution found ")

577 print (' "

578 print('\nIter cnt = ', cnt, ' \n\n')

579 print('\nFinal Gap = ', Gap, ' % \n\n')

580 # print ('Optimal Solution:', incumbent_node.z_sol)

581 print(' ---- Optimal Solution ------ ")

582 for key in incumbent_node.x_sol.keys():

583 if (incumbent_node.x_sol[key] > 0):

584 print(key, ' = ', incumbent_node.x_sol[key])

585 print('\nOptimal Obj:', global_LB)

586

587 return incumbent_node, Gap, Global_UB_change, Global_LB_change

588

589

590 # # Solve the IP model by branch and bound

591 incumbent_node, Gap, Global UB_change, Global LB_change = Branch_and_bound(model, summary_interval = 50)
592

593 for key in incumbent_node.x_sol.keys():

594 if (incumbent_node.x_sol[key] > 0):

595 print(key, ' = ', incumbent_node.x_sol[key])

596

597

598 # # Branch and Bound V2:do mot copy model at node

599 def Branch_and_bound_v2(VRPTW_model, summary_interval):

600 Relax_VRPTW_model = VRPTW_model.relax()

601 Relax_VRPTW_model.setParam("OutputFlag", 0)

602 # Relaz_VRPTW_model.setParam("OptimalityTol"”, 1e-3)
603 # Relax_VRPTW_model.Params.Presolve = 0

604 # Relaz_VRPTW_model.Params.FeasibilityTol = le-2
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# initialize the initial node

Relax_VRPTW_model.optimize ()

glob
glob
eps

eps_

al_UB = np.inf
al_LB = Relax_VRPTW_model.0ObjVal
= le-6

bound = 1le-3

incumbent_node = None

Gap

feas

= np.inf

ible_sol_cnt = 0

Branch and Bound starts

r

# creat initial node

Queu
node
node
node
node

for

if (

Queu

cnt
Glob
Glob

whil

e =[]
= Node_2()
.local_LB = global_LB
.local_UB = np.inf
.cnt = 0
var in Relax_VRPTW_model.getVars():
if (var.VarName.startswith('x')):
node.var_LB[var.VarName] = 0
node.var_UB[var.VarName] = 1
Relax_VRPTW_model.status == 2):
for var in Relax_VRPTW_model.getVars():
if (var.VarName.startswith('x')):
# print (var.VarName, ' = ', var.z)
# record the branchable wvariable
# if(abs(round(var.z, 0) - var.z) >= eps):
if (round(var.x, 0) != var.x):
node.branch_var_list.append(var.VarName)
node.x_sol[var.varName] = var.x

else:

# to record the candidate branch wvariables

node.x_sol[var.varName] = round(var.x, 0) # i/

e.append (node)

=0
al_UB_change = []

al_LB_change = []

e (len(Queue) > O and global_UB - global LB > eps):
# select the current node

current_node = Queue.pop()

cnt += 1

for var_name in current_node.var_LB.keys():

Relax_VRPTW_model.getVarByName (var_name) .1b = current_node.var_LB[var_name]

Relax_VRPTW_model.getVarByName (var_name) .ub = current_node.var_UB[var_name]

Relax_VRPTW_model.update ()
# solve the current model
Relax_VRPTW_model.optimize ()

Solution_status = Relax_VRPTW_model.Status

e

OPTIMAL = 2
INFEASIBLE = 3
UNBOUNDED = 5

o
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# check whether the current solution is integer and exzecute prune step
fr
is_integer : mark whether the current solution is integer solution
Is_Pruned : mark whether the current solution is pruned
is_integer = True
Is_Pruned = False
if (Solution_status == 2):
for var in Relax_VRPTW_model.getVars():
if (var.VarName.startswith('x')):
# print (var.VarName, ' = ', var.z)
# record the branchable wvariable
if (abs(round(var.x, 0) - var.x) >= eps):
is_integer = False
current_node.branch_var_list.append(var.VarName) # to record the candidate branch
— wariables
current_node.x_sol[var.VarName] = var.x

else:

current_node.x_sol [var.VarName] = round(var.x, 0) # /&

# update the LB and UB
if (is_integer == True):
feasible_sol_cnt += 1
# For integer solution node, update the LB and UB
current_node.is_integer = True
current_node.local_LB = Relax_VRPTW_model.0ObjVal
current_node.local_UB = Relax_VRPTW_model.0ObjVal
# if the solution is integer, uodate the UB of global and update the incumbent
if (current_node.local_UB < global_UB):
global_UB = current_node.local_UB
incumbent_node = Node_2.deepcopy_node(current_node)
if (is_integer == False):
# For integer solution node, update the LB and UB also
current_node.is_integer = False
current_node.local _UB = global_UB
current_node.local_LB = Relax_VRPTW_model.ObjVal

PRUNE step
P
# prune by optimility
if (is_integer == True):

Is_Pruned = True

# prune by bound
if (is_integer == False and current_node.local_LB > global_UB):

Is_Pruned = True

Gap = round(100 * (global_UB - global_LB) / global LB, 2)

elif (Solution_status != 2):

# the current node is infeasible or unbound

is_integer = False

PRUNE step

re

# prune by infeasiblity
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L T T I

Is_Pruned = True

continue

i

BRANCH STEP
e
if (Is_Pruned == False):
# selecte the branch wvariable: choose the value which is closest to 0.5
branch_var_name = None
min_diff = 100
for war_name in current_node.branch_var_list:
if (abs(current_node.z_sol[var_name] - 0.5) < min_diff):
branch_var_name = var_name
min_diff = abs(current_node.z_sol[var_name] - 0.5)
print (var_name, ' = ', current_node.z_sol[branch_var_name])

branch_var_name = current_node.branch_var_list[0]

# choose the wariable cloest to 0 or 1
min_diff = 100
for var_name in current_node.branch_var_list:
diff = max(abs(current_node.x_sol[var_name] - 1), abs(current_node.x_sol[var_name] - 0))
if (min_diff >= diff):
branch_var_name = var_name

min_diff = diff

# branch_var_name = current_node.branch_var_list[0]
if (cnt 7, summary_interval == 0):

print('Branch var name :', branch_var_name, '\t, value :', current_node.x_sol[branch_var_name])
left_var_bound = (int) (current_node.x_sol[branch_var_name])

right_var_bound = (int) (current_node.x_sol[branch_var_name]) + 1

# creat two child nodes
left_node = Node_2.deepcopy_node(current_node)

right_node = Node_2.deepcopy_node(current_node)

# creat left child node (update the bound data for left node)
left_node.var_LB[branch_var_name] = 0O
left_node.var_UB[branch_var_name] = 0

cnt += 1

left_node.cnt = cnt

# creat right child node (update the bound data for right node)
right_node.var_LB[branch_var_name] = 1
right_node.var_UB[branch_var_name] = 1

cnt += 1

right_node.cnt = cnt

Queue . append (left_node)

Queue . append (right_node)

# update the global LB, explore all the leaf nodes
temp_global_LB = np.inf
for node in Queue:
for var_name in node.var_LB.keys():
Relax_VRPTW_model.getVarByName (var_name) .lb = node.var_LB[var_name]

Relax_VRPTW_model.getVarByName (var_name) .ub = node.var_UB[var_name]

Relax_VRPTW_model.update ()
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781 Relax_VRPTW_model.optimize ()

782 if (Relax_VRPTW_model.status == 2):

783 if (Relax_VRPTW_model.ObjVal <= temp_global LB and Relax_VRPTW_model.ObjVal <= global_UB):
784 temp_global _LB = Relax_VRPTW_model.ObjVal

785

786 global_LB = temp_global_LB

787 Global_UB_change.append(global_UB)

788 Global_LB_change.append(global_LB)

789

790 if(cnt 7 summary_interval == 0):

791 print ('\n\n= )

792 print('Queue length :', len(Queue))

793 print('\n -------—---- \n', cnt, ' UB = ', global UB, ' LB = ', global_LB, '\t Gap = ', Gap, ' %',

< 'feasible_sol_cnt :', feasible_sol_cnt)

794

795 # all the nodes are exzplored, update the LB and UB

796 for var_name in incumbent_node.var_LB.keys():

797 Relax_VRPTW_model.getVarByName (var_name).lb = incumbent_node.var_LB[var_name]
798 Relax_VRPTW_model.getVarByName (var_name) .ub = incumbent_node.var_UB[var_name]
799 Relax_VRPTW_model.update ()

800 Relax_VRPTW_model.optimize ()

801 global_UB = Relax_VRPTW_model.ObjVal

802 global LB = global_UB

803 Gap = round(100 * (global_UB - global_LB) / global LB, 2)
804 Global_UB_change.append(global_UB)

805 Global_LB_change.append(global_LB)

806

807 Global_UB_change.append(global_UB)

808 Global_LB_change.append(global_UB)

809

810 print('\n\n\n\n')

811 print (' "

812 print (' Branch and Bound terminates ")

813 print (' Optimal solution found ")

814 print (' D)

815 print('\nFinal Gap = ', Gap, ' %")

816 # print('Optimal Solution:', incumbent_node.z_sol)

817 print ('Optimal Solution: \n')

818 for key in incumbent_node.x_sol.keys():

819 if (incumbent_node.x_sol[key] > 0):

820 print(key, ' = ', incumbent_node.x_sol[key]l)

821 print('Optimal Obj:', global_LB)

822

823 return incumbent_node, Gap, Global_UB_change, Global_LB_change
824

825 # # Solve the IP model by branch and bound version 2

826 incumbent_node, Gap, Global UB_change, Global LB_change = Branch_and_bound_v2(model, summary_interval = 500)
827
828 # # plot the results

829 # fig = plt. figure(1)

830 # plt. figure(figsize=(15,10))

831 font_dict = {"family":'Arial', #"Kaiti",
832 "style":"oblique",

833 "weight":"normal",

834 "color":"green",

835 "size": 20

836 }

837

inches

838 plt.rcParams['figure.figsize'] = (12.0, 8.0) #
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10.11 % % KA VRPTW: 543 X0, AEEEL, BUKAR, Bk, WOCH:, R

plt.rcParams["font.family"] = 'Arial' #"SimHei"

plt.rcParams["font.size"] = 16

x_cor = range(l, len(Global_LB_change) + 1)

plt.plot(x_cor, Global_LB_change, label = 'LB')

plt.plot(x_cor, Global_UB_change, label = 'UB')

plt.legend()

plt.xlabel('Iteration', fontdict=font_dict)

plt.ylabel('Bounds update', fontdict=font_dict)

plt.title('VRPTW (c101-60) : Bounds update during branch and bound procedure \n', fontsize = 23)
plt.savefig('Bound_updates_VRPTW_c101_60_2.eps"')
plt.savefig('Bound_updates_VRPTW_c101_60_2.pdf")

plt.show()

10.11 Java ¥l CPLEX SzBl4 % @ iy Kin
VRPTW: 4

VRPTW 153 308 FEVE T o CEAER S X EZA AR 3
L CEA & B ARSI 5
2. BSIMZHRIR I7 YRS By 35
3. F callback SZEI4 37,

Hor, BCEAR R FR SIS i B AT S B4 SOE S, M callback
AN TR I SE A, TR 2R SR ARS8 3 S8 SFEIT o (1 callback SEBL4y 3 ALY
R AR D, (H 2 RG2S, HASRIBASAFISEGE — @ 2Kk . CPLEX A DA T callback
FRE > AR, {HAg Gurobi SRR AR CRFZYI6E -

ARATREPEAE 3 A 43 3w FEERED, 43 AR Fid 3 Pl oy Sy ale Hirr,
SRR SE B2 S DT VAR R AR JEA S w1, Sl T AR R R A Y R SC
RAGHEMAE AR BARBEARIN L, BUH A €5 3 A s i ) i i 22 S i A Xl I iy
Yo ZACRAHXT RIS i, RIA/ N SR FZACR AR GRS, ke . R TR
IR b, APEEIT T 280, 3 TR

PAGS I AR T 252 B 43 308 S A e 3 150 — B RS B el ok, ACHS vh g S48 AE
o A TR S, HARTR D shBN.

M callback SZE 43 SO RIS EA TR L, A BT 2 Bk .

10.12 Java )il CPLEX ScBl4y % S Kin
VRPTW (JiiA 1): jliad e s 5t Rl sy %

AP ENodeZs, DataZi., CheckZiAFIBaB_VRPTW vi1Zk, Hi:

"https://mp.weixin.qq.com/s/_AwEYJylTeAcwC2W5;1jQw
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10.12 4 % @ K VRPTW: JAVA+CPLEX FRA 1 ek, sesmut, wokie, Bk, ok, Wi

o NodeZs: A BB tree {4 AT A2, 37 P FEAAEIR T SR T8
HARERE. LP fift. XY AR A R 540 S s B4 . Hop
— node_cost: N7 LP B HAREREL

— node_x_map: ze—N=4EHA, RI5 i —— XN, JOREIBIS G R
node_x_map[i] [j1 [k] K 0, F/RIEZED S zir € {0, 1} WERHK 1, FRIEZ
W RBRL AR @i = 15 QR —1, WIFORTFEZT S EL b 5 2
W 2 = 0. T VRPTW ) PSS G 2,5, € {0, 1}, BRI A S E
TR Bound SRSEMSN S, A RAHIIA—45 AW (YRR
1ﬁTjJH/\ﬁ’3'ZQ/‘]ﬁHﬁZIKE/‘Jﬁ@) TR S A, FRATHFFZA node_x_map
A1, PR%L set_boundl(Node node) WA, BIW5gilisr3Z.

— node_x: THEHAL, REIHIN A = {(i,5)} X, FRIK (4, 5) ERILHF S
VI . B HORA B 30, RORZA CH R, & FE TIN5 2.
2R node_x[i1[3] Ky 0, FIRTERSF IR (4,5) PIDTM, WAIABE, B
UERT DAONAT A4 s ansRoh 1, FRFEZTT SRR R iR Y v = 1
WA =1, WFRIRTEZN MBI D, wie = 0, BERFFITA 1Y 241, Vi
W UB #4E N 0 BIRT, vl DAE V8 FH K%L set_bound (Node node) LI,

o Datas: J THEMEEGIEE. H P E%Ek Read_data() FIT A txt SO BUE 1%k
Wi, HAZEF] Data x5, K%L double_truncate () FT#EMI/NEL, HARE/INEL
P A

o CheckZ: HTHGA YIRS E S AI1T/#E.

e BaB_VRPTW_v12: SZ¥{ Branch and Bound &2, H

— Mi%build_model O FiFHYEARYY fAY LP AL,
— get_value O HI T R Y B A AR I R, CLFRTRIRAE R 2450 AYIBUE DA KON,
Mgt routes FITEREANTY S TFAAIR 55 If[H] servetimes.

— Mi%init (BaB_VRPTW_v1 1p) pR%{H T#I 471k BranchAndBound_v1 ZEMXT4E 1p.
FFEA AR, SRAFRAT SO B RS . 49K, AT DAMMBR AN 2L 4240
— H¥{branch_and_bound () R>& Branch and Bound BN EEER S, EPEa A

SR ST BG4 BIE B T BE%X branch_left_arc()  branch_right_arc(),

TN A S A S S 295 fF branch_left_arc() fil branch_right_arc()
W, 4 SCEHROSOZ RS PR T R set_bound O SEILY

10.12.1 Node %

Node. java

package VRPTW_BrandhAndBound;

import java.util.ArrayList;
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10.12 5 % REME VRPTW: JAVA+CPLEX FEAR 1 xiveis, sempt, wokie, Bk, wick, Wi

public class Node implements Comparable{

Comparable ¥ 1, & [F A LN &R &, ZRDEMT AT

* fh A, Bl PriorityQueue.
*/
Data data; a2k &
int d; Va3
double node_cost; BH] LP #y H AR E
double[][1[] 1p_x; /7 R LP WNEE (o[4] [5] [k])
int[1[1[] node_x_map; // node_z[i][j]=1 &, node_z_map[i] [5] [k]=1 F L7,
— node_z_map[+] [j][k]=0 Fx7F #
int[1[] node_x; // mode_z[i][j1=0 ki (i, 7) FUWHE, 1 RF&IN (¢, 7) SAFE, -1
— kA G, 7 FREFE
ArrayList<ArrayList<Integer>> node_routes; /) ERREER
ArrayList<ArrayList<Double>> node_servetimes; /7 TR T4 R4 B TR

public Node(Data data) {
super () ;
this.data = data;
node_cost = data.big_num;
1p_x = new double [data.vertex_num][data.vertex_num] [data.veh_num];
node_x_map = new int[data.vertex_num] [data.vertex_num] [data.veh_num];
node_x = new int[data.vertex_num] [data.vertex_num];
node_routes = new ArrayList<ArrayList<Integer>>();

node_servetimes = new ArrayList<ArrayList<Double>>();

LR #

* XEMEHT clone Jik

* Computer c=mew Computer("dell", "4G W ");

* Computer cl=c.Clone();

FAHTA Computer % % c fn oct,
* KATTOAGEF System.out.println() FEWWAM LMW A FHIAITHH K, 2XARWIMRFELE.

* FR AR

Clone F k&G ¢,

* @return new_node
*/
public Node node_copy() {
Node new_node = new Node(data);
new_node.d = d;
new_node.node_cost = node_cost;
for (int i = 0; i < 1lp_x.length; i++) {
for (int j = 0; j < 1lp_x[il.length; j++) {

new_node.lp_x[il[j] = 1p_x[il[j].clone();

for (int i = 0; i < node_x.length; i++) {

new_node.node_x[i] = node_x[i].clone();

for (int i = 0; i < node_x_map.length; i++) {
for (int j = 0; j < node_x_map[i].length; j++) {

new_node.node_x_map[i] [j] = node_x_map[il[j].clone();

for (int i = 0; i < node_routes.size(); i++) {

new_node.node_routes.add((ArrayList<Integer>) node_routes.get(i).clone());
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10.12 5 % REME VRPTW: JAVA+CPLEX FEAR 1 xiveis, sempt, wokie, Bk, wick, Wi

¥

for (int i = 0; i < node_servetimes.size(); i++) {
new_node.node_servetimes.add((ArrayList<Double>) node_servetimes.get(i).clone());

}

return new_node;

Sk
* compareTo:

* EWAT ALBAHANYREK. mRAER o EAN, WEE 1
* FATHRERT, EATRAT-NELEBHT A

*/

public int compareTo(Object o){

Node node = (Node) o;

if (node_cost < node.node_cost)
return -1;

else if(node_cost == node.node_cost)
return 0;

else

return 1;

10.12.2 Data &

Data. java

package VRPTW_Branch_and_Bound;

import java.io.BufferedReader;
import java.io.FileReader;

import java.util.Scanner;

/IRXBH

class Data{

int vertex_num; % )
double E;

double L; V24 % NN R |
int veh_num; //ER

double cap; L/

int[1[] vertexs; S/ R AR 2,y

int[] demands; //FERE

int[] vehicles; =T &

double[] a; /78t [ 46 B E] Kali], b [4]]
double[] b; GG E N CICTR A |
double[] s; J/E P R IR

//arcs[3][5] & © & 7 Il

int[1[] arcs; )
JOEEAEE, HREZ XA, HRAEBRRLE Cli]lj]=dist[i] [5]

double[][] dist;
double gap= le-6;
double big_num = 100000;

/7B W INEK 3.26434-->3.2
public double double_truncate(double v){
int iv = (int) v;
if (iv+l - v <= gap)
return iv+1;

double dv = (v - iv) * 10;

int idv = (int) dv;
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10.12 4 % % REA VRPTW: JAVA+CPLEX pa kK 1 s,

REEAML, JAOKAR, BUmik, WOCH:, BRI

double rv = iv + idv / 10.0;

return rv;
}
public Data() {
super () ;
}
J/EEI R N tat TR ERB B AR SR

public void Read_data(String path,Data data,int vertexnum) throws Exception{
String line = null;

String[] substr = null;

Scanner cin = new Scanner(new BufferedReader(new FileReader(path))); //ifHl L {F

for(int i =0; i < 4;i++){

line = cin.nextLine(); //iZHl—17
¥
line = cin.nextLine();
line.trim(); //RE A FH &N LN —ANEI R, HRpRIEF L)
substr = line.split(("\\s+")); //PL %45 A4n 5
J/RTE S %

data.vertex_num = vertexnum;

data.veh_num = Integer.parselnt(substr[1]);
data.cap = Integer.parselnt(substr[2]);
data.vertexs =new int[data.vertex_num][2];
data.demands = new int[data.vertex_num];
data.vehicles = new int[data.veh_num];
data.a = new double[data.vertex_num];
data.b = new double[data.vertex_num];
data.s = new double[data.vertex_num]; V€ 3t
data.arcs = new int[data.vertex_num] [data.vertex_num];

SR, HBREZAXFR, RAEBETR cost

data.dist = new double[data.vertex_num] [data.vertex_num];

for(int i =0; i < 4;i++){
line = cin.nextLine();

}

//EE veteznum-1 T35

for (int i = 0; i < data.vertex_num - 1; i++) {
line = cin.nextLine();
line.trim();
substr = line.split("\\s+");
data.vertexs[i] [0] = Integer.parselnt(substr[2]);
data.vertexs[i] [1] = Integer.parselnt(substr[3]);
data.demands[i] = Integer.parselnt (substr[4]);
data.a[i] = Integer.parselnt(substr[5]);
data.b[i] = Integer.parselnt(substr[6]);
data.s[i] = Integer.parselnt(substr[7]);

}

cin.close();//% [l

data.vertexs[data.vertex_num-1] = data.vertexs[0];

data.demands [data.vertex_num-1] = 0;
data.al[data.vertex_num-1] = data.al[0];
data.b[data.vertex_num-1] = data.b[0];
data.E = data.al0];

data.L = data.b[0];
data.s[data.vertex_num-1] = 0;

double minl = lelb;

double min2 = lelb;

Va1

for (int i = 0; i < data.vertex_num; i++) {
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10.12 5 % REME VRPTW: JAVA+CPLEX FEAR 1 xiveis, sempt, wokie, Bk, wick, Wi
for (int j = 0; j < data.vertex_num; j++) {
if (1== 1) {
data.dist[i][j] = 0;
continue;
}
data.dist[i] [j] =
Math.sqrt((data.vertexs[i] [0]-data.vertexs[j][0])
*(data.vertexs[i] [0]-data.vertexs[j]1[0])+
(data.vertexs[i] [1]-data.vertexs[j][1])
*(data.vertexs[i] [1]-data.vertexs[j1[1]));
data.dist[i] [jl=data.double_truncate(data.dist[i] [j]);
}
}
data.dist[0] [data.vertex_num-1] = 0;
data.dist[data.vertex_num-1][0] = 0;
//8E BRI R = fA K A
for (int k = 0; k < data.vertex_num; k++) {
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.dist[i][j] > data.dist[i][k] + data.dist[k][j1) {
data.dist[i] [j] = data.dist[i] [k] + data.dist[k][j];
}
}
}
}
/R A T4
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (o= o
data.arcs[i][j] = 1;
}
else {
data.arcs[i] [j] = 0;
}
}
¥
S
*
* RE, RETFAHEEFREEH R
*/
/R ETIE A E
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (i == j) {
continue;
}
if (data.alil+data.s[i]+data.dist[i][jl>data.b[j] ||
data.demands [i]+data.demands[j]>data.cap) {
data.arcs[i] [j] = 0;
}
if (data.a[0]+data.s[i]+data.dist[0] [i]+data.dist[i] [data.vertex num-1]>
data.b[data.vertex_num-1]) {
System.out.println("the calculating example is false");
}
}
}
for (int i = 1; i < data.vertex_num-1; i++) {
if (data.b[i] - data.dist[0][i] < min1) {
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WSO, BRI

minl = data.b[i] - data.dist[0][i];
}
if (data.al[i] + data.s[i] + data.dist[i] [data.vertex_num-1] < min2) {

min2 = data.al[i] + data.s[i] + data.dist[i] [data.vertex_num-1];

}
if (data.E > minl || data.L < min2) {
System.out.println("Duration false!");

System.exit(0);//4 b 127

Vb -xia

data.arcs[data.vertex_num-1][0] = 0;

L 0, el T A B

data.arcs[0] [data.vertex_num-1] = 1;

for (int i = 1; i < data.vertex_num-1; i++) {
data.arcs[data.vertex_num-1][i] = 0;

¥

for (int i = 1; i < data.vertex_num-1; i++) {

data.arcs[i][0] = O;

public static void printData(Data data){

System.out.println("vehicleNum" + "\t\t: " + data.veh_num);

System.out.println("vehicleCapacity" + "\t\t: " + data.cap);

for(int i = 0; i < data.vertex_num - 1; i++){ //XEF Tk for
System.out.print(i + 1 + "\t");
System.out.print(data.vertexs[i][0] + "\t");
System.out.print(data.vertexs[i] [1] + "\t");
System.out.print(data.demands[i] + "\t");
System.out.print(data.al[i] + "\t");
System.out.print(data.b[i] + "\t");
System.out.print(data.s[i] + "\n");

}

for(int i = 0; i < data.vertex_num - 1; i++) {
for(int j = 0; j < data.vertex_num - 1; j++) {

System.out.print(data.dist[i] [j1 + "\t");

}

System.out.println();

10.12.3 Check 2Kk

Check. java

package VRPTW_BrandhAndBound;

import java.util.ArrayList;

import ilog.concert.IloException;

W (T E g

class Check{

double epsilon = 0.0001;

Data data = new Data();
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I EZRKAE VRPTW: JAVA+CPLEX FRA 1 s, fedu, sk, Bk, 6Ict:, R

ArrayList<ArrayList<Integer>> routes = new ArrayList<>();

ArrayList<ArrayList<Double>> servetimes = new ArrayList<>();

* @param lp: BaB_Vrptw
*/
public Check(BaB_VRPTW_v1 1p) {
super();
this.data = lp.data;
this.routes = 1lp.routes;

this.servetimes = lp.servetimes;

/**

* double_compare

. il LA KA
*/
public int double_compare(double v1i,double v2) {
if (vl < v2 - epsilon) {

return -1;

}
if (vl > v2 + epsilon) {
return 1;

}
return O;

}

Jkk

* R

* @throws IloEzception
*/
public void fesible() throws IloException {
//ERBETATIS

if (routes.size() > data.veh_num) {

System.out.println("error: vecnum!!!");
System.exit(0);

}

/7R RAT AT A BT

for (int k = 0; k < routes.size(); k++) {

ArrayList<Integer> route = routes.get(k);

double capacity = 0;

for (int i = 0; i < route.size(); i++) {
capacity += data.demands[route.get(i)];

}

if (capacity > data.cap) {
System.out.println("error: cap!!!");

System.exit(0);

}
/7R EE L A TATHE A B

for (int k = 0; k < routes.size(); k++) {

ArrayList<Integer> route = routes.get(k);
ArrayList<Double> servertime = servetimes.get(k);
double capacity = 03
for (int i = 0; i < route.size()-1; i++) {

int origin = route.get(i);

int destination = route.get(i+1);

double si = servertime.get(i);
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10.12 4 % RFEH VRPTW: JAVA+CPLEX MR 1 uivue. sempt, soksr, Bk, Wik,

RS

double sj = servertime.get(i+1);
if (si < data.alorigin] &% si > data.blorigin]) {
System.out.println("error: servertime!");

System.exit (0);

¥
if (double_compare(si + data.dist[origin] [destination],data.bl[destination]) > 0) {
System.out.println(origin + ": [" + data.alorigin]
+ ","+data.blorigin]+"]"+ " "+ si);
System.out.println(destination + ": [" +
data.a[destination] + ","+data.bl[destination]+"]"+ " "+ sj);

System.out.printin(data.dist [origin] [destination]);
System.out.printin(destination + ":" );
System.out.println("error: forward servertime!");

System.exit(0);

}
if (double_compare(sj - data.dist[origin] [destination],data.alorigin]) < 0) {
System.out.println(origin + ": [" + data.alorigin]
+ ","+data.blorigin]+"]"+ " "+ si);
System.out.println(destination + ": [" + data.al[destination]
+ ","+data.b[destination]+"]"+ " "+ sj);

System.out.println(data.dist[origin] [destination]);
System.out.println(destination + ":" );
System.out.println("error: backward servertime!");

System.exit(0);

}
if (capacity > data.cap) {
System.out.println("error: capacity!!!");

System.exit (0);

10.12.4 BaB_VRPTW_ vl 3k: LUJsetUBHIsetLBIF)Jj S8

BaB_VRPTW_v1. java

package VRPTW_BrandhAndBound;

import java.util.ArrayList;

import java.util.PriorityQueue;
import ilog.concert.IloException;
import ilog.concert.IloNumExpr;
import ilog.concert.IloNumVar;
import ilog.concert.IloNumVarType;

import ilog.cplex.IloCplex;

SRk

* @source: FAEE: #h, £PREAE
% @comment: %
* Qauthor:

* Q@revise:

* @date: 2018-8-2

f TR B

. veteznum ¥, FHMEHFE AN, &

F 0 1o+l

- 0 HiF
—s  Solomon & EH
*
*

* BaB_VRPTW v1 Hj% VRPTW # 7% | 3{FF Branch and bound
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10.12 4 % REA VRPTW: JAVA+CPLEX B 1w, semut, sk,

Bk, WO, BRI

*/

public class BaB_VRPTW_v1 {

static double gap = le-6;

Data data; // EX ¥ Data HiXT £
Node nodel; VS ¥

Node node2; VS T-hE-

int deep; /) RE

Node best_node; V) k%]

double cur_best; L ey

int[] record_arc; // LT E A

TAx ali][5][k] ¥ [][5][k]

double X_gap; /AR ER %
IloCplex model; /7 BRI
double cost;

double[][1[] X_map;

public IloNumVar[][][] [51[k] &RAIN arcs[i][5] HERH & A

public IloNumVar (][] Wi/ EARVTE TR KR E AR e H T s_tik,
public PriorityQueue<Node> queue; // 4% IA7|
ArrayList<ArrayList<Integer>> routes; // ikt
ArrayList<ArrayList<Double>> servetimes; // [l # T 44 i 4 i 1]

/**

* Branch_and_Bound_VRPTW %

* @param data: 5| AE

*/

public BaB_VRPTW_vi(Data data) {
this.data = data;

x_gap = data.gap;

routes = new ArrayList<>(); // & L%
servetimes = new ArrayList<>(); // & XL 70|
7 MW E AT LR list, list KEAFHE k
for (int k = 0; k < data.veh_num; k++) {

ArrayList<Integer> r = new ArrayList<>();
ArrayList<Double> t = new ArrayList<>();
routes.add(r);

servetimes.add(t);

}
x_map = new double[data.vertex_num] [data.vertex_num] [data.veh_num];
}
J*x
* % lp
*/

public void clear_1p() {
data = null;
routes.clear();
servetimes.clear();

x_map = null;

* @param lp

* @param node

*/

public void copy_lp_to_node(BaB_VRPTW_vl 1lp, Node node) {

/) H % node HTH fyA{E

IBIEAL T IR IR T R B 5 A Python+Java SZH

107



80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
929
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

138

10.12 5 % 2 REMHE VRPTW: JAVA+CPLEX FR 1 uixeit, sewiet, wokss, Brogis,

WSO, BRI

node.node_routes.clear();

node.node_servetimes.clear();

/7RG 1p BEHEHEAE copy F| node BT
node.node_cost = lp.cost;
for (int i = 0; i < 1lp.x_map.length; i++) {
for (int j = 0; j < lp.x_map[i].length; j++) {
node.lp_x[i] [j] = lp.x_mapl[il[j].clone();

}

for (int i = 0; i < lp.routes.size(); i++) {
node.node_routes.add((ArrayList<Integer>) lp.routes.get(i).clone());

}

for (int i = 0; i < lp.servetimes.size(); i++) {
node.node_servetimes.add((ArrayList<Double>) lp.servetimes.get(i)

.clone());

/**

* BH A B VRPTW #) cplex #HAL

* @throws IloExzception

*

* B AL X ERITE VRPTW AR R AL i R RN, BT VRPTW By T
*/

private void build_model() throws IloException {

// create model instance
model = new IloCplex();
// model.setOut (null); // %M CPLEX # log f&

=l

g

// model.setParam(IloCplex.DoubleParam.EpOpt, 1e-9); // #%HE tolerance

// model.setParam(IloCplez.DoubleParam.EpGap, 1e-9); // #% & tolerance

// create decision wvariables
x = new IloNumVar[data.vertex_num] [data.vertex_num] [data.veh_num];

w = new IloNumVar[data.vertex_num] [data.veh_num]; // Z= % [7] & i i J4]

/ABRELTE o fow, REHRARBEEE
for (int i = 0; i < data.vertex_num; i++) {
for (int k = 0; k < data.veh_num; k++) {
/)RR, XEHTERES p Mo A, HLEE numVar £ H
// wli][k] = model.numVar(data.al[%], data.b[i], IloNumVarType.Float, "w" + 4 + "," + k);

System.out.println(data.a[i] + " ---- " + data.b[i]);
w[il [k] = model.numVar(0, lel5, IloNumVarType.Float, "w" + i

SN 4 k)

for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 0) {
// WE i=g, WEANARE
x[11[j] = null;
} else {
// z_ijk
for (int k = 0; k < data.veh_num; k++) {
//ER, REBHTERT lp MWEA, HRAE nunVar X8 8
x[1]1 [j]1[k] = model.numVar(0, 1, IloNumVarType.Float,

XA ML o N 4 k)
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10.12 4 % @ R K VRPTW: JAVA+CPLEX FRA 1 uscit, fesmuh, mokis. Bk, oot Wi

/7 AN EA
V& 1)
IloNumExpr obj = model.numExpr();

for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {

if (data.arcs[i][j] == 0) {
System.out.println("delected arc : " + i + ", " + j);
continue;

}

for (int k = 0; k < data.veh_num; k++) {
obj = model.sum(obj,

model.prod(data.dist[i] [j1, x[i][j][k]));

}
model.addMinimize (obj) ;
VA VN E

VS

for (int i = 1; i < data.vertex_num - 1; i++) {

IloNumExpr exprl = model.numExpr();
for (int k = 0; k < data.veh_num; k++) {
for (int j = 1; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 1) {

exprl = model.sum(exprl, x[i][j][k]);

}
model.addEq(exprl, 1);

}
/7 MANAE 2

for (int k = 0; k < data.veh_num; k++) {
IloNumExpr expr2 = model.numExpr();
for (int j = 1; j < data.vertex_num; j++) {
if (data.arcs[0][j] == 1) {

expr2 = model.sum(expr2, x[0][j][k]);

}
model.addEq(expr2, 1);

for (int k = 0; k < data.veh_num; k++) {
for (int j = 1; j < data.vertex_num - 1; j++) {
IloNumExpr expr3 = model.numExpr();
IloNumExpr subExprl = model.numExpr();
IloNumExpr subExpr2 = model.numExpr();
for (int i = 0; i < data.vertex_num; i++) {
if (data.arcs[il[j] == 1) {
subExprl = model.sum(subExprl, x[i][j][k]);
}
if (data.arcs[jl[i] == 1) {

subExpr2 = model.sum(subExpr2, x[j][i][k]);

¥
expr3 = model.sum(subExprl, model.prod(-1, subExpr2));
model.addEq(expr3, 0);
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10.12

»FEZREKM VRPTW: JAVA+CPLEX JEA 1 susert, semit, sk, Bk, 9ok, Wb

}

/7 NHE 4
V-
for (int k = 0; k < data.veh_num; k++) {

IloNumExpr expr4 = model.numExpr();
for (int i = 0; i < data.vertex_num - 1; i++) {
if (data.arcs[i] [data.vertex_num - 1] == 1) {

expr4 = model.sum(expr4, x[il [data.vertex_num - 1][k]);

}
model.addEq(exprd, 1);
¥
V& 0N
VI -

for (int k = 0; k < data.veh_num; k++) {

kR (7.1.6)

IloNumExpr expr8 = model.numExpr();

for (int i = 1; i < data.vertex_num - 1; i++) {

IloNumExpr expr9 = model.numExpr();

for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 1) {

expr9 = model.sum(expr9, x[i][j][k]);

}

expr8 = model.sum(expr8, model.prod(data.demands[i], expr9));
}
model.addlLe (expr8, data.cap);
model.exportModel ("VRPTW_LP.1p") ;

double M = 1eb;

for (int k = 0; k < data.veh_num; k++) {
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 1) {
IloNumExpr expr5 = model.numExpr();
IloNumExpr expr6 = model.numExpr();
expr5 = model.sum(w[il [k], data.s[i] + data.dist[i][j]);
expr5 = model.sum(expr5, model.prod(-1, w[jl[kl));
expr6 = model.prod(M,
model.sum(1, model.prod(-1, x[i][j][k])));

model.addLe (expr5, expré);

for (int k = 0; k < data.veh_num; k++) {
for (int i = 1; i < data.vertex_num - 1; i++) {
IloNumExpr expr7 = model.numExpr();
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 1) {

expr7 = model.sum(expr7, x[i][j][k]);

}
model.addLe (model.prod(data.al[i], expr7), wli] [k]);

model.addLe(w[i] [k], model.prod(data.b[i], expr7));

BENAE AT, Bk R R HlsL i Python+Java SZH

110



10.12 5 % REME VRPTW: JAVA+CPLEX FEAR 1 xiveis, sempt, wokie, Bk, wick, Wi

257 }

258 ¥

259 7 MNEE T

260 VZE

261 for (int k = 0; k < data.veh_num; k++) {

262 model.addLe(data.E, w[0][k]);

263 model.addLe(data.E, wldata.vertex_num - 1] [k]);

264 model.addLe(w[0] [k], data.L);

265 model.addLe(w[data.vertex_num - 1] [k], data.L);

266 }

267

268 }

269

270

271 /H*

272 * E B , AR E R B B AR

273 * @throws IloEzception

274 *

275 * FREL VRPTW A , AR RREES XA RABAA

276 */

277 public void get_value() throws IloException {

278 routes.clear();

279 servetimes.clear();

280 cost = 0;

281

282 /) RN R A H R E list (% list), list KEAE

283 for (int k = 0; k < data.veh_num; k++) {

284 ArrayList<Integer> r = new ArrayList<>();

285 ArrayList<Double> t = new ArrayList<>();

286 routes.add(r);

287 servetimes.add(t);

288 }

289

290 // x_map[3] [5] [k], HEFHAM ST ali][5][k], =K 70T

291 for (int i = 0; i < data.vertex_num; i++) {

292 for (int j = 0; j < data.vertex_num; j++) {

293 for (int k = 0; k < data.veh_num; k++) {

294 x_map[i] [j]1 (k] = 0.0; //& %% «l[i][j][k] &N A O

295 }

296 if (data.arcs[i]l[j] > 0.5) { // data.arcs[<]1[5] B{EA 0 H# 1, X # o An g A
— il

297 for (int k = 0; k < data.veh_num; k++) {

298 x_map[i] [j1[k] = model.getValue(x[il[j1[k1); // ¥ «l[i][5][k] + N5 @ map[i] [5][k] + %

299 }

300 }

301 }

302 }

303

304 7/ BRI, N o[i] [5][6] FEFRAREE 542

305 for (int k = 0; k < data.veh_num; k++) {

306 boolean terminate = true;

307 int i = 0;

308 routes.get(k).add(0); // A 0, H &7

309 servetimes.get(k).add(0.0);

310 while (terminate) {

311 for (int j = 0; j < data.vertex_num; j++) {

312 if (doubleCompare(x_map[il[jl[kl, 0) == 1) { // WwF w_map[i][j][k] > O

313 routes.get (k) .add(j);

314 servetimes.get (k) .add(model.getValue(w[j]l [k]));
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10.12 5 % 2 REAE VRPTW: JAVA+CPLEX Ja AR 1 e, s, sokis, Bk, Wick:, Wb

-

if (i == data.vertex_num - 1) {

terminate = false;

}

routes.get (k) .set (routes.get(k).size() - 1, 0);
}
cost = model.getObjValue();

*anit () BRAH A S EMENERA, BT EERBREEAAL, BARS FHATEEN
* EIL, RAHR T 8 £4, REDMEEE (ZE-ADMEL, % mkEFEE)

* BARBOER R T — M T cples MA, JFHH A FHEK

* WRA ae HAREAEFHRRD a0 HTAER, FUWRED—FHioH A TR
* Yok, BERMTEA G ERARRADGERT

*/

public BaB_VRPTW_vl init(BaB_VRPTW_v1l 1lp) throws IloException {

1p.build_model();

/% ERX—WATURATTNE, ROEHH. TREEX D, ML TIRTLE. R
/O WRBEERTAAE, FERX—HLHIT, HEBETH Ip.model.solve(); X—AT
if (lp.model.solve()) {

lp.get_value();

int aa = 0;

for (int i = 0; 4 < lp.routes.size(); i++) {

if (lp.routes.get(i).size() == 2) { //WwRERER 0-102 AH, #EMN depot W4, % depot Z# iy, X
o E M A

aat+;

}
System.out.println(" KEFHEWEL: " + aa);

if (aa == 0) {
data.veh_num -= 1; /R RERBE 0
lp.model.clearModel (); // clearModel() # IloCplex % iy— ik
lp = new Branch_and_Bound_VRPTW(data) ;
return init(lp);
} else {
data.veh_num -= aa; // WRKERGEFHE >0, BRLREREHBRE aa, REREFHA
Ip.model. cleartodel();
lp = new Branch_and_Bound_VRPTW(data); // E# T data W ZEAHH, B EHHELA
return init(lp); // #PEAEEK

}

} else {
data.veh_num += 1; // W 1p AR TEE, s EWHEE m—A
System.out.printin("vehicle number: " + data.veh_num);

lp.model.clearModel () ;
lp = new Branch_and_Bound_VRPTW(data) ;
lp.build_model();
if (lp.model.solve()) {
lp.get_value();
return lp;
} else {

System.out.printin("error init");
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10.12 5 % REME VRPTW: JAVA+CPLEX FEAR 1 xiveis, sempt, wokie, Bk, wick, Wi
return null;
}
}
*/
1p.model.solve();
System.out.println(" ======"
System.out.println(" root node solution : Obj :" + lp.model.getObjValue());
/7 x_map[3][5][k], HELMLT wli][5]0k], =ZHTREM
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i]l[j] > 0.5) { // data.arcs[i][j] BUE K 0 B 1, X ZHMW « fn j R#EHE, REE—%
—
for (int k = 0; k < data.veh_num; k++) {
System.out.println("x[" + i + '," + j + ', + k + "] =" + model.getValue(x[i] [j][k]));
// x_map[i] [§][k] = model.getValue(z[i][j][k]); // ¥ =[i][5][k] # N E| z_map[i] [5][k] % %
}
}
}
¥
1p.get_value();
return 1p;
}
Jwx
* branch and bound H ik FIKHAE
*
* @param lp: BaB_VRPTW vl #yLf|
* @throws IloEzception
*/
public void branch_and_bound(BaB_VRPTW_vi 1lp) throws IloException {
/*

* XAMRAH R EA X 4 global_UB F1 local_UB
* HHEME IR global _UB, b kL& %17 AL
* KR P cur_best H&Z global_UB

*/

&l

/7 AR UB = inf
cur_best = Double.MAX _VALUE;
deep = 0;

record_arc = new int[3]; // X /NEIRET A H L E ol4][5] [k]

nodel = new Node(data);

best_node = null;

queue = new PriorityQueue<Node>();

VZE ko eSS

for (int i = 0; i < lp.routes.size(); i++) {
ArrayList<Integer> r = lp.routes.get(i);
System.out.println();
for (int j = 0; j < r.sizeQ); j++) {

System.out.print(r.get(j) + " ");

}

System.out.println("\n\n----branch and bound----- \n");
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10.12 5 £ R KM VRPTW: JAVA+CPLEX B 1 xipei, sesmst, woi,

Bk

L ESCHE, BRI

1p.copy_lp_to_node(lp, nodel);

// model.node_cost = lp.cost;
// nodel.lp_z = lp.z_map.clone();
// model.node_routes =lp.routes;

// model.node_servetimes = lp.servetimes;

node2 = nodel.node_copy();
deep =
nodel.d = deep;

//ERAE nodel, Mgt REANIEN 1p MNE] queue THEH
queue.add (nodel) ;

// branch and bound itAf%
int cnt = 0;
while (!queue.isEmpty()) {
cnt++;
/¥
* remove() F1 poll() FikMiE XM T AME, #ERIOHH RN E TE,
* ARG RK MM EMERY, FHRE null,
* BT MBRBRESHTNFIG SN, AP NTOENMR, FEHTLERFE.
*/

System.out.println("\n\n ")

System.out.println(cnt + " Queue length:" + queue.size());
8 TN b
Node node = queue.poll();

/*

* BT ORBALS TR LR

* KRR R

* 1. WE-ATR (e LB), LR B REAXF A, wFx— P LR,

* 2. EATHE R E — AN AR ERT] (RA1EF best first search, W3t 2& —RKHHE T REHH

* 3. AWAFIREAR, WRASHEE 7, TNERENFBERE TR, WHERT A0 EFE P,
* 4. Wk P> UB, RE 3. FNHBLHFTREFREEM (RTHEE .5,k z_ijk HAEHR),

* 5. WwE P <UB, 8%k UB =P, Yp[¥ AN Y &t BS. RE 3.

* 6. WEHANATHA L, R L, R W FRwt, wh L $EAME L.P <= UB, £ L A,

< R.P <=UB, ¥ R Ju A\ %|. & E 3.
* 7. BR, RECEHEMLT & BS. R BS AENTH.
*/

/ REZERMBAT WHREST) YRR TOM, Mk (BA pollO FEMERBRETE, HHILHRK)

if (doubleCompare(node.node_cost, cur_best) > 0) {
continue;
} else {
7/ BT g E eli] [5][k]
// record_arc = lp.find_arc(node.lp_z);
record_arc = lp.find_arci(node.lp_x);
System.out.println("branch variable is : x["
+ record_arc[0] + ","
+ record_arc[1] + ","
+ record_arc[2] + "]");

/) ETEEERE, 0,1 WA, YH R

if (record_arc[0] == -1) {
/7 R LB RRAM cur_best ¥, B LM
if (doubleCompare(node.node_cost, cur_best) == -1) {

lp.cur_best = node.node_cost;

System.out.println(node.d + " cur_best:" + cur_best);

mEE, Bkir 5 FN

Wk R W EAME
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10.12 5% @ KB VRPTW: JAVA+CPLEX MR 1 xipcek, fesst, mokie, Bk, w@ick:, Wik

1p.best_node = node;
}
continue;
} else {// a3
nodel = lp.branch_left_arc(lp, node, record_arc);// % %
if (1p.deep == 0) {
1p.model.exportModel ("left.1p");
}
node2 = lp.branch_right_arc(lp, node, record_arc);// #i %
if(1p.deep == 1) {

1p.model.exportModel ("right.1p");

if (nodel '= null
&& doubleCompare(nodel.node_cost, cur_best) <= 0) {

/7 R nodel WA <= cur_best, et ok, FMHAARNE T LARAEHE, 4 LM%

queue.add (nodel) ;
}
if (node2 !'= null
&& doubleCompare(node2.node_cost, cur_best) <= 0) {
/7 R nodel WA <= cur_best, MyAtK, EMHRARNE T LR RAMAM, B4 LM%
queue.add (node2) ;
}

System.out.println(" Y{ldkfh = " + 1lp.cur_best);

Vil
* HFRE, A setlB fo setLB My R, SLIT 4L AW Fm
* XTI (i, j) WAX
*
* @param node
* @throws IloEzception
*/
public void set_bound(Node node) throws IloException {
//System.out.printin("data.veh_num = " + data.veh_num);
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i]l[j] > 0.5) {
if (node.node_x[i][j] == 0) {
// WK node_z[i][5] = 0, I (i, 70 FMUBWE, FTUERA 1, THA 0
for (int k = 0; k < data.veh_num; k++) {
x[41[j][k].setLB(0.0);
x[1] [j][k] .setUB(1.0);
}
} else if (node.node_x[i][j] == -1) {
// R node_xl[i][5] = -1, I (i, ) NEBUE, TN ERA 0, THA 0
for (int k = 0; k < data.veh_num; k++) {
x[11[j]1[k].setLB(0.0);
x[11[j]1[k].setUB(0.0);
}
} else {
for (int k = 0; k < data.veh_num; k++) {
// R node_zl[i][5] = 1, I (i, 7) SSAME, BTN LERA 1, TRA 1
if (node.node_x_maplil [j1[k] == 1) {
x[1] [j] [k].setLB(1.0);

x[11[j][k].setUB(1.0);
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10.12 5 % REME VRPTW: JAVA+CPLEX FEAR 1 xiveis, sempt, wokie, Bk, wick, Wi

} else {
x[1] [j] [k].setLB(0.0);
x[1][j][k].setUB(0.0);

WH, #F setLB fu setLB W7

% zl3][5] (k] HAHX

* @param node
* @throws IloEzception
*/
public void set_boundl(Node node) throws IloException {
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[il[j] > 0.5) {
for (int k = 0; k < data.veh_num; k++) {
if (node.node_x_map[i] [j]1[k] == 0) {
x[41[j][k].setLB(0.0);
x[i]1[j][k].setUB(1.0);

} else if (node.node_x_map[i][j][k] == -1) {
x[11[j]1[k].setLB(0.0);
x[i]1[j] [k] .setUB(0.0);

} else {
x[11[j]1[k].setLB(1.0);
x[411[j]1[k].setUB(1.0);

* REESK

* @param lp
* @param father_node
* @param record
* @return
* Q@throws IloEzception
*/
public Node branch_left_arc(BaB_VRPTW_vl 1lp, Node father_node, int[] record)
throws IloException {
if (record[0] == -1) {
return null;
}

Node new_node = new Node(data);

V1

new_node = father_node.node_copy();

father_node # JI

Ji& mnew_node
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// mode_z[i][5] = 1 XTI (i, 7) SAMHFE, node_zl[i][5] = -1 RAFEFIA, node_zl[s][5] = 0 Foa 7 Wil
— TR
/T REX, HREE (i, 7) F&EBE

new_node.node_x[record[0]] [record[1]] = -1;

/AT RER, Bk 2] [5]k] RER 0

for (int k = 0; k < data.veh_num; k++) {
new_node.node_x_map [record[0]] [record[1]] [k] = 0;

}

// new_node.node_x_map[record[0]] [record[1]] [record[2]]=-1;

7 REEX

1p.set_bound(new_node) ;

/7 WRAE new_node XfR MM, EFTT p HETRZE, B4k
if (lp.model.solve()) {

1p.get_value();
deep++;

new_node.d = deep;

// % lp W copy F| new_node ¥, RERE new node
lp.copy_lp_to_node(lp, new_node);

System.out.println(new_node.d + " left" + " " + lp.cost);

// print put the solution of the node

// z_map[i][5][k], HEHAMYLT oli][5][k], &4 T REM
/*

System.out.println("\n\n The solution ");

for (int © = 0; % < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
for (int k = 0; k < data.veh_num; k++) {
if (lp.z_map[i] [j][k] > 0) {
System.out.printin(lp.z_map[i][5][k]);

}
*/
} else {
System.out.println("left branch -- Lf#");
new_node.node_cost = data.big_num;
¥

return new_node;

/**
* WEAEH X
* @param lp
* @param father_node
* @param record
* Q@return
* @throws IloExzception
*/
public Node branch_right_arc(BaB_VRPTW_vl lp, Node father_node, int[] record)
throws IloException {
if (record[0] == -1) {
return null;
¥
Node new_node = new Node(data);

new_node = father_node.node_copy();
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662 s/ ETREX, BWEE (3, 50 LA

663 new_node.node_x[record[0]] [record[1]] = 1;

664 // new_node.node_xz_map [record[0]] [record[1]] [record[2]]=1;
665

666 /7 MTFRAEL, WEE «[i][5][k] = 1

667 for (int k = 0; k < data.veh_num; k++) {

668 if (k == record[2]) {

669 new_node.node_x_map [record[0]] [record[1]] [k] = 1;
670 } else {

671 new_node.node_x_map [record[0]] [record[1]] [k] = 0;
672 }

673 }

674 'S %53

675 1p.set_bound(new_node) ;

676 if (lp.model.solve()) {

677 lp.get_value(Q);

678 deep++;

679 new_node.d = deep;

680 System.out.println(new_node.d + " right: " + lp.cost);
681 lp.copy_lp_to_node(lp, new_node);

682

683 // print put the solution of the node

684 /7 x_map[i] [5][k], HEFA LT elid[5]0k], =HTREM
685 /*

686 System.out.printin("\n\n The solution ");

687 for (int i = 0; © < data.vertex_num; i++) {

688 for (int j = 0; j < data.vertex_num; j++) {

689 for (int k = 0; k < data.veh_num; k++) {

690 if (lp.x_map[i][j][k] > 0) {

691 System.out.printin(lp.z_map[i] [j][k]);
692 }

693 }

694 }

695 }

696 */

697

698 } else {

699 System.out.println("right branch -- L##");

700 new_node.node_cost = data.big_num;

701 }

702 return new_node;

703 }

704

705

706 ERXa kT E oli] 5] [k]

707 *

708 * @param T

709 * Q@return

710 */

711 public int[] find_arci(double[][][] x) {

712 int record[] = new int[3];// &34 LI &

713 double cur_dif = 0;

714 double min_dif = Double.MAX_VALUE;

715 double branch_var_value = 0;

716

717 /7 RiREE 0.5 Wik

718 for (int i = 1; i < data.vertex_num - 1; i++) {

719 for (int j = 1; j < data.vertex_num - 1; j++) {

720 if (data.arcs[i][j] > 0.5) {
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for (int k = 0; k < data.veh_num; k++) {
/%
if (is_one_zero(x[i][j][k])) {

Ex 02 1, U4

continue;
¥
cur_dif = get_dif(x[il[j][k]);
if (doubleCompare(cur_dif, min_dif) == -1) {
record[0] = ij;
record[1] = j;
record[2] = k;
min_dif = cur_dif;

branch_var_value = x[i] [j] [k];

// depot
if (doubleCompare(min_dif, Double.MAX VALUE) == 0) {
for (int i = 1; i < data.vertex_num - 1; i++) {
if (data.arcs[0][i] > 0.5) {
for (int k = 0; k < data.veh_num; k++) {
if (is_fractional(x[0][i][k])) {
cur_dif = get_dif(x[0][i][k]);
if (doubleCompare(cur_dif, min_dif) == -1) {
record[0] = 0;
record[1] = i;
record[2] = k;
min_dif = cur_dif;

branch_var_value = x[0] [i] [k];

}
if (data.arcs[i] [data.vertex_num - 1] > 0.5) {
for (int k = 0; k < data.veh_num; k++) {
if (is_fractional(x[i] [data.vertex_num - 1][k])) {
cur_dif = get_dif(x[i] [data.vertex_num - 1][k]);
if (doubleCompare(cur_dif, min_dif) == -1) {
record[0] = i;
record[1] = data.vertex_num - 1;
record[2] = k;
min_dif = cur_dif;

branch_var_value = x[i] [data.vertex_num - 1][k];

if (doubleCompare(min_dif, data.big num) == 1) {
record[0] = -1;
record[1] = -1;
record[2] = -1;
¥
System.out.println("branch variable value:" + branch_var_value);

return record;
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w

Jkk
* REFEQ L HIEEE li][5] k]
*
* @param T
* Q@return
*/
public int[] find_arc(double[]1[]1[] x) {
int record[] = new int[3];// 0% 4 LT A
boolean is_integer = true;
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i]l[j] > 0.5) { // if this arc is not 1-1, 2-2 etc.
for (int k = 0; k < data.veh_num; k++) {
s/ EFERIMER 0 o1, WaE
if (is_one_zero(x[i][j][k])) {

g

continue;
}
// cur_dif = get_dif(z[i][5][k]);

record[0] = i;

record[1] Js

record[2] k;
is_integer = false;

return record;

}

is_integer = true;

System.out.println("The solution is integer!");
record[0] = -1;

record[1] = -1;

record[2] = -1;

return record;

VEZS
* BT A double B B AN
*
* @param a
* @param b
* Q@return
*/
public int doubleCompare(double a, double b) {
if (a - b > x_gap)
return 1;
if (b - a > x_gap)
return -1;

return O;

* @param v

* @return
*/

public boolean is_fractional(double v) {
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if (v > (int) v + x_gap && v < (int) v + 1 - x_gap)
return true;
else

return false;

* @param temp
* @return
*/
public boolean is_one_zero(double temp) {
if (doubleCompare(temp, 0) == O || doubleCompare(temp, 1) == 0) {
return true;
} else {

return false;

* @param temp

* @return
*/
public double get_dif(double temp) {
double v = (int) temp + 0.5;
if (v > temp) {
return v - temp;
} else {

return temp - Vv;

% 3.26434-->3.2

* @param v

* @return

*/

public static double double_truncate(double v){
int iv = (int) v;
if (iv+l - v <= gap)
return iv+i;

double dv = (v - iv) * 10;
int idv = (int) dv;
double rv = iv + idv / 10.0;

return rv;

10.12.5 run_ this ¥ BN
SR F A E .
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10.12 5 % REME VRPTW: JAVA+CPLEX FEAR 1 xiveis, sempt, wokie, Bk, wick, Wi
run_this. java
package VRPTW_BrandhAndBound;
import java.util.ArrayList;
public class run_this {
public static void main(String[] args) throws Exception {
double start = System.currentTimeMillis();
Data data = new Data();
int vetexnum = 30 + 2; // FiH @M, @F 0, n+l WA depot, XA~ depot EF—/I i, AL copy T—h
/) ENTFE G EFHBEH veteznum 53, Z2HREET A AN, BHEFA depot
String path = "F:\\MyCode\\JavaCode\\JavaCallCplex\\src\\VRPTW_Branch_and_Bound\\c101.txt";// & {4
// WA path F1 veteznum, LB KR EH data R
/*
* EEHGEHEE, RBFRT —HoTLE, LRER - RALLREATATHINE (1,5 HKRT
* TALIE 2 BRI B, R /NME R AL
*/
data.Read_data(path, data, vetexnum);
data.veh_num = 25;
Data.printData(data);
System.out.println("Read data finished!");
System.out.println(" ------ Branch and Bound ------ ")
BaB_VRPTW_v1 1lp = new BaB_VRPTW_vi(data);
double cplex_timel = System.nanoTime();
Vezs
© WA AR, ROERK, 5EEF, LRERTTRAE
*/
1p = 1p.init(1p);
System.out.println(": " + lp.data.veh_num);
V£Z]
* A MBRRGEA E, g A RATHALE
*/
/*
lp.build_model();
lp.model.solve();
lp.get_value();
*/
// FAH branch and bound &3 K#E VRPTW
1p.branch_and_bound(1lp);
VZE =55 ok
System.out.println("\n\= ");
System.out.println("------ Check the feasibility of the solution---- ");
Check check = new Check(lp);
check.fesible();
double cplex_time2 = System.nanoTime();
double cplex_time = (cplex_time2 - cplex_timel) / 1e9;// KfLuf[El, #A{i1 s
System.out.println("cplex_time : " + cplex_time + " \n"
+ "bestcost : " + lp.cur_best);
for (int i = 0; i < lp.best_node.node_routes.size(); i++) {
ArrayList<Integer> r = lp.best_node.node_routes.get(i);
S AT f 1 Al T 3 5 B =
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System.out.println();
for (int j = 0; j < r.size(); j++) {

System.out.print(r.get(j) + " ");

double end = System.currentTimeMillis();

System.out.println("\n\n f£/7iZ4TH [A]: " + (end - start) / 1000.0 + " #");

Zd I, B c101-25 BSERANT -

results. java

bestcost : 191.30000000000004

053781011964210
020 24 25 23 22 21 0
013 17 18 19 15 16 14 12 0
[F]: 1.385%)

10.12.6 &R

Solomon VRP Benchmark /i C101

C101
VEHICLE
NUMBER CAPACITY
25 200
CUSTOMER
CUST NO. XCOORD. YCOORD. DEMAND  READY TIME DUE DATE SERVICE TIME
0 40 50 0 0 1236 0
1 45 68 10 912 967 90
2 45 70 30 825 870 90
3 42 66 10 65 146 90
4 42 68 10 727 782 90
5 42 65 10 15 67 90
6 40 69 20 621 702 90
7 40 66 20 170 225 90
8 38 68 20 255 324 90
9 38 70 10 534 605 90
10 35 66 10 357 410 90
11 35 69 10 448 505 90
12 25 85 20 652 721 90
13 22 75 30 30 92 90
14 22 85 10 567 620 90
15 20 80 40 384 429 90
16 20 85 40 475 528 90
17 18 75 20 929 148 90
18 15 75 20 179 254 90
19 15 80 10 278 345 90
20 30 50 10 10 73 90
21 30 52 20 914 965 90
22 28 52 20 812 883 90
23 28 55 10 732 7 90
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24 25 50 10 65 144 90
25 25 52 40 169 224 90
26 25 55 10 622 701 90
27 23 52 10 261 316 90
28 23 55 20 546 593 90
29 20 50 10 358 405 90
30 20 55 10 449 504 90
31 10 35 20 200 237 90
32 10 40 30 31 100 90
33 8 40 40 87 158 90
34 8 45 20 751 816 90
35 5 35 10 283 344 90
36 5 45 10 665 716 90
37 2 40 20 383 434 90
38 0 40 30 479 522 90
39 0 45 20 567 624 90
40 35 30 10 264 321 90
41 35 32 10 166 235 90
42 33 32 20 68 149 90
43 33 35 10 16 80 90
44 32 30 10 359 412 90
45 30 30 10 541 600 90
46 30 32 30 448 509 90
a7 30 35 10 1054 1127 90
48 28 30 10 632 693 90
49 28 35 10 1001 1066 90
50 26 32 10 815 880 90
51 25 30 10 725 786 90
52 25 35 10 912 969 90
53 44 5 20 286 347 90
54 42 10 40 186 257 90
55 42 15 10 95 158 90
56 40 5 30 385 436 90
57 40 15 40 35 87 90
58 38 5 30 471 534 90
59 38 15 10 651 740 90
60 35 5 20 562 629 90
61 50 30 10 531 610 90
62 50 35 20 262 317 90
63 50 40 50 171 218 90
64 48 30 10 632 693 90
65 48 40 10 76 129 90
66 a7 35 10 826 875 90
67 a7 40 10 12 7 90
68 45 30 10 734 777 90
69 45 35 10 916 969 90
70 95 30 30 387 456 90
71 95 35 20 293 360 90
72 53 30 10 450 505 90
73 92 30 10 478 551 90
74 53 35 50 353 412 90
75 45 65 20 997 1068 90
76 90 35 10 203 260 90
77 88 30 10 574 643 90
78 88 35 20 109 170 90
79 87 30 10 668 731 90
80 85 25 10 769 820 90
81 85 35 30 a7 124 90
82 75 55 20 369 420 90
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10.13 5% 2 RKHE VRPTW: JAVA+CPLEX KRR 2 i, semit, Wokds, Bk

WSO, BRI

83 72 55 10 265 338 90
84 70 58 20 458 523 90
85 68 60 30 555 612 90
86 66 55 10 173 238 90
87 65 55 20 85 144 90
88 65 60 30 645 708 90
89 63 58 10 737 802 90
90 60 55 10 20 84 90
91 60 60 10 836 889 90
92 67 85 20 368 441 90
93 65 85 40 475 518 90
94 65 82 10 285 336 90
95 62 80 30 196 239 90
96 60 80 10 95 156 90
97 60 85 30 561 622 90
98 58 75 20 30 84 90
99 55 80 10 743 820 90
100 55 85 20 647 726 90

v,

10.13 Java il CPLEX SzBly 3 e SR A oK i
VRPTW (JigA 2): ilid @sme s g oy 2

TEX A A BACRS , FATRE AN AR, RS S0 R P i 7 S A
XHL, FATEXIIR (4, 5) BEAT93 3. 0 SEad Rt 7y 76 3 ek #branch_left_arc O 15}
A SRR %L branch_right_arc OSEBLR, FA17 BIAEZ SEANA SO B YT RO, 3

IN—473 LA

HERBINRE S Z A AR, FUR e SCH 1 SE AN EA A o
TG, NodedSTf B — /NI AL . RATIMAT cut XML HE,

Ak, — A0S RAR TR 7 SLA R SEREAURS AT .

10.13.1 ¥l Node.java

FRAEA#E) B Al

Node. java
package VRPTW_BrandhAndBound_addCut;
import java.util.ArrayList;
import ilog.concert.*;
import ilog.cplex.*;
public class Node implements Comparable{
/*
T Comparable #:H, 2R K& LH L x Foh oz,

, Bl PriorityQueue.
Data data;
int d;
double node_cost; =i
double[] [1[] 1p_x; /7 B AW LP WNBUR (zl[3][5][k])
int[1[1[] node_x_map; // node_z[i][j]=1 B, node_z_map[i] [§] [k]=1 F x4,

—  node_z_map[4] [§] [k]=0 37 # |7
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int[10] node_x; // node_z[i] [7]1=0 %

< RFA G, D T

[

L (i, 7)) MUK, 1 AT G, ) %

ArrayList<ArrayList<Integer>> node_routes; L i B AR

T 46 IR 4 e (8]

ArrayList<ArrayList<Double>> node_servetimes;

VZE v N b

IloNumVarArray varSet;

protected IloRangel[] cuts;

public Node(Data data) {
super () ;
this.data = data;
node_cost = data.big_num;
1p_x = new double [data.vertex_num][data.vertex_num] [data.veh_num];
node_x_map = new int[data.vertex_num] [data.vertex_num] [data.veh_num];
node_x = new int[data.vertex_num] [data.vertex_num];
node_routes = new ArrayList<ArrayList<Integer>>();

node_servetimes = new ArrayList<ArrayList<Double>>();

EH R

* XBEFEHT clone ik
* Computer c=new Computer("dell", "4G W ");
* Computer cl=c.Clone();

* X ARG FHHA Computer RAFM L c o c1, HiF cl #t

Clone 7 kB #H c,
LRGN

* BAVFTOAE A System.out.println() 77 FH WX 280 4 G H 14T 57

* @return new_node
*/
public Node node_copy() {
Node new_node = new Node(data);
new_node.d = d;
new_node.node_cost = node_cost;
for (int i = 0; i < 1lp_x.length; i++) {
for (int j = 0; j < 1lp_x[il.length; j++) {

new_node.lp_x[il [j] = 1p_x[il[j]l.clone();
for (int i = 0; i < node_x.length; i++) {
new_node.node_x[i] = node_x[i].clone();
for (int i = 0; i < node_x_map.length; i++) {

for (int j = 0; j < node_x_map[il].length; j++) {

new_node.node_x_map[i] [j] = node_x_mapl[i] [j].clone();
for (int i = 0; i < node_routes.size(); i++) {
new_node.node_routes.add((ArrayList<Integer>) node_routes.get(i).clone());

for (int i = 0; i < node_servetimes.size(); i++) {

new_node.node_servetimes.add((ArrayList<Double>) node_servetimes.get(i).clone());

return new_node;

Wi, -1
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10.13 % % 2 FKA VRPTW: JAVA+CPLEX pa K 2 upa,

WSO, BRI

/R

* compareTo:

B
* AT RENT,
*/

public int compareTo(Object o){
Node node = (Node) o;
if (node_cost < node.node_cost)
return -1;
else if(node_cost == node.node_cost)
return 0;

else

return 1;

static class IloNumVarArray {

int _num = 0;  // // _num 7 i SR 3

IloNumVar[] _array = new IloNumVar[32];

SR
void add(IloNumVar ivar) {
if (_num >= _array.length) {
IloNumVar[] array = new IloNumVar[2 * _array.length];
System.arraycopy(_array, 0, array, O, _num);
_array = array;
}

_array[_num++] = ivar;
y

IloNumVar getElement(int i) {

return _array[il;

IloNumVar getVar(int i) {

return _array[il;

int getSize() {

return _num;

10.13.2 BaB__ VRPTW_ addCut.java

Z HIfY BaB_VRPTW_v1.java 28, HUCAA/NTHAY) BaB_VRPTW_addCut.java 28,

BaB_VRPTW_addCut. java

package VRPTW_BrandhAndBound_addCut;

import java.util.ArrayList;

import java.util.PriorityQueue;
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10.13

> EEREM VRPTW: JAVA+CPLEX BRI 2 xisu. Sesmet, moksr, Bk, 9octe, Vifhi

*

*

*

*

*

import ilog.concert.*;

import ilog.cplex.*;

Vezd

Osource: RN FIHMAK BT ARS " SBWEAF ", FIEH: Fth, LPpEks

@comment: #IEJRAENA M Al LT —REBR—HLB L

Qauthor: i, LW A AF

Orevise: X|M#%, W KF

@date: 2018-8-2

o HBAEWH: EAFFNXHHNEFHBER veteanun 38, ZREHFTAH LN, GHFREAFQ 0 F nrl, REFHAXRT
Solomon | 51|

BaB_VRPTW vl fhThtt: # - VRPTW 447, 3£{# | Branch and bound 5}

*/

public class BaB_VRPTW_addCut {

static double gap = le-6;

Data data; // Z X% Data WXt %

Node nodel; VS V.-

Node node2; 7 RXEF A

int deep; /R

Node best_node; VZER (k3 -

double cur_best; VS ks

int[] record_arc; // WK T EQ XML E AT ald] [5][k] & [i][5] [k]
double X_gap; VR V-2

IloCplex model; // KA S

double cost; // HAE

double[][1[] x_map; // RFME wli] [5] [k]

public IloNumVar[][][] x; /7 zl3][5][k] RTIN arcs[i][5] W & WA

public IloNumVar([][] wi /BT R SRR e HERE s_dk, RS o NEWE K WEW M HE
public PriorityQueue<Node> queue; // 4% [A7|

ArrayList<ArrayList<Integer>> routes; // 1A

ArrayList<ArrayList<Double>> servetimes; // [l F 7T 44 AL 4 6 17l

VZE v IR

IloNumVarArray varSet = new IloNumVarArray();

VAL
* BaB_VRPTW_addCut 2 i3 &

* @param data: S|
*/
public BaB_VRPTW_addCut(Data data) {
this.data = data;
x_gap = data.gap;
routes = new ArrayList<>(); // & L4t 7% list
servetimes = new ArrayList<>(); // & X IL# i[5 list
/R A R A List, list KEAFHA &k
for (int k = 0; k < data.veh_num; k++) {
ArrayList<Integer> r = new ArrayList<>();
ArrayList<Double> t = new ArrayList<>();
routes.add(r);
servetimes.add(t);
}

x_map = new double[data.vertex_num] [data.vertex_num] [data.veh_num];
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10.13 5 % 2 REA VRPTW: JAVA+CPLEX FE K 2 uisei, s, sokie, Bk, Wick:, Wb

* O 1p PHEEER
*/
public void clear_1p() {
data = null;
routes.clear();
servetimes.clear();

x_map = null;

Vitd
* i 1p B IE node
*
* @param lp
* @param node
*/
public void copy_lp_to_node(BaB_VRPTW_addCut lp, Node node) {
/7 SRR node T MK
node.node_routes.clear();

node.node_servetimes.clear();

/7 REE 1p EHHEAE copy F| node BT
node.node_cost = lp.cost;
for (int i = 0; i < lp.x_map.length; i++) {
for (int j = 0; j < lp.x_mapl[il.length; j++) {
node.lp_x[il [j] = 1lp.x_map[il[j].clone();

¥

for (int i = 0; i < lp.routes.size(); i++) {
node.node_routes.add((ArrayList<Integer>) lp.routes.get(i).clone());

}

for (int i = 0; i < lp.servetimes.size(); i++) {
node.node_servetimes.add((ArrayList<Double>) lp.servetimes.get (i)

.clone());

YAz
* B L VRPIV B cples

* Q@throws IloEzception

*
* B RE: X ERITE VRPTW ARE A b B R AG R M, B VRPTW By MR
*/

private void build_model() throws IloException {
// creat model

model = new IloCplex();

I

// model.setOut (null); // %M CPLEX ) log 13
// model.setParam(IloCplez.DoubleParam.EpOpt, 1e-9); // #% & tolerance

// model.setParam(IloCplez.DoubleParam.EpGap, 1e-9); // ¥ & tolerance

// creat decision variables

x = new IloNumVar[data.vertex_num] [data.vertex_num] [data.veh_num];

w = new IloNumVar[data.vertex_num] [data.veh_numl; // %47 5] f B9 B )7

/ABRELTE o fow, REHRARBEEE

for (int i = 0; i < data.vertex_num; i++) {

for (int k = 0; k < data.veh_num; k++) {

//EE, REETERET lp MHEA, HREE nunVar XA
// wlil[k] = model.numVar(data.al4], data.b[i], IloNumVarType.Float, "w" + %
v + k)

System.out.println(data.a[i] + " ---- " + data.b[il);
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10.13 5 % @ %KAM VRPTW: JAVA+CPLEX FEA 2 uise, s, ok, Bk, ssck:, Wb
wli] [k] = model.numVar(0, 1lel5, IloNumVarType.Float, "w" + i
+ ", + k)
}
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 0) {
/7 wE =g, WEAIT R
x[i] [j] = null;
} else {
// z_ijk
for (int k = 0; k < data.veh_num; k++) {
/EE, REETE Lp HABIE AL, £ numVar XAH
x[i1[j][k] = model.numVar(0, 1, IloNumVarType.Float,
B e A ]
}
}
}
¥
// N E AR
7/ kER (7.1.1)
IloNumExpr obj = model.numExpr();
for (int i = 0; i < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 0) {
System.out.println("delected arc : " + i + ", " + j);
continue;
}
for (int k = 0; k < data.veh_num; k++) {
obj = model.sum(obj,
model.prod(data.dist[i] [j1, x[il[j]1[k]));
}
}
}
model.addMinimize (obj) ;
7/ MNHR 1
for (int i = 1; i < data.vertex_num - 1; i++) {
IloNumExpr exprl = model.numExpr();
for (int k = 0; k < data.veh_num; k++) {
for (int j = 1; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 1) {
exprl = model.sum(exprl, x[il[j][k]l);
}
}
}
model.addEq(exprl, 1);
}
V&N
VA 3
for (int k = 0; k < data.veh_num; k++) {
IloNumExpr expr2 = model.numExpr();
for (int j = 1; j < data.vertex_num; j++) {
if (data.arcs[0][j] == 1) {
expr2 = model.sum(expr2, x[0][j][k]);
}
}
model.addEq(expr2, 1);
¥
V0 ]
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182 for (int k = 0; k < data.veh_num; k++) {

183 for (int j = 1; j < data.vertex_num - 1; j++) {

184 IloNumExpr expr3 = model.numExpr();

185 IloNumExpr subExprl = model.numExpr();

186 IloNumExpr subExpr2 = model.numExpr();

187 for (int i = 0; i < data.vertex_num; i++) {

188 if (data.arcs[il[j] == 1) {

189 subExprl = model.sum(subExprl, x[i][j][k]);
190 }

191 if (data.arcs[jl[i] == 1) {

192 subExpr2 = model.sum(subExpr2, x[j][i][k]);
193 }

194 }

195 expr3 = model.sum(subExprl, model.prod(-1, subExpr2));
196 model.addEq(expr3, 0);

197 }

198 }

199 /7 MANAR 4

200 xR (7.1.5)

201 for (int k = 0; k < data.veh_num; k++) {

202 IloNumExpr expr4 = model.numExpr();

203 for (int i = 0; i < data.vertex_num - 1; i++) {

204 if (data.arcs[i] [data.vertex_num - 1] == 1) {

205 expr4 = model.sum(expr4, x[i] [data.vertex_num - 1]1[k]);
206 }

207 }

208 model.addEq(expr4, 1);

209 }

210

211

212 for (int k = 0; k < data.veh_num; k++) {

213 IloNumExpr expr8 = model.numExpr();

214 for (int i = 1; i < data.vertex_num - 1; i++) {

215 IloNumExpr expr9 = model.numExpr();

216 for (int j = 0; j < data.vertex_num; j++) {

217 if (data.arcs[i][j] == 1) {

218 expr9 = model.sum(expr9, x[il[j][k]);

219 }

220 }

221 expr8 = model.sum(expr8, model.prod(data.demands[i], expr9));
222 }

223 model.addLe (expr8, data.cap);

224 model.exportModel ("VRPTW_LP.1p") ;

225 }

226

227

228 double M = 1e5;

229 for (int k = 0; k < data.veh_num; k++) {

230 for (int i = 0; i < data.vertex_num; i++) {

231 for (int j = 0; j < data.vertex_num; j++) {

232 if (data.arcs[i]l[j] == 1) {

233 IloNumExpr expr5 = model.numExpr();

234 IloNumExpr expr6 = model.numExpr();

235 expr5 = model.sum(w[il [k], data.s[i] + data.dist[i][j]);
236 expr5 = model.sum(expr5, model.prod(-1, w[jl[k]));
237 expré = model.prod(M,

238 model.sum(1, model.prod(-1, x[il[j]1[k])));
239 model.addLe (expr5, expr6);

240 }
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10.13 4 % @ K VRPTW: JAVA+CPLEX FRA 2 sk, Sesmuh, mokis. Bk, Woct:, Wik

}
/) mNAE T
/7 B E 4R
for (int k = 0; k < data.veh_num; k++) {
for (int i = 1; i < data.vertex_num - 1; i++) {
IloNumExpr expr7 = model.numExpr();
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] == 1) {

expr7 = model.sum(expr7, x[i][j][k]);

}
model.addLe (model.prod(data.al[i], expr7), wli] [k]);

model.addLe(w[i] [k], model.prod(data.b[i], expr7));

}

/7 MNBE T

/7 RHER (7.1.8)

for (int k = 0; k < data.veh_num; k++) {
model.addLe(data.E, w[0][k]);
model.addLe(data.E, wldata.vertex_num - 1][k]);
model.addLe(w[0] [k], data.L);

model.addLe(w[data.vertex_num - 1][k], data.L);

J*x
* BE I BEA, FERERHEEREEERE

@throws IloEzception

*

I VRPTW HEALEY
*/

public void get_value() throws IloException {

*

W, ERTARE AL T RAHOAA

routes.clear();
servetimes.clear();

cost = 0;

// MERFERBEFALRME tist (£ list), list KEH?

for (int k = 0; k < data.veh_num; k++) {
ArrayList<Integer> r = new ArrayList<>();
ArrayList<Double> t = new ArrayList<>();
routes.add(r);

servetimes.add(t);

// x_map[i] [5][k], # LF @[] [j][k], AT ILFMH

for (int i = 0; i < data.vertex_num; i++) {

for (int j = 0; j < data.vertex_num; j++) {
for (int k = 0; k < data.veh_num; k++) {
x_mapl[il [j1[k] = 0.0; //E&¥ «[i][5][k] #1¥HH O
}

if (data.arcs[i]l[j] > 0.5) { // data.arcs[i][j] BUEH 0 #H# 1, & T

12 =] iy
&, mhE—%&

for (int k = 0; k < data.veh_num; k++) {
x_map[i] [j][k] = model.getValue(x[il [j1[k]); // ¥ xli][5][k] ¥ ZE z_map[i] [5][k] & *
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10.13 5 % E RKHE VRPTW: JAVA+CPLEX RN 2 xiptig, ool ok, Bogik, WocH, Befhig

7/ BRI, WM o[i] [5] 6] FEFAREE F 42
for (int k = 0; k < data.veh_num; k++) {

boolean terminate = true;

int i = 0;

routes.get (k) .add(0); // i\ 0, R o-. ..

servetimes.get(k).add(0.0);

while (terminate) {

for (int j = 0; j < data.vertex_num; j++) {
if (doubleCompare(x_map[il[jl[kl, 0) == 1) { // WwF w_map[i][5][k] > O
routes.get (k) .add(j);

servetimes.get (k) .add(model.getValue(w[j]l [k]));

i=17
break;
}
}
if (i == data.vertex_num - 1) {
terminate = false;
}
}
routes.get (k) .set (routes.get (k) .size() - 1, 0);
}
cost = model.getObjValue();

}
YAz
* init() RERHEAEEBERANERE, dTHEEXBEZEARA, BARS FHA A
* FL, RAMR LA 24, REDMERE (ZE-NMEL, % mkEFEE)
*
* BRBOER RE L —MART B cples HAL, MM A M F
* WRH aa WAREAEHRRYD aa HAHER, TUNRD— s A AT
* Yok, RERMTEAGERRERADGERT
*/

public BaB_VRPTW_addCut init(BaB_VRPTW_addCut 1lp) throws IloException {
1p.build_model();
if (lp.model.solve()) {
1p.get_value();
int aa = 0;
for (int i = 0; i < lp.routes.size(); i++) {
if (lp.routes.get(i).size() == 2) { //WREAER 0-102 XFEH, #EMN depot W%, F| depot LHHy, X
— BEMBNE

aat+;

¥
System.out.println(" KA F W EH L " + aa);

if (aa == 0) {
data.veh_num -= 1; /) mEKERME 0
1p.model.clearModel(); // clearModel() # IloCplez ¥ W@ — A7
1p = new BaB_VRPTW_addCut(data);
return init(lp);

} else {
data.veh_num -= aa; // WEKMEM M EHH >0, L3
1p.model.clearModel();

FEFBORE aa, RERERHERL

1p = new BaB_VRPTW_addCut(data); // # [ T data @740, [ & iy i Al
return init(lp); // %A F B
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10.13 4 % @ K VRPTW: JAVA+CPLEX FRA 2 sk, Sesmuh, mokis. Bk, Woct:, Wik

}
} else {

data.veh_num += 1; // WE 1p LT

AR fn—
System.out.println("vehicle number: " + data.veh_num);
1p.model.clearModel();
1p = new BaB_VRPTW_addCut(data);
1p.build_model();
if (lp.model.solve()) {
1p.get_value();
return 1p;
} else {
System.out.println("error init");

return null;

Jk*
* branch and bound ® )k FIKHAE
*

% @param lp: BaB_VRPTW_ vl

* @throws IloEzception
*/
public void branch_and_bound(BaB_VRPTW_addCut 1lp) throws IloException {
/*

* A

#H X4 global_UB #1 local_UB
* HEERMR globel UB, Wl % FIH
* KK B H cur_best 32 global_ UB

*/

/7 AN AR UB = dnf
cur_best = Double.MAX VALUE;
deep = 0;

L

record_arc = new int[3]; // XPMECET UL L ETE o] [5] (k]
nodel = new Node(data);

best_node = null;

queue = new PriorityQueue<Node>();

i (AFEM)

for (int i = 0; i < lp.routes.size(); i++) {

ArrayList<Integer> r = lp.routes.get(i);
System.out.println();
for (int j = 0; j < r.size(); j++) {

System.out.print(r.get(j) + " ");

}
System.out.println("\n\n");

1p.copy_lp_to_node(lp, nodel);
node2 = nodel.node_copy();
deep = 0;

nodel.d = deep;

//E S nodel, HEEE A

Ip MANE queve EHH

queue.add(nodel) ;

// branch and bound
while (!queue.isEmpty()) {
/¥
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10.13 5 % 2 REA VRPTW: JAVA+CPLEX FE K 2 uisei, s, sokie, Bk, Wick:, Wb

* remove() Fo poll() FiktyiE X ELMF, MERBOHHBRAE TE,

* KRG EX MM ERERE, FHRE null,

* BT MBRRERHLNIN M, HAEP  TORGER, FERTLEHRE.
*/

/7 BHAE TR

Node node = queue.poll();

/*
* BFRRRA AR
* DHERHAE R
LORE—ATR (KM 18), LR B REAKH A, RE— A LR,
* 2 AR BME— N ERAREINI (RAVER best first search, W iEH—KIHH T IR ¥ £

*

* 3. HBAIREAZ, WRAZKHEE 7, TNREHBERELE, WHFZFAKERE P
* 4. R P> UB, RE 3, FNMHBLHFTERERGER (RTHE <, 5.k o ik HAER), WRE, it 5 TN

— B# 6.
* 5. W P < UB, il UB = P, Y#i¥ Ak YR EMM BS. KE 3.
*6. WEWMANMTHA L, R. L, RAEIFAWE, wR L EFME L.P <= UB, £ L A3, R R HEAFME
< R.P <=UB, £ R fJu A\ %|. & E 3.
* 7. HR, RENERRERMT A& BS. R BS AENTHE.
*/
/O EXRMBAT RS T) YWRETAM, ME (Fh pollO) FEsEZHBAETE, HFEEHR)
if (doubleCompare(node.node_cost, cur_best) > 0) {
continue;
} else {
/7 HEFTN A L 2] [5] [k]
record_arc = lp.find_arc(node.lp_x);
/*
System.out.println("branch variable = "
+ record_arc[0] + "-"
+ record_arc[1] + "-"
+ record_arc[2] );
*/
/R AR, 0,1 AEWE, LA IRITH
if (record_arc[0] == -1) {
/7 RS AR cur_best ¥, EHUMHE
if (doubleCompare(node.node_cost, cur_best) == -1) {
lp.cur_best = node.node_cost;
System.out.println(node.d + " cur_best:" + cur_best);
1p.best_node = node;
}
continue;
} else {// T a3k
nodel = lp.branch_left_arc(lp, node, record_arc);// 7%
node2 = lp.branch_right_arc(lp, node, record_arc);// # %
if (1p.deep == 0) {

1p.model.exportModel ("right_cut.1lp");

if (nodel !'= null
&% doubleCompare(nodel.node_cost, cur_best) <= 0) {
// fmk model WA <= cur_best, ABFAERK, FUHHARNS T URRAMNA, AR
queue.add(nodel) ;
}
if (node2 != null
&& doubleCompare(node2.node_cost, cur_best) <= 0) {
// R nodel WA <= cur_best, AMAMIR, FMRAIINENE T LA RAHNMA, Bk ELMB
queue.add(node2) ;
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10.13 5 % 2 REA VRPTW: JAVA+CPLEX FE K 2 uisei, s, sokie, Bk, Wick:, Wb

/AFRE: WEXFRELE Bound W, AR set_bound I
/¥
public void set_bound(Node node) throws IloEzception {
for (int © = 0; i < data.vertex_num; i++) {
for (int § = 0; § < data.vertez_num; j++) {
if (data.arcs[i][5] > 0.5) {
if (node.node_z[t1][j] == 0) {
// R node_zl[i][5] = 0, M (i, ) B, FrLERA 1, TRA 0
for (int k = 0; k < data.veh_num; k++) {
©l3] [§] [k].setLB(0.0);
@[] [§][k].setUB(1.0);
¥
} else if (node.node_z[i][5] == -1) {
// R node_z[1][7] = -1, N (i, 5) TEHEGF, FFULRA o, TRA 0
for (int k = 0; k < data.veh_num; k++) {
z[i][5] [k].setLB(0.0);
z[4][5][k].setUB(0.0);
¥
} else {
for (int k = 0; k < data.veh_num; k++) {
// W node_z[][5] = 1, I\ (i, 7) SSAHGHV], FrULERA 1, TRA 1
if (node.node_z_map[i][j][k] == 1) {
z[i][5][k].setLB(1.0);
z[i][5][k].setUB(1.0);
} else {
z[i] [§][k].setLB(0.0);
z[i][5][k].setUB(0.0);

}
*/
/*
public void set_boundl (Node node) throws IloEzception {
for (int © = 0; % < data.vertex_num; i++) {
for (int j = 0; j < data.vertex_num; j++) {
if (data.arcs[i][j] > 0.5) {
for (int k = 0; k < data.veh_num; k++) {
if (node.node_z_map[i][j][k] == 0) {
z[1][5][k].setLB(0.0);
z[i][j][k].setUB(1.0);
} else if (node.node_z_map[i][j][k] == -1) {
@[4][5] [k].setLB(0.0);
z[i][5][k].setUB(0.0);
} else {
z[4i][§][k].setLB(1.0);
@[4][5] [k].setUB(1.0);
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}
*/

/7 REEX
public Node branch_left_arc(BaB_VRPTW_addCut lp, Node father_node, int[] record)
throws IloException {
if (record[0] == -1) {
return null;
}

Node new_node = new Node(data);

// H 4% father_node # Il —1p ik new_node

new_node = father_node.node_copy();

o TUFHH
/T REX, BREE (1, 50 FRE#IFE

new_node.node_x[record[0]] [record[1]] = -1;

s/ MTRER, Bl oli][5]0k] KER 0
for (int k = 0; k < data.veh_num; k++) {
new_node.node_x_map[record[0]] [record[1]][k] = 0;

}

new_node.node_x_map [record[0]] [record[1]] [record[2]]=-1;
VS 53

// lp.set_bound(new_node); HWEFM cut Ff

RS

/) mmmmmmmmmmm o THEAM cut B
/) EX FEAA zli][j1[k] == 0

=

//System.out.printin(" X% A cut $E" + father_node.cuts.length);
//System.out.printin("\n Fiu left X cut ZH lp FHARANEK" + lp.model.getNrows());
/) ENRT R cuts (RETINAREHEN, 46 getEzpr BRI, ERYHIALE)

if (father_node.cuts != null) {

new_node.cuts = new IloRange[father_node.cuts.length + lp.data.veh_num];

for(int i = 0; i < father_node.cuts.length; i++) {
new_node.cuts[i] = father_node.cuts[i];
/7 REERXT AW cut IAE lp.model ¥
//1p.model.addCut (father_node.cuts[i]);
1p.model.addRange (father_node.cuts[i].getLB(), father_node.cuts[i].getExpr(),
< father_node.cuts[i].getUB());

}

/7 BH Y cuts

for(int i = father_node.cuts.length; i < new_node.cuts.length; i++) {
//new_node.cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]][%i -
< father_node.cuts.length], 0));

new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]][i - father_node.cuts.length], 0);

Yelse {
/7 WA cuts
new_node.cuts = new IloRange[lp.data.veh_num];
for(int i = 0; i < new_node.cuts.length; i++) {
//new_node.cuts[i] = lp.model.addCut (lp.model.eq(z[record[0]] [record[1]][i], 0));
new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]][i], 0);

// node_z[3][5] = 1 RFTI (i, 7) LB, node_zl[i][5] = -1 KaAfkillEl, node_zl[s][5] = 0 FF U
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System.out.println("copy M ") ;

System.out.println(" f1 cut % H");

System.out.println(" Ffn left ¥ cut ZJ5 1lp #F M4 KRN HK" + lp.model.getNrows());
/) mmmmmmmmmmmm o cut A

if(1p.deep == 0) {

1p.model.exportModel("left_cut.lp");

4

// R new_node Xt EVEEMNM, EHET lp WETRZE, 7
if (lp.model.solve()) {

KA Lp

1p.get_value();
deep++;

new_node.d = deep;

// ¥ 1p BifE copy F| new mode W, R new_node
1p.copy_lp_to_node(lp, new_node);
System.out.println(new_node.d + " left" + " " + lp.cost);

// EHE cuts

//1lp.model.clearCuts();

for(int i = 0; i < new_node.cuts.length; i++) {
1p.model.remove(new_node.cuts[i]);

}

//System.out.printin(new_node.cuts.length);

//System.out.printin(" £ X4 THGFEER K HENK" + lp.model.getNrows());
} else {

System.out.println(" 4 Z X KM LM");

for(int i = 0; i < new_node.cuts.length; i++) {

1p.model.remove(new_node.cuts[i]);

}

//System.out.printin("\n % 4 %M R JEAKA G 24 KN " + Ip.model.getNrows());

//System.out.printin("\n");

new_node.node_cost = data.big_num;
}

return new_node;

/7 BEEX
public Node branch_right_arc(BaB_VRPTW_addCut lp, Node father_node, int[] record)
throws IloException {
if (record[0] == -1) {
return null;
}
Node new_node = new Node(data);

new_node = father_node.node_copy();

/BT RER, HREE (i, ) SAMHFE
new_node.node_x[record[0]] [record[1]] = 1;

new_node.node_x_map [record[0]] [record[1]] [record[2]]=1;

/T RAEL, WkE «lid[5]lk] = 1
for (int k = 0; k < data.veh_num; k++) {
if (k == record[2]) {
new_node.node_x_map[record[0]] [record[1]] [k] = 1;

} else {

IBFERAH B, Bk R 5 A Python+Java SZH
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645 new_node.node_x_map[record[0]] [record[1]] [k] = 0;
646 }
647 }
648
649
650
651 V'S %53
652 //lp.set_bound(new_node);
653
654 [/ mmmmmmmmmmmmmmmmmom o THEAM cut B
—
655 /) EXD REARA olI[06 == 1, RAHEA 0
656 /7 &R K E
657
658 /) FHERNRF B cuts (XETUAREHIN, &4 getEzpr BRI, ERGHEALE)
659 //System. out. println ("F*xxxkkdkdrx))") ;
660 //System.out.printin(" H right X cut ZF lp FHARANH" + Ip.model.getNrows());
661 if (father_node.cuts != null) {
662 //System.out.printin(" N if");
663 new_node.cuts = new IloRange[father_node.cuts.length + lp.data.veh_num];
664 for(int i = 0; i < father_node.cuts.length; i++) {
665 new_node.cuts[i] = father_node.cuts[i];
666 /) B EH cut MMAE lp.model HF
667 //1p.model.addCut (father_node.cuts[i]);
668 1p.model.addRange (father_node.cuts[i].getLB(), father_node.cuts[i].getExpr(),

< father_node.cuts[i].getUB());

669 }
670 7/ BHH cuts
671 for(int i = father_node.cuts.length; i < new_node.cuts.length; i++) {
672 if(i - father_node.cuts.length == record[2]) {
673 //new_node.cuts[i] = lp.model.addCut (lp.model.eq(z[record[0]] [record[1]][record[2]], 1));
674 new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]] [record[2]], 1);
675 Yelse {
676 //new_node.cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]][i -
— father_node.cuts.length], 0));
677 new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]][i - father_node.cuts.length], 0);
678 ¥
679
680 }
681
682 Yelse {
683 /7 B cuts
684 //System.out.printin(" 3N else");
685 new_node.cuts = new IloRange[lp.data.veh_num];
686
687 /7 BIEFE cuts
688 for(int i = 0; i < new_node.cuts.length; i++) {
689 //System.out.printin(i);
690 if (i == record[2]) {
691 //new_node.cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]] [record[2]], 1));
692 new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]] [record[2]], 1);
693 //System.out.printin(new_node.cuts[i].toString());
694 Yelse {
695 //new_node.cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]][i], 0));
696 new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]1][i], 0);
697 //System.out.printin(new_node.cuts[i].toString());
698 ¥
699
700 }
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701 }
702 System.out.println("copy M¥");
703
704 System.out.println(" f1 cut % H");
705 System.out.println("*kkkkkkkkkkkrx'") 5
706 System.out.println(" %fm right ¥ cut /& 1lp FH A KANHK" + lp.model.getNrows());
707 /) === = cut insE
— K
708 System.out.println("lp.deep" + 1lp.deep);
709 if (1p.deep == 0) {
710 System.out.println(" §HHEA");
711 1p.model.exportModel ("right_cut.lp");
712 }
713 1p.model.solve();
714
715
716 if (1p.model.solve()) {
717 1p.get_value();
718 deep++;
719 new_node.d = deep;
720 System.out.println(new_node.d + " right: " + 1lp.cost);
721 lp.copy_lp_to_node(lp, new_node);
722
723 // W cuts
724 //1p.model.clearCuts();
725 for(int i = 0; i < new_node.cuts.length; i++) {
726 1p.model.remove(new_node.cuts[i]);
727 }
728 //System.out.printin("right X4 TMBEEA N4 RENEK" + Ip.model.getNrows());
729
730 } else {
731 System.out.println(" 4 right ZKMFELMH");
732 for(int i = 0; i < new_node.cuts.length; i++) {
733 1p.model.remove (new_node.cuts[i]);
734 }
735 //System.out.printin("right X KB TEMMEEAE 4 ENEK" + Ip.model.getNrows());
736 new_node.node_cost = data.big_num;
737 }
738 //System.out.printin(" X T ");
739 return new_node;
740 }
741
742 /7 RE|FE LTI AL
743 public int[] find_arci(double[]J[I1[] x) {
744 int record[] = new int[3];// L %4 %14
745 double cur_dif = 0;
746 double min_dif = Double.MAX_VALUE;
747 // B RBELR 0.5 L
748 for (int i = 1; i < data.vertex_num - 1; i++) {
749 for (int j = 1; j < data.vertex_num - 1; j++) {
750 if (data.arcs[il[j] > 0.5) {
751 for (int k = 0; k < data.veh_num; k++) {
752 /7 ERIER 0 H o1, MaE
753 if (is_one_zero(x[i] [j][k])) {
754 continue;
755 }
756 cur_dif = get_dif(x[i] [j][k]);
757 if (doubleCompare(cur_dif, min_dif) == -1) {
758 record[0] = ij;
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759 record[1] = j;

760 record[2] = k;

761 min_dif = cur_dif;

762 }

763 }

764 }

765 }

766 }

767 // depot

768 if (doubleCompare(min_dif, Double.MAX VALUE) == 0) {
769 for (int i = 1; i < data.vertex_num - 1; i++) {
770 if (data.arcs[0][i] > 0.5) {

771 for (int k = 0; k < data.veh_num; k++) {
772 if (is_fractional(x[0][i][k])) {

773 cur_dif = get_dif(x[0][i][k]);

774 if (doubleCompare(cur_dif, min_dif) == -1) {
775 record[0] = 0;

776 record[1] = i;

777 record[2] = k;

778 min_dif = cur_dif;

779 }

780 }

781 }

782 }

783 if (data.arcs[i] [data.vertex_num - 1] > 0.5) {
784 for (int k = 0; k < data.veh_num; k++) {
785 if (is_fractional(x[i] [data.vertex_num - 1][k])) {
786 cur_dif = get_dif(x[i] [data.vertex_num - 1][k]);
787 if (doubleCompare(cur_dif, min_dif) == -1) {
788 record[0] = ij;

789 record[1] = data.vertex_num - 1;
790 record[2] = k;

791 min_dif = cur_dif;

792 }

793 }

794 }

795 }

796 }

797 ¥

798 if (doubleCompare(min_dif, data.big num) == 1) {

799 record[0] = -1;

800 record[1] = -1;

801 record[2] = -1;

802 }

803 return record;

804 }

805

806

807 public int[] find_arc(double[][]1[] x) {

808 int record[] = new int[3];// 034 LI &

809 for (int i = 0; i < data.vertex_num; i++) {

810 for (int j = 0; j < data.vertex_num; j++) {

811 if (data.arcs[i]l[j] > 0.5) {

812 for (int k = 0; k < data.veh_num; k++) {
813 B 0 = 1, M4ks

814 if (is_one_zero(x[i][j][k])) {

815 continue;

816 }

817 // cur_dif = get_dif(z[i][5][k]);

BENAE AL BRI TS Python+Java 28 141



10.13 5 % & A VRPTW: JAVA+CPLEX BRA 2 xiscit, semmdt, sokds, Bk, Wscte, BRfbm

818 record[0] = i;

819 record[1] = j;

820 record[2] = k;

821 return record;

822 }

823 }

824 }

825 }

826 record[0] = -1;

827 record[1] = -1;

828 record[2] = -1;

829 return record;

830 }

831

832

833 public int doubleCompare(double a, double b) {
834 if (a - b > x_gap)

835 return 1;

836 if (b - a > x_gap)

837 return -1;

838 return O;

839 }

840

841 0 % 1 ZEHAINK

842 public boolean is_fractional(double v) {
843 if (v > (int) v + x_gap && v < (int) v + 1 - x_gap)
844 return true;

845 else

846 return false;

847 }

848

849 0 H#H 1

850 public boolean is_one_zero(double temp) {
851 if (doubleCompare(temp, 0) == || doubleCompare(temp, 1) == 0) {
852 return true;

853 } else {

854 return false;

855 }

856 }

857

858

859 public double get_dif (double temp) {
860 double v = (int) temp + 0.5;

861 if (v > temp) {

862 return v - temp;

863 } else {

864 return temp - V;

865 }

866 }

867

868 BN 3.26434-->3.2

869 public static double double_truncate(double v){
870 int iv = (int) v;

871 if (iv+l - v <= gap)

872 return iv+1l;

873 double dv = (v - iv) * 10;

874 int idv = (int) dv;

875 double rv = iv + idv / 10.0;

876 return rv;
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877 }

878

879 /AR EEERERE XNREFTERNTHERBEREA, 1534 ® K27 #)
880 static class IloNumVarArray {

881 int _num = 0;  // _num AR EH AL FH L DMK

882 IloNumVar[] _array = new IloNumVar[32];

883

884 /7 BTN 3R A R

885 void add(IloNumVar ivar) {

886 if (_num >= _array.length) {

887 IloNumVar[] array = new IloNumVar[2 * _array.length];
888 System.arraycopy(_array, 0, array, O, _num);
889 _array = array;

890 }

891 _array[_num++] = ivar;

892 }

893

894 IloNumVar getElement(int i) {

895 return _array[il;

896 }

897

898 IloNumVar getVar(int i) {

899 return _array[il;

900 }

901

902 int getSize() {

903 return _num; // HKEFHAE BRI Z S &
904 }

905 }

906 }
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11.1 Hax =45 s Eik XIeR, HEURL, WUKEE, BREws, Wortk, WM

73 3P EISE (Branch and Cut Algorithm) Jg 3FH 5K YK ARHE A B KoLl iR i 33
W, A R GRS Gurobi il CPLEX {4 35 (484 v HE B8 2 2y S V) S8 . %A
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11.5 Java J{Jll CPLEX e85y L WIHI5E Kk VRPTW:
JP B 5y SRR if 1 il A

11.5.1 %R
11.5.2  #FEl

11.6 Java Wil CPLEX 8oy L VIs5ik ki VRPTW
SERANRS: S

I E5ES SR Cutting Plane 2 Ji5, FATRIHE R ARSI, FEACHH, 3]
R — P SR, RITER AT /N BB tree 15717 midl, $0FIBUE RS 0.5 /Y
ziji WEATIY 3. FEAEIN k-path cuts fyd AR, FATREVIAESRE L0, MRS S, AR
i k-path cuts. fEfE—Wrsad e, JATHRZ M 5 & Cut,

AF5 ) Branch and Cut 8% H#) T Branch and Bound (#3556 10. 1155 HH)4H
I (R R BEAR T 23 A5 P e AR A AR A ] ) o ASBAREAE LU SRRl E B T
WRME, Jr RS I

o VRPTW_Branch_and_CutZ&H1] Cutting plane fJ#R7 R N4 5
o MyRandomZE JyHriml 2,

HARMZE BN 1ok, Cutting plane BT BT I SCBAIRERT, HAPIIERAL.
X SRABRACFAT R 335 AT AREATAH . 1) A«
5230 Branch and cut —fh 2 FhyiE:
1. Bf7ZH branch and bound Ffl cutting plane FJEP4);
2. branch and bound FIi# Y cutting plane FR4-H KA HIFE, (H2EHILT
cutting plane ff] callback SZH.

— ROk YE, H T ASEBONEE R AL, AU RREN, K A#ASH) branch and bound
il cutting plane FIEC A&t T ML FIFEE . BT asEm X, FEEs
RS branch and bound FYAM MG, SEEUBCNEXE. AFERTAEMA T, ARt
T—EEAS, BRI A .
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11.7 JAVA AR CPLEX £3.5 3| Hi: KM VRPTW TR BATEH,

BRANCH AND BOUND #= CUTTING PLANE bR A xipcie, semut, sk, B2k, %ok, Wbk

11.7 Java i}l CPLEX szBly L VIEIA KR iE VRPTW
SeA RS 47928 branch and bound fil cutting

plane [FIRA

11.7.1 Node 3%

Node. java

package BranchAndCut_addCut;
import java.util.ArrayList;
import ilog.concert.*;

import ilog.cplex.*;

public class Node implements Comparable{

, Bl PriorityQueue.

Data data;

int d;

double node_cost; fEl

double[][1[] 1p_x; o (z[i][5][k])

int[J (][] node_x_map; // node_z[i][j]=1 ¥, node_z_map[i][§][k]=1 3%l

< node_z_map[i] [j] [k]=0 3
int[]1[] node_x;
(i, j) 4

ArrayList<ArrayList<Integer>> node_routes;

o %

P>

ArrayList<ArrayList<Double>> node_servetimes; //

IloNumVarArray varSet;

protected IloRange[] cuts;

public Node(Data data) {
super () ;
this.data = data;
node_cost = data.big_M;
1lp_x = new double [data.vertexNum] [data.vertexNum] [data.vehicleNum];
node_x_map = new int[data.vertexNum] [data.vertexNum] [data.vehicleNum];
node_x = new int[data.vertexNum] [data.vertexNum];
node_routes = new ArrayList<ArrayList<Integer>>();

node_servetimes = new ArrayList<ArrayList<Double>>();

/**

* node H1Y

*
* XEMERT clone F i
* Computer c=new Computer("dell", "4G WTF");

* Computer cl=c.Clone();

AW A Computer

HF el

* FATF UGS System.out.printin() 7 AROSSE B0 HEAT EF 4 5K
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48
49
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55
56
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62
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64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

105

11.7 JAVA AR CPLEX %34 ¥ 13| Hik Kt VRPTW 72X B 4T5EIH
BRANCH AND BOUND #= CUTTING PLANE #4958 A xipe#, esit, Boki,

* @return new_node
*/
public Node node_copy() {
Node new_node = new Node(data);
new_node.d = d;
new_node.node_cost = node_cost;
for (int i = 0; i < 1lp_x.length; i++) {
for (int j = 0; j < 1lp_x[il.length; j++) {

new_node.lp_x[i]l [j] = 1p_x[il[j].clone();

for (int i = 0; i < node_x.length; i++) {

new_node.node_x[i] = node_x[i].clone();

for (int i = 0; i < node_x_map.length; i++) {

for (int j = 0; j < node_x_map[il.length; j++) {

new_node.node_x_map[il [j] = node_x_map[il[j].clone();

for (int i = 0; i < node_routes.size(); i++) {

new_node.node_routes.add((ArrayList<Integer>) node_routes.get(i).clone());

for (int i = 0; i < node_servetimes.size(); i++) {

new_node.node_servetimes.add((ArrayList<Double>) node_servetimes.get(i).clone());

return new_node;

VEZS

* compareTo:

* WBBAT ELAlAN R REER o B,
* ATHERS, BATRAT-NEAEN T A
*/

public int compareTo(Object o){
Node node = (Node) o;
if (node_cost < node.node_cost)
return -1;
else if (node_cost == node.node_cost)
return 0;

else

return 1;

AT

2T

2R HE A

static class IloNumVarArray {

int _num = 0; // // _num §

void add(IloNumVar ivar) {

if (_num >= _array.length) {
IloNumVar[] array = new IloNumVar[2 * _array.length];
System.arraycopy(_array, 0, array, O, _num);
_array = array;

}

_array[_num++] = ivar;
y
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106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

121

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

11.7 JAVA AR CPLEX M4 213 H: K VRPTW 75K {4
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IloNumVar getElement(int i) {

return _array[il;

IloNumVar getVar(int i) {

return _array[il;

int getSize() {

return _num; // FEHA Y4 A%

11.7.2 Check 3

Check. java

package BranchAndCut_addCut;

import java.util.ArrayList;

import ilog.concert.IloException;

VA
* Check %
*/

class Check{

double epsilon = 0.0001;
Data data = new Data();
ArrayList<ArrayList<Integer>> routes = new ArrayList<>();

ArrayList<ArrayList<Double>> servetimes = new ArrayList<>();

* @param lp: BaB_Vrptw
*/
public Check(BranchAndCut_addCut 1p) {
super();
this.data = lp.data;
this.routes = lp.routes;

this.servetimes = lp.servetimes;

/**

* double_compare

*/
public int double_compare(double v1i,double v2) {
if (vl < v2 - epsilon) {

return -1;

}

if (vi > v2 + epsilon) {
return 1;

}

return O;
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* @throws IloEzception

*/

public void fesible() throws IloException {
VEX T

if (routes.size() > data.vehicleNum) {

System.out.println("error: vecnum!!!");
System.exit(0);

}

/A AT A b

for (int k = 0; k < routes.size(); k++) {

ArrayList<Integer> route = routes.get(k);

double capacity = 0;
for (int i = 0; i < route.size(); i++) {
capacity += data.demands[route.get(i)];
}

if (capacity > data.cap) {

System.out.println("error: cap!!!");

System.exit (0);

for (int k = 0; k < routes.size(); k++) {
ArrayList<Integer> route = routes.get(k);
ArrayList<Double> servertime = servetimes.get(k);
double capacity = 0;
for (int i = 0; i < route.size()-1; i++) {
int origin = route.get(i);
int destination = route.get(i+1);
double si = servertime.get(i);
double sj = servertime.get(i+1);
if (si < data.alorigin] && si > data.blorigin]) {
System.out.println("error: servertime!");
System.exit(0);
}
if (double_compare(si + data.dist[origin] [destination],data.b[destination]) > 0) {

System.out.println(origin + ": [" + data.alorigin]

+ ","+data.blorigin]+"]"+ " "+ si);
System.out.println(destination + ": [" +

data.a[destination] + ","+data.b[destination]+"]"+ " "+ sj);
System.out.printin(data.dist [origin] [destination]);
System.out.println(destination + ":" );
System.out.println("error: forward servertime!");
System.exit (0);

}

if (double_compare(sj - data.dist[origin] [destination],data.alorigin]) < 0) {
System.out.println(origin + ": [" + data.alorigin]
+ ","+data.blorigin]+"]"+ " "+ si);

System.out.println(destination + ": [" + data.al[destination]
+ ","+data.b[destination]+"]"+ " "+ sj);

System.out.println(data.dist[origin] [destination]);

System.out.println(destination + ":" );

System.out.println("error: backward servertime!");

System.exit(0);

}

if (capacity >

data.cap) {
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System.out.println("error: capacity!!!");

System.exit(0);

11.7.3 MyRandom %%

MyRandom. java

package BranchAndCut_addCut;
import java.util.ArrayList;
import java.util.List;
import java.util.Random;

public class MyRandom {

/**

* RAE min f1 maz MEALAE K —ANTEEE [min,maz] |

5omin fﬂ mazx
* @param min
* @param mazx
* @return int
*/
public static int getRandom(int min, int max){
Random random = new Random() ;

return random.nextInt( max - min + 1 ) + min;

& min 1 maz BAALAE R count AT
* @param min
* @param mazx
* @param count
* @return int[]
*/
public static int[] getRandoms(int min, int max, int count){
int[] randoms = new int[count];

List<Integer> listRandom = new ArrayList<Integer>();

if( count > ( max - min + 1 )){
return null;

}

V¥

for(int i = min; i <= max; i++){

listRandom.add (i) ;

/7 M
for(int i = 0; i < count; i++){
int index = getRandom(0, listRandom.size()-1);
randoms [i] = listRandom.get (index) ;

listRandom.remove (index) ;

return randoms;
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public static ArrayList<ArrayList<Integer>> getRandomsList(int min, int max, int count){
ArrayList<ArrayList<Integer>> info = new ArrayList<ArrayList<Integer>>();
int[] randoms = new int[count];
ArrayList<Integer> listRandom = new ArrayList<Integer>();

ArrayList<Integer> inListRandom = new ArrayList<Integer>();

if( count > ( max - min + 1 )){
return null;

¥

VZ& ¥ X E

for(int i = min; i <= max; i++){

list

listRandom.add(i);
}
7/ WEH list

WP WA List PHR
for(int i = 0; i < count; i++){
int index = getRandom(0, listRandom.size()-1);
randoms[i] = listRandom.get (index);

listRandom.remove (index) ;

for(int i = 0; i < randoms.length; i++) {

inListRandom.add (randoms[i]) ;

info.add(inListRandom) ;

info.add(listRandom) ;

return info;

11.7.4 Data

Data. java

package BranchAndCut_addCut;

import java.io.BufferedReader;
import java.io.FileReader;

import java.util.Scanner;

IRRASH
class Data{

int vertexNum; /IR B RS n (A FOFEL A, BRE (0 F n) A

double E;
double L;
int vehicleNum;
double cap; VEX ER T

int[][] vertexs; VX

int[] demands;
int[] vehicles;
double[] a;
double[] b;
double[] s;
int[][] arcs;

double[][] dist;

double gap= le-6;

double big M = 1000003

int cutNum;
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S/ N 3.26434-->3.2
public double double_truncate(double v){
int iv = (int) v;
if (iv+l - v <= gap)
return iv+1l;
double dv = (v - iv) * 10;
int idv = (int) dv;
double rv = iv + idv / 10.0;

return rv;

public Data() {

super () ;

/BB N ot CH P EBBE AR LS K
public void Read_data(String path,Data data,int vertexnum) throws Exception{
String line = null;
String[] substr = null;
Scanner cin = new Scanner(new BufferedReader(new FileReader(path))); //iZHl L {+

for(int i =0; i < 4;i++){

line = cin.nextLine(); //i
¥
line = cin.nextLine();
line.trimQ); //REEAFHESEZH— B A, HLkL
substr = line.split(("\\s+")); //DLZ#% 4 45;
S 5 ¥

data.vertexlNum = vertexnum;

e 4 R

1 5 474

data.vehiclellum = Integer.parselnt(substr[1]);
data.cap = Integer.parselnt(substr[2]);
data.vertexs =new int[data.vertexNum] [2];
data.demands = new int[data.vertexNum];

data.vehicles = new int[data.vehicleNum];

data.a = new double[data.vertexlum]; /8¢ 8] % IF 46 A
data.b = new double[data.vertexNum]; /B 18] B 45 3K B JA]
data.s = new double[data.vertexNum]; / /B4 B ]

data.arcs = new int[data.vertexlum] [data.vertexNum];
V4

data.dist = new double[data.vertexNum] [data.vertexNum];

EXkF, FIEHKRT cost

1

>

for(int i =0; i < 4;i++){
line = cin.nextLine();
}

// B vetexnum—-1 4T3

#

for (int i = 0; i < data.vertexNum - 1; i++) {
line = cin.nextLine();
line.trim();
substr = line.split("\\s+");
data.vertexs[i] [0] = Integer.parselnt(substr[2]);
data.vertexs[i] [1] = Integer.parselnt(substr[3]);
data.demands[i] = Integer.parselnt(substr[4]);
data.ali] = Integer.parselnt(substr[5]);
data.b[i] = Integer.parselnt(substr[6]);
data.s[i] = Integer.parselnt(substr[7]);

¥

cin.close();//x Hi

SR A0SR

data.vertexs[data.vertexlNum-1] = data.vertexs[0];
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data.demands [data.vertexNum-1] = 0;
data.a[data.vertexNum-1] = data.al[0];
data.b[data.vertexNum-1] = data.b[0];
data.E = data.al[0];

data.L = data.b[0];
data.s[data.vertexlNum-1] = 0;

double minl = lel5;

double min2 = lelb;

//BE B R A

for (int i = 0; i < data.vertexNum; i++) {

for (int j = 0; j < data.vertexNum; j++) {

if (1 ==3) {
data.dist[i][j] = 0;
continue;

}

data.dist[i][j] =
Math.sqrt((data.vertexs[i] [0]-data.vertexs[j][0])

*(data.vertexs[i] [0]-data.vertexs[j]1[0])+

(data.vertexs[i] [1]-data.vertexs[j][1])
*(data.vertexs[i] [1]-data.vertexs[j1[1]));

data.dist[i] [jl=data.double_truncate(data.dist[i] [j]);

¥
data.dist[0] [data.vertexlum-1] = 0;

data.dist[data.vertexNum-1] [0]

I
o

for (int k = 0; k < data.vertexNum; k++) {
for (int i = 0; i < data.vertexNum; i++) {
for (int j = 0; j < data.vertexNum; j++) {
if (data.dist[i][j] > data.dist[i][k] + data.dist[k][j]) {

data.dist[i] [j] = data.dist[i] [k] + data.dist[k][j];

}
/RN A e
for (int i = 0; i < data.vertexNum; i++) {

for (int j = 0; j < data.vertexNum; j++) {

it (1= ) 4
data.arcs[i] [j] = 1;
}
else {
data.arcs[i] [j] = 0;
}
}
}
S
*
- BUE, BERHAHAEREEL
*/

/IR BT A B BB o & Yy SR

for (int i = 0; i < data.vertexNum; i++) {

for (int j = 0; j < data.vertexlNum; j++) {
if 1==3 {
continue;
}
if (data.alil+data.s[il+data.dist[i][j]l>data.b[j] ||

data.demands [i]+data.demands[j]>data.cap) {

data.arcs[i] [j] = 0;
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143 }

144 if (data.al[0]+data.s[i]+data.dist[0] [i]+data.dist[i] [data.vertexlium-1]>
145 data.b[data.vertexNum-1]) {

146 System.out.println("the calculating example is false");
147

148 }

149 }

150 }

151 for (int i = 1; i < data.vertexNum-1; i++) {

152 if (data.b[i] - data.dist[0][i] < min1) {

153 minl = data.b[i] - data.dist[0][i];

154 }

155 if (data.al[i] + data.s[i] + data.dist[i] [data.vertexNum-1] < min2) {
156 min2 = data.a[i] + data.s[i] + data.dist[i] [data.vertexNum-1];
157 }

158 }

159 if (data.E > minl || data.L < min2) {

160 System.out.println("Duration false!");

161 System.exit(0);//% 1k )7

162 }

163

164 SAAHEERE L 0, ntl T E Y

165 data.arcs[data.vertexlium-1] [0] = 0;

166 data.arcs[0] [data.vertexNum-1] = 1;

167 for (int i = 1; i < data.vertexNum-1; i++) {

168 data.arcs[data.vertexNum-1] [i] = 0;

169 }

170 for (int i = 1; i < data.vertexNum-1; i++) {

171 data.arcs[i] [0] = 0;

172 }

173 }

174

175 public static void printData(Data data){

176 System.out.println("vehicleNum" + "\t\t: " + data.vehicleNum);
177 System.out.println("vehicleCapacity" + "\t\t: " + data.cap);
178 for(int i = 0; i < data.vertexNum - 1; i++){ /X EJH THE
179 System.out.print(i + 1 + "\t");

180 System.out.print(data.vertexs[i] [0] + "\t");

181 System.out.print(data.vertexs[i] [1] + "\t");

182 System.out.print (data.demands[i] + "\t");

183 System.out.print(data.ali]l + "\t");

184 System.out.print(data.b[i] + "\t");

185 System.out.print(data.s[i] + "\n");

186 }

187 for(int i = 0; i < data.vertexNum - 1; i++) {

188 for(int j = 0; j < data.vertexlNum - 1; j++) {

189 System.out.print(data.dist[i] [j] + "\t");

190 }

191 System.out.println();

192 }

193

194 }

195 }
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11.7.5 BranchAndCut_addCut %

BranchAndCut_addCut. java

package BranchAndCut_addCut;

import java.util.ArrayList;
import java.util.PriorityQueue;
import ilog.concert.*;

import ilog.cplex.*;

V£Z]
* @reference: AKX
o A

* @reviseAndExtension:

g+, ELF

#y Branch and Bound ¥4k E T " HKEBEA " ANXE (Branch and Bound R FAEH K #

* @Institute: JEHAF

vetezNum %%, SHME K i A%k, &%

P 0 Frontl,

EHRBT
< Solomon i
* @date: 2018.9.5

*

S

B3t KA
public class BranchAndCut_addCut {

/

static double gap = le-6;

Data data; // ZX K Data HjXt £

Node nodet; I REEF A

Node node?2; /) R EEF R

int deep; V4 3

Node best_node;

double cur_best; Vi

int[] record_arc; // it kT ES e A% o] [5][k] & [3][5][k]
double X_gap;

IloCplex model;

double cost;

double[][][] X_map; z[i] [5] [k]

public IloNumVar[][][] x;  // zl3][5][k] XTI arcs[i][5] HEW &
public IloNumVar[][] w; E] BT AT LR s_ik, k4 25 9 [2] #y B JA]
public PriorityQueue<Node> queue; // 4 % IAF|
ArrayList<ArrayList<Integer>> routes; // A
ArrayList<ArrayList<Double>> servetimes; // FiE #yJF 44 4 i [F]

& vl ki

IloNumVarArray varSet = new IloNumVarArray();

VEZS
* BranchAndCut_addCut f

* @param data

*/

public BranchAndCut_addCut(Data data) {
this.data = data;
x_gap = data.gap;

routes = new ArrayList<>(); 7/ X

servetimes = new ArrayList<>(); // & XL %¢#
/AR A A E R, BRKEAEFHEK &
for (int k = 0; k < data.vehicleNum; k++) {

2

ArrayList<Integer> r = new ArrayList<>();
ArrayList<Double> t = new ArrayList<>();
routes.add(r);

servetimes.add(t);
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}
x_map = new double[data.vertexNum] [data.vertexNum] [data.vehicleNum];
}
/**
*
« 5 lp BRI
*/

public void clear_1p() {
data = null;
routes.clear();
servetimes.clear();

x_map = null;

/**
* ¥ 1p HEHIE node
*
* @param lp
* @param node
*/
public void copy_lp_to_node(BranchAndCut_addCut lp, Node node) {
V71

node.node_routes.clear();

% node T H %4

node.node_servetimes.clear();

// R 1p BEHEHIE copy E| node BEH
node.node_cost = lp.cost;
for (int i = 0; i < lp.x_map.length; i++) {

for (int j = 0; j < lp.x_map[i].length; j++) {

node.lp_x[i] [j] = lp.x_map[il[j].clone();

}

for (int i = 0; i < lp.routes.size(); i++) {
node.node_routes.add((ArrayList<Integer>) lp.routes.get(i).clone());

¥

for (int i = 0; i < lp.servetimes.size(); i++) {

node.node_servetimes.add((ArrayList<Double>) lp.servetimes.get(i)

.clone());

}
}
Jk*
* B BT VRPTW H cplez A
*
* X EHNV VRPTW A7
%

* @throws IloEzception
*/
private void build_model() throws IloException {
// creat model
model = new IloCplex();
// model.setOut (null); // *W CPLEX #] log f&

g

g

// model.setParam(IloCplex.DoubleParam.EpOpt, 1e-9); // % tolerance

// model.setParam(IloCplez.DoubleParam.EpGap, 1e-9); // #% & tolerance

// creat decision variables
x = new IloNumVar[data.vertexNum] [data.vertexNum] [data.vehicleNum];

w = new IloNumVar[data.vertexNum] [data.vehiclelNum]; // Z=4577 7] & b i J4]
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114 /R BREEE o fow, RELRARRERE

115 for (int i = 0; i < data.vertexlum; i++) {

116 for (int k = 0; k < data.vehicleNum; k++) {

117 /SRR, XEHTERES £ numVar XAH
118 // wlil[k] = model.numVar(data.al4], data.b[i], IloNumVarType.Float, "w" + 4
119 /7 O+ k)

120 System.out.println(data.a[i] + " ---- " + data.b[il);
121 w[il [k] = model.numVar(0, 1lel5, IloNumVarType.Float, "w" + i
122 T+ k)

123 }

124 for (int j = 0; j < data.vertexNum; j++) {

125 if (data.arcs[i][j] == 0) {

126 /7 B =g, WZAIRE

127 x[i1[j] = null;

128 } else {

129 // z_ijk

130 for (int k = 0; k < data.vehicleNum; k++) {

131 , REHRTE lp MAEA, FHWAZ numVar KA
132 x[i][j] [k] = model.numVar(O, 1, IloNumVarType.Float,
133 B A o]

134 }

135 }

136 }

137 }

138 // MmN E

139

140 IloNumExpr obj = model.numExpr();

141 for (int i = 0; i < data.vertexNum; i++) {

142 for (int j = 0; j < data.vertexlNum; j++) {

143 if (data.arcs[i][j] == 0) {

144 System.out.println("delected arc : " + i + ", " + j);
145 continue;

146 }

147 for (int k = 0; k < data.vehiclelNum; k++) {

148 obj = model.sum(obj,

149 model.prod(data.dist[i] [j], x[i][j][k]));
150 }

151 }

152 ¥

153 model.addMinimize (obj) ;

154 7/ MNAR 1

155 k& (7.1.2)

156 for (int i = 1; i < data.vertexlum - 1; i++) {

157 IloNumExpr exprl = model.numExpr();

158 for (int k = 0; k < data.vehicleNum; k++) {

159 for (int j = 1; j < data.vertexlum; j++) {

160 if (data.arcs[il[j] == 1) {

161 exprl = model.sum(exprl, x[i][j][k]);

162 }

163 }

164 }

165 model.addEq(exprl, 1);

166 }

167 7/ mMANR 2

168 7/ RkA (7.1.3)

169 for (int k = 0; k < data.vehicleNum; k++) {

170 IloNumExpr expr2 = model.numExpr();

171 for (int j = 1; j < data.vertexNum; j++) {

172 if (data.arcs[0][j] == 1) {
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expr2 = model.sum(expr2, x[0][j][k]);

}
model.addEq(expr2, 1);

f (7.1.4)
for (int k = 0; k < data.vehicleNum; k++) {
for (int j = 1; j < data.vertexNum - 1; j++) {
IloNumExpr expr3 = model.numExpr();
IloNumExpr subExprl = model.numExpr();
IloNumExpr subExpr2 = model.numExpr();
for (int i = 0; i < data.vertexNum; i++) {
if (data.arcs[i][j] == 1) {
subExprl = model.sum(subExprl, x[i][j][k]);
}
if (data.arcs[jl[i] == 1) {

subExpr2 = model.sum(subExpr2, x[j][i][k]);

}
expr3 = model.sum(subExprl, model.prod(-1, subExpr2));

model.addEq(expr3, 0);

for (int k = 0; k < data.vehicleNum; k++) {
IloNumExpr expr4 = model.numExpr();
for (int i = 0; i < data.vertexNum - 1; i++) {
if (data.arcs[i] [data.vertexNum - 1] == 1) {

exprd = model.sum(expr4, x[i] [data.vertexNum - 1][k]);

}
model.addEq(exprd, 1);

for (int k = 0; k < data.vehiclelNum; k++) {
IloNumExpr expr8 = model.numExpr();
for (int i = 1; i < data.vertexNum - 1; i++) {
IloNumExpr expr9 = model.numExpr();
for (int j = 0; j < data.vertexlNum; j++) {
if (data.arcs[il[j] == 1) {

expr9 = model.sum(expr9, x[i][j][k]);

}

expr8 = model.sum(expr8, model.prod(data.demands[i], expr9));
}
model.addLe (expr8, data.cap);

model. exportModel ("VRPTW_LP.1p");

double M = 1eb;

for (int k = 0; k < data.vehicleNum; k++) {
for (int i = 0; i < data.vertexNum; i++) {
for (int j = 0; j < data.vertexNum; j++) {
if (data.arcs[i][j] == 1) {

IloNumExpr expr5 = model.numExpr();
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232 IloNumExpr expr6 = model.numExpr();

233 expr5 = model.sum(w[i] [k], data.s[i] + data.dist[i][j]);
234 expr5 = model.sum(expr5, model.prod(-1, w[jl[k]));
235 expré = model.prod(M,

236 model.sum(1, model.prod(-1, x[il[j]1[k])));
237 model.addLe (expr5, expr6);

238 }

239 }

240 }

241 }

242

243

244 for (int k = 0; k < data.vehicleNum; k++) {

245 for (int i = 1; i < data.vertexNum - 1; i++) {

246 IloNumExpr expr7 = model.numExpr();

247 for (int j = 0; j < data.vertexNum; j++) {

248 if (data.arcs[i]l[j] == 1) {

249 expr7 = model.sum(expr7, x[i][j][k]);

250 }

251 }

252 model.addLe (model.prod(data.alil, expr7), wlil [k]);
253 model.addLe(w[i] [k], model.prod(data.b[i], expr7));
254 }

255 }

256 /) mNBR T

257 // kKA (7.1.8)

258 for (int k = 0; k < data.vehicleNum; k++) {

259 model.addLe(data.E, w[0][k]);

260 model.addlLe(data.E, wldata.vertexNum - 1][k]);

261 model.addLe(w[0] [k], data.L);

262 model.addLe(w[data.vertexlium - 1][k], data.L);

263 }

264

265 //model.ezportModel ("lp.1lp");

266 }

267

268 /Hx

269 * BRIy

270 * FREL VRPTW ML B AR A
271 *

272 * @throws IloEzception

273 */

274 public void get_value() throws IloException {

275 routes.clear();

276 servetimes.clear();

277

278 G B 4% 70 76 5 B k
279 for (int k = 0; k < data.vehicleNum; k++) {

280 ArrayList<Integer> r = new ArrayList<>();

281 ArrayList<Double> t = new ArrayList<>();

282 routes.add(r);

283 servetimes.add(t);

284 }

285 // w_map[i] [5][k], * T @il [5][k], &HTI0FHE
286 for (int i = 0; i < data.vertexNum; i++) {

287 for (int j = 0; j < data.vertexlNum; j++) {

288 for (int k = 0; k < data.vehicleNum; k++) {

289 x_mapl[il [j1[k] = 0.0; //E%&¥ «[i][5][k]
290 }
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-]

if (data.arcs[il[j] > 0.5) { // data.arcs[i][j] BUEA 0 ##& 1, 2ZHM « fu 5 24

— il
for (int k = 0; k < data.vehicleNum; k++) {

x_map[il [j] [k] = model.getValue(x[il[j1[k1); // ¥ z[i][5][k] ¥ I 2| =_map[i][5][k] F %

}
/7 AT, KB oli] [5] k] @R £ B2
for (int k = 0; k < data.vehiclelNum; k++) {
boolean terminate = true;
int i = 0;

routes.get (k) .add(0); // A 0, #f

servetimes.get(k).add(0.0);
while (terminate) {
for (int j = 0; j < data.vertexNum; j++) {
if (doubleCompare(x_map[il[jl[kl, 0) == 1) { // WwF w_map[i][5][k] > O
routes.get (k) .add(j);

servetimes.get (k) .add(model.getValue(w[j]l [k]));

i=j;
break;
}
}
if (i == data.vertexlum - 1) {
terminate = false;
}
}
routes.get (k) .set (routes.get (k) .size() - 1, 0);
¥
cost = model.getObjValue();
}
YAz
*
* 1 g
. HR— MR, B
*

* B BE AR T — M
¥ WRA a0 WAERES
Sk, R RN H

* o
*/
public BranchAndCut_addCut init(BranchAndCut_addCut lp) throws IloException {
1p.build_model();
if (lp.model.solve()) {
1p.get_value();
int aa = 0;

for (int i = 0; i < lp.routes.size(); i++) {

—  REM R

aat+;

=

}
System.out.println(" R FHEHIHLL: " + aa);

if (aa == 0) {
data.vehicleNum -= 1; 7/ WmEKRERBE 0
1p.model.clearModel(); // clearModel() % IloCplex ¥ &y — /A 77k

1p = new BranchAndCut_addCut(data);

return init(lp);

=
%, m e

if (lp.routes.get(i).size() == 2) { //WREAER 0-102 XFEW, #ZMN depot H %, F| depot LiHH, X
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348 } else {

349 data.vehicleNum -= aa; // #0&K 4 f ¢4 >0, MLREKRERBRE aa, KRERES
350 1p.model.clearModel();

351 1p = new BranchAndCut_addCut(data); // i 7 data Wiy Eam4, Hik
352 return init(lp); // ¢ ¥

353 }

354 } else {

355 data.vehicleNum += 1; // W% 1p FEEATH#, B EHEEIm—A4
356 System.out.println("vehicle number: " + data.vehiclelNum);
357 1p.model.clearModel();

358 1p = new BranchAndCut_addCut (data);

359 1p.build_model();

360 if (lp.model.solve()) {

361 1p.get_value();

362 return lp;

363 } else {

364 System.out.println("error init");

365 return null;

366 }

367 }

368 }

369

370

371

372 e

373 * branch and cut HFEH £/

374 *

375 * @param lp

376 * @throws IloEzception

377 */

378 public void branch_and_cut(BranchAndCut_addCut 1lp) throws IloException {
379 cur_best = 3000;// fili&#th b7

380 deep = 0;

381 record_arc = new int[3]; // X /NEREI YT ELE 24T 5] [k]
382 nodel = new Node(data);

383 best_node = null;

384 queue = new PriorityQueue<Node>();

385 /7 e (B

386 for (int i = 0; i < lp.routes.size(); i++) {

387 ArrayList<Integer> r = lp.routes.get(i);

388 System.out.println();

389 for (int j = 0; j < r.size(); j++) {

390 System.out.print(r.get(j) + " ");

391 }

392 }

393 System.out.println("\n\n");

394 1p.copy_lp_to_node(lp, nodel);

395

396 node2 = nodel.node_copy();

397 deep = 0;

398 nodel.d = deep;

399

400 // 8 548 nodel, HEE AT 1p MANE queue BT &

401 queue.add(nodel) ;

402 // branch and bound it#%

403 while (!queue.isEmpty()) {

404 /*

405 * remove() F1 poll() 7 ik B,
406 * KR 2 07 8 kTR R
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* BT HGBRRELHKRNFIEH, HEFNTCENER, FERTLEHEE,
*/

VZE-T1N-P%

Node node = queue.poll();

FEF AR
* o FE R MR R
* 1. BE—ANTR (W4 LB), LR UB REALFA, HF MR LR.

* 3. AWAFIRF AR, WRAZHEKE 7, FNREFRERE TR, WHEZT A0 EHFE P

— B# 6.
* 5. WR P <UB, BF UB =P, Y% AAYHHMM BS. RE 3
* 6. WEWANFHA L, R L, R WEIFRX WL, WwE L WEKME L.P <= UB, #£ L WWAWRF, W R #EAFE
— R.P<=UB, ¥ R fWAWZ|. &E 3.
* 7. R, RELFMRMET R BS. WR BS A=NUTLHE.
*/
/) EIRRBAT (WREST) YHRGTOE, Mk (BAh pot1) FiEsR#EHNETE, HFELMHR)
if (doubleCompare(node.node_cost, cur_best) > 0) {
continue;
} else {
/7 RET A LW EE 2] [5][k]
record_arc = lp.find_arc(node.lp_x);
/*
System.out.printin("branch variable = "
+ record_arc[0] + "-"
+ record_arc[1] + "-"
+ record_arc[2] );

*/

/KX EER, 0,1 AEWME, YA IRTH

if (record_arc[0] == -1) {
/7 R YR KA cur_best ¥, EHUUH
if (doubleCompare(node.node_cost, cur_best) == -1) {

1p.cur_best = node.node_cost;
System.out.println(node.d + " cur_best:" + cur_best);
1p.best_node = node;

}

continue;

} else {// T UL %

nodel = lp.branch_left_arc(lp, node, record_arc);// 7%

node2 = lp.branch_right_arc(lp, node, record_arc);// % %

if (1p.deep == 0) {

1p.model.exportModel ("right_cut.1lp");

if (nodel '= null
%% doubleCompare(nodel.node_cost, cur_best) <= 0) {
// R nodel WA <= cur_best, MiAmitk, EMBMHH RS T YR RATHOME, LM%
queue.add(nodel) ;
}
if (node2 '= null
&& doubleCompare(node2.node_cost, cur_best) <= 0) {
/7 R nodel WA <= cur_best, MyAnitk, EMHRARNS T LR RAMAME, B4 LM
queue.add (node2) ;

* 2. AR F M E — AT R AL RT] (RAER best first search, gt RH — KB E T R0 RITH

* 4. Wk P> UB, RE 3. FMHBLHFTREFREGER (NTHEE <. 5.k o ijk HAER), WRE, kit 5 T
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EJ/)

L EICHEE, BRI

/) RFTRE
/*
public void set_bound(Node node) throws IloEzception {
for (int © = 0; 4 < data.vertexNum; i++) {
for (int j = 0; j < data.vertexNum; j++) {
if (data.arcs[i][j] > 0.5) {
if (node.node_z[i1][j] == 0) {
// Rk node_z[i][5] = 0, I (i, 7) HUABIFE, A ERA 1, TRA 0
for (int k = 0; k < data.vehicleNum; k++) {
z[i1] [§][k].setLB(0.0);
@[4][5] [k].setUB(1.0);
F
} else if (node.node_z[i][5] == -1) {
// Rk node_zl[i][5] = -1, # (i, j) REHEWGF, FAERA 0, THRA 0
for (int k = 0; k < data.vehicleNum; k++) {
z[1][§][k].setLB(0.0);
x[i][§][k].setUB(0.0);
7}
} else {
for (int k = 0; k < data.vehicleNum; k++) {
// e mode_z[3][5] = 1, W (3, 70 SAMWE, FNLERA 1, TRA 1
if (node.node_x_map[i] [j][k] == 1) {
z[i][§][k].setLB(1.0);
z[i][5][k].setUB(1.0);
} else {
z[i1] [§][k].setLB(0.0);
@[3][5] [k].setUB(0.0);

F
*/
/*
public void set_boundl(Node node) throws IloException {
for (int i = 0; i < data.vertezNum; i++) {
for (int j = 0; j < data.vertezNum; j++) {
if (data.arcs[i][5] > 0.5) {
for (int k = 0; k < data.vehicleNum; k++) {
if (node.node_z_map[i][j][k] == 0) {
@[] [5] [k].setLB(0.0);
@[i] [5] [k] . setUB(1.0);
} else if (node.node_z_map[i] [j][k] == -1) {
z[3][5] [k].setLB(0.0);
@[] [5] [k].5etUB(0.0);
} else {
z[i][5][k].setLB(1.0);
z[3][5] [k].setUB(1.0);
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522 }

523 */

524

525 /Hx

526 * HERK

527 *

528 * @param lp

529 * @param father_node

530 * @param Tecord

531 * Q@return

532 * @throws IloEzception

533 */

534 public Node branch_left_arc(BranchAndCut_addCut lp, Node father_node, int[] record)

535 throws IloException {

536 if (record[0] == -1) {

537 return null;

538 }

539 Node new_node = new Node(data);

540

541 // H 4% father_node # Il —1p ik new_node

542 new_node = father_node.node_copy();

543

544 // node_z[i][j] = 1 R (i, 7) SSMBE, node_zl[3][5] = -1 KA, node_zl[i][5] = 0 FK &7 Wik A
— AT AR

545 /BT REL, BWRRE (¢, ) FHRHITHE

546 new_node.node_x[record[0]] [record[1]] = -1;

547

548 /BT RER, HWK eli] ] k] RER 0

549 for (int k = 0; k < data.vehicleNum; k++) {

550 new_node.node_x_map[record[0]] [record[1]] [k] = 0;

551 }

552 new_node.node_x_map[record[0]] [record[1]] [record[2]]=-1;

553 /) REE X

554 // lp.set_bound(new_node); HWER cut FZTXFEHIEH

555

556 [/ mmmmmmmmmmmmmmmmomo THEM cut B
— &

557 /) EX: FREAHA eli][j]k] == 0

558 7/ E AR

559

560 //System.out.printin("\n Fiu left X cut ZH lp FHARANEK" + lp.model.getNrows());

561 // FHIRA R cuts (XETURREHN, %6 getBopr BHLA, ERYFHBALE)

562

563 if (father_node.cuts != null) {

564 new_node.cuts = new IloRange[father_node.cuts.length + lp.data.vehicleNum + data.cutlum];

565 for(int i = 0; i < father_node.cuts.length; i++) {

566 new_node.cuts[i] = father_node.cuts[i];

567 /7 REERXT AW cut IAE lp.model ¥

568 //lp.model.addCut (father_node.cuts[%i]);

569 1p.model.addRange (father_node.cuts[i].getLB(), father_node.cuts[i].getExpr(),

< father_node.cuts[i].getUB());

570 }

571 // BEH W cuts(¥T bound # cuts)

572 for(int i = father_node.cuts.length; i < new_node.cuts.length - data.cutNum; i++) {

573 //new_node.cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]][i -

< father_node.cuts.length], 0));

574 new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]][i - father_node.cuts.length], 0);

575 }

576
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/7 B

IloRange[] k_path_cuts = k_path_cuts(data);

cuts(2-cys # cuts)

for(int i = new_node.cuts.length - data.cutNum; i < new_node.cuts.length; i++) {
//new_node.cuts[i] = lp.model.addCut (lp.model.eq(z[record[0]] [record[1]][%i -
< father_node.cuts.length], 0));

new_node.cuts[i] = k_path_cuts[i - (new_node.cuts.length - data.cutNum)];

Yelse {
/7 BAE Y cuts
new_node.cuts = new IloRange[lp.data.vehicleNum + data.cutlum];
for(int i = 0; i < new_node.cuts.length - data.cutNum; i++) {
//new_node.cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]][i], 0));

new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]][i], 0);

/7 B

IloRange[] k_path_cuts = k_path_cuts(data);

cuts(2-cys # cuts)

for(int i = new_node.cuts.length - data.cutNum; i < new_node.cuts.length; i++) {
//new_node.cuts[i] = lp.model.addCut (lp.model.eq(z[record[0]] [record[1]][%i -
< father_node.cuts.length], 0));
//System.out.print("i = " + 4);
//System.out.printin(" 2 = " + (i - (new_node.cuts.length - data.cutNum)));

new_node.cuts[i] = k_path_cuts[i - (new_node.cuts.length - data.cutNum)];

System.out.println("copy M ");

System.out.println(" Zfn cut £ K");
System.out.println(" jr left ¥ cut /& 1lp WH 4K/ %" + lp.model.getNrows());
/) e cut Hpnss

if(1p.deep == 0) {
lp.model.exportModel("left_cut.1lp");

/7 WRAE new_node XfRLEEHME, EHXT p HETRZE,
if (lp.model.solve()) {

1p.get_value();
deep++;
new_node.d = deep;

// ¥ 1p WifE copy F| new_node W, &

[E] new_node
1p.copy_lp_to_node(lp, new_node);

System.out.println(new_node.d + " left" + " " + lp.cost);

// I cuts

//lp.model.clearCuts();

for(int i = 0; i < new_node.cuts.length; i++) {
1p.model.remove (new_node.cuts[il);

}

//System.out.println(new_node.cuts.length);

//System.out.printin(" 7 F 4 T MR EHER H 4 KANEK" + lp.model.getNrows());
} else {

System.out.println(" 4 Z X KM EHE");

for(int i = 0; i < new_node.cuts.length; i++) {

1p.model.remove(new_node.cuts[i]);
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}
//System.out.printin("\n 7% 4 %M

IR/ + Ip.model.getNrows());
//System.out.printin("\n");
new_node.node_cost = data.big_M;

}

return new_node;

VEZ]
* Ak k_path-cuts #]

*

* @param data

* Q@return

* @throws IloExzception

*/

private IloRange[] k_path_cuts(Data data) throws IloException {
// G HE—/ IloRange X%

IloRange[] cuts = new IloRange[data.cutNum];

V4

int count = 0;

while(count < data.cutNum) {
System.out.println(" " + count + " /ME[");

R ATTREATL # 22 %

int pointSetSize = (int) (9 + Math.round(6 * Math.random()));

9-15 /N

//int selectedNodes[] = MyRandom.getRandoms (1, verteznum, pointSetSize);
ArrayList<ArrayList<Integer>> selectedNodes

= MyRandom.getRandomsList (1, data.vertexNum - 2, pointSetSize);

/S Kk (s)
double totalDemand = O;
for(int i = 0; i < pointSetSize; i++) {

totalDemand += data.demands[selectedNodes.get(0).get(i)];

int K_s = (int)Math.ceil(totalDemand/data.cap);
System.out.println("totalDemand = " + totalDemand);

System.out.println("K_s = " + K_s);

if(K_s <= 1) {

continue;

System.out.println(" Z4F#" + data.vehiclellum);
//System.out.printin(" % 1 4" + z.length);
//System.out.printin(" % 2 4" + z[0].length);
//System.out.printin(" % 3 4" + model.getValue(z[0][0][0]));

// THER cut

IloNumExpr expr = model.numExpr();

for(int i = 0; i < pointSetSize; i++) {
int indexl = selectedNodes.get(0).get(i);
//EIR B
// sum X_ij5, 1 I set W, j f set ¥

expr

for(int j = 0; j < selectedNodes.get(1).size(); j++) {
int index2 = selectedNodes.get(1).get(j);
for(int k = 0; k < data.vehicleNum; k++) {
/*
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692 System.out.print ("indez 1 = " + indexl);

693 System.out.print (" index 2 = " + index2);
694 System.out.printin(" k="+5k);

695 */

696

697 R HER
698 /7 WEEATT LA try catch kE

699 /*

700 if (zlindex1] [index2] [k] != null) {

701 expr = model.sum(expr, z[indexl][index2][k]);
702 F/

703

704 try{

705 expr = model.sum(expr, x[index1] [index2] [k]);
706 }catch(Exception e) {

707 //e.printStackTrace();

708 }

709 //System.out.printin(" "+ expr.toString());
710 }

711

712 }

713

714 }

715 System.out.println("new cut : " + K_s + " <= "+ expr.toString() + "<=" + Integer.MAX_VALUE);
716 cuts[count] = model.addRange(0, Integer.MAX VALUE);

717 cuts[count] .setLB(K_s);

718 cuts[count] .setExpr (expr) ;

719 count = count + 1;

720 System.out.println("count = " + count);

721 System.out.println("\n\n\n —4 cut 5% ¥\n\n\n");

722

723 }

724

725 return cuts;

726 }

727

728 Ve

729 * HAERL

730 *

731 * @param lp

732 * @param father_node

733 * @param record

734 * Q@return

735 * @throws IloEzception

736 */

737 public Node branch_right_arc(BranchAndCut_addCut lp, Node father_node, int[] record)
738 throws IloException {

739 if (record[0] == -1) {

740 return null;

741 }

742 Node new_node = new Node(data);

743 new_node = father_node.node_copy();

744

745 // mTREL, BWEE (3, 50 SLAMIF

746 new_node.node_x[record[0]] [record[1]] = 1;

747 new_node.node_x_map [record[0]] [record[1]] [record[2]]=1;

748

749 s/ MTRAEX, WkE olid[5]0k] = 1

750 for (int k = 0; k < data.vehiclelum; k++) {
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751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

e

773

774

775

776

T

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807
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BRANCH AND BOUND #= CUTTING PLANE W98 wiit, et ok, Bk, 0k, e
if (k == record[2]) {
new_node.node_x_map [record[0]] [record[1]] [k] = 1;
} else {
new_node.node_x_map [record[0]] [record[1]] [k] = 0;
}
}
7 BEEX
//1p.set_bound(new_node) ;
[ /K RAA KA KA KRR KRR AR AR R AR AR AR IR AR AR ARARAKARARARAIAKAIAKA A KA KA HAHAHAKAHAKAHA KK
if (father_node.cuts != null) {
//System.out.println(" H#HN if");
new_node.cuts = new IloRange[father_node.cuts.length + lp.data.vehicleNum];
for(int i = 0; i < father_node.cuts.length; i++) {
new_node.cuts[i] = father_node.cuts[i];
/) BERRT AW cut nNE] 1p.model %k
//1p.model.addCut (father_node.cuts[i]);
1p.model.addRange (father_node.cuts[i].getLB(), father_node.cuts[i].getExpr(),
< father_node.cuts[i].getUB());
}
/7 WA cuts
for(int i = father_node.cuts.length; i < new_node.cuts.length; i++) {
if(i - father_node.cuts.length == record[2]) {
//new_node.cuts[i] = lp.model.addCut (lp.model.eq(z[record[0]] [record[1]][record[2]], 1));
new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]] [record[2]], 1);
Yelse {
//new_node. cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]][i -
— father_node.cuts.length], 0));
new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]][i - father_node.cuts.length], 0);
}
}
Yelse {
/7 BmEH Y cuts
//System.out.printin(" 3N else");
new_node.cuts = new IloRange[lp.data.vehicleNum];
/7 BImFH Y cuts
for(int i = 0; i < new_node.cuts.length; i++) {
//System.out.printin(i);
if (i == record[2]) {
//new_node.cuts[i] = lp.model.addCut (lp.model.eq(z[record[0]] [record[1]] [record[2]], 1));
new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]] [record[2]], 1);
System.out.println(new_node.cuts[il.toString());
Yelse {
//new_node. cuts[i] = lp.model.addCut(lp.model.eq(z[record[0]] [record[1]][i], 0));
new_node.cuts[i] = lp.model.addEq(x[record[0]] [record[1]1][i], 0);
//System.out.printin(new_node.cuts[i].toString());
}
}
¥
System.out.println("copy K H");
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System.out.println(" fl cut % #");

System.out.println("kkkkkkkkxkkkrx'")

System.out.println(" M right ¥ cut /& lp ¥R K" + lp.model.getNrows());
/) —mmmmmmmmmm e cut AHjnE

System.out.println("lp.deep" + 1lp.deep);
if(1p.deep == 0) {
System.out.println(" § A ");
1p.model.exportModel ("right_cut.lp");
}
1p.model.solve();

if (lp.model.solve()) {
1p.get_value();
deep++;
new_node.d = deep;
System.out.println(new_node.d + " right: " + lp.cost);

1p.copy_lp_to_node(lp, new_node);

// HEHE cuts

//lp.model.clearCuts();

for(int i = 0; i < new_node.cuts.length; i++) {
1p.model.remove (new_node.cuts[i]);

}

//System.out.printin(new_node.cuts.length);

//System.out.printin(" % X4 MG HEE B 4K EK " + Llp.model.getNrows());

} else {
System.out.println(" 4 right ¥ RMLM");
for(int i = 0; i < new_node.cuts.length; i++) {

1p.model.remove(new_node.cuts[i]);
}
//System. out.printin("right 3 KT M

k" + lp.model.getNrows());
new_node.node_cost = data.big M;

}

//System.out.printin("======

return new_node;

2 x[i] [§][k]

* @param T
* Q@return
*/
public int[] find_arci(double[]J[J[] x) {
int record[] = new int[3];// P4 £ 1 4
double cur_dif = 0;
double min_dif = Double.MAX_VALUE;
/7 B REEL 0.5 Bl
for (int i = 1; i < data.vertexNum - 1; i++) {
for (int j = 1; j < data.vertexNum - 1; j++) {
if (data.arcs[il[j] > 0.5) {

for (int k = 0; k < data.vehicleNum; k++) {
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if (is_one_zero(x[i] [j][k1)) {
continue;
}
cur_dif = get_dif (x[i] [j][k]);
if (doubleCompare(cur_dif, min_dif) == -1) {
record[0] = i;
record[1] = j;
record[2] = k;

min_dif = cur_dif;

}
// depot
if (doubleCompare(min_dif, Double.MAX_VALUE) == 0) {
for (int i = 1; i < data.vertexNum - 1; i++) {
if (data.arcs[0][i] > 0.5) {
for (int k = 0; k < data.vehiclelNum; k++) {
if (is_fractional(x[0][i][k])) {
cur_dif = get_dif(x[0][i][k]);
if (doubleCompare(cur_dif, min_dif) == -1) {
record[0] = 0;
record[1] = i;
record[2] = k;

min_dif = cur_dif;

}
if (data.arcs[i] [data.vertexNum - 1] > 0.5) {
for (int k = 0; k < data.vehicleNum; k++) {
if (is_fractional(x[i] [data.vertexNum - 1][k])) {
cur_dif = get_dif(x[i] [data.vertexNum - 1][k]);
if (doubleCompare(cur_dif, min_dif) == -1) {
record[0] = i;
record[1] = data.vertexNum - 1;
record[2] = k;

min_dif = cur_dif;

}

if (doubleCompare(min_dif, data.big M) == 1) {
record[0] = -1;
record[1] = -1;

record[2] = -1;

}

return record;

REAE xli][5][K]

* @param T
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* @return
*/
public int[] find_arc(double[][1[] x) {
int record[] = new int[3];// P4 1M 4
for (int i = 0; i < data.vertexNum; i++) {
for (int j = 0; j < data.vertexNum; j++) {
if (data.arcs[il[j] > 0.5) {
for (int k = 0; k < data.vehicleNum; k++) {
/7 ERIMER 0 F o1, W4
if (is_one_zero(x[i] [j][k])) {

continue;
¥
// cur_dif = get_dif(z[i][5][k]);
record[0] = i;
record[1] = j;
record[2] = k;

return record;

¥

record[0] = -1;
record[1] = -1;
record[2] = -1;

return record;

/**
* WA double HUAH K AN
* @param a
* @param b
* Q@return
*/
public int doubleCompare(double a, double b) {
if (a - b > x_gap)
return 1;
if (b - a > x_gap)
return -1;

return 0;

* @param v

* @return
*/
public boolean is_fractional(double v) {
if (v > (int) v + x_gap &% v < (int) v + 1 - x_gap)
return true;
else

return false;

0 HHFH 1

* @param temp
* @return

*/
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public boolean is_one_zero(double temp) {
if (doubleCompare(temp, 0) == O || doubleCompare(temp, 1) == 0) {
return true;
} else {

return false;

* @param temp

* @return
*/
public double get_dif(double temp) {
double v = (int) temp + 0.5;
if (v > temp) {
return v - temp;
} else {

return temp - v;

*  H AN 3.26434-->3.2

* @param v

* Q@return

*/

public static double double_truncate(double v){
int iv = (int) v;
if(iv+l - v <= 1le-6)
return iv+1;

double dv = (v - iv) * 10;
int idv = (int) dv;

double rv = iv + idv / 10.0;

return rv;

GXANE

R R AR

static class IloNumVarArray {

;{: ﬁ % />

int _num = 0; // // _num R E

IloNumVar[] _array = new IloNumVar[32];

void add(IloNumVar ivar) {

if (_num >= _array.length) {
IloNumVar[] array = new IloNumVar[2 * _array.length];
System.arraycopy(_array, 0, array, O, _num);
_array = array;

}

_array[_num++] = ivar;

IloNumVar getElement(int i) {

return _array[il;
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IloNumVar getVar(int i) {

return _array[il;

int getSize() {

AEERATHE DN ARRE

unig

return _num; // 3

11.7.6 run_ this J&: Bikhk
R T

run_this. java

package BranchAndCut_addCut;

import java.util.ArrayList;

public class run_this {

public static void main(String[] args) throws Exception {

double gap = le-6; // HE

KA S b HF R E

BN, A 0, n+l WA

int cutNum = 5; V& =

int vertexNum = 50 + 23 /) A

double start = System.currentTimeMillis();
Data data = new Data();

data.cutNum = cutNum;

/7 BT X EFHEA vetezum , BHREETHA SN, A%

T

String path = "F:\\MyCode\\JavaCode\\Java_CPLEX_Algorithm\\src\\VRPTW_Branch_and_Cut\\c102.txt";// & | Hi4t

data.Read_data(path, data, vertexNum);

System.out.println("Read data finished!");
System.out.println(" ------ Branch and Cut ------ ")
BranchAndCut_addCut lp = new BranchAndCut_addCut(data);

double cplex_timel = System.nanoTime();

N

/7 MR R H 7 4

i 2= Al
1p = 1p.init(1lp);

System.out.println(": " + lp.data.vehicleNum);
V474

/%
77 FERAH R AE B
lp.build_model();

lp.model.solve();
lp.get_value();
*/

// branch_and_cut
System.out.println("----- # N7 branch_and_cut----—- "

System.out.println();
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1p.branch_and_cut(1lp);

Check check = new Check(lp);
check.fesible();

double cplex_time2 = System.nanoTime();

double cplex_time = (cplex_time2 - cplex_timel) / 1e9;// Kf#F

VZE ¥=:F-

System.out.println("cplex_time : " + cplex_time + " \n"
+ "bestcost : " + lp.cur_best);

if (lp.best_node.node_routes != null) {

for (int i = 0; i < lp.best_node.node_routes.size(); i++) {

ArrayList<Integer> r = lp.best_node.node_routes.get(i);
System.out.println();
for (int j = 0; j < r.size(); j++) {

System.out.print(r.get(j) + " ");

double end = System.currentTimeMillis();

System.out.println("\n\n f£/7iZ4TH [A]: " + (end - start) / 1000.0 + " #");

11.7.7  Bks X

Solomon VRPTW Benchmark C101

C101
VEHICLE
NUMBER CAPACITY
25 200
CUSTOMER
CUST NO. XCOORD. YCOORD. DEMAND  READY TIME DUE DATE SERVICE TIME
0 40 50 0 0 1236 0
1 45 68 10 912 967 90
2 45 70 30 825 870 90
3 42 66 10 65 146 90
4 42 68 10 727 782 90
5 42 65 10 15 67 90
6 40 69 20 621 702 90
7 40 66 20 170 225 90
8 38 68 20 255 324 90
9 38 70 10 534 605 90
10 35 66 10 357 410 90
11 35 69 10 448 505 90
12 25 85 20 652 721 90
13 22 75 30 30 92 90
14 22 85 10 567 620 90
15 20 80 40 384 429 90
16 20 85 40 475 528 90
17 18 75 20 99 148 90
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35
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33
32
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30
30
28
28
26
25
25
44
42
42
40
40
38
38
35
50
50
50
48
48
47
47
45
45
95
95
53
92
53
45
90

75
80
50
52
52
55
50
52
55
52
55
50
55
35
40
40
45
35
45
40
40
45
30
32
32
35
30
30
32
35
30
35
32
30
35

5
10
15

5
15

5
15

5
30
35
40
30
40
35
40
30
35
30
35
30
30
35
65
35

20
10
10
20
20
10
10
40
10
10
20
10
10
20
30
40
20
10
10
20
30
20
10
10
20
10
10
10
30
10
10
10
10
10
10
20
40
10
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40
30
10
20
10
20
50
10
10
10
10
10
10
30
20
10
10
50
20
10

179
278

10
914
812
732

65
169
622
261
546
358
449
200

31

87
751
283
665
383

567
264
166

68

16
359
541
448

1054

632

1001

815
725
912
286

95
385

35
471
651
562
531
262
171
632

76
826

12
734
916
387
293
450
478
353
997
203

254
345

73
965
883
T
144
224
701
316
593
405
504
237
100
158
816
344
716
434
522
624
321
235
149

80
412
600
509

1127

693

1066

880
786
969
347

158
436

87
534
740
629
610
317
218
693
129
875

7
s
969
456
360
505
551
412

1068

260
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90
90
90
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90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
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11.8 PYTHON A& GUROBI £34 %) A% Kt VIR Wt B A8 sk, s, Wi

7 88 30 10 574 643 90
78 88 35 20 109 170 90
79 87 30 10 668 731 90
80 85 25 10 769 820 90
81 85 35 30 47 124 90
82 75 55 20 369 420 90
83 72 55 10 265 338 90
84 70 58 20 458 523 90
85 68 60 30 555 612 90
86 66 55 10 173 238 90
87 65 55 20 85 144 90
88 65 60 30 645 708 90
89 63 58 10 737 802 90
90 60 55 10 20 84 90
91 60 60 10 836 889 90
92 67 85 20 368 441 90
93 65 85 40 475 518 90
94 65 82 10 285 336 90
95 62 80 30 196 239 90
96 60 80 10 95 156 90
97 60 85 30 561 622 90
98 58 75 20 30 84 90
99 55 80 10 743 820 90
100 55 85 20 647 726 90

11.8 Python ¥}l Gurobi 3oy YIRISHL KR
VRPTW 524014

FATHIEAL T Python AR Branch and Cut U, f145F-3h528 Branch and bound
PAK Cutting plane FJRRAFIE callback FRhl Cutting plane fRA . [RIFE, FRATIHEHER
fHEFIT 0.5 PSS & o JH740 3, TR RAL, &E I 5 % k-path Cuts.,

FATHL C101 Hrf 60 A% S A ARG, & HECH 8, XF 1 Branch and Bound
#1 Branch and Cut FSRAEFCR . W FE TR . Branch and Cut BECIREER D, IRRH

R,

VRPTW (c101-10) : Bounds update during branch and cut procedure VRPTW (c101-60) : Bounds update during branch and bound procedure

470.0 4700

469.8 469.8

IS
3

4696

— 1B
uB

— B
uB

Bounds update
3
S
Bounds update
s
8
®

Iy
3

469.2

469.0 469.0

468.8 468.8

0 10 20 30 40 50 [ 10 20 30 40 50 60 70
Iteration lteration

(a) Branch and Cut (b) Branch and Bound

Kl 11.1: Branch and Cut #= Branch and Bound 8§ UB #= LB ¥ #rkiz (C101-60)

e callback AT, HIREER, &2 S MPreCrushil BN 1, HIEH
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11.8 PYTHON A& GUROBI £34 %) A% Kt VIR Wt B A8 sk, s, Wi

model.Params.PreCrush = 1. K ~N7E Gurobi #, ZHE RN B S i%iTH) Cut, WX EHIZ

SR HTE A ST Cut Z B, 1 55T 2L7E callback pREL ] #T where 25T GRB. Callback . MIPNODE,

WA TAE BB tree BFIHTSALGRIN Cut. SR JGFATHIKAZS S AL AR TR 24 i
figé¥y, B[ FIiE/] model.cbGet (GRB.Callback.MIPNODE_STATUS) 755|i% i HsRMRIRAS, 2
JRZSHGRB. OPTIMAL ElﬂL, aﬂzﬂ‘ﬁjtﬂu%ﬁbu Cut T BUHF, St pi%k cbGetNodeRelZk
PRI RS, RIS IRIEAR T A SR AL Fimodel . _vars M Cut HZcink ik

X, G R chut%ﬁZ Cut IRINEHE . R, Kb Cut S i A &
ARSI B, BSERL T callback M3 I A 2T Cut,

N2 Python ¥ Gurobi SEHL L YIEIE KA VRPTW gAY

“Nifiz2 Python Y] Gurobi S SCUIRIS KM VRPTW SERATH o

11.8.1 Python #§H Gurobi B4y X VJ#I5 L RKE VRPTW 5200
(Branch and bound R4 T35z AR)

BnC VRPTW

#1/usr/bin/env python
# coding: utf-8

* guthor : Liu Xinglu

#
# * Institute: Tsinghua University
# * Date : 2020-7-11

#

* E-mail : hsinglul@163.com
# # Python_Call_Gurobi_Solve_VRPTW

# # Prepare Data

# _*_coding:utf-8 _*_

from __future__ import print_function
from gurobipy import *

import re

import math

import matplotlib.pyplot as plt

import numpy

import pandas as pd

import networkx as nx

import copy

import random

class Data:

def __init__(self):

self.customerNum = O
self .nodeNum =0
self.vehicleNum = 0O
self.capacity =0
self.cor_X =0
self.cor_Y =0
self.demand =0
self.serviceTime = []
self.readyTime = []
self.dueTime =0
self.disMatrix = [[1]  # LA
self.arcs ={}
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# function to read data from .tzt files

def readData(data, path, customerNum):

data.customerNum = customerNum
data.nodeNum = customerNum + 2
f = open(path, 'r')
lines = f.readlines()
count = O
# read the info
for line in lines:
count = count + 1
if(count == 5):
line = line[:-1].strip()
str = re.split(r" +", line)
data.vehicleNum = int(str[0])
data.capacity = float(str[1])
elif (count >= 10 and count <= 10 + customerNum):
line = line[:-1]
str = re.split(r" +", line)
data.cor_X.append(float(str[2]))
data.cor_Y.append(float(str[3]1))
data.demand.append(float (str[4]))
data.readyTime.append(float(str[5]))
data.dueTime.append(float (str[6]1))

data.serviceTime.append(float(str[7]))

data.cor_X.append(data.cor_X[0])
data.cor_Y.append(data.cor_Y[0])
data.demand.append(data.demand [0])
data.readyTime.append(data.readyTime[0])
data.dueTime.append(data.dueTime [0])

data.serviceTime.append(data.serviceTime[0])

# compute the distance matriz

data.disMatrix = £ [ B 2B B,

# data.disMatriz = [[0] * nodeNum] * modeNum]; iX/]* l, &

for i in range(0, data.nodeNum):
for j in range(0, data.nodeNum):
temp = (data.cor_X[i] - data.cor_X[jl)#*2 + (data.cor_Y[i] - data.cor_Y[j])**2
data.disMatrix[i] [j] = round(math.sqrt(temp), 1)
# print ("}6.2f" 7 (math.sqrt(temp)), end = " ");

temp = 0

# initialize the arc
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
if (i == j):
data.arcs[i,j]l = 0
else:
data.arcs[i,j] = 1

return data

def preprocess(data):

# preprocessing for ARCS

# BEIFA f 1
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :

i1 == §):
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data.arcs[i,j]l = 0
elif (data.readyTime[i] + data.serviceTime[i] + data.disMatrix[i][j] > data.dueTimel[j]
or data.demand[i] + data.demand[j] > data.capacity):
data.arcs[i,j] = 0
elif(data.readyTime[0] + data.serviceTime[i] + data.disMatrix[0][i] +
< data.disMatrix[i] [data.nodeNum-1] > data.dueTime[data.nodeNum-1]):
print("the calculating example is false")
else:
data.arcs[i,j] = 1
for i in range(data.nodeNum) :
data.arcs[data.nodeNum - 1, i] = 0
data.arcs[i, 0] = 0

return data

def printData(data, customerNum):
print(" T &7 # 4 \a")
print("vehicle number = %4d" % data.vehicleNum)
print("vehicle capacity = %4d" 7, data.capacity)
for i in range(len(data.demand)):
print (' {0F\t{1}\t{2}\t{3}'.format (data.demand[i], data.readyTime[i],data.dueTime[i],

< data.serviceTime[i]))

print(" JE % 4 \n")
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
#print ("Zd  Zd" X (i, 7));
print("%6.2f" % (data.disMatrix[i][j]1), end = " ")

print ()

# # Read Data

data = Data()

path = 'r101.txt'

customerNum = 30

data = Data.readData(data, path, customerNum)
data.vehicleNum = 8

Data.printData(data, customerNum)

# data = Data.preprocess(data)

# # Build Graph

A 1] A %
T 18] [

Graph = nx.DiGraph()

cnt = 0

pos_location = {}

nodes_col = {}

nodeList = []

for i in range(data.nodeNum) :
X_coor = data.cor_X[i]
Y_coor = data.cor_Y[i]
name = str(i)

nodeList.append (name)

nodes_col[name] = 'gray'
node_type = 'customer'
if(i == 0):

node_type = 'depot'
Graph.add_node (name

,ID =1

, node_type = node_type
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154 , time_window = (data.readyTime[i], data.dueTime[i])
155 , arrive_time = 10000  # X/ | 1
156 , demand = data.demand

157 , serviceTime = data.serviceTime

158 , X_coor = X_coor

159 , y_coor = Y_coor

160 , min_dis = 0

161 , previous_node = None

162 )

163

164 pos_location[name] = (X_coor, Y_coor)

165 # add edges into the graph

166 for i in range(data.nodeNum) :

167 for j in range(data.nodeNum):

168 if(i == j or (i == 0 and j == data.nodeNum - 1) or (j == 0 and i == data.nodeNum - 1)):
169 pass

170 else:

171 Graph.add_edge(str(i), str(j)

172 , travelTime = data.disMatrix[i][j]
173 , length = data.disMatrix[i][j]

174 )

175

176 nodes_col['0'] = 'red'

177 nodes_col[str(data.nodeNum-1)] = 'red'

inches

178 plt.rcParams['figure.figsize'] = (10, 10) #

179 nx.draw(Graph

180 , pos=pos_location

181 , with_labels = True

182 , node_size = 50

183 , node_color = nodes_col.values() #'y'

184 , font_size = 15

185 , font_family = 'arial'

186 # , edge_color = 'grey’ #'grey' #0b, k, m, g,
187 , edgelist = [] #edge_ list #[]

188 # , nmodelist = nodeList

189 )

190

191 fig_name = 'network_' + str(customerNum) + '_1000.jpg'

192 plt.savefig(fig_name, dpi=600)
193 plt.show()

194
195 # # Build and solve VRPTW
196 big M = 100000

197
198 # creat the model

199 model = Model('VRPTW')
200
201 # decision variables
202 x = {3

203 x_var = {}

204 s = {}

205 for i in range(data.nodeNum) :

206 for k in range(data.vehicleNum):

207 name = 's_' + str(i) + '_' + str(k)

208 s[i, k] = model.addVar(lb = data.readyTime[i] # 0 # data.readyTime[i]

209 , ub = data.dueTimel[i] # lels # data.dueTime[i]
210 , vtype = GRB.CONTINUOUS

211 , name = name

212 )
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for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):

name = 'x_' + str(i) + '_' + str(j) + '_' + str(k)

x[i, j, k] = model.addVar(lb = 0
, ub = 1
, vtype = GRB.BINARY
, name = name)

x_var[i, j, k] = model.addVar(lb = 0
, ub = 1
, vtype = GRB.CONTINUOUS

, name = name)

# Add constraints
# create the objective expression
obj = LinExpr(0)
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):
for k in range(data.vehicleNum):
obj.addTerms(data.disMatrix[i] [j1, x[i,j,k1)

#print (model.getObjective()); # /N LA4TEN ) E AR &

# add the objective function into the model
model.setObjective (obj, GRB.MINIMIZE)

# constraint (1)

(B3,

for i in range(l, data.nodeNum - 1): # it °
expr = LinExpr(0)
for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):
for k in range(data.vehicleNum):
if(i != 0 and i != data.nodeNum - 1):

expr.addTerms (1, x[i,j,k])

model.addConstr(expr == 1, "c1")

expr.clear()

# constraint (2)
for k in range(data.vehicleNum):

expr = LinExpr(0);

for i in range(l, data.nodeNum - 1):

for j in range(data.nodeNum) :
if(i != 0 and i != data.nodeNum - 1 and i != j and data.arcs[i,j] == 1):
expr.addTerms (data.demand[i], x[i,j,k])
model.addConstr(expr <= data.capacity, "c2")

expr.clear ()

# constraint (3)
for k in range(data.vehicleNum):

expr = LinExpr(0)

for j in range(l, data.nodeNum): # 44 A 4 Rk AE:

if(data.ares[0,j] == 1):
expr.addTerms (1.0, x[0,j,k])
model .addConstr(expr == 1.0, "c3")

expr.clear()

# constraint (4)
for k in range(data.vehicleNum):

for h in range(l, data.nodeNum - 1):

exprl = LinExpr(0)
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expr2 = LinExpr(0)
for i in range(data.nodeNum) :
if(h !'= i and data.arcs[i,h] == 1):

exprl.addTerms(1, x[i,h,k])

for j in range(data.nodeNum) :
if(h != j and data.arcs[h,j] == 1):
expr2.addTerms(1, x[h,j,k])

model.addConstr(exprl == expr2, "c4")
exprl.clear()

expr2.clear ()

# constraint (5)
for k in range(data.vehicleNum):
expr = LinExpr(0)

% data.nodeNum - 1, & data.nodeNum

for i in range(data.nodeNum - 1): # X/ Hy 77t
if(data.arcs[i,data.nodeNum - 1] == 1):
expr.addTerms (1, x[i,data.nodeNum - 1,k])
model.addConstr(expr == 1, "c5")

expr.clear ()

# constraint (6)
big M = 0
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :

big_M = max(data.dueTime[i] + data.disMatrix[i][j] - data.readyTime[il, big_M)

for k in range(data.vehicleNum):
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :

if(i != j and data.arcs[i,j] == 1):

model.addConstr(s[i,k] + data.disMatrix[il[j] - s[j,k] <= big .M - big M * x[i,j,k], "c6")

# model.setParam('MIPGap', 0)

model.optimize()

print ("\n\n----- optimal value----- "

print (model.ObjVal)

edge_list = []
for key in x.keys(Q):
if (x[keyl.x > 0):
print (x[key] .VarName, ' = ', x[keyl.x)
arc = (str(key[0]), str(key[1]))

edge_list.append(arc)

nodes_col['0'] = 'red'

nodes_col[str(data.nodeNum-1)] = 'red'

plt.rcParams['figure.figsize'] = (15, 15) #
nx.draw(Graph

pos=pos_location

# , with_labels = True

node_size = 50

node_color = nodes_col.values() #ly!

font_size = 15

font_family = 'arial'

# , edge_color = 'grey' #'grey' #0b, k, m, g,

edgelist = edge_list

BENAE AT, Bk R R HlsL i Python+Java SZH

183



11.8 PYTHON 8 GUROBI 3.4 % 1% ik KAt VIRBL West, 5 A e sk, wscte, brfbne

331 # , nodelist = nodeList
332 )
333 fig_name = 'network_' + str(customerNum) + '_1000.jpg’

334 plt.savefig(fig_name, dpi=600)
335 plt.show()

336
337 # # Node class

338 class Node:

339 # this class defines the node

340 def __init__(self):

341 self.local_LB = 0O

342 self.local_UB = np.inf

343 self.x_sol = {}

344 self.x_int_sol = {}

345 self.branch_var_list = []

346 self.model = None

347 self.cnt = None

348 self.is_integer = False

349 self.var_LB = {}

350 self.var_UB = {}

351

352 def deepcopy_node(node) :

353 new_node = Node()

354 new_node.local_LB = 0

355 new_node.local_UB = np.inf

356 new_node.x_sol = copy.deepcopy(node.x_sol)
357 new_node.x_int_sol = copy.deepcopy(node.x_int_sol)
358 new_node.branch_var_list = []

359 new_node.model = node.model.copy()
360 new_node.cnt = node.cnt

361 new_node.is_integer = node.is_integer
362

363 return new_node

364

365 # # Branch and Cut framework

366 def Branch_and_Cut(VRPTW_model, x_var, summary_interval):
367 Relax_VRPTW_model = VRPTW_model.relax()
368 # initialize the initial node

369 Relax_VRPTW_model.optimize ()

370 global_UB = np.inf

371 global_LB = Relax_VRPTW_model.ObjVal
372 eps = le-6

373 incumbent_node = None

374 Gap = np.inf

375 feasible_sol_cnt = 0

376

377 # initialize the cuts pool, this dict aims to store all the cuts generated during branch and bound procedure
378 Cuts_pool = {}

379 Cuts_LHS = {}

380 Cut_cnt = 0

381

382 et

383 Branch and Cut starts

384 e

385

386 # creat initial node

387 Queue = []

388 node = Node()

389 node.local_LB = global_LB
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node.local_UB = np.inf

node.model = Relax_VRPTW_model.copy ()
node.model.setParam("OutputFlag", 0)
node.cnt = 0

Queue . append (node)

cnt = 0

Global_UB_change = []

Global_LB_change = []

while (len(Queue) > O and global _UB - global LB > eps):
# select the current node
current_node = Queue.pop()

cnt += 1

# solve the current model
current_node.model.optimize ()

Solution_status = current_node.model.Status

i

OPTIMAL = 2
INFEASIBLE = 3
UNBOUNDED = 5

o

# check whether the current solution is integer and ezecute prune step
is_integer : mark whether the current solution is integer solution
Is_Pruned : mark whether the current solution is pruned

i

is_integer = True

Is_Pruned = False

if (Solution_status == 2):
for var in current_node.model.getVars():

if (var.VarName.startswith('x')):
current_node.x_sol[var.varName] = var.x
# record the branchable variable

if (abs(round(var.x, 0) - var.x) >= eps):

HRAE&

# if(round(var.z, 0) != var.z): # WEK CE N, a3

is_integer = False
# current_node.branch_var_list.append(var.VarName) # to record the candidate branch

— wariables

# print (var.VarName, ' = ', var.z)
# print ('Before z_sol :', current_node.z_sol)
# print ('Before:', current_node.model.NumConstrs)

e

Cuts Generation
i
# cut generation
temp_cut_cnt = 0
if (is_integer == False):
# generate cuts

# generate at most 5 cuts on each node

customer_set = list(range(data.nodeNum))[1:-1] # £427 /| depot X
while(temp_cut_cnt <= 5):
sample_num = random.choice(customer_set[3:])
# sample_num = 15

selected_customer_set = random.sample(customer_set, sample_num) # 4Kz /7451 [A .

# print('selected_customer_set :', selected_customer_set)
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estimated_veh_num = 0O

total_demand = O

for customer in selected_customer_set:
total_demand += data.demand[customer]

estimated_veh_num = math.ceil(total_demand / data.capacity)

current_node.model._vars = x_var
# creat cut
cut_lhs = LinExpr(0)
for key in x_var.keys():
key_org = key[0]
key_des = keyl[1]
key_vehicle = key[2]
if(key_org not in selected_customer_set and key_des in selected_customer_set):
var_name = 'x_' + str(key_org) + '_' + str(key_des) + '_' + str(key_vehicle)
# print (type(current_node.model.getVarByName (var_name)))
cut_lhs.addTerms(1, current_node.model.getVarByName(var_name))
Cut_cnt += 1
temp_cut_cnt += 1
cut_name = 'Cut_' + str(Cut_cnt)
Cuts_pool[cut_name] = current_node.model.addConstr(cut_lhs >= estimated_veh_num, name =
< cut_name)
Cuts_LHS[cut_name] = cut_lhs
# lazy update

current_node.model .update ()

Cuts Generation ends
i
# print ('After:', current_node.model.NumConstrs)
# solve the added cut model
current_node.model.optimize ()
# current_node.branch_var_list = []
current_node.z_sol = {}
# print('Status: ', current_node.model.status)
is_integer = True
if (current_node.model.status == 2):
for var in current_node.model.getVars():
if (var.VarName.startswith('x')):
current_node.x_sol[var.VarName] =

< copy.deepcopy (current_node.model.getVarByName (var.VarName) .x)

# current_node.z_sol.update({var. VarName:var.z})

# print (var. VarName, ' = **x', wvar.z)

# print (var. VarName, ' = #¥*x', current_node.z_sol[var.VarName])
# print (var. VarName, ' = ', var.z)

# record the branchable variable
# if(abs((int) (var.z) - var.z) >= eps):
if (abs(round(var.x, 0) - var.x) >= eps):

# if (round(var.z, 0) != var.z): # WRARE—R

S AR, 4

is_integer = False
current_node.branch_var_list.append(var.VarName) # to record the candidate branch
— wvariables
# print (var. VarName, ' = *#x', wvar.z)
else:

continue

# print ('branch_var_list:', current_node.branch_var_list)

print('z_sol:', current_node.z_sol)

# update the LB and UB
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if (is_integer == True):
feasible_sol_cnt += 1
# For integer solution node, update the LB and UB
current_node.is_integer = True
current_node.local_LB = current_node.model.ObjVal
current_node.local_UB = current_node.model.Dijal
# if the solution is integer, uodate the UB of global and update the incumbent
if (current_node.local_UB < global_UB):
global_UB = current_node.local_UB
incumbent_node = Node.deepcopy_node(current_node)
if (is_integer == False):
# For integer solution node, update the LB and UB also
current_node.is_integer = False
current_node.local_UB = global_UB

current_node.local_LB = current_node.model.ObjVal

PRUNE step
i

# prune by optimility

if (is_integer == True):

Is_Pruned = True

# prune by bound
if (is_integer == False and current_node.local_LB > global_UB):

Is_Pruned = True

Gap = round(100 * (global_UB - global LB) / global LB, 2)

elif (Solution_status '= 2):
# the current node is infeasible or unbound

is_integer = False

PRUNE step
e
# prune by infeasiblity

Is_Pruned = True

continue

e

BRANCH STEP
e
if (Is_Pruned == False):
# selecte the branch wvariable: choose the value which is closest to 0.5

branch_var_name = None

min_diff = 100
for var_name in current_node.branch_var_list:
if (abs(current_node.x_sol[var_name] - 0.5) < min_diff):
branch_var_name = var_name
min_diff = abs(current_node.x_sol[var_name] - 0.5)

# print('branch: ', var_name, = ', current_node.z_sol[branch_var_name])

# branch_var_name = current_node.branch_var_list[0]

# choose the wvariable cloest to 0 or 1

# min_diff = 100

# for war_name in current_node.branch_var_list:
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# diff = maz(abs(current_node.z_sol[var_name] - 1), abs(current_node.z_sol[var_name] - 0))
# if (min_diff >= diff):
# branch_var_name = wvar_name
# min_diff = diff
# branch_var_name = current_node.branch_var_list[0]
if (cnt  summary_interval == 0):
print ('Branch var name :', branch_var_name, '\t, branch var value :',
<3 current_node.x_sol[branch_var_name])
left_var_bound = (int) (current_node.x_sol[branch_var_name])
right_var_bound = (int) (current_node.x_sol[branch_var_name]) + 1
# creat two child nodes
left_node = Node.deepcopy_node(current_node)
right_node = Node.deepcopy_node(current_node)
# creat left child node
temp_var = left_node.model.getVarByName(branch_var_name)
left_node.model.addConstr(temp_var <= left_var_bound, name='branch_left_' + str(cnt))
left_node.model.setParam("OutputFlag", 0)
left_node.model.update()
cnt += 1
left_node.cnt = cnt
# creat right child node
temp_var = right_node.model.getVarByName (branch_var_name)
right_node.model.addConstr(temp_var >= right_var_bound, name='branch_right_' + str(cnt))
right_node.model.setParam("OutputFlag", 0)
right_node.model.update ()
cnt += 1
left_node.cnt = cnt
Queue . append (left_node)
Queue . append (right_node)
# update the global LB, explore all the leaf nodes
temp_global_LB = np.inf
for node in Queue:
node .model.optimize ()
if (node.model.status == 2):
if (node.model.ObjVal <= temp_global LB and node.model.ObjVal <= global_UB):
temp_global_LB = node.model.ObjVal
global LB = temp_global_LB
Global_UB_change.append(global_UB)
Global_LB_change.append(global_LB)
if(cnt % summary_interval == 0):
print ('\n\n= )
print ('Queue length :', len(Queue))
print('\n ------------ \n', cnt, ' UB = ', global_UB, ' LB = ', global_LB, '\t Gap = ', Gap, ' %',
< 'feasible_sol_cnt :', feasible_sol_cnt)
print('Cut pool size :', len(Cuts_pool))
NAME = list(Cuts_LHS.keys())[-1]
# print('last cut :', Cuts_LHS[cut_name])
print('RHS :', estimated_veh_num)
print('Cons Num :', current_node.model.NumConstrs)
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620

621

622 # all the nodes are ezplored, update the LB and UB
623 incumbent_node.model.optimize ()

624 global_UB = incumbent_node.model.0ObjVal

625 global_LB = global_UB

626 Gap = round(100 * (global_UB - global_LB) / global_ LB, 2)
627 Global_UB_change.append(global_UB)

628 Global_LB_change.append(global_LB)

629

630 print('\n\n\n\n')

631 print (' "
632 print (' Branch and Cut terminates ")
633 print (' Optimal solution found ")
634 print (' D)
635 print('\nIter cnt = ', cnt, ' \n\n')

636 print('\nFinal Gap = ', Gap, ' % \n\n')

637 # print('Optimal Solution:', incumbent_node.z_sol)
638 print(' ---- Optimal Solution ------ ")

639 for key in incumbent_node.x_sol.keys():

640 if (incumbent_node.x_sol[key] > 0):

641 print(key, ' = ', incumbent_node.x_sol[key])
642 print('\nOptimal Obj:', global_LB)

643

644 return incumbent_node, Gap, Global_UB_change, Global_LB_change
645

646

647 # # Branch and Cut Solve the IP model

648

649 incumbent_node, Gap, Global_UB_change, Global_LB_change = Branch_and_Cut(model, x_var, summary_interval = 100)
650

651 for key in incumbent_node.x_sol.keys():

652 if (incumbent_node.x_sol[key] > 0):

653 print(key, ' = ', incumbent_node.x_sol[key])

654

655

656 # # plot the results
657
658 # fig = plt.figure(1)

659 # plt. figure(figsize=(15,10))

660 font_dict = {"family":'Arial', #"Kaiti",
661 "style":"oblique",

662 "weight":"normal",

663 "color":"green",

664 "size": 20

665 }

666

667 plt.rcParams['figure.figsize']l = (12.0, 8.0) # # inches
668 plt.rcParams["font.family"] = 'Arial' #"SimHei"

669 plt.rcParams["font.size"] = 16

670 # plt.zlim(0, len(Global_LB_change) + 1000)

671
672 x_cor = range(l, len(Global_LB_change) + 1)

673 plt.plot(x_cor, Global_LB_change, label = 'LB')
674 plt.plot(x_cor, Global_UB_change, label = 'UB')
675 plt.legend()

676 plt.xlabel('Iteration', fontdict=font_dict)

677 plt.ylabel('Bounds update', fontdict=font_dict)

678 plt.title('VRPTW (c101-10) : Bounds update during branch and cut procedure \n', fontsize = 23)
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plt.savefig('BnC_Bound_updates_VRPTW_c101_60.eps"')
plt.savefig('BnC_Bound_updates_VRPTW_c101_60.pdf')

plt.show()

11.8.2 Python /il Gurobi 9815 X VJ#IF B RKE VRPTW 5 fCad:
callback I cut RIRRA

callback JAMIIT, HAZAEHHS: VRPTW () MIP B35, FHKE VRPTW
BRI, I L4 callback B Cutting_plane_callbackfEhZHUHIT . SeMEARAIT (H
BRI 5 E— N2 2 ).

BnC VRPTW callback

# Callback use callback to add cutting planes
def Cutting_plane_callback(model, where):
if (where == GRB.Callback.MIPNODE):
status = model.cbGet (GRB.Callback.MIPNODE_STATUS)
if (status == GRB.OPTIMAL):
# obtain the current solution of current node
# initialize the cuts pool, this dict aims to store all the cuts generated during branch and bound
— procedure
Cuts_pool = {}
Cuts_LHS = {}

Cut_cnt = 0

# print ('Ezecute Callback')

is_integer = False
eps = le-5
x_sol = {}

Vars = model._vars

for key in Vars.keys():

var = Vars[key]

x_sol[key] = copy.deepcopy(model.cbGetNodeRel ( var ) ) # it~ # AttributeError:
var_value = model.cbGetNodeRel ( var )
if (abs(round(var_value, 0) - var_value) >= eps):

is_integer = False

# cut generation
temp_cut_cnt = 0
if (is_integer == False):
# generate cuts
# generate at most 5 cuts on each node

customer_set = list(range(data.nodeNum))[1:-1] # 7

TH/AS depot &

while(temp_cut_cnt <= 5):
sample_num = random.choice(customer_set[3:])

sample_num = 15

P

selected_customer_set = random.sample(customer_set, sample_num) # 4F

TERAM.

', selected_customer_set)

# print ('selected_customer_set :
estimated_veh_num = O
total_demand = O
for customer in selected_customer_set:

total_demand += data.demand[customer]

estimated_veh_num = math.ceil(total_demand / data.capacity)
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# creat cut
cut_lhs = LinExpr(0)
for key in Vars.keys():
key_org = (int) (key[0])
key_des = (int) (key[1])
key_vehicle = (int) (key[2])
if (key_org not in selected_customer_set and key_des in selected_customer_set):
# var_name = 'z_' + str(key_org) + '_' + str(key_des) + '_' + str(key_vehicle)
# print (type (current_node.model. getVarByName (var_name)))
cut_lhs.addTerms(1, model._vars[key])
Cut_cnt += 1
temp_cut_cnt += 1
cut_name = 'Cut_' + str(Cut_cnt)
Cuts_pool[cut_name] = model.cbCut(cut_lhs >= estimated_veh_num)
Cuts_LHS[cut_name] = cut_lhs
print('cut_name = ', cut_name)
print('LinExpr = ', cut_lhs)

print('RHS = ', estimated_veh_num)

Cuts Generation ends

o

# Build VRPTW model
big_M = 100000

# creat the model

model = Model('VRPTW')

# decision variables

x = {}
x_var = {}
s = {}

for i in range(data.nodeNum) :
for k in range(data.vehicleNum):
name = 's_' + str(i) + '_' + str(k)
s[i, k] = model.addVar(lb = data.readyTimel[i]l # 0 # data.readyTime[i]
, ub = data.dueTime[i] # 1lel5 # data.dueTime[3]
, vtype = GRB.CONTINUQUS
, name = name
)
for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):
name = 'x_' + str(i) + '_' + str(j) + '_' + str(k)
x[i, j, k] = model.addVar(lb = 0
, ub =1
, vtype = GRB.BINARY
, name = name)
x_var[i, j, k] = model.addVar(lb = O
, ub = 1
, vtype = GRB.CONTINUOUS

, name = name)

# Add constraints

# create the objective expression
obj = LinExpr(0)

for i in range(data.nodeNum):

for j in range(data.nodeNum) :

if(i != j and data.arcs[i,j] == 1):
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for k in range(data.vehicleNum):
obj.addTerms(data.disMatrix[i] [j], x[i,j,k])
#print (model.getObjective()); # iX/NT PAATHI Y H 4R
# add the objective function into the model
model.setObjective(obj, GRB.MINIMIZE)
# constraint (1)
for i in range(l, data.nodeNum - 1): #
expr = LinExpr(0)
for j in range(data.nodeNum):
if(i != j and data.arcs[i,j] == 1):
for k in range(data.vehicleNum):
if(i != 0 and i != data.nodeNum - 1):
expr.addTerms (1, x[i,j,k])
model.addConstr(expr == 1, "c1")
expr.clear ()
# constraint (2)
for k in range(data.vehicleNum):
expr = LinExpr(0);
for i in range(l, data.nodeNum - 1):
for j in range(data.nodeNum) :
if(i !'= 0 and i != data.nodeNum - 1 and i != j and data.arcs[i,j] == 1):
expr.addTerms (data.demand[i], x[i,j,k])
model.addConstr (expr <= data.capacity, "c2")
expr.clear ()
# constraint (3)
for k in range(data.vehicleNum):
expr = LinExpr(0)
for j in range(l, data.nodeNum): # 44 VN=E)
if(data.arcs[0,j] == 1):
expr.addTerms (1.0, x[0,j,k])
model.addConstr(expr == 1.0, "c3")
expr.clear ()
# constraint (4)
for k in range(data.vehicleNum):
for h in range(l, data.nodeNum - 1):
exprl = LinExpr(0)
expr2 = LinExpr(0)
for i in range(data.nodeNum) :
if(h != i and data.arcs[i,h] == 1):
exprl.addTerms (1, x[i,h,k])
for j in range(data.nodeNum) :
if(h != j and data.arcs[h,j] == 1):
expr2.addTerms (1, x[h,j,k])
model.addConstr(exprl == expr2, "c4")
exprl.clear()
expr2.clear ()
# constraint (5)
for k in range(data.vehicleNum):
expr = LinExpr(0)
for i in range(data.nodeNum - 1): # X/ H % data.nodeNum - 1, & data.nodeNum
if (data.arcs[i,data.nodeNum - 1] == 1):
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expr.addTerms (1, x[i,data.nodeNum - 1,k])
model.addConstr(expr == 1, "c5")

expr.clear ()

# constraint (6)
big M = 0
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :

big_M = max(data.dueTime[i] + data.disMatrix[i][j] - data.readyTime[il, big_M)

for k in range(data.vehicleNum):
for i in range(data.nodeNum) :
for j in range(data.nodeNum) :
if(i != j and data.arcs[i,j] == 1):

model.addConstr(s[i,k] + data.disMatrix[i][j] - s[j,k] <= big M - big M * x[i,j,k], "c6")

model._vars = x
model.Params.PreCrush = 1 # You must turn this parameter on when you are using callbacks to add your own cuts.

# model.Params.CliqueCuts = 0

model.setParam('CliqueCuts’, 0)
model.setParam('CoverCuts', 0)
model.setParam('FlowCoverCuts', 0)
model.setParam('FlowPathCuts', 0)
model.setParam('GUBCoverCuts', 0)
model.setParam('ImpliedCuts’', 0)
model.setParam('InfProofCuts', 0)
model.setParam('MIPSepCuts’, 0)
model.setParam( 'MIRCuts', 0)
model.setParam('ModKCuts', 0)
model.setParam('NetworkCuts', 0)
model.setParam('ProjImpliedCuts’, 0)
model.setParam('RelazLiftCuts’, 0)
model.setParam('RLTCuts', 0)
model.setParam('StrongCGCuts', 0)

model.setParam('SubMIPCuts', 0)

W OH O OR OB OB W R OR W OR W W OH W W™ B

model.setParam('ZeroHal fCuts', 0)

model.setParam('Cuts', 0) # Global cut aggressiveness setting. Use value 0 to shut off cuts,

model.update ()

model .optimize(Cutting_plane_callback)

11.9 Java JiJii] CPLEX 5284y X UJdEad: kg CVRP: b
PR PR IR i il AR

AN EATFEME S Branch and Cut {1973 4h—FhJrik: BT RMFRFLHERY callback B
B XA A 2T B O 968 Branch and Bound AR, (8 THFSE AT 20K
SrERTEWME Cut b, I HSEHHRER S .

FATPA Capacitated Vehicle Routing Problem (CVRP) i, FNZ4hE4E callback [
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AR FL R AR T B S F Y Cutting Plane AYTELH A48 0L BR IE 3

11.9.1 CVRP [k A g

11.9.2  HPFfh

11.9.3 Java il CPLEX S8y % Vs kiR CVRP 528y

N2 Java il CPLEX SEBLI) SCUTRIS 0K CVRP S8 AURS .

lo,

Instance 3%

Instance. java

package VRP;

import java.io.BufferedReader;
import java.io.File;

import java.io.FileInputStream;
import java.io.InputStreamReader;
import java.util.ArrayList;

import java.util.List;

public class Instance {

private int line_location=0;

private int nodeNum = O;

private int car_num;

private int capacity;

private ArrayList<Node> nodelList = new ArrayList<Node>();

private double [][]distance;

public void initInstance(File filename) {
try {

InputStreamReader read = new InputStreamReader(new FileInputStream(filename));

BufferedReader br = new BufferedReader(read);

String lineTxt = "";

while ((lineTxt = br.readLine()) != null) {

this.line_location += 1;

if (this.line_location == 2) {
this.car_num = Integer.parselnt(lineTxt.substring(lineTxt.index0f ("trucks") + 8,

< lineTxt.index0f (", Optimal value")));

}

else if(this.line_location == 4) {

this.nodeNum =Integer.parselnt(lineTxt.split(" ")[2]);
}

else if(this.line_location == 6) {

this.capacity=Integer.parselnt (lineTxt.split(" ")[2]);

else if(this.line_location >= 8 && this.line_location < 8 + this.nodelNum) {
Node node0 = new Node();
node0.setIndex(Integer.parselnt(lineTxt.split (" ") [1]1));
node0.setX(Double.parseDouble(lineTxt.split (" ") [2]));
node0.setY(Double.parseDouble(lineTxt.split (" ") [3]));

this.nodelList.add(node0) ;

}
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else if(this.line_location >= 9 + this.nodeNum && this.line_location < 9 + 2 * this.nodeNum){
this.nodeList.get(this.line_location -9 -
s this.nodelNum) .setDemand (Double.parseDouble(lineTxt.split(" ") [11));
}

}

read.close();

calDistance(this.nodelList);

}catch (Exception e) {

e.printStackTrace();

public void calDistance(List<Node> nodeList) {
this.distance = new double[nodeNum] [nodeNum] ;
for(int i = 0; i < nodeNum; i++) {
for(int j = 0; j < nodeNum; j++) {

this.distance[i] [j] = Math.round(10*Math.sqrt((nodeList.get(i).getX()-nodeList.get(j).getX())
*(nodeList.get (i).getX()-nodeList.get(j).getX())+(nodeList.get (i) .get¥ ()
-nodeList.get (j).getY())+*(nodeList.get (i).getY()-nodeList.get(j).get¥())))
/10.0;

public int getNodeNum() {

return nodelNum;

public int getCar_num() {

return car_num;

public List<Node> getNodeList() {

return nodelist;

public int getCapacity() {

return capacity;

public double[][] getDistance() {

return distance;

Node 2k

Node. java

package VRP;

public class Node {
private int index;
private double x;
private double y;

private double demand;
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public double getDemand() {
return demand;

}

public void setDemand(double demand) {
this.demand = demand;

}

public double getX() {
return x;

}

public void setX(double x) {
this.x = x3

}

public double getY() {
return y;

}

public void setY(double y) {
this.y = y;

}

public int getIndex() {
return index;

}

public void setIndex(int index) {

this.index = index;

CVRP 2%

CVRP. java

package VRP;

import java.io.File;

import ilog.concert.IloException;

public class CVRP {
public static void main(String[] args) throws IloException {

long startTime = System.nanoTime();

String pathname='"dataset/A-n32-k5.txt";

File filename = new File(pathname);

Instance instance = new Instance();
instance.initInstance(filename) ;
BranchCutAlgo algo = new BranchCutAlgo();

algo.buildModel (instance.getNodeNum(), instance.getDistance(), instance.getCar_num(),instance);

long endTime = System.nanoTime();

System.out.println("\nduration time = "+(endTime - startTime)/1000000000.0+"s");
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Cut %

Cut.java

package VRP;

import java.util.ArrayList;

import ilog.concert.IloNumExpr;

public class Cut {

ArrayList<IloNumExpr> cuts;

ArrayList<Integer>right;

public ArrayList<IloNumExpr> getLhsExprs() {
return cuts;

}

public void setLhsExprs(ArrayList<IloNumExpr> cuts) {
this.cuts = cuts;

}

public ArrayList<Integer> getRight() {
return right;

}

public void setRight(ArrayList<Integer> right) {

this.right = right;

BranchCutAlgo 3k

BranchCutAlgo. java

package VRP;

import java.util.ArrayList;
import java.util.Arrays;

import java.util.List;

import ilog.concert.*;

import ilog.cplex.IloCplex;

public class BranchCutAlgo {

public static int pointtoedge(int i, int j, int nCus) {
if(i==j) {
return -1;
}
else if(i>j) {
int temp=i;
i=j;
j=temp;
¥

return nCus*i - i*(i + 1) / 2 + (j - i - 1);

public static boolean isCustomerInSet(int num, ArrayList<Integer> S) {
for (int i = 0; i < S.size(); i++) {
if (S.get (i)==num) {

return true;
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}

return false;

public static int identifyMaxWeightCustomer (ArrayList<Integer> superVertex, double[] xSol, boolean[] cusLabels,
< int nCus) {
double maxWeight=0;

int customer = -1;

for(int j=1; j < nCus;j++) {

// filter customer that has checked

if (!cusLabels[j1){
continue;

}

//find maz weight

double weight=0;

for(int i=0;i<superVertex.size();i++) {
weight+=xSol [pointtoedge (superVertex.get (i), j, nCus)];

}

if (weight > maxWeight){
customer = j;

maxWeight = weight;

}

return customer;

public static Cut makecuts(IloNumVar[] x, double[] xSol, int nCus, IloModeler ilcplex, Instance instance)
< throws IloException {

ArrayList<Integer>superVertex = new ArrayList<Integer>();

ArraylList<Integer>right = new ArrayList<Integer>();

Cut cut =new Cut();

ArrayList<IloNumExpr> cutLhs = new ArrayList<IloNumExpr>();

// for each customer
boolean[] cusLabels = new boolean[nCus];

Arrays.fill(cusLabels,true);

while (true)
{
// find the open edge with the highest weight
int iMax=-1, jMax=-1;
double wMax = 0.001; // a very small positive real;
for (int i = 1; i < nCus; i++)
{
for (int j = i + 1; j < nCus; j++)
{
if (cusLabels[i] == false || cusLabels[j] == false) // exclude the closed customers

continue;

double weight = xSol[pointtoedge(i, j, nCus)];
if (weight > wMax )
{

iMax = i;

jMax = j;

break;
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86 // if mo positive edge is found, the whole procedure ends.

87 if (iMax == -1 && jMax == -1)

88 {

89 break;

90 }

91

92 // merge two customers iMaz and jMaz as a super vertex;

93 superVertex.clear();

94 superVertex.add(iMax) ;

95 superVertex.add (jMax) ;

96 // mark the two customers as closed

97 cusLabels[iMax] = false;

98 cusLabels[jMax] = false;

99

100 // while there is any open vertez

101 while (true)

102 {

103 // find the customer from all open customers with mazimum weight with SV;
104 int cus = identifyMaxWeightCustomer (superVertex, xSol, cusLabels, nCus);
105 if (cus != -1)

106 {

107 //label cus as closed;

108 cusLabels[cus] = false;

109 // merge SV and cus as a supervertex

110 superVertex.add(cus);

111 }

112 else

113 {

114 break; // from while(true)

115 }

116 }

117 //check if superVertex wiolates the capacity constraint, if yes, use it to generate a constraint;
118 double lhs = 0, rhs = 0;

119

120 IloLinearNumExpr lhsExpr=ilcplex.linearNumExpr();

121 for (int i = 0; i < superVertex.size(); i++)

122 {

123 for (int j = 1; j < nCus; j++)

124 {

125 if (isCustomerInSet(j,superVertex))

126 continue;

127 lhs += xSol[pointtoedge (superVertex.get (i), j, nCus)];

128 lhsExpr.addTern(1, x[pointtoedge(superVertex.get(i), j, nCus)]);
129

130 }

131 lhs += xSol[pointtoedge(superVertex.get(i), 0, nCus)];

132 lhsExpr.addTerm(1, x[pointtoedge(superVertex.get(i), 0, nCus)]);
133 rhs += instance.getNodeList().get (superVertex.get(i)).getDemand();
134 }

135 rhs = 2+Math.ceil(rhs/instance.getCapacity()); // round up

136

137 if (lhs < rhs) //violated

138 {

139 cutLhs.add (1hsExpr) ;

140 right.add((int)rhs);

141 }

142 //check if superVertexz violates the wvolume constraint, if yes, use it to gemerate a constraint;
143 }

144 cut.setLhsExprs(cutLhs);
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145 cut.setRight (right);

146

147 return cut;

148 }

149

150 public void buildModel(int nodeNum, double[][] distance, int car_num, Instance instance) throws IloException {
151 IloCplex ilcplex =new IloCplex();

152 IloNumVar[] x;

153

154 //variables

155 int variable_num=nodeNum* (nodeNum-1)/2;

156 x = new IloNumVar[variable_num];

157 //set range

158 for(int i = 0; i < variable_num; i ++) {

159 if (i < nodeNum - 1){

160 x[i]=ilcplex.intVar(0,2);

161 }

162 else {

163 x[i]=ilcplex.intVar(0,1);

164 }

165 }

166

167 //objective

168 double[] OneDimensionDistance=new double[variable_num];
169 for(int i=0;i<nodeNum;i++) {

170 for(int j=i+1;j<nodeNum;j++) {

171 OneDimensionDistance[pointtoedge(i, j, nodeNum)]=distance[i][j];
172 }

173 }

174 IloLinearNumExpr obj=ilcplex.linearNumExpr();

175 obj.addTerms (OneDimensionDistance, x);

176 ilcplex.addMinimize (obj);

177

178 //constraints

179 for(int i=0;i<nodeNum;i++) {

180 IloLinearNumExpr left=ilcplex.linearNumExpr();

181 for(int j = i + 1; j < nodeNum; j ++) {

182 left.addTerm(1, x[pointtoedge(i, j, nodeNum)l); //edges from i
183 }

184 for(int j =i - 1; j >=0; j --) {

185 left.addTerm(1l, x[pointtoedge(j, i, nodeNum)]); //edges to %
186 }

187 if (i==0) {

188 ilcplex.addLe(left, 2*car_num);//% i N K
189 }

190 else {

191 ilcplex.addEq(left, 2);//7 i MK

192 }

193 }

194 ilcplex.exportModel ("CVRPModel.1lp");

195

196 //callback

197 ilcplex.use(new Callback(x,ilcplex,nodeNum,instance));

198 ilcplex.use(new LazyCallback(x,ilcplex,nodeNum,instance));
199

200 if (ilcplex.solve()) {

201 System.out.println("The objective value is:" + ilcplex.getObjValue());
202 double[] xVal = ilcplex.getValues(x);

203
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ArrayList<Integer> S = new ArraylList<>(); //Prevent an edge from being searched repeatedly
for (int i = 1; i < nodeNum; i++) {
if (!isCustomerInSet(i, S) && xVal[pointtoedge(0, i, nodeNum)] > 1 - 1e-3) {
System.out.print ("[0-" + i);
int currNode = ij;
S.add(currNode) ;
boolean flag = true;
while (flag) {
flag = false;
for (int j = 1; j < nodeNum; j++) {
if (!isCustomerInSet(j, S) && Math.abs(xVal[pointtoedge(currNode, j, nodeNum)] - 1) <
— le-3) {
System.out.print("-" + j);
currNode = j;
S.add (currNode) ;
flag = true;

break;

}

System.out.println("-0]");

public static class Callback extends IloCplex.UserCutCallback{

Cut cut;

ArrayList<IloNumExpr> cutLhs;

ArrayList<Integer> cutRhs;

IloNumVar[] x;

IloCplex ilcplex;

int nCus;

Instance instance;

Callback(IloNumVar[] x0,IloCplex ilcplex0O,int nCusO,Instance instance0){
x=x0;
ilcplex=ilcplex0;
nCus=nCus0;

instance=instanceO;

public void main() throws IloException{
double[] xSol = getValues(x);
/IR cut

cut = makecuts(x, xSol, nCus, ilcplex, instance);

cutLhs = cut.getLhsExprs();
cutRhs= cut.getRight();
for(int i = 0; i< cutLhs.size(); i++) {

addLocal (ilcplex.ge(cutLhs.get (i), cutRhs.get(i)));

public static class LazyCallback extends IloCplex.LazyConstraintCallback {
Cut cut;

ArrayList<IloNumExpr> cutLhs;

ArrayList<Integer> cutRhs;

IBFERAH B, Bk R 5 A Python+Java 528 201



262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283

284

TR W N

[N BN

20

21

22

23

24

25

26

27

28

29

11.9 JAVA AR CPLEX 3% 2% Hik KR CVRP:stf) sl it Fmm ona vz

IloNumVar[] x;
IloCplex ilcplex;
int nCus;

Instance instance;

LazyCallback(IloNumVar[] x0,IloCplex ilcplex0,int nCusO,Instance

x=x0;
ilcplex=ilcplexO;
nCus=nCus0;

instance=instance0;

public void main() throws IloException{
double[] xSol = getValues(x);
cut = makecuts(x, xSol, nCus, ilcplex, instance);
cutLhs = cut.getLhsExprs();
cutRhs= cut.getRight();
for(int i = 0; i< cutLhs.size(); i++) {

add(ilcplex.ge(cutLhs.get (i), cutRhs.get(i)));

AT B
TR KB B A-n32-k5. txt.,

A-n32-k5.txt

NAME : A-n32-k5
COMMENT : (Augerat et al, Min no of trucks: 5, Optimal value: 784)
TYPE : CVRP
DIMENSION : 32
EDGE_WEIGHT_TYPE : EUC_2D
CAPACITY : 100
NODE_COORD_SECTION
18276

96 44

50 5

49 8

13 7

2

3

4

5

6 29 89
7 58 30

8 84 39

9 14 24

10 2 39

11 3 82

12 5 10

13 98 52
14 84 25
15 61 59
16 1 65

17 88 51
18 91 2

19 19 32
20 93 3

21 50 93
22 98 14
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42
43
44
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23 5 42
24 42 9
25 61 62
26 9 97
27 80 55
28 57 69
29 23 15
30 20 70
31 85 60
32 98 5
DEMAND_SECTION

19
21

19

12
16

© 0 N o o s~ W N
~

-
o

16

-
=

8

i
[N

14

-
w

21

-
'S

16
15 3
16 22
17 18
18 19
19 1
20 24
21 8
22 12
23 4
24 8
25 24
26 24
27 2
28 20
29 15
30 2
31 14
329
DEPOT_SECTION
1
-1

EOF

HMnzfr Eid A, 455RaF.

Result

The objective value is:786.7
[0-6-3-2-23-4-11-28-14-0]
[0-12-1-16-30-0]
[0-18-8-9-22-15-29-10-25-5-20-0]
[0-21-31-19-17-13-7-26-0]
[0-24-27-0]
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8 duration time = 16.0399973s
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121 AR XIeR, HEURL, WUKEE, BREws, Wortk, WM

Lagrangian Relaxation (KK 1 HAASE) 2/ E# T3 0035, W00 VR AE i T 0L 0k
i#i %5 Branch and Bound., Branch and Cut., Branch and Price Z2Ec &, — % o &
RO LAY Upper Bound ((5) 53 Lower Bound ("F4t), PAIIPREANEL. AEHA]
YN (Optimality) FIFAH (Relaxation) A EHIE, RIS TEM /44 Lagrangian
Relaxation fJERE . DhfCRAFNAURG SE . AT RER 2 WA 225 3 SCHk 55 2
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12.7 Python JiH] Gurobi JHURKS W H R gt hit- iz fay )&

12.7.1  HEReWI HARSS IR B Behit-iaki il
12.7.2 Python fURSS:BL: A 1

FTHJE Python Tl Gurobi SEBLAM I HAAMREEKAR LTP ByseHefCrs.
AT S% R RRHE I EE TR A Github EATFRIRTD . 7B, AfE%
ST T BN,

B JR A U

ReadData

from __future__ import division, print_function

from gurobipy import *
import copy

import pandas as pd

class Data:

facilityNumLimit = 0

customerNum = O

supply = []

demand = []

travelCost = []

def __init__(self):
# initialize data
self.facilityNumLimit = O
self.customerNum = O
self.supply = []
self.demand = []

self.travelCost = []

import re
def readData(data, filename):
f = open(filename, 'r')
lines = f.readlines()
cnt = 0
for line in lines:
cnt += 1
if(ent == 1):
data.facilityNumLimit = int(line)
if(ent == 2):
data.customerNum = int(line)

if(ent == 3):

line = line[:-1] # *4
array = re.split(r" +", line)
for i in range(data.customerNum) :
data.supply.append(float (array[il))
if(ent == 4):

line = line[:-1] # %%

array = re.split(r" +", line)

for i in range(data.customerNum) :

! Github 4#4%: https://github.com/wujianjack/optimizationmodels/tree/master/gurobi,
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data.demand.append(float (array[il))
if(cnt >= 5 and cnt <= data.customerNum + 4):
line = line[:-1] # EBRHEATH
array = re.split(r" +", line)
temp_cost = []
for j in range(data.customerNum):
temp_cost.append(float (array[j]))
data.travelCost.append(temp_cost)

return data

PR LB

def creatModel(data, var_x, var_y, relaxedCons):

try:

creatModel

LTP_model = Model('Location Transport Problem')

# close output log

LTP_model.setParam("OutputFlag", 0)

# creat Location Transport Problem model
for i in range(data.customerNum) :
var_x_temp = []

for j in range(data.customerNum) :

var_x_temp.append (LTP_model.addVar(lb = 0.0, ub = data.demand[j], obj = 0.0, vtype = GRB.INTEGER))

var_x.append(var_x_temp)

for i in range(data.customerNum) :

var_y.append (LTP_model .addVar(lb = 0.0, ub = 1.0, obj = 0.0, vtype = GRB.BINARY))
y-app J yp

# logic constraints
for i in range(data.customerNum):
LTP_model.addConstr (quicksum(var_x[i] [j]

— var_yl[il)

# logic constraints

for j in range(data.customerNum)) <= data.supplyl[i] *

LTP_model.addConstr(quicksum(var_y[i] for i in range(data.customerNum)) <= data.facilityNumLimit)

# meet the customer's demand constraints

for j in range(data.customerNum):

relaxedCons.append (LTP_model.addConstr (quicksum(var_x[i]l[j] for i in range(data.customerNum)) >=

< data.demand[j]))

LTP_model .setObjective (quicksum(var_x[i] [j] * data.travelCost[il[j] for i in range(data.customerNum) for j

< in range(data.customerNum)), GRB.MINIMIZE)

# update model if necessary

LTP_model .update ()

return LTP_model, var_x, var_y, relaxedCons

except GurobiError as e:

print ('Error code' + str(e.errmo) + ': ' + str(e))

except AttributeError as e:

print ('Encountered an attribute error: ' + str(e))append(temp_cost)
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subGradient

def subGradientSolve(data, LTP_model, var_x, var_y, relaxedCons, maxIter, noChangeCntLimit, LBlog, UBlog,thetaLog,

—

stepSizeLog) :

# set parameters of Lagrangian Relazation algorithm
noChangeCnt = 0
squareSum = 0.0

stepSize = 0.0

theta = 2.0
LB = 0.0
UB = 0.0

Lag_multiplier = [0.0] #* data.customerNum

slack = [0.0] * data.customerNum

# initial lower bound LB (via LP relazation)
LB = relazUB(LTP_model)

LTP_model_copy = LTP_model.copy ()

relaxed_LTP_model = LTP_model_copy.relax()

relaxed_LTP_model.optimize ()

LB = relaxed_LTP_model.objval

print('LB:', LB)

# initial UB (via sum all maz travelCost)
for i in range(data.customerNum) :
UB += max(data.travelCost[i])

print('UB:', UB)

# temporary linear ezpression
obj_totalTravelCost = quicksum(var_x[i][j] #* data.travelCost[i][j] for i in range(data.customerNum) for j in

< range(data.customerNum))

# indidate that whether the current model is lagrangian relazation version

isModelLagrangianRelaxed = False

# main 'Lagrangian Relazation' loop
for iter in range(maxIter):
# solve lower bound
if (isModelLagrangianRelaxed == False):

isModelLagrangianRelaxed = True

relaxedConsNum = len(relaxedCons)
for i in range(relaxedConsNum) :
LTP_model.remove (relaxedCons[i])

relaxedCons = []

# lagrangian relazation term : E:Jc(ilﬂf(dj A'E:IC[)JQj>
obj_lagrangian_relaxed_term = quicksum(Lag_multiplier[j] * (data.demand[j] -
quicksum(var_x[i] [j] for i in range(data.customerNum)))

for j in range(data.customerNum))

# lagrangian relazation objective : E:veL)E:;e('C

ii +Xjec ki (dj — Xiep ®ij)

LTP_model.setObjective(obj_totalTravelCost + obj_lagrangian_relaxed_term, GRB.MINIMIZE)

# solve relazed model and obtain lower bound
LTP_model .update ()

LTP_model.optimize ()

print ('LTP_model.objval:', LTP_model.objval)
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# calculate slacks for each relazed constraints by the solution x
for j in range(data.customerNum):
# slacks for each relazed constraints : E:fe[)I7J —dj
slack[j] = sum(var_x[i][j].x for i in range(data.customerNum)) - data.demand[j]
print (slack)
# update lower bound if there has any improvement
if (LTP_model.objval > LB + le-6):
LB = LTP_model.objval
noChangeCnt = 0
else:

noChangeCnt += 1

# update scale theta if theta does not change for a number of iterations(noChangeCntLimit)
if (noChangeCnt == noChangeCntLimit):
theta = theta / 2.0

noChangeCnt = 0

# calculate '2-norm’'
squareSum = sum(slack[i]**2.0 for i in range(data.customerNum))
# if(squareSum == 0):

# squareSum = 1

# update step size
stepSize = theta * (UB - LTP_model.objval) / squareSum

# update lagrangian multipliers with update equations
for i in range(data.customerNum):
if (Lag_multiplier[i] > stepSize * slack[i]):
Lag_multiplier[i] = Lag_multiplier[i] - stepSize * slackl[il
else:

Lag_multiplier[i] = 0.0

# get an upper bound of original model

i

we relaxz the demand constraints, thus the relazed model may select more facility so that the supply
will ecxceed the demand

i

selected_facility_supply = sum(data.supply[i] * var_y[i].x for i in range(data.customerNum))

demand_sum_all = sum(data.demand)

print('selected_facility_supply = ', selected_facility_supply)
print('demand_sum_all = ', demand_sum_all)
if (selected_facility_supply - demand_sum_all >= le-6):

isModelLagrangianRelaxed = False

# add relazed constraints into LTP model and fiz y, so that the model is easy to solve
# this LTP model is same as the original model
# but with fized y
# in lagrangian relazation version, we relax these constraints
# in this version, we add them back, aiming to obtain an UB
for j in range(data.customerNum) :
relaxedCons.append (LTP_model.addConstr (quicksum(var_x[i] [j]

for i in range(data.customerNum)) >= data.demand[j]))

# retrieve solution from LB model and fiz it

r

fiz facility location variable and get an upper bound of original model

fiz the value of y (via revise the lb and ub)
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r

for i in range(data.customerNum) :
var_y[i]l.1lb = var_y[i].x

var_y[i].ub = var_y[il.x

LTP_model,setUbjective(obj_totalTravelCost, GRB.MINIMIZE)

# solve the revised model with fized y and get an upper bound
LTP_model .update ()

LTP_model.optimize ()

# update UB
UB = min(UB, LTP_model.objval)

# reset the facility location variable y's bound to 0-1
for i in range(data.customerNum) :
var_y[i].1b = 0.0

var_y[i].ub = 1.0

LTP_model .update ()

# update 'LBlog', 'UBlog', 'stepSizelog', 'thetalog'
LBlog.append(LB)

UBlog.append (UB)

stepSizeLog.append(stepSize)

thetaLog.append (theta)

# report the information
print("\n  -—----——--——--- Iteration log information -------------- \n")

print(" Iter LB UB theta stepSize")

for i in range(len(LBlog)):
print (" %3d %h12.6f %h12.6f %8.6f %8.6£" \
% (i, LBloglil, UBlogl[il, thetaLogl[il, stepSizeLoglil))

LEXUEEEN

Location Transport Problem & fif% =

8

30

19 13 20 18 23 25 22 28 18 16 17 14 22 13 18 20 15 23 25 19 18 19 22 22 21 19 17 21 15 25

4 i 2 7 9 9 3 9 5 2 4 1 9 3 1 7 5 9 2 4 9 6 5 4 5 6 8 9 5 6

0 61 35 35 83 16 11 58 28 34 43 18 48 30 68 15 27 53 26 32 13 41 54 36 51 68
— 29 20 49 48

61 0 96 88 29 77 50 92 57 75 48 47 76 32 77 74 34 75 87 68 70 38 8 87 71 82
— 39 78 104 106

35 96 0 18 88 21 45 72 58 B3 65 49 51 66 93 22 61 76 14 40 33 76 88 43 76 91
— 64 17 43 33

3 83 18 0 87 27 42 84 62 62 51 42 33 62 100 20 55 85 26 25 39 76 81 55 83 100
— 63 16 59 51

53 29 88 87 0 67 45 66 37 54 62 47 85 26 49 68 35 48 77 73 BT 14 27 67 44 54
— 24 73 85 90

16 77 21 27 67 0 27 57 36 34 55 32 51 46 73 10 43 57 10 37 12 54 69 29 57 73
— 43 12 38 34

11 50 45 42 45 27 0 64 29 40 35 8 46 20 68 24 16 55 37 31 23 35 43 44 52 69
— 22 29 60 59

58 92 72 84 66 57 64 0 37 24 99 72 106 65 31 67 72 19 60 90 47 54 87 30 23 26
— 56 69 38 49

28 57 58 62 37 36 29 37 0 18 62 36 74 28 40 41 34 26 45 59 24 23 51 30 24 41
— 19 46 48 54
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34 75 53 62 54 34 40 24 18 [¢] 75 48 81 45 41 43 50 24 39 66 23 40 69 15 24 39
— 37 46 32 39
43 48 65 51 62 55 35 99 62 75 0 27 29 39 99 46 30 88 63 27 57 59 41 79 85 101
—> 48 49 92 89
18 a7 49 42 47 32 8 72 36 48 27 0 40 21 74 27 13 62 42 27 31 39 39 52 60 77
— 26 31 67 65
48 76 51 33 85 51 46 106 74 81 29 40 0 60 114 41 51 100 55 15 59 79 69 80 98 115
— 66 40 89 82
30 32 66 62 26 46 20 65 28 45 39 21 60 0 60 44 10 51 56 48 38 19 25 55 48 63
— 10 49 72 74
68 7 93 100 49 73 68 31 40 41 929 74 114 60 0 80 69 17 79 99 61 42 75 53 17 6
«— 51 85 67 77
15 74 22 20 68 10 24 67 41 43 46 27 41 44 80 0o 39 65 17 26 20 56 66 39 63 80
— 44 5 48 43
27 34 61 55 35 43 16 72 34 50 30 13 51 10 69 39 0 59 53 39 38 29 27 58 56 72
— 18 44 74 74
53 75 786 85 48 57 55 19 26 24 88 62 100 51 17 65 59 0 63 85 45 37 70 37 4 15
— 42 69 51 60
26 87 14 26 77 10 37 60 45 39 63 42 55 56 79 17 53 63 0 42 21 64 80 30 63 78
— B3 15 34 27
32 68 40 26 73 37 31 90 59 66 27 27 15 48 99 26 39 85 42 0 44 65 61 65 83 100
— 52 27 75 69
13 70 33 39 57 12 23 47 24 23 57 31 59 38 61 20 38 45 21 44 0 44 63 22 44 61
— 34 24 36 36
41 38 76 76 14 54 35 54 23 40 59 39 79 19 42 56 29 37 64 65 44 0 34 53 33 46
— 13 61 71 76
54 8 88 81 27 69 43 87 51 69 41 39 69 25 75 66 27 70 80 61 63 34 0 80 67 79
— 32 71 97 99
36 87 43 56 67 29 44 30 30 15 79 52 80 55 53 39 58 37 30 65 22 53 80 0 38 51
— 48 41 18 25
51 71 76 83 44 57 52 23 24 24 85 60 98 48 17 63 56 4 63 83 44 33 67 38 0 17
— 38 68 53 62
68 82 91 100 54 73 69 26 41 39 101 7 115 63 6 80 72 15 78 100 61 46 79 51 17 0
— 54 84 63 73
29 39 64 63 24 43 22 56 19 37 48 26 66 10 51 44 18 42 53 52 34 13 32 48 38 54
— 0 49 66 69
20 78 17 16 73 12 29 69 46 46 49 31 40 49 85 5 44 69 15 27 24 61 71 41 68 84
— 49 0 48 42
49 104 43 59 85 38 60 38 48 32 92 67 89 72 67 48 74 51 34 75 36 71 97 18 53 63
— 66 48 0 12
48 106 33 51 90 34 59 49 54 39 89 65 82 74 7 43 74 60 27 69 36 76 99 25 62 73
— 69 42 12 0

=, {FBEHI S location_transport_instance.txt Hi:
o B ATH TR R L
o BITATAE AL
o HZATH 30 MR (Fis O s ) RHEY &
b %m jg 30 /\g):‘n\\ ‘ki?
o 4 5-34 A NIE SN HE Vi € D,Vj € O,
LEXUHIRY
test instance
data = Data()
data = readData(data, 'location_transport_instance.txt')
# initialize parameters
maxIter = 200
noChangeCntLimit = 5
stepSizelog = []
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thetalog = []
LBlog = []
UBlog = [1

var_x = []
var_y = []
relaxedCons = [1  # relazed constraints

LTP_model, var_x, var_y, relaxedCons = creatModel(data, var_x, var_y, relaxedCons)

subGradientSolve(data, LTP_model, var_x, var_y, relaxedCons, maxIter, noChangeCntLimit, LBlog, UBlog,thetalog,

< stepSizeLog)

IBATASRIT
test instance
[Out]:

Iter LB UB theta stepSize
8 1084.122883 2684.000000 1.000000 1.259523
9 1084.122883 2684.000000 1.000000 0.679221
10 1093.244186 2684.000000 1.000000 2.367196
11 1093.244186 2684.000000 1.000000 1.279174
12 1093.244186 2684.000000 1.000000 0.622132
13 1258.238295 2684.000000 1.000000 1.087538
20 1317.915751 2684.000000 0.500000 1.112446
21 1317.9156751 2684.000000 0.500000 1.062753
22 1317.915751 2684.000000 0.500000 0.296870
23 1465.210699 1592.000000 0.500000 2.199981
24 1465.210699 1592.000000 0.500000 0.191505
25 1465.210699 1592.000000 0.500000 0.150506
177 1547.479347 1592.000000 0.000244 0.000111
178 1547.479347 1592.000000 0.000244 0.000069
179 1547.479347 1592.000000 0.000244 0.000061
180 16547.479347 1592.000000 0.000244 0.000101
181 1547.479347 1592.000000 0.000122 0.000049
182 1547.480336 1592.000000 0.000122 0.000062
193 1547.481684 1592.000000 0.000122 0.000051
194 1547.481684 1592.000000 0.000122 0.000049
195 1547.481941 1592.000000 0.000122 0.000020
196 1547.482079 1592.000000 0.000122 0.000057
197 1547.482079 1592.000000 0.000122 0.000055
198 1547.482171 1592.000000 0.000122 0.000042
199 1547.482171 1592.000000 0.000122 0.000019

12.7.3 Python fChgz8: A 2
XA HRAR B RS R AZ R B2 38 TR EAE Github b A TR A ) JE AR
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locationtransport.py

from __future__ import division, print_function

import gurobipy as GRBPY

class LocationTransport:
def __init__(self, name=None):
# initialize data
self.buildlimit = O
self.ncites = 0
self.supply = []
self.demand = []

self.shipcost = []

# initialize parameters
self.iterlimit = 100
self.samelimit = 3
self.steplog = []
self.scalelog = []
self.xLBlog = []
self.xUBlog = []

if name is not None:
self.name = name
else:

self.name = "demo"

self.vship = []
self.vbuild = []

self.crelax = []

def read(self, filename):
with open(filename, "r") as data:
self.buildlimit = int(data.readline())

self.ncites = int(data.readline())

column = data.readline().split()
for i in range(self.ncites):

self.supply.append(float(column[il))

column = data.readline().split()
for i in range(self.ncites):

self.demand.append(float(column[il))

for i in range(self.ncites):
column = data.readline().split()
1shipcost = []
for j in range(self.ncites):
lshipcost.append(float(column[j]))

self.shipcost.append(lshipcost)

def build(self):
try:

self.mtrans = GRBPY.Model(self.name)

# discard output information

locationtransport.py
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self .mtrans.setParam("OutputFlag", 0)

# construct model
for i in range(self.ncites):
shipvar = []
for j in range(self.ncites):
shipvar.append(self.mtrans.addVar(0.0, self.demand[j], 0.0, GRBPY.GRB.INTEGER))

self.vship.append(shipvar)

for i in range(self.ncites):

self.vbuild.append(self.mtrans.addVar(0.0, 1.0, 0.0, GRBPY.GRB.BINARY))

for i in range(self.ncites):
self .mtrans.addConstr (GRBPY.quicksum(self.vship[i] [j] for j in range(self.ncites)) \

<= self.supply[i] * self.vbuild[il)

self .mtrans.addConstr (GRBPY.quicksum(self.vbuild[i] for i in range(self.ncites)) \

<= self.buildlimit)

for j in range(self.ncites):
self.crelax.append(self.mtrans.addConstr (GRBPY.quicksum(self.vship[i]l[j] \
for i in range(self.ncites)) \

>= self.demand[j]1))

self .mtrans.setObjective (GRBPY.quicksum(self.vship[il[j] * self.shipcost[il[j] \
for i in range(self.ncites) \

for j in range(self.ncites)), GRBPY.GRB.MINIMIZE)

# update is necessary

self .mtrans.update ()
except GRBPY.GurobiError as e:

print ('Error code' + str(e.errno) + ': ' + str(e))
except AttributeError as e:

print ('Encountered an attribute error: ' + str(e))

def solve(self):
# 'Lagrangian Relazation' parameters
same = 0
norm = 0.0
step = 0.0
scale = 1.0
xLB = 0.0
xUB = 0.0
xlambda = [0.0] * self.ncites

slack = [0.0] = self.ncites

# build model

self.build()

# initial 'zLB’'

xLB = self.relaxUB(self.mtrans)

# initial 'zUB'
for i in range(self.ncites):

xUB += max(self.shipcost[i])

# temporary linear expression

obj_shipcost = GRBPY.quicksum(self.vship[i] [j] * self.shipcost[i][j] \

for i in range(self.ncites) \
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116 for j in range(self.ncites))

117

118 # sentinel flag

119 lbmodel = 0O

120

121 # main 'Lagrangian Relazation' loop

122 for iter in range(self.iterlimit):

123 # solve lower bound

124 if lbmodel == 0:

125 lbmodel = 1

126

127 lenrelax = len(self.crelax)

128 for i in range(lenrelax):

129 self.mtrans.remove(self.crelax[i])

130 self.crelax = []

131

132 obj_lagrangian = GRBPY.quicksum(xlambda[j] * (self.demand[j] - \
133 GRBPY.quicksum(self.vship[i] [j] for i in range(self.ncites))) \
134 for j in range(self.ncites))
135 self .mtrans.setObjective (obj_shipcost + obj_lagrangian, GRBPY.GRB.MINIMIZE)
136

137 # 'LB' model

138 self .mtrans.optimize()

139

140 # calculate 'slack’

141 for j in range(self.ncites):

142 slack[j] = sum(self.vship[i][j].x for i in range(self.ncites)) - self.demand[j]
143

144 # improve lower bound

145 if self.mtrans.objval > xLB + le-6:

146 xLB = self.mtrans.objval

147 same = 0

148 else:

149 same += 1

150

151 # update 'scale' if mo improvement in 'samelimit' iteration
152 if same == self.samelimit:

153 scale /= 2.0

154 same = 0

155

156 # calculate 'norm'

157 norm = sum(slack[i]*#2.0 for i in range(self.ncites))

158

159 # update 'step'’

160 step = scale * (xUB - self.mtrans.objval) / norm

161

162 # update 'lambda'

163 for i in range(self.ncites):

164 if xlambda[i]l > step * slack[il:

165 xlambda[i] -= step * slack[i]

166 else:

167 xlambda[i] = 0.0

168

169 # solve upper bound

170 sumsbval = sum(self.supply[i] * self.vbuild[i].x for i in range(self.ncites))
171 sumdemand = sum(self.demand)

172

173 if sumsbval - sumdemand >= le-6:

174 lbmodel = O
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for j in range(self.ncites):
self.crelax.append(self.mtrans.addConstr (GRBPY.quicksum(self.vship[i][j] \

for i in range(self.ncites)) >= self.demand[j1))

# retrieve solution from LB model and fiz it

for i in range(self.ncites):
self.vbuild[i].1lb = self.vbuild[il.x
self.vbuild[i].ub = self.vbuild[il.x

self .mtrans.setObjective(obj_shipcost, GRBPY.GRB.MINIMIZE)

self.mtrans.optimize()

xUB = min(xUB, self.mtrans.objval)

# reset to initial bound

for i in range(self.ncites):
self.vbuild[i]l.1b = 0.0
self.vbuild[i].ub = 1.0

# update 'zLBlog', 'zUBlog', 'steplog', 'scalelog'
self.xLBlog.append (xLB)

self.xUBlog.append (xUB)

self.steplog.append(step)

self.scalelog.append(scale)

def relaxUB(self, mtrans):

mrelax = mtrans.relax()

mrelax.optimize()

return mrelax.objval

def report(self):
print ("\n *%k Summary Report ¥k \n")

print(" Iter LB UB scale step")

for i in range(len(self.xLBlog)):
print(" %3d  %12.6f  %12.6f  %8.6f  %8.6f" \
% (i, self.xLBloglil, self.xUBlogl[il, self.scalelog[i], self.steploglil))

if __name__ == "__main__":
loctrans = LocationTransport()
loctrans.read("loctrans.dat")
loctrans.solve()

loctrans.report ()
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13.1 AH AP A RHF X XISekE, RESUML, SUKAR, EREk, WOCH:, BRiFE

Column Generation Algorithm (514 B ) &R G BRG] b — A~ 65 5 K R i
BYE B Gilmore A1 Gomory T 1961 4E7EHF5E N #HEA (Cutting Stock Problem) [
SCEHE R ( ), HEARFHE Simplex Algorithm /€2
H PR AR AR B LA ] . Column Generation 45 5 2 BiE T /445219 Branch
and Bound , I8 2 J5 = 1R E A4 1) Dantzig-Wolfe Decomposition(DW 43 fif5a1E) 2HA
M, BIFTIE R Branch and Price(4) 3@ ) - AFERA TR T /124 Column Generation
Algorithm,

13.1 M2 A1 R
13.2  FHHR)E
13.3 Al poR i T RHR ) S BE

13.3.1 Python I} Gurobi SZBLHIA: pRR AR T kR Bl 5 il
13.3.2 Python i}l Gurobi SZBLAIA: KRR FRHRLE R BIRH (BAN T4
O RNIGR A i)
13.3.3 Python ]l Gurobi SZBLAIA:RERIE FRHE: A 3
13.3.4 Java | CPLEX SzBLHIA: R AR FRHAE : 5 i SCR s Bl i
ii
Java ] CPLEX 2CH! Column Generation 3Rf# Cutting Stock Problem ¥ CPLEX

AL E T SO R AR, FEBE, FRATXHN AR AL
T2 e AT .

Data 1k

Data. java

package ColumnGeneration_Hsinglu;

import java.io.BufferedReader;
import java.io.FileNotFoundException;

import java.io.FileReader;

public class Data {
double rollwidth;
double[] size;

double[] amount;

public static Data readData(String path) throws Exception{
Data data = new Data();

BufferedReader br = new BufferedReader(new FileReader(path));

String line;
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int count = 1;
while((line = br.readLine()) != null){
// line.trim();

if (count == 1){
String[] str = line.split("\\s+");
//System.out.printin(Integer.parseInt (str[0]));
data.rollwidth = Integer.parselnt(str[0]);
count += 1;
continue;

Yelse if (count == 2){
String[] str = line.split("\\s+");
data.size = new double[str.length];
for(int i = 0; i < str.length; i++){

data.size[i] = Integer.parselnt(str[i]);

}
count += 1;
continue;

Yelse if (count == 3){
String[] str = line.split("\\s+");
data.amount = new double[str.length];
for(int i = 0; i < str.length; i++){

data.amount [i] = Integer.parselnt(str[i]);

}

continue;

}
br.close();

return data;

public static void printData(Data data){

System.out.println("rollwidth:\t" + data.rollwidth);

System.out.print("size:\t\t");

for(int i = 0; i < data.size.length; i++){
System.out.print(data.size[i] + "\t");

¥

System.out.print ("\namount:\t\t");

for(int i = 0; i < data.amount.length; i++){
System.out.print(data.amount [i] + "\t");

¥

System.out.println();

Cutstock %

Cutstock. java

package ColumnGeneration_Hsinglu;

SRk
* Qauthor: Hsinglu Liu
* @School: Tsinghua University

* 0 BV BB HH X4, KA cutstockl 1 cutstock2 W/EM,

* cutstockl K BT CPLEX12.6 Wi [ F
* cutstock2 ¥ & F CPLEX12.8 JiA th M F

* SRR CPLEX & JF X4

*/
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import ilog.concert.IloColumn;

import ilog.concert.IloCopyManager;
import ilog.concert.IloCopyable;

import ilog.concert.IloException;

import ilog.concert.IloNumExpr;

import ilog.concert.IloNumVar;

import ilog.concert.IloNumVarType;

import ilog.concert.IloObjective;

import ilog.concert.IloRange;

import ilog.concert.IloCopyManager.Check;

import ilog.cplex.IloCplex;

public class Cutstock {

/RN E
static double eps = 1.0e-6;

/7 5 XA B
static double rollwidth; /7 K

static double[] size;

static double[] amount;

/7 A SR T

7/ ERE A

Data data = Data.readData(path);
rollwidth = data.rollwidth;

size = data.size;

amount = data.amount;

data.printData(data);

Gl# Cplex HAX %

public static void main(String[] args) throws Exception {

String path = "E:\\MyCode\\JavaCode\\JavaCallCplex\\"

+ "src\\ColumnGeneration_Hsinglu\\cutstock.txt";

17
3,5,9
25,20,15

IloCplex masterProblem = new IloCplex();

An objective function is defined by an objective expression

// =========== # T masterProblem W] H Ax &

/*

* Interface IloObjective: E—Ago

* IloObjective:

* and an optimization sense.
*

R IloModeler THyJ7 ik —-———-——--

* R EEEA [

* IloObjective addMinimize ()

*

* IloObjective addMinimize (java. lang.String name)
*

*

*

*

*/

IloObjective RollsUsed = masterProblem.addMinimize();

]
Creates and returns an empty minimization objective

function and adds it to the invoking model.

Creates and returns an empty minimization objective
function with the specified name and adds the

empty objective to the invoking model.
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* BT ERLE AR, THFES RN EETARKER RO RS H =K

*

*

*

min z =zl + z2 + z3
5xz1 >= 25 (3-ft MER)
3*z2 >= 20 (5-ft WMER)
z3 >= 15 (9-ft BFER)

HTARMANER— R, WRRTR—E, FHkT R AN 7 RN K
X B IloRange X /MO (%)
Interface IloRange
This is the interface for modeling objects representing
ranged constraints of the format: b <= expr <= ubd.
*% 1b and ub are double wvalues, referred to as the
lLower bound and upper bound of the ranged constraint,
and expr is an expression. Values +- infinity can be used
as bounds. This allows you to use IloRange objects to represent

more commonly used constraints:

## for expr == rhs, set lb = ub = rhs
## for expr <= rhs, set lb = -infinity and ub = rhs

## for expr >= rhs, set lb = rhs and ub = infinity

/7S R O ik

IloModeler.addRange (double, IloNumEzpr, double): Bl 1b <= expr <= ub
IloModeler.addEq (IloNumEzpr, double) : Bl expr = rhs
IloModeler.addGe (IloNumEzpr, double) : Bl expr >= rhs
IloModeler.addLe (IloNumEzpr, double) : Bl expr <= rhs

PR IloCplex 2 W iJik:

BREERE | Fik4 | ik

IloRange addCut (IloRange cut): Adds the constraint cut as a cut to the
invoking IloCplex object.

IloRange[]  addCuts(IloRange[] cut): Adds the constraints given in cut as

cuts to the invoking IloCplex object.

/== THHENF AR IloModeler T #Jf i —————-—-----—---
REEER | FEAL | 7
IloRange addRange (double 1b, IloNumEzpr expr, double ub): // YT —/—4#H4

** Creates and returns an instance of IloRange initialized to
represent the constraint lb <= expr <= ub and added to

the invoking instance of IloModeler.

IloRange[]  addRange(double lb, IloNumEzpr expr, double ub, java.lang.String name): // % F Z4H4l

**Creates and returns an instance of IloRange initialized to
represent the constraint lb <= expr <= ub and added to the

invoking instance of IloModeler.

BEMEEE I k4 | ik
IloRange addRange (double 1b, double ub): Creates, returns, and adds to the

invoking model an empty IloRange object.

ITloRange  addRange(double lb, double ub, java.lang.String name):
Creates, returns, and adds to the invoking model
an empty IloRange object with the specified name

and upper and lower bounds.
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*
*/
IloRange[] Fill = new IloRangel[data.amount.lengthl; // & 40X i T 4754 IloRang KA M4, Hsh2 3 M4,
— MR 34T
for(int £ = 0; f < amount.length; f++){
/*
* THZ% i IloRange # L TR, ERAZZZEHX L
* PR — A2 H) IloRange X%, HH¥HEMWANE IloCplex HA F %
* addRange 77 x40 B H R E —1 IloRange LU, H¥HAANZF masterProblem F %, YUK
*/
Fill[f] = masterProblem.addRange (amount[f], Double.MAX_VALUE); // 25 <= Fill[f] <= inf

/*

* ZEA-AMRBRREH A, AT AR AT EN IR STMH, 2 HFR KRB oo

* BRAEAHEMLEL Y, RNEBLETKENEA, Linii:

* IloNumVar[][] S = new IloNumVar[instance.nodeNum] [instance.vehicleNum];

* Bk, ATERKEZUHFR, RNFELX-NEK, XEAHSKEARLERZH /.

* ANKRAL: IloNumVardrray (SR MEATPULRE)

* IloNumVardrray ¥ T 2RA THFT AWM ARZERE - MRETEUGHAEE . XS AT A HashiMap %K iE L

*/
int nWidth = size.length;

IloNumVarArray Cut = new IloNumVarArray();

/7 FIER, ERBAEAER, REE NS TR, REFEEITR0H LKA
/7 TEEEREGRENAEE F N 3 5, U RAER AL
for(int i = 0; i < nWidth; i++){

/%
* mmmmmm e Interface IloMPModeler Ty JUANH il 7 i ————-—-—-
* REEEE I k4
RS
* IloColumn column(IloObjective obj, double wval)
* Creates an IloColumn object suitable for adding a new
* variable to the objective obj as a linear term with
* coefficient wval.
* IloColumn column (IloRange rng, double val)
* Creates an IloColumn object suitable for adding a new
* variable to constraint Tng as a linear term with
* coefficient wval.
*
*
#*  —————m—m———— o Class IloColumn W% Jfl 7 ik -————-————————---——
* REEEE I Tk I ##
* IloColumn and (IloColumn column) Links two column objects.
*
#*  —————m—mm————— Interface IloMPModeler % Jl J j——--——--——-———-———-
* REEEE I Tk I ##
* IloNumVar numVar(IloColumn column, double lb, double ub)
* Creates a continuous modeling variable, of type
* Float with upper bound and lower bound as
* specified, for column-wise modeling.
*

* IloNumVar numVar (IloColumn column, double lb, double ub, IloNumVarType type)

* Creates and returns a new modeling variable
* for column-wise modeling.
*/
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XpekE, FREML WUKFR, BURiA

L ESCHE, BRI

IloColumn col_1 = masterProblem.column(RollsUsed, 1.0);  // HAip@ 4 d a7 4

IloColumn col_2 = masterProblem.column(Fill[i], Math.floor(rollwidth/sizel[il)); // & i %

IloColumn col = col_1.and(col_2); // #f i —74|

/7 REET RS A KE E
IloNumVar ivar = masterProblem.numVar(col, O, Double.lMAX_VALUE);

Cut.add(ivar); // X—F RRICH N FIE B AR T EHNE] cut IANEHE, FEMAKBER

}

masterProblem.solve();

/) ===== WHFE A (pattern generation problem) ============

IloCplex subProblem = new IloCplex();

// RIEETE R B AR 3

/*

* FlE|fE; min @ 1 - (1/5)*a3 - (1/3)%a5 - a9 (X/Ngt*f . Reduced Cost)
*/

IloObjective ReduceCost = subProblem.addMinimize();

/) === RXFEABARRE YA EH) -

- B N B B, DAk B ATAA b 1) B A B B B

/7 W numVardrray 7R BMEKI A AHE-ADMKEA nWidth, ETRFA 0, inf B int AL E
IloNumVar[] Use = subProblem.numVarArray(nWidth, 0, Double.MAX_VALUE, IloNumVarType.Int);

/) AT E LB 2 RS -

* -Double.MAX_VALUE<patSolver.scalProd(_size, Use)<= _rollWidth
* Bl
RFFURS AR

* —inf <=3 * a3 + 5 * ab + 9 * a9 <= 17
*/

subProblem.addRange (-Double.MAX_VALUE, subProblem.scalProd(size, Use), rollwidth);

V T AT A Rty 2 E AR

/ERTHHFH AN EE (ETEFZAE, HARRERZL)
double[] newPatt = new double[nWidth];
for(;;){

Y T T I p—

masterProblem.solve();

/BB ETT 2R 17 EREAMNRERERT £ 0 AM
reportl(masterProblem, Cut, Fill);

/- RBERRFENAKEERE (MR Reduced Cost) -----
double[] price = masterProblem.getDuals(Fill);

/- RETF AN ERRRNAK - (diff KW
ReduceCost.setExpr (subProblem.diff (1.0, subProblem.scalProd(price, Use)));

/=== RETIE ----=-

subProblem.solve();

/7 B ® T BT B W
report2(subProblem, Use);

/- AR EREFHIITUMAR - (WREA, RUAEFRELEZRETR,
if (subProblem.getObjValue() > -eps){
break;

HEEB &

B I 2 iy £ ] AL

)
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263
264
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266
267
268
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270
271
272
273
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275
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277
278
279
280
281
282
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284
285
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287
288
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290
291
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293
294
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302

303

13.3 %) A& s R AET AP B A I XI2GHE, ML, KR

Bk

M,

RS

newPatt = subProblem.getValues(Use);

/ ————
/B RAIES, HFEFEFARAR

IloColumn col = masterProblem.column(RollsUsed, 1.0);

L

for(int i = 0; i < amount.length; i++){

IloColumn col_1 = masterProblem.column(Fill[i], newPatt[i]);

col = col.and(col_1);

W3 o N E| masterProblem w1, ¥4 3wt K By o % 3 8 hn N Tk BT o K 2E
IloNumVar ivar = masterProblem.numVar(col, 0, Double.MAX VALUE);

Cut.add(ivar);

7/ KB %A ant B (ZA THREHF, HEAUHEER int &)

for(int i = 0; i < Cut.getSize(); i++){

masterProblem.add (masterProblem.conversion(Cut.getElement (i), IloNumVarType.Int));

/7 A A RSN B R AR, X

masterProblem.solve();

/7 B AT PR ARM BN R BRI R

report3(masterProblem, Cut);

System.out.println("Solution status: " + masterProblem.getStatus());

I A KB B R

masterProblem.end();

subProblem.end();

GUHLTEMESE NEFRA T RBERHEA, TS
static class IloNumVarArray {
int _num = 0; // _num AR E WA TR L DN EL E

IloNumVar[] _array = new IloNumVar[32];

V&% K E
void add(IloNumVar ivar) {

if (_num >= _array.length) {
IloNumVar[] array = new IloNumVar[2 * _array.length];
System.arraycopy(_array, 0, array, O, _num);
_array = array;

}

_array[_num++] = ivar;

IloNumVar getElement(int i) {

return _arrayl[il;

int getSize() {

HPHS D NRET

return _num;

IBIEAL T IR IR T R B 5 A Python+Java SZH

225



304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349

350

13.3 3|4 s KA T AP ARG 23

Xpekk, SREAML WUKFR, BURIk, WOUHE, BRHE

/O THRMERBERY 3 MR
static void reportl(IloCplex masterProblem, IloNumVarArray Cut, IloRange[] Fill)

throws IloException {
System.out.println();

System.out.println("Using " + masterProblem.getObjValue() + " rolls");

System.out.println();
for (int j = 0; j < Cut.getSize(); j++) {
System.out.println(" Cut" + j + " ="
+ masterProblem.getValue(Cut.getElement(j)));
¥

System.out.println();

for (int i = 0; i < Fill.length; i++)
System.out.println(" Fill" + i + " ="
+ masterProblem.getDual (Fill[i]));

System.out.println();

static void report2(IloCplex subProblem, IloNumVar([] Use)
throws IloException {
System.out.println();

System.out.println("Reduced cost is " + subProblem.getObjValue());

System.out.println();
if (subProblem.getObjValue() <= -eps) {
for (int i = 0; i < Use.length; i++)
System.out.println(" Use" + i + " ="
+ subProblem.getValue (Use[i]));

System.out.println();

static void report3(IloCplex masterProblem, IloNumVarArray Cut)

throws IloException {

System.out.println();

System.out.println("Best integer solution uses "

+ masterProblem.getObjValue() + " rolls");

System.out.println();

for (int j = 0; j < Cut.getSize(); j++)
System.out.println(" Cut" + j + " ="

+ masterProblem.getValue(Cut.getElement(j)));

gl 1

Fpl 1

17
[3,5,9]
[25,20,15]
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13.3 3|4 s KA T AP ARG 23 X2k, REMIML, JUKTE, BRI, WO, BRfEi

gl 2

56l 2

5600
[1380,1520,1560,1710,1820,1880,1930,2000,2050,2100,2140,2150,2200]
[22,25,12,14,18,18,20,10,12,14,16,18,20]
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13.4 74 & KA TSP NUNGEE, SEREL, WUKER, BEis, WOCH:, BRERR

13.4  HH:pkKfR TSP
13.4.1 TSP 1] 1-tree QBB A2k kKR
13.4.2 jzl?-ﬂ%ﬂ

13.4.3 F|n)8i
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13.5 74 KM VRPTW XI3CkE, SEHEL, WOKAR, BRI, WOk, BRI

13.5 HA:pKRfE VRPTW

13.5.1 ]S

13.5.2  T-jiBi

13.5.3  TRANZRBIER
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14.1  #AEHX) XISekE, RESUML, SUKAR, EREk, WOCH:, BRiFE

Dynamic Programming(sZ5#1%], DP) j&iz & i —Fh EZ MR e,
FAOR 2 Wy Bref . 20 140 50 R0, EEEFK R.Bellman 55 AFERF IR L Hr
B R A @i, $E i T A AU, AT S T Bh AR ( ;

)o BNASHLRIEIE A LAARTE Ak sk i@ SPPRC, Mtk VRPTW R fi#.
[, AT AF T4 e 7 85 SPPRC AR 3¢ 1) A SR AR

14.1  ZhaRLRI

14.1.1 SRR AR o et it 1) &
14.1.2 ]St BEAR i
14.1.3  —ABKRIBIT

14.2  ZhEHEIP SE8E

14.3  ghE&HLEIKE TSP

IBFERAH B, Bk R 5 A Python+Java 528 231



14.4 FRZH xR TR RO FIZIE P A X2k, JEHERL, WUKER, YRS, WOCH:, BRERIR

14.4  brZERIL R OF DRE A I dpe Jod B ] sl
14.4.1 5 BT IRL A dpe Ji i 1) 3t
14.4.2 BRZHIL
14.4.3  baZE5EMDHICH)
14.4.4  bRZEVoE MbR 2 BOETETE
14.4.5 Dominance rules fil Dominance algorithms

14.4.6 Python SEHERZ KR SPPRC
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14.5 PYTHON EHAFEH X562 A RKMHE VRPTW xis, semst, wokde, Bk, Wt Wbk

14.5 Python JBbRZFRILES ALK HE VRPTW
14.5.1 ¥Jisfk RMP

14.5.2  bRZESLIRSE T8
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15.1 @MW FEARRIZ L X2k, JEHERL, WUKER, YRS, WOCH:, BRERIR

ZHIFAINE T Column Generation Algorithm, T g — i K YK AR SRR BRI
(Y, B2, FRATISH T Column Generation FYHLE . 52T ATHE A LR M AR
BINPRF RMP #4508 LP (B RLMP) , {2 i 2B RMP o, AR I 728 = 150 B
0— 1785, RIGHATRG. FARE], SKFRBORNRI AR RMP 153 850, 2 5 1) 8
AR —A B, BFA—E R R e . RN Column Generation, FA
REPRAIE A5 21 J A ) 4 SRyt L ff o AN AE R X AP OL T, 21 DA E Column Generation
(A [] It 4 SRy B A Y, B2 4 AT TR R TE 3 RMP BB R b, 5 HAR 5t
B RLMP, 2% RLMP B4 O A ] i 2 B 400, WK Column Generation £53-51 Y f#
W4 Rt L

Ry, mAERN RMP &Rt RLMP RSB IEE BB iti#. 84, il
ANEEELN], AR RERS PRAIE BTG B & R i U E? — > BRI o 7 v 2 Column
Generation Algorithm 5 Branch and Bound fxE1E—E M. 4K RLMP HIffZ/ N
W, AT EBUE /N AL BT 43 3, SRJEHE BB tree (4 — N7 SAL , FESAT T 40
SHAERIEERL E, ARSEIT Column Generation, fHEIJf0RA RMP, B, PR
XAHTH RMP X7 RLMP . FATARWH4> 32 . B35 Upper Bound #l Lower Bound, F
FIFVRETR, AR 2 R e ) e . B EUE, 1R E 41 Branch and
Price Algorithm (73 305E Mir5ik) . ATWORIEAN %5 .

15.1 5 SO P SR TE A B Bt A
15.2 sy 3 5EikRiF VRPTW

AN EATFRAEUN Java SCBL SOEMTERME VRPTW BIHER . s8R
T HifF https://github.com/dengfaheng/BPVRPTW &,
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17.1 57 ik XIeR, HEURL, WUKEE, BREws, Wortk, WM

Benders 4} T A —FRIR RIS, %55 Benders, JF T 1962 4F k4R H
X3 T Column Generation WYAKITRINFISY, Benders 7 AW IEIMAT, &—Fh
Row Generation(fTA4 %) Mk, MR, TE—SLE8B MLy (BbrBcgEsiiit), e
HIERHEF Column Generation 11 Row Generation #5775, MYt Column and Constraint
Generation(C&CG, F| 5AHRAEM) . ¥FiE TARZER RS, WASIRA MR ZE L. KE
FATHORIEAN N GIX PP . RATE /N4 Benders Decomposition HYEAJGRE, K5
PA—AN R BAR BB 7R3 B R B2 A e B . AR N S5 S0k

Al

17.1  S5rfiJiik
17.2  PEANZRBI
17.3 Benders 4 241
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17.4 JAVA 3B CPLEX:BENDERS #% FCTP XUNLHR, SR, MUKEE, BuRds, Wk, WM

17.4 Java ] CPLEX 5328l Benders 4fii?Kfi FCTP

ALY Java AN Benders A AR K IE T UE A AR FARBEARIN", RS 5
VEF AT, SRl TR X IHESCGE E 2 Gz %2428 [Benders Decom-
position () IS0 B B vA S (MRS SO RS ERe)y 1, 8 THRIHIS R AT
Bk, ARPAEETI T RERTEANERE, FEXP ARG T AH ) T

RBMEELE ART” 15/NE" EWEA T IEAIR) Python AR Benders 73l AH]
RACHS, AT AR AR 2%

AR A =5

1. B CPLEX # Bk A#: SolveMIPModel 2K;
2. {#f Benders /A VKRR, | CPLEX [ LazyConstraintCallback SEZ#j:

BendersDecomposition_callback %’é;

3. i /f] Benders /AR AL, @ H ORI ESEP : BendersDecomposition 2
HABZE ST DI RE 73501 R -

o Data J%; FEAifil A 1558 ;

 Solution 2; fEHMRIIEE;

o run_this 2 EATRE, MRSEGIEE .
AN, FATFEEE T PTG testl Fl test2,
AR IF .

17.4.1 Data R

Data. java

package BendersDecomposition_FCTP;

import java.io.BufferedReader;
import java.io.FileNotFoundException;
import java.io.FileReader;

import java.util.Scanner;

public class Data {
int SourcesSize;
int DemandsSize;
double []supply;
double []demand;
double [1[]c;

double [][]fixed_c;

double [][] big_M;

/RN
public void read_data(String path) throws Exception {

String line = null;

String[] substr = null;

'https://mp.weixin.qq.com/s/gXMNReKgBY-hL-27bJeE_A
2https://mp.weixin.qq.com/s/7LpHBPvedDknWP7iRAS_zA
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XpatE, RREML, JOKAR, Brmik, WICHE, WRE

Scanner cin = new Scanner(new BufferedReader(new FileReader(path)));
for (int i = 0; i < 2; i++) {
line = cin.nextLine();
}
line.trim();
substr = line.split(("\\s+"));
SourcesSize = Integer.parselnt(substr[0]);
DemandsSize = Integer.parselnt(substr[i]);
supply = new double[SourcesSize];
demand = new double[DemandsSize];
¢ = new double[SourcesSize] [DemandsSize];
fixed_c = new double[SourcesSize] [DemandsSize];
big_M = new double[SourcesSize] [DemandsSize];
for (int i = 0; i < 2; i++) {
line = cin.nextLine();
}
line.trim();
substr = line.split(("\\s+"));
for (int i = 0; i < SourcesSize; i++) {
supply[i] = Integer.parselnt(substr[il);
¥
for (int i = 0; i < 2; i++) {
line = cin.nextLine();
}
line.trim();
substr = line.split(("\\s+"));
for (int i = 0; i < DemandsSize; i++) {
demand[i] = Integer.parselnt(substr[il);
¥
line = cin.nextLine();
for (int i = 0; i < SourcesSize; i++) {
line = cin.nextLine();
line.trim();
substr = line.split(("\\s+"));
for (int j = 0; j < DemandsSize; j++) {

cl[il[j] = Integer.parselnt(substr[jl);

line = cin.nextLine();
for (int i = 0; i < SourcesSize; i++) {
line = cin.nextLine();
line.trim();
substr = line.split(("\\s+"));
for (int j = 0; j < DemandsSize; j++) {

fixed_c[i] [j] = Integer.parselnt(substr[j]);

}

cin.close();

Z%: ¥

for (int i = 0; i < SourcesSize; i++) {
for (int j = 0; j < DemandsSize; j++) {
big M[i][j] = Math.min(supply[il, demand[jl);
}
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RS

17.4.2 Solution &

Solution.java

package BendersDecomposition_FCTP;

import ilog.cplex.IloCplex;

public class Solution {

public double cost;

public double[][] ship;
public double[][] link_y; /7y

public IloCplex.CplexStatus status; // 7l A, WELSARML, TR, LIATHE, & CPLEX EHK
/s ship Hi{E
public void print_ship() {
for (int i = 0; i < ship.length; i++) {
for (int j = 0; j < ship[il.length; j++) {
System.out.printf("\t%hd -> %d: %", i, j, ship[il[jl," ");
}

System.out.println();

17.4.3 BendersDecomposition__callback &

BendersDecomposition_callback. java

package BendersDecomposition_FCTP;

import java.util.Arrays;
import ilog.concert.*;

import ilog.cplex.*;

public class BendersDecomposition_callback {
Data data;
protected IloCplex subProblem;

protected IloCplex masterProblem;

IloObjective subObj;
IloLinearNumExpr subObj_expr;

VGRS

protected IloNumVar[] u;

protected IloNumVar([] v;

protected IloNumVar([][] w; /)y 4
double[] uSource; 5 H E AT E
double[] vDemand;

double[][]1 wM;

protected IloRange[][] subCon; //F
double[] [] xValue;

protected IloNumVar subcost;

protected IloNumVar[][] y;

public static final double eps = 1.0e-7;

int[][] yInit; /TR TR y Wb

/**
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Xpekk, SREAML WUKFR, BURIk, WOUHE, BRHE

* @param d
*/
public Bende

this.dat

*/
void setOne(
for (int

for

rsDecomposition_callback(Data d) {

a = d;

int[1[] a) {

i = 0; i < a.length; i++) {

(int j = 0; j < alil.length; j++) {
alil[j] = 1;

R T 1 R

* @throws IloEzception

*/

public void buildBendersModels() throws IloException {

subProbl

masterProblem = new IloCplex();

subProbl

em = new IloCplex();

em.setOut (null); K HAFI 7] 3] BE

masterProblem.setOut (null); // KA EFE AR &

Ve Sl
yInit =

st

new int[data.SourcesSize] [data.DemandsSize];

setOne (yInit); /NS y=[1] , EFRAHEREEEFERE

u = new
v = new
W = new
uSource

vDemand

IloNumVar [data.SourcesSize];

IloNumVar [data.DemandsSize] ;

IloNumVar [data.SourcesSize] [data.DemandsSize];
= new double[data.SourcesSize];

= new double[data.DemandsSize];

wM = new double[data.SourcesSize] [data.DemandsSize];

y = new
subCon =

xValue =

IloNumVar [data.SourcesSize] [data.DemandsSize];
new IloRange[data.SourcesSize] [data.DemandsSize];

new double[data.SourcesSize] [data.DemandsSize];

subcost

for (int
uli]

}

for (int
v[i]

}

for (int

for

= masterProblem.numVar (0.0, Double.MAX_VALUE, IloNumVarType.Float, "subcost");
i = 0; i < data.SourcesSize; i++) {

= subProblem.numVar (0.0, Double.MAX_VALUE,IloNumVarType.Float, "u_" + i);

i = 0; i < data.DemandsSize; i++) {

= subProblem.numVar (0.0, Double.MAX_ VALUE,IloNumVarType.Float, "v_" + i);

i = 0; i < data.SourcesSize; i++) {
(int j = 0; j < data.DemandsSize; j++) {

y[i] [j] = masterProblem.numVar(0, 1, IloNumVarType.Int, "y_" + i + "_" + j);

w[il [j] = subProblem.numVar (0.0, Double.MAX_VALUE,IloNumVarType.Float, "w_" + i + "_" + j);
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104
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17.4 JAVA i CPLEX:BENDERS # FCTP Xk, BEHML, UKFR, BURiK. $3cHE. R
/*
* My 1P LA AL
*/
IloNumExpr exprO = masterProblem.numExpr();
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {
expr0 = masterProblem.sum(exprO, masterProblem.prod(data.fixed_c[i]l[j], y[il[j1));
}
}
masterProblem.addMinimize (masterProblem.sum(subcost, expr0), "TotalCost");
/*
* AH AR B B 7 XA R R TR A
* X AR R AR R R T R R B, AR AT S B O R B BT
* HIABAA RIS RE, BRERARFRAEHT.
* REM ARG R 7o A, BAARA AR --> FHEROAH & HHAT TR -—> REHAT”
* STEERHOAR: AR ERE K ARE, TFRHRTEE, IR EFREHAT.
* B, WRARFRAYR T R SR ERAT.
*  UHABHEHATEEE, BARKLRAKRAAEN TR C K, NEPRARE: SEARS
* XA AER (Callback), X IF 2 E W B AR E %K.
* FTINEIE R A B R B E K (Win 170, http ok,
* FRAERARKRTFEFHEARKNER RAFRKRERTT), BFAESTHRET RHRT.
*/
/x B R R
* public void use(IloCplex.Callback cb) throws IloEzception
*
*  Installs a user-written callback.
* Callbacks are objects with a user-written method main that
* are called regularly during the optimization of the active model
* This object must be implemented as a class derived from
* a subclass of IloCplez.
* Callback class, and the abstract method main must be
* implemented for this class.
*
* There are several places where the IloCplex algorithms
* call a callback. IloCplex provides several different types
* of callbacks, and each is implemented as a specific
* subclass of IloCplex.Callback.
*
* IloCplex can use only one callback of a given type at a time.
* Thus, when calling method use several times with callbacks
* of the same type, only the callback passed at the last call
* of method use will be executed during the optimization.
* However, callbacks of different types can be used simultaneously.
*
* Parameters:
* cb - The callback to be used from now on.
* The type of the callback object being passed
* determines which callback is being installed.
* If a callback of the same type has previously
* been installed, the new callback will replace the old one.
*/
// attach a Benders callback to the masterProblem
/*
* use [t d, BendersCallback R—NEHEHK, EHAAEER, HhoHEBETERHK
* XA RER S
*/
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masterProblem.use(new BendersCallback());

/7 TEEE S

sub0bj_expr = subProblem.linearNumExpr();

IloLinearNumExpr obj = subProblem.linearNumExpr();

for (int i = 0; i < data.SourcesSize; i++) {
uSource[i] = -data.supplyl[il;
obj.addTerm(uSource[i], ulil);

sub0Obj_expr.addTerm(uSource[il, ulil);

for (int i = 0; i < data.DemandsSize; i++) {
vDemand[i] = data.demand[i];
obj.addTerm(vDemand[il, v[il);

sub0bj_expr.addTerm(vDemand[i], v[il);

for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {
wM[i] [j] = -data.big M[i] [j];
obj.addTerm(wM[i] [j]1 * yInit[i][j], wlil[jl);

¥
subObj = subProblem.addMaximize(obj, "dualSubCost");

7/ FEFY K
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {

IloNumExpr expr = subProblem.numExpr();
IloNumExpr exprl = subProblem.numExpr();
expr = subProblem.sum(subProblem.prod(-1, ulil), v[jl);
exprl = subProblem.sum(expr, subProblem.prod(-1, w[il[j1));
subCon[i] [j] = subProblem.addLe(exprl, data.c[i] [j],"C" + i+ "_" +j);

}
// turn off the presolver for the main model
subProblem.setParam(IloCplex.BooleanParam.Prelnd, false);

subProblem.setParam(IloCplex.Param.RootAlgorithm, IloCplex.Algorithm.Primal);

= LazyConstraintCallback == HjffFF
* Callback class for lazy constraints.

* This is an advanced class

*

This is the constructor for user-written lazy constraint callbacks.

*/

/*
* benders decomposition f°
*/

private class BendersCallback extends IloCplex.LazyConstraintCallback {

: £l LazyConstraintCallback 7N feasibility cut F1 optimality cut

public void main() throws IloException {

// BT EFEE subcost S — AR, FHikTNKE subcost B

double zmasterProblem = getValue(subcost);//M ¥ o] # 15 subcost 5%
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JRBEFMATHEE y B

int[][] y2 = new int[data.SourcesSize] [data.DemandsSize];

for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {
double aa = getValue(y[i] [j1);
if (aa > 0.5) {
y2[il[j] = 1;
} else {
y2[il[j] = 0;

}
/RERBE AT X8 y BEETHAEFER
// subProblem.remove (sub0bj) ;
IloLinearNumExpr subObj_expr0O = subProblem.linearNumExpr();
for (int i = 0; i < data.SourcesSize; i++) {
sub0Obj_expr0.addTerm(uSource[il, ulil);
}
for (int i = 0; i < data.DemandsSize; i++) {
sub0bj_expr0.addTerm(vDemand [i], v[i]);
¥
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {

sub0bj_expr0.addTerm(wM[i] [j1 * y2[il[j]1, wlil[jl1);

// sub0Obj_exprl = (IloLinearNumEzpr) subProblem.sum(subObj_expr,sublbj_exprl);
// sub0bj = subProblem.addMazimize (subObj_expr0, "dualSubCost");

sub0bj . setExpr (subObj_expr0) ; /% & |4 i H 47 i 4t

subProblem.solve();

IloCplex.Status status = subProblem.getStatus();

//FIHE TR R AR
if (status == IloCplex.Status.Unbounded) {

// TR AR Y T AR

'S LIk

/*

* RE KA VR E A

* IloLinearNumEzpr getRay ()

* Returns a linear exzpression of the unbounded
* direction of a model proven unbounded by a

* simplex method.

*

* IloLinerNumEzpr ¥ 7 DAV A toString() 77 ik Hakik R ALk F /4 &
*/

/RGBTSR (THAN—FHER-NMRERER: RFARN T R
// 1ok wl - 1 % z2, KT 45 FEAE LR
IloLinearNumExpr ray = subProblem.getRay();

System.out.println("getRay returned " + ray.toString());

//RFM A &S B

IloLinearNumExprIterator it = ray.linearIterator();

double[] ucoef = new double[data.SourcesSize]; A EF v RS

double[] vcoef = new double[data.DemandsSize]; IS EA v R

double[] [] wcoef = new double[data.SourcesSize] [data.DemandsSizel;//f4t4 4 w iy 7 %

while (it.haslNext()) {
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// R IloLinearNumEzpr o # k4 Jil linearIterator 77 ik
IloNumVar var []it.nextNumVar();

boolean varFound = false;

for (int i = 0; i < data.SourcesSize && !varFound; i++) {

if (var.equals(ul[il)) {
ucoef [i] = it.getValue(); // 2 E| M 4T & P4+

B
varFound = true;
}
for (int j = 0; j < data.DemandsSize && !varFound; j++) {
if (var.equals(wl[il[j1)) {
weoef [1] [j] = it.getValue() * wM[i][j];

varFound = true;

}
for (int i = 0; i < data.DemandsSize && !varFound; i++) {
if (var.equals(v[il)) {
veoef[i] = it.getValue();

varFound = true;

/M B B R A

IloNumExpr exprl = masterProblem.numExpr();

double expr2 = 0;

for (int i = 0; i < data.SourcesSize; i++) {
/7 AT S E * JRF LB A S

expr2 += ucoef[i] * uSourcel[il;

exprl = masterProblem.sum(expril, masterProblem.scalProd(wcoef[i], y[i]));
}
for (int j = 0; j < data.DemandsSize; j++) {

expr2 += vcoef[j] * vDemand[j];

TS TAEEE

/7R, SEAR A R T AEE £ AR cut)
/*
* IloModeler.le(IloNumEzpr e, double v, String name)

*

* Creates and returns a named range that forces the specified numeric

* expression to be less than or equal to the specified value
[P

* ik

* IloConstraint add(IloConstraint object)

* This method adds the comstraint to the invoking

* and-constraint.

*/

IloConstraint r = add(masterProblem.le(masterProblem.sum(exprl, expr2), 0));
/*
/) RERTNE AT

IloRange range = masterProblem.le(masterProblem.sum(ezprl, expr2), 0);

n

IloConstraint r = add(range);
*/

System.out.println("\n>>> Adding feasibility cut: " + r + "\n");

} else if (status == IloCplex.Status.Optimal) {
/7 mRTFE AR, BRI EFAE A
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if (zmasterProblem < subProblem.getObjValue() - eps) {
/A, AR AR B — MR A
double[] ucoef = new double[data.SourcesSizel;//# 5% u M 2%
double[] vcoef = new double[data.DemandsSizel;//# & & v 7%

double[][] wcoef = new double[data.SourcesSize] [data.DemandsSize];//# & w By 24

/7 GBI R WE (LR EE)

ucoef = subProblem.getValues(u);

vcoef = subProblem.getValues(v);

for (int i = 0; i < data.SourcesSize; i++) {

wcoef [i] = subProblem.getValues(w[i]);

/¥ BB YR O AR

double expr3 = 0;

IloNumExpr expr4 = masterProblem.numExpr();

for (int i = 0; i < data.SourcesSize; i++) {
expr3 += ucoef[i] * uSource[i];

for (int j = 0; j < data.DemandsSize; j++) {

wcoef [i]1[j] = wcoef [i][j]1 * wM[il[j];

}
for (int j = 0; j < data.DemandsSize; j++) {
expr3 += vcoef[j] * vDemand[j];
}
for (int i = 0; i < data.SourcesSize; i++) {
expr4 = masterProblem.sum(expr4, masterProblem.scalProd(wcoef[il, y[il));
}
/7B R 7 A2 B £ 1A AL P
IloConstraint r = add((IloRange) masterProblem.le(masterProblem.sum(expr3, expr4), subcost));
System.out.println("\n>>> Adding optimality cut: " + r + "\n");
} else {
/7 IR AR, EnE E R E AR BB b

System.out.println("\n>>> Accepting new incumbent with value " + getObjValue() + "\n");

// the masterProblem and subproblem flow costs match
// -= record the subproblem flows in case this proves to be the
// winner (saving us from having to solve the LP one more time
// once the masterProblem terminates)
//E VB subcost (AT I LA ) AR AR L AR %
for (int i = 0; i < data.SourcesSize; i++) {

/7 TR R

xValue[i] = subProblem.getDuals(subConl[il); // 31577 455k [4] x5y x (g

R R IE R

}

} else {
// unexpected status -- report but do nothing
/AR A LRI,

System.err.println("\n!!! Unexpected subproblem solution status: " + status + "\n");

}
/R benders A E G4 F
public final Solution solve() throws IloException {
Solution s = new Solution();
IIRFER
if (masterProblem.solve()) {
s.cost = masterProblem.getObjValue();
s.ship = new double[data.SourcesSize] [];

s.link_y = new double[data.SourcesSize] [];
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for (int i = 0; i < data.SourcesSize; i++) {
s.link_y[i] = masterProblem.getValues(y[i]);

s.ship[i] = Arrays.copyOf(xValue[i], data.DemandsSize);

¥
s.status = masterProblem.getCplexStatus();

return s;

17.4.4 BendersDecomposition 3%

BendersDecomposition. java

package BendersDecomposition_FCTP;

import java.util.Arrays;
import ilog.concert.*;

import ilog.cplex.*;

public class BendersDecomposition {
Data data;
protected IloCplex subProblem;
protected IloCplex masterProblem;

IloObjective subObj; //REF AL E

IloLinearNumExpr subObj_expr;

VK ES S
protected IloNumVar([] u; /7

protected IloNumVar[] v; /) FERARM B E

protected IloNumVar[][] w; /7wy AR ERE
2 %t 4
double[] vDemand; //F R OB AR B R B
double[][] wM; /AT BB ENELE

double[] uSource; //F

protected IloRange[][] subCon; /T
double[][] xValue; /ARFEREFIAY o A

protected IloNumVar subcost; //F LA B AR E

protected IloNumVar[][] y;
double UB;
double LB;

public static final double eps = 1.0e-7;

int[][] yInit; /TR TR y AR
/**
* My B #

*
* @param d
*/

public BendersDecomposition(Data d) {

this.data = d;

void setOne(int[][] a) {
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for (int i = 0; i < a.length; i++) {
for (int j = 0; j < alil.length; j++) {
alil[j] = 1;

L E (5] A F IF
* @throws IloExzception
*/

public void buildBendersModels() throws IloException {

subProblem = new IloCplex(); // F A A

masterProblem = new IloCplex();

subProblem.setOut (null);

masterProblem.setOut (null); &
/15 BATIEA

yInit = new int[data.SourcesSize] [data.DemandsSize];

setOne(yInit); /7 WHE WS y=[1], AR EFEE BT B
u = new IloNumVar[data.SourcesSize];

v = new IloNumVar[data.DemandsSize];

w = new IloNumVar[data.SourcesSize] [data.DemandsSize];

uSource = new double[data.SourcesSizel;

vDemand = new double[data.DemandsSize];

wM = new double[data.SourcesSize] [data.DemandsSize];

y = new IloNumVar[data.SourcesSize] [data.DemandsSize];

subCon = new IloRangel[data.SourcesSize] [data.DemandsSize];

xValue = new double[data.SourcesSize] [data.DemandsSize];

subcost = masterProblem.numVar (0.0, Double.MAX_ VALUE, IloNumVarType.Float, "subcost");
for (int i = 0; i < data.SourcesSize; i++) {
uli] = subProblem.numVar(0.0, Double.MAX_VALUE,IloNumVarType.Float, "u_" + i);
}
for (int i = 0; i < data.DemandsSize; i++) {
v[i] = subProblem.numVar (0.0, Double.MAX_VALUE,IloNumVarType.Float, "v_" + i);
}
for (int i = 0; i < data.SourcesSize; i++) {

for (int j = 0; j < data.DemandsSize; j++) {

y[il[j] = masterProblem.numVar(0, 1, IloNumVarType.Int, "y_" + i + "_" + j);
w[il [j] = subProblem.numVar(0.0, Double.MAX_VALUE,IloNumVarType.Float, "w_" + i + "_" + j);
}
}
/*
*/

IloNumExpr expr0O = masterProblem.numExpr();
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {

expr0 = masterProblem.sum(exprO, masterProblem.prod(data.fixed_c[il[j], y[il[j1));

}

masterProblem.addMinimize (masterProblem.sum(subcost, expr0), "TotalCost");
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)
* Hy

/7 TEFRE R
subObj_expr = subProblem.linearNumExpr();
IloLinearNumExpr obj = subProblem.linearNumExpr();
for (int i = 0; i < data.SourcesSize; i++) {
uSource[i] = -data.supplyl[il;
obj.addTerm(uSource[i], ulil);

sub0bj_expr.addTerm(uSource[il, ul[il);

for (int i = 0; i < data.DemandsSize; i++) {
vDemand[i] = data.demand[i];
obj.addTerm(vDemand[i], v[il);

sub0Obj_expr.addTerm(vDemand[i], v[il);

for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {
wM[i] [j] = -data.big M[i][j];
obj.addTerm(wM[il [j1 * yInit[il[j], w[il[j1);

}
subObj = subProblem.addMaximize(obj, "dualSubCost");

stk
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {
IloNumExpr expr = subProblem.numExpr();
IloNumExpr exprl = subProblem.numExpr();
expr = subProblem.sum(subProblem.prod(-1, ulil), v[jl);
exprl = subProblem.sum(expr, subProblem.prod(-1, w[il[j1));

subCon[i] [j] = subProblem.addlLe(exprl, data.c[i] [j],"C" + i + "_" + j);

¥
// turn off the presolver for the main model
subProblem.setParam(IloCplex.BooleanParam.Prelnd, false);

subProblem.setParam(IloCplex.Param.RootAlgorithm, IloCplex.Algorithm.Primal);

VEZS

* Benders decomposition ¥
*

* Q@throws IloEzception

*/

public void bendersDecompositionSolve() throws IloException {

UB = Double.MAX_VALUE; /) AR ER
LB = Double.MIN_VALUE; /S 2RTR

while (UB > LB + eps) {
//RAEA y EEE T E AR &
//subProblem. remove (sub0bj) ;

IloLinearNumExpr subObj_exprO = subProblem.linearNumExpr();
for (int i = 0; i < data.SourcesSize; i++) {
sub0Obj_expr0.addTerm(uSource[il, ulil);
}

for (int i = 0; i < data.DemandsSize; i++) {
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164 sub0Obj_expr0.addTerm(vDemand[i], v[il);

165 }

166 for (int i = 0; i < data.SourcesSize; i++) {

167 for (int j = 0; j < data.DemandsSize; j++) {

168 sub0bj_expr0.addTerm(wM[il [j1 * yInit[il[j1, wlil[j1);
169 }

170 }

171

172 /*

173 sub0Obj_exprl = (IloLinearNumEzpr) subProblem.sum(subObj_ezpr,subObj_exzprl);
174 subObj = subProblem.addMazimize (subObj_expr0, "dualSubCost");

175 */

176 sub0bj . setExpr (sub0bj_expr0) ; //% & |5 il H 4 i %L

177 subProblem.solve();

178

179 //RBUR A

180 for (int i = 0; i < data.SourcesSize; i++) {

181 xValue[i] = subProblem.getDuals(subCon[il);

182 }

183 IloCplex.Status status = subProblem.getStatus();

184

185 //H T 1A KAPRA

186 if (status == IloCplex.Status.Unbounded) {

187 ZE S s F

188 IloLinearNumExpr ray = subProblem.getRay();//3k 15 o] b — &40 4 4
189 System.out.println("getRay returned " + ray.toString());

190

191 IloLinearNumExprIterator it = ray.linearIterator();

192 double[] ucoef = new double[data.SourcesSize]; SR EF uw RS
193 double[] vcoef = new double[data.DemandsSize]; IS EA v B R
194 double[][] wcoef = new double[data.SourcesSize] [data.DemandsSizel;//W A4+ w 1 2 %
195 while (it.haslNext()) {

196 IloNumVar var BitAnextNumVar();

197 boolean varFound = false;

198 for (int i = 0; i < data.SourcesSize && !varFound; i++) {
199 if (var.equals(ul[il)) {

200 ucoef[i] = it.getValue();

201 varFound = true;

202 }

203 for (int j = 0; j < data.DemandsSize && !varFound; j++) {
204 if (var.equals(w[il[j1)) {

205 wecoef [1] [j] = it.getValue() * wM[il[j];

206 varFound = true;

207 }

208 }

209 }

210 for (int i = 0; i < data.DemandsSize && !varFound; i++) {
211 if (var.equals(v[i])) {

212 veoef[i] = it.getValue();

213 varFound = true;

214 }

215 }

216 }

217

218 VoY EEE

219 IloNumExpr exprl = masterProblem.numExpr();

220 double expr2 = 0;

221 for (int i = 0; i < data.SourcesSize; i++) {

222 expr2 += ucoef[i] * uSourcel[il;
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RS

exprl = masterProblem.sum(exprl, masterProblem.scalProd(wcoef[i], y[i]));
}
for (int j = 0; j < data.DemandsSize; j++) {

expr2 += vcoef[j] * vDemand[j];

/*

* addCut J £k [ —/ IloConstraint %

IloConstraint r = masterProblem.addCut(masterProblem.le(masterProblem.sum(exprl, expr2), 0));

// IloConstraint r = add(masterProblem.le(masterProblem.sum(ezprl, ezpr2), 0));

System.out.println("\n>>> Adding feasibility cut: " + r + "\n");

} else if (status == IloCplex.Status.Optimal) {

=

THE, M

//F A FRE— AN RAE K
double[] ucoef = new double[data.SourcesSize]; J/BEF u B RS

double[] vcoef = new double[data.DemandsSize]; JIREF v R

double[][] wcoef = new double[data.SourcesSize] [data.DemandsSize]; J/EE w

ucoef = subProblem.getValues(u);
vcoef = subProblem.getValues(v);
for (int i = 0; i < data.SourcesSize; i++) {

wcoef [i] = subProblem.getValues(w[il);

SIEEE &k

double expr3 = 0;

IloNumExpr expr4 = masterProblem.numExpr();

for (int i = 0; i < data.SourcesSize; i++) {
expr3 += ucoef[i] * uSource[i];
for (int j = 0; j < data.DemandsSize; j++) {

wcoef [i][j]1 = wcoef [i][j]1 * wM[il[j];

}

for (int j = 0; j < data.DemandsSize; j++) {
expr3 += vcoef[j] * vDemand[j];

}

for (int i = 0; i < data.SourcesSize; i++) {

expr4 = masterProblem.sum(expr4, masterProblem.scalProd(wcoef[il, y[il));

%R o7 A2 B £ [ A o

IloConstraint r = masterProblem.addCut((IloRange) masterProblem.le(masterProblem.sum(expr3,

— expr4), subcost));
double exprb5 =0;
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {

exprb +=data.fixed_c[i] [j1*yInit[i] [j];

}
UB = Math.min(UB, exprb5+subProblem.getObjValue());
// System.out.printin(exprs5+" "+subProblem.getObjValue());
System.out.println("\n>>> Adding optimality cut: " + r + "\n");
} else {
// unexpected status —- report but do nothing
& EXS AR, i

System.err.println("\n!!! Unexpected subproblem solution status: " + status + "\n");
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7

VS =3
masterProblem.solve();

LB = masterProblem.getObjValue();

for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {
double aa = masterProblem.getValue(y[il[j1);
if (aa > 0.5) {
yInit[i] [j] = 1;
} else {
yInit[i][j] =

|
o

VELS

* Y& fl Bender Decomposition H %K
* Q@return
* @throws IloEzception
*/
public final Solution solve() throws IloException {
Solution s = new Solution();

bendersDecompositionSolve() ;

if (masterProblem.getStatus()==IloCplex.Status.Optimal) {
s.cost = masterProblem.getObjValue();
s.ship = new double[data.SourcesSize] [1;
s.link_y = new double[data.SourcesSize] [];
for (int i = 0; i < data.SourcesSize; i++) {

s.link_y[i] = masterProblem.getValues(y[il);

s.ship[i] = Arrays.copyOf(xValue[il, data.DemandsSize);

}
Yelse{

¥
s.status = masterProblem.getCplexStatus();

return s;

17.4.5 SolveMIPModel 3k

package BendersDecomposition_FCTP;

import ilog.concert.*;

import ilog.cplex.*;

i CPLEX sk# FCTP

SolveMIPModel. java
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public class SolveMIPModel {

private IloCplex cplex;

private IloNumVar([][] x; S & z[i][5]
private IloNumVar(][] y; /) RE y[i][5]

cplex HA

* @param data

* @throws IloEzception

*/

public void buildMIP(Data data) throws IloException {
cplex = new IloCplex();
// cplex.setOut (null); VELES =300
x = new IloNumVar[data.SourcesSize] [data.DemandsSize];

y = new IloNumVar[data.SourcesSize] [data.DemandsSize];

- K RBLE TG

for (int i = 0; i < x.length; i++) {

// EX cplex T z 1y i

for (int j = 0; j < x[il.length; j++) {
x[i] [j] = cplex.numVar(0, 1.0e5, IloNumVarType.Float, "x_" + i + "_" + j);

y[il[j] = cplex.numVar(0, 1, IloNumVarType.Int, "y_" + i + "_" + j);

7/ ESCE AR E K
IloNumExpr obj = cplex.numExpr();
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {
obj = cplex.sum(obj,
cplex.sum(cplex.prod(data.fixed_c[i]l [j], y[i]1[j]), cplex.prod(data.c[i][j], x[i]1[j1)));

}

cplex.addMinimize(obj, "total costs");

V2R

// supply

for (int i = 0; i < data.SourcesSize; i++) {
IloNumExpr exprl = cplex.numExpr();
for (int j = 0; j < data.DemandsSize; j++) {

exprl = cplex.sum(exprl, x[i][j1);

}

cplex.addLe(exprl, data.supply[i], "Supply_" + i);
}
// demand

for (int i = 0; i < data.DemandsSize; i++) {
IloNumExpr expr2 = cplex.numExpr();
for (int j = 0; j < data.SourcesSize; j++) {
expr2 = cplex.sum(expr2, x[jI[il);
}
cplex.addGe (expr2, data.demand[i], "Demand_" + i);
}
for (int i = 0; i < data.SourcesSize; i++) {
for (int j = 0; j < data.DemandsSize; j++) {

cplex.addLe(x[1] [j], cplex.prod(data.big M[i]l[jl, y[il[j1));
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17.4 JAVA & CPLEX:BENDERS % FCTP X4k, BEUIML, WUKAR, BrRik, RCHE, PR

cplex.exportModel ("MIP.1p");

/7 R MIP kA4 R

public Solution solve() throws IloException {
Solution s = new Solution();
if (cplex.solve()) {

s.cost = cplex.getObjValue();

Za::
s.ship = new double[x.length] [];

ERA HERABN T %, RATATHRER

s.link_y = new double[y.length] [];
for (int i = 0; i < x.length; i++) {
s.ship[i] = cplex.getValues(x[i]);

s.link_y[i] = cplex.getValues(y[il);

-

"

1% Kk

v

s.status = cplex.getCplexStatus();

e

return s;

17.4.6 run_ this &

R T RIAR L. AT BN B A CPLEX 5K, JAMET callback SEBL

() Benders /3. Pl B AT ESE IR Benders M FEEN FCTP BEATRAR.

run_this. java

package BendersDecomposition_FCTP;

import ilog.concert.IloException;

# cplex #A , W) cplex By LazyConstraintCallback 523, benders decomposition.

# cplex #A, F P H4TLH benders decomposition.,

4 FI %R SolveMIPModel % . BendersDecomposition_callback ER BendersDecomposition %,

public class run_this {
public static void main(String[] args) throws Exception {

Data data = new Data();

String path = "F:\\MyCode\\JavaCode\\MyAlgorithmLib\\src\\BendersDecomposition_FCTP\\testl.txt";
data.read_data(path);

long start;

long end;

J**
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* S — Mk H¥WEA CPLEX 1
*/

TRH# (SolveMIPModel)

1

try{

start = System.currentTimeMillis();

System.out.println("\r
+ "\n Solving the entire MIP model "

+ "\n "5

/7 R
SolveMIPModel model = new SolveMIPModel();
model.buildMIP(data);

Solution s = model.solve();

end = System.currentTimeMillis();

System.out.println("\n***\nThe objValue of the MIP model: "
+ String.format("%10.2f", s.cost));

System.out.println();

s.print_ship();

System.out.println("\n Elapsed time = "+ (end - start) + " ms\n");

} catch (IloException ex) {
System.err.println("\n!!!Unable to solve the MIP model"
+ ex.getMessage() + "\n!!!");

System.exit(1);

}

J**

© B

* Jil Benders Decomposition H kKK (callback SLH MR A)
*/

try{

start = System.currentTimeMillis();

System.out.println("\n:

+ "\n Solving via Benders decomposition (callback) "

+ "\n "

// HEAER
BendersDecomposition_callback model2 = new BendersDecomposition_callback(data);

model2.buildBendersModels();

// { | benders decomposition I ik#AT R AR

Solution s = model2.solve();

end = System.currentTimeMillis();

System.out.println("\n***\nThe objValue of the problem (Benders via callback):"
+ String.format("%10.2f", s.cost));

System.out.println();

s.print_ship();

System.out.println("\n Elapsed time = "+ (end - start) + " ms \n");

}catch (IloException ex) {

System.err.println("\n!!!Unable to solve the problem via benders:\n"

+ ex.getMessage() + "\n!!!1");

System.exit(2);
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17.4 JAVA 38 CPLEX:BENDERS #% FCTP

Xpekk, SREAML WUKFR, BURIk, WOUHE, BRHE

VEz]
* FR Ak

* Jil Benders Decomposition ik KM (EATELIE k)
*/
try{

start = System.currentTimeMillis();

System.out.println("\r
+ "\n  Solving via Benders decomposition (user designed)

+ N\ OF

BendersDecomposition model3 = new BendersDecomposition(data);
model3.buildBendersModels();
Solution s = model3.solve();

end = System.currentTimeMillis();

System.out.println("\n***\nThe objValue of the problem (Benders via user designed): "

+ String.format("%10.2f", s.cost));
System.out.println();

s.print_ship(Q);

System.out.println("\n*** Elapsed time = "+ (end - start) + " ms ***\n");

}catch (IloException ex) {

System.err.println("\n!!!Unable to solve the problem via benders:\n"

+ ex.getMessage() + "\n!!!");

System.exit(2);

17.4.7

i1

sources demands

4 3
supply
10 30
demand

20 50

40 20

30

variable cost

2 3
3 2
1 4
4 5

fixed cost

10 30
10 30
10 30
10 30

4
1
3
2

20
20
20
20

3 FOTIRRSRIBEER AT

Hbl L& 3 WA BETHRBER

Solving the entire MIP model

The objValue of the MIP model: 350.00
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17.4 JAVA & CPLEX:BENDERS % FCTP X4k, BEUIML, WUKAR, BrRik, RCHE, PR
0 -> 0: 0.000000 0 -> 1: 0.000000 0 -> 2: 10.000000
1 -> 0: 0.000000 1 -> 1: 30.000000 1 -> 2: 0.000000
2 -> 0: 20.000000 2 -> 1: 20.000000 2 -> 2: 0.000000
3 -> 0: 0.000000 3 -> 1: 0.000000 3 -> 2: 20.000000

Elapsed time

96 ms

Solving via Benders decomposition (callback)

0

2
3

The benders

->

->

o O o o

->

Elapsed time

modelﬂs solution has total cost 350.00000

: -0.000000
: —-0.000000
: 20.000000
: -0.000000

30 ms

0

2
3

-> 1:

-> 1:

-> 1:

-0.000000

: 30.000000

20.000000
-0.000000

0 -> 2: 10.000000
1 ->2: -0.000000
2 -> 2: -0.000000
3 -> 2: 20.000000

Solving via Benders decomposition (user designed)

The benders modelﬂs solution has total cost 350.00000

0 -> 0: 0.000000 0 -> 1: -0.000000 0 -> 2: 10.000000
1 -> 0: -0.000000 1 -> 1: 30.000000 1 -> 2: 0.000000
2 -> 0: 20.000000 2 -> 1: 20.000000 2 -> 2: -0.000000
3 -> 0: -0.000000 3 -> 1: 0.000000 3 -> 2: 20.000000

Elapsed time = 388 ms

17.4.8 & 2
# 2

sources demands

8 7

supply

20 20 20 18 18 17 17 10

demand

20 19 19 18 17 16 16

variable cost

31 27 28 10 7 26 30

15 19 17 7 22 17 16

21 17 19 29 27 22 13

9 19 7 15 20 17 22

19 7 18 10 12 27 23

8 16 10 10 11 13 15

14 32 22 10 22 15 19

30 27 24 26 25 15 19

fixed cost

649 685 538 791 613 205 467

798 211 701 506 431 907 945

687 261 444 264 443 946 372

335 385 967 263 423 592 939

819 340 233 889 211 854 823

307 620 845 919 223 854 656
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Xpekk, SREAML WUKFR, BURIk, WOUHE, BRHE

560 959 7
375 791 7

82
20

417 358 589 383
416 251 887 235

3 I ERRIBE AT

Solvi

ng

the entire MIP model

The objValue

0 ->0:
— 0.0
1 ->0:
— 0.0
2 => 0:
— 0.0
3 ->0:
— 0.0
4 -> 0:
— 0.0
5 ->0:
— 0.0
6 -> 0:
— 16.0
7 -> 0:
— 0.0

Elapsed time

of

17.

the MIP model: 4541.00

121 ms

Solving

via Benders decomposition (callback)

The objValue

0 ->0:

1 ->0:

2 ->0:

3 -> 0:

4 -> 0:

5 -> 0:

6 -> 0:

7 -> 0:

Elapsed time

17.

the problem (Benders via callback):

165 ms

Solving via Benders decomposition (user designed)

Hbl 2 & 3 MABTHRBER

0 -> 3: 0
1 ->3: 0
2 -> 3: 0
3->3 18
4 -> 3: 0
5 -> 3: 0
6 -> 3: 0
7 -> 3: 0
4541.00
0->3 -0
1 ->3 -0
2->3 -0
3 ->3 18
4 ->3 -0
5->3 -0
6 ->3 -0
7 ->3: -0

The objValue of the problem (Benders via user designed):

4541.00

17.

17.

16.

16.

BT IR, S T R B S
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17.4 JAVA 38 CPLEX:BENDERS #% FCTP

Xpekk, SREAML WUKFR, BURIk, WOUHE, BRHE

0 ->0: -0.0 0 >
— 0.0
1 ->0: 0.0 1 ->
— 0.0

2 ->0: -0.0 2 >

3 > 0: 3.0 3 >

4 -> 0: 0.0 4 ->

5 ->0: 17.0 5 ->

6 -> 0: -0.0 6 —>

— 6.0

7 ->0: -0.0 7 ->

— 10.0

Elapsed time = 1311 ms

19.

19.0 2 ->3: -0.0

17.

16.

BT IR, S T R B S
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17.5 BENDERS 5-fi#£ FCTP: PYTHON+GUROBI sipti#, sesat, ok, Boeis, ok, Wi

17.5 Python ] Gurobi 5z Benders 4 fiRft FLP

A/ 45 ) Python P ] Gurobi S23 Benders 73k FLP (58840 . AAUAS 5
VR AR B AR TAR TR
HoA B 7 AE S warehouse.dat H1, Hit:
o 1 AT O NG
o 52 T RFBEIENNEG
o 95 3 frRE MR O R s R
o B ATTRENEHENT RS
o 5 5 ATRAEMBE O R ] B ;
o 56 % 30 frisfm vt M, TR, PIRRTEHE.

TEVIUR 1L Benders Subproblem B}, FRATEBRIIA v Bk 1, BMEREPIHELT,
JT A 1 EAR T
Az Benders Decomposition G 2{#i ] Gurobi [#) callback SZHL .

17.5.1 warehouse.py

warehouse.py

from __future_

import division, print_function

import gurobipy as GRBPY

# awkward restriction for 'callback'
def cbwarehouse(model, where):
if where == GRBPY.GRB.Callback.MIPSOL:
if model._iter >= 1:
for i in range(model._nwarehouse):

model._csupply[i] .rhs = model.cbGetSolution(model._vmbuild[i]) * model._supply[il

model._sub.optimize()

if model._sub.status == GRBPY.GRB.INFEASIBLE:
print("Iteration: ", model._iter)

print("Adding feasibility cut...\n")

lazycut = GRBPY.quicksum(model._csupply[i].farkasdual * model._supply[i] * model._vmbuild[i] \
for i in range(model._nwarehouse)) + \

sum(model._cdemand[i] . farkasdual * model._demand[i] for i in range(model._nstore))

model.cbLazy(lazycut >= 0)

model._iter += 1
elif model._sub.status == GRBPY.GRB.OPTIMAL:
if model._sub.objval > model.cbGetSolution(model._maxshipcost) + le-6:
print("Iteration: ", model._iter)

print ("Adding optimality cut...\n")

3Github #%3%: https://github.com/wujianjack/optimizationmodels/tree/master/gurobi,
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17.5 BENDERS 4-##5& FCTP: PYTHON+GUROBI e, e, ok, Bk, sk, Wb

else

class WareHo

def __in

lazycut = GRBPY.quicksum(model._csupply[i].pi * model._supply[i] * model._vmbuild[i] \
for i in range(model._nwarehouse)) + \

sum(model._cdemand[i] .pi * model._demand[i] for i in range(model._nstore))

model.cbLazy(model._maxshipcost >= lazycut)

model._iter += 1

model.terminate ()

use:

it__(self):

# initialize data

self

self.
self.

self.

self

self.

.nwarehouse = 0
nstore = 0
supply = [1
demand = []
.fixcost = []

varcost = []

# initialize variables and constraints

self
self
self

self

def read

.vmbuild = []
.vship = []
.csupply = []

.cdemand = []

(self, filename):

# input data

with

def buil

try:

open(filename, "r") as data:
self.nwarehouse = int(data.readline())

self .nstore = int(data.readline())

column = data.readline().split()
for i in range(self.nwarehouse):

self.supply.append(float(column[il))

column = data.readline().split()
for i in range(self.nstore):

self.demand.append(float(column[il))

column = data.readline().split()
for i in range(self.nwarehouse):

self.fixcost.append(float(column[i]))

for i in range(self.nwarehouse):
column = data.readline().split()
lvarcost = []
for j in range(self.nstore):
lvarcost.append (float (column[j]1))

self.varcost.append(lvarcost)
d(self):
# define models for 'master' and 'sub'
self .master = GRBPY.Model("master")

self.sub = GRBPY.Model("sub")

# disable log information

self .master.setParam("OutputFlag", 0)

BT IR, S T R B S
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17.5 BENDERS 4-##5& FCTP: PYTHON+GUROBI e, e, ok, Bk, sk, Wb

self.sub.setParam("OutputFlag", 0)

# use lazy constraints

self.master.setParam("LazyConstraints", 1)

# disable presolving in subproblem

self.sub.setParam("Presolve", 0)

# required to obtain farkas dual

self.sub.setParam("InfUnbdInfo", 1)

# use dual simplex

self.sub.setParam("Method", 1)

# construct master problem
for i in range(self.nwarehouse):

self.vmbuild.append(self.master.addVar(0.0, 1.0, 0.0, GRBPY.GRB.BINARY))

self .maxshipcost = self.master.addVar(0.0, GRBPY.GRB.INFINITY, 0.0, GRBPY.GRB.CONTINUQOUS)

self.master.setObjective (GRBPY.quicksum(self.fixcost[i] * self.vmbuild[i] \
for i in range(self.nwarehouse)) + \

self .maxshipcost, GRBPY.GRB.MINIMIZE)

# construct subproblem
for i in range(self.nwarehouse):
lvship = []
for j in range(self.nstore):
lvship.append(self.sub.addVar (0.0, GRBPY.GRB.INFINITY, 0.0, GRBPY.GRB.CONTINUOUS))

self.vship.append(lvship)

for i in range(self.nwarehouse):
self.csupply.append(self.sub.addConstr (GRBPY.quicksum(self.vship[i][j] \
for j in range(self.nstore)) \

<= self.supply[i] * 1.0))

for j in range(self.nstore):
self.cdemand.append(self.sub.addConstr (GRBPY.quicksum(self.vship[i]l [j] \
for i in range(self.nwarehouse)) \

== self.demand[j]))

self.sub.setObjective (GRBPY.quicksum(self.varcost[i] [j] * self.vship[i][j] \
for i in range(self.nwarehouse) \
for j in range(self.nstore)), GRBPY.GRB.MINIMIZE)
except GRBPY.GurobiError as e:
print('Error code' + str(e.errno) + ': ' + str(e))
except AttributeError as e:

print ('Encountered an attribute error: ' + str(e))

solve(self):
# build 'master' and 'sub'

self.build()

# register callback

self .master._iter = 0

self .master._nwarehouse = self.nwarehouse
self .master._nstore = self.nstore

self .master._supply = self.supply

self .master._demand = self.demand

BENAE AT, Bk R R HlsL i Python+Java SZH
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149
150 self .master._csupply = self.csupply
151 self .master._cdemand = self.cdemand
152 self .master._vmbuild = self.vmbuild
153 self .master._maxshipcost = self.maxshipcost
154
155 self .master._sub = self.sub
156
157 # optimize master problem
158 print (" *** Benders Decomposition Loop *** ")
159 self .master.optimize (cbwarehouse)
160 print (" *xxk End Loop **x ")
161
162 # it seems that 64-bit needs this eztra work
163 for i in range(self.nwarehouse):
164 self.csupply[il.rhs = self.vmbuild[i].x * self.supplyl[il
165
166 self.sub.optimize()
167
168 def report(self):
169 print (" *xk Summary Report sk ")
170 print("Objective: %.6f" 7 self.master.objval)
171 print("Variables:")
172 for i in range(self.nwarehouse):
173 if abs(self.vmbuild[i].x) > le-6:
174 print(" Build[%d] = %.0f" % (i, self.vmbuild[i].x))
175
176 for i in range(self.nwarehouse):
177 for j in range(self.nstore):
178 if abs(self.vship[i]l[j].x) > le-6:
179 print (" Ship[%d] [%d] = %.6f" % (i, j, self.vship[il[jl.x))
180
181 if __name__ == "__main__":
182 warehouse = WareHouse ()
183 warehouse.read("warehouse.dat")
184 warehouse.solve()
185 warehouse.report ()
17.5.2 FHIkE A multicommodity
H B # X multicommodity
1 25
2 6

3 23070 18290 20010 15080 17540 21090 16650 18420 19160 18860 22690 19360 22330 15440 19330 17110
< 15380 18690 20720 21220 16720 21540 16500 15310 18970

4 12000 12000 14000 13500 25000 29000

5 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000 500000
<— 500000 500000 500000 500000 500000 500000 500000 500000 500000

73.78 14.76 86.82 91.19 51.03 76.49

60.28 20.92 76.43 83.99 58.84 68.86

58.18 21.64 69.84 72.39 61.64 58.39

© w N o

50.37 21.74 61.49 65.72 60.48 56.68
10 42.73 35.19 44.11 58.08 65.76 55.51
11 44.62 39.21 44.44 48.32 76.12 51.17
12 49.31 51.72 36.27 42.96 84.52 49.61
13 50.79 59.25 22.53 33.22 94.30 49.66
14 51.93 72.13 21.66 29.39 93.52 49.63

15 65.90 13.07 79.59 86.07 46.83 69.55
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