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Chapter 8 

Conclusion & Further work 

8.1 Introduction 

This chapter explains the small conclusion of the proposed system. Also then it will 

explain the future work of the research. As in every research we have many problems 

while we were doing the research. Time and resources were huge problems in this 

research even from the beginning.  

So this chapter explains limitations of the research, future works of the research and 

the final conclusion of the research. 

8.2 Conclusion 

The aim of this project was to develop swarm intelligence based unmanned ground 

vehicles (UGV) controlling system to work in dynamic and partially observable 

environment. Research was divided into multiple sections and accomplished each 

tasks as in each chapter. 

Final system has been implemented to navigate unmanned vehicles in both software 

and hardware simulation environments by using genetic algorithm and machine 

leaning approaches. Here we implemented the system only by using partially 

observable information, since in real life also human driver gets decisions from the 

partially observable environment.  

Learning and cognitive thinking are the base concepts behind this whole project. It is 

also reflects the actual way of thinking by humans when they do any kinds of work. If 

a human does not have any background or knowledge about any given task, first he 

tries to solve that given task by explicitly thinking about the solution. But if he has 

enough knowledge in given problem or task, he tries to solve it using his past 

knowledge about similar kinds of problems. If it doesn‟t work, then only he goes to 

the cognitive approach. We thoroughly believed this natural way of thinking by 

humans, also gives intelligent solutions for machines as well. Final results of the 

system proved the success of the research. 
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As we explained as the cognitive approach we suggested to use genetic algorithm 

based model. And we used deep Q learning model as the Learning model in the 

proposed system. Though this research has provided its main objectives, still there are 

lots of areas to improve by technically and well as content wise. 

8.3 Limitations and Further Work 

In this system we assumed all obstacles as ellipses for ease of implementation. So this 

research can be extended to work with various types of obstacles. Also agents stuck 

on the terrain, when obstacles are appeared as a non-convex polygon. It can also be 

addressed in future researches. 

8.4 Summary 

In this chapter we have discussed the conclusions that we can finally derived from 

current state of the research. We consider many aspects of the project like objectives, 

design, and implementation. Based on all the facts, we made some conclusions here. 

Limitations of the solution and further work are also discussed here. 
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Appendix A 

Software simulation of the proposed system 

A.1 Introduction 

This will explain the software simulated output of the proposed system. Explanation 

will be done through some screenshots of special scenarios of the system. 

A.2 Special movements of the proposed system 

 

Figure A.1: Multiple agents are avoiding multiple obstacles 
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Figure A.2: Multiple agents are avoiding a single obstacle 

 

Figure A.3: Multiple agents are reaching to their targets as swarms 
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Appendix B 

Source code of the current system 

B.1 Introduction 

This section will include source code which was used to develop the proposed system. 

B.2 Source code of the proposed system 

B.2.1 Source code for software simulator 

package processing; 

import math.MathUtil; 

import terrain.Position; 

import terrain.PositionUtil; 

import util.Info; 

import processing.core.*; 

import shared.CurrentPositions; 

public class MyProcessingSketch extends PApplet { 

  float x = 100; 

  float y = 100; 

  float angle1 = (float) 0.0; 

  float segLength = 50; 

  public void settings()  

  { 

    size(1400, 800); 

  } 

  public void setup()  

{ 

    strokeWeight((float) 1.0); 

    stroke(255, 100); 

    CurrentPositions.init(); 
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  } 

  public void draw() { 

    background(0); 

    if (!CurrentPositions.concurrentMap.isEmpty()) { 

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

        x = (float) ((Position) (CurrentPositions.concurrentMap.get(i))).getX(); 

        y = (float) ((Position) (CurrentPositions.concurrentMap.get(i))).getY(); 

        ellipseMode(CENTER); 

        fill(192, 255, 62, 40); 

        ellipse(x, y, 50, 50);       

         

        fill(255,255,0); 

        ellipse(x, y, 20, 20); 

        fill(0,255,0); 

        for(Position pos : Info.targetPositions) 

        { 

          ellipse((float) pos.getX(), (float) pos.getY(), 20, 20); 

        }     

        fill(255,0,0); 

        for(Position pos : Info.obstaclePositions) 

        { 

          ellipse((float) pos.getX(), (float) pos.getY(), 20, 20); 

        } 

      } 

    }     

  } 

  void segment(float x, float y, float a) { 

    pushMatrix(); 

    translate(x, y); 
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    rotate(a); 

    line(0, 0, segLength, 0); 

    popMatrix(); 

  } 

} 
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B.2.2 Source code for GA module 

package genetic; 

import java.io.Serializable; 

import java.util.function.Function; 

import org.jenetics.Chromosome; 

import org.jenetics.DoubleGene; 

import org.jenetics.Genotype; 

import terrain.Position; 

import terrain.PositionUtil; 

 

final class MyFitnessFunction implements Function<Genotype<DoubleGene>, 

Double>, Serializable { 

 private static final long serialVersionUID = 1L; 

 private Position[] neighborPositions; 

 Position initialPosition; 

 Position targetPosition; 

 double vehicleRadius = 10.0; 

 double maxNavDisPerStep = 10.0; 

 int dimensions = 2; 

 int numOfConstrains = 3; 

 Position[] obstaclePositions; 

 Position currentPosition; 

 public MyFitnessFunction(Position currentPosition, Position[] neighborPositions,  

Position initialPosition, 

   Position targetPosition, Position[] obstaclePositions) { 

  this.neighborPositions = neighborPositions; 

  this.initialPosition = initialPosition; 

  this.targetPosition = targetPosition; 

  this.currentPosition = currentPosition; 

  this.obstaclePositions = obstaclePositions; 
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 } 

 @Override 

 public Double apply(final Genotype<DoubleGene> genotype) { 

  Double retVal = 1000.0; 

  final Chromosome<DoubleGene> chromosome = genotype.getChromosome(); 

  int length = chromosome.length(); 

  Position position = new Position(currentPosition.getX() + 

chromosome.getGene(0).getAllele(), 

    currentPosition.getY() + chromosome.getGene(1).getAllele(), 0); 

  // check inter agent collision 

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

   if (neighborPositions[i].getDistance(position) < vehicleRadius * 2.2) { 

    return 0.0; 

   } else { 

    retVal = retVal + 1 / (((neighborPositions[i].getDistance(position)) 

      / (numOfConstrains * 10 * (neighborPositions.length - 1)))); 

   } 

  } 

  // check obstacle collision 

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

   if (obstaclePositions[i].getDistance(position) < vehicleRadius * 2.2) { 

    return 0.0; 

   }  

  } 

  // check moving out from initial position 

  retVal = retVal + (position.getDistance(initialPosition) / (numOfConstrains)); 

 

  // check check moving in to target position 

  retVal = retVal - (position.getDistance(targetPosition) / (numOfConstrains)); 

  return retVal; 
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 } 

}  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

B.2.3 Source code for multi agent communication 

package behaviors; 

import java.io.BufferedReader; 

import java.io.BufferedWriter; 

import java.io.IOException; 

import java.io.InputStreamReader; 

import java.io.OutputStreamWriter; 

import java.io.PrintWriter; 

import java.net.Socket; 

import java.net.UnknownHostException; 

import brain.RobotKnowledgeBase; 

import genetic.PathPlanner; 

import jade.core.AID; 

import jade.core.behaviours.SimpleBehaviour; 

import jade.lang.acl.ACLMessage; 

import jade.lang.acl.MessageTemplate; 

import multiagent.RobotAgent; 

import terrain.Position; 

import util.Info; 

import util.MyLog; 

public class CommunicationBehavior extends SimpleBehaviour { 

 private int agentId; 

 private static final MessageTemplate mt = 

MessageTemplate.MatchPerformative(ACLMessage.INFORM); 

 RobotAgent agent; 

 RobotKnowledgeBase rkb; 

 MyLog mylog; 

 PathPlanner pathPlanner; 

 int collectedCount; 

 BufferedReader in = null; 

 BufferedWriter brout = null; 

 

 public CommunicationBehavior(MyLog myLog, RobotAgent agent, int agentId, 
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RobotKnowledgeBase rkb) 

   throws UnknownHostException, IOException { 

  super(agent); 

  this.mylog = myLog; 

  this.agent = agent; 

  this.agentId = agentId; 

  this.rkb = rkb; 

  this.pathPlanner = new PathPlanner(); 

  this.collectedCount = 0; 

  init(); 

  mylog.log("Inialized"); 

 } 

 

 public void init() throws UnknownHostException, IOException { 

 

  new Thread() { 

   public void run() { 

    Socket socket; 

    try { 

     socket = new Socket(Info.serverHost, Info.serverPort); 

     in = new BufferedReader(new InputStreamReader(socket.getInputStream())); 

     brout = new BufferedWriter(new OutputStreamWriter(socket.getOutputStream())); 

     String line; 

     while (true) { 

      try { 

       line = in.readLine(); 

 

       if (line != null) { 

        String[] spt1 = line.split("_"); 

        sleep(1000); 

        System.out.println( 

          agentId + " --> " + "CommunicationBehavior --> " + spt1[0] + " received"); 

 

        if (spt1[0] == "Obstacle") { 
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         mylog.log("Received Obstacle from sever"); 

         mylog.testLog("Received Obstacle from sever"); 

         updateObstacles(spt1[1]); 

         //calculateNextPosition(); 

        } 

        if (spt1[0] == "Completed") 

        { 

         mylog.log("Received Completed from server"); 

         mylog.testLog("Received Completed from server"); 

        } 

         

        calculateNextPosition(); 

       } 

 

      } catch (IOException e) { 

       e.printStackTrace(); 

      } catch (InterruptedException e) { 

       e.printStackTrace(); 

      } 

     } 

    } catch (IOException e1) { 

     e1.printStackTrace(); 

    } 

   } 

  }.start(); 

 } 

 

 private void updateObstacles(String msg) { 

  String[] spt2 = msg.split(","); 

  Position newObstacle = new Position(Double.parseDouble(spt2[0]), 

Double.parseDouble(spt2[1]), 

    Double.parseDouble(spt2[2])); 

  rkb.addObstacle(newObstacle); 

  mylog.log("Updated obstacles"); 
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 } 

 

 void calculateNextPosition() { 

  rkb.setTargetPosition(rkb.getTargetPositions().get(agentId % 2)); 

  ACLMessage reqMessage = new ACLMessage(ACLMessage.INFORM); 

  reqMessage.setContent("PositionRequest_" + agentId + "_Empty"); 

  for (int i = 0; i < Info.numOfRobotAgents; i++) { 

   if (i != agentId) { 

     AID driver = new AID("agent" + i + "@" + myAgent.getHap(), AID.ISGUID); 

     reqMessage.addReceiver(driver); 

     mylog.log("Sent position request to " + i); 

   } 

  } 

  mylog.log("Sent position request to all others"); 

  this.rkb.removeAllNeighbors(); 

  myAgent.send(reqMessage); 

 } 

 

 public void sendPositionToSimulator(Position position) { 

  try { 

   brout.write("SimulateAgent" + "_" + agentId + "_" + position.getX() + "," + 

position.getY() + "," 

     + position.getZ()); 

   brout.newLine(); 

         brout.flush(); 

         mylog.log("Sent new position to simulator: " + position.toString()); 

   mylog.testLog("Sent new position to simulator: " + position.toString()); 

  } catch (IOException e) { 

   e.printStackTrace(); 

  } 

 } 

 

 public void sendPositionToOthers(Position position) { 

  ACLMessage aclMessage = new ACLMessage(ACLMessage.INFORM); 
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  aclMessage.setContent("PositionUpdate" + "_" + agentId + "_" + position.getX() + 

"," + position.getY() + "," 

    + position.getZ()); 

 

  for (int i = 0; i < Info.numOfRobotAgents; i++) 

   if (i != agentId) 

    aclMessage.addReceiver(new AID("agent" + i, AID.ISLOCALNAME)); 

  myAgent.send(aclMessage); 

  mylog.log("Sent new position to other agents"); 

 } 

 

 @Override 

 public void action() { 

  ACLMessage aclMessage = myAgent.receive(mt); 

  if (aclMessage != null) { 

   String data[] = aclMessage.getContent().split("_"); 

   String event = data[0]; 

   int sender = Integer.parseInt(data[1]); 

   String content = data[2]; 

   mylog.log("ACTION" + " --> " + event + " _ " + sender  + " _ " + content); 

   if (event.compareTo("PositionResponse") == 0)  

   { 

    mylog.log("Received PositionResponse from " + sender); 

    this.rkb.addNeighbor(new Position(content)); 

    collectedCount++; 

    if (collectedCount % (Info.numOfRobotAgents - 1) == 0)  

    { 

     pathPlanner.calculateNextPosition(rkb); 

     mylog.testLog("Calculated next position"); 

     sendPositionToSimulator(rkb.getCurrentPosition()); 

     mylog.log("Calculated next position"); 

    }     

   } 

   if (event.compareTo("PositionRequest") == 0)  
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   { 

    mylog.log("Recieved PositionRequest from " + sender); 

    ACLMessage reply = new ACLMessage(ACLMessage.INFORM); 

    reply.setContent("PositionResponse_" + agentId + "_" + 

rkb.getCurrentPosition().toString()); 

    reply.addReceiver(new AID("agent" + sender + "@" + myAgent.getHap(), 

AID.ISGUID)); 

    myAgent.send(reply); 

    mylog.log("Sent Position response to " + sender); 

   } 

  } 

 } 

 @Override 

 public boolean done() { 

  // TODO Auto-generated method stub 

  return false; 

 } 

} 
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B.2.4 Source code for learning module 

package machinelearning; 

import java.io.IOException; 

import java.nio.file.Files; 

import java.nio.file.Paths; 

import java.nio.file.StandardOpenOption; 

import java.util.ArrayList; 

import javax.script.Invocable; 

import javax.script.ScriptEngine; 

import javax.script.ScriptEngineManager; 

import javax.script.ScriptException; 

import org.apache.commons.math3.util.FastMath; 

import math.Vector2D; 

import terrain.Position; 

public class GARuleLearner { 

 Invocable inv; 

 Object myObject; 

 String model; 

 String inputExpe = ""; 

 String outputExpe = ""; 

 public GARuleLearner(int numOfInputs, int numOfActions) { 

  try { 

   ScriptEngineManager manager = new ScriptEngineManager(); 

   ScriptEngine engine = manager.getEngineByName("JavaScript"); 

   inv = (Invocable) engine; 

   String scriptPath = "/home/isuru/MSC-

AI/Project/WorkSpace/for_simulation_only/source/ugv-controller-

ai/Client/src/MyDQN.js"; 

   engine.eval("load('" + scriptPath + "')"); 

   myObject = engine.get("myObject"); 
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   inv.invokeMethod(myObject, "init", numOfInputs, numOfActions); 

  } catch (ScriptException e) { 

   // TODO Auto-generated catch block 

   e.printStackTrace(); 

  } catch (NoSuchMethodException e) { 

   // TODO Auto-generated catch block 

   e.printStackTrace(); 

  } 

 } 

 public void test(double x, double y) { 

  Vector2D toTarget = new Vector2D(0.0, 10.0); 

  Vector2D toPos = new Vector2D(x, y); 

  toTarget = toTarget.perpendicularClock(); 

  double angleToPos = FastMath.toDegrees( 

    FastMath.atan2(toTarget.getY(), toTarget.getX()) - FastMath.atan2(toPos.getY(), 

toPos.getX())); 

  System.out.println(angleToPos); 

 } 

 public void train(Position currentPosition, Position futurePosition, Position 

initialPosition, 

   Position targetPosition, ArrayList<Position> neighborPositions, 

ArrayList<Position> obstaclePositions) { 

  try { 

   Vector2D toTarget = new Vector2D(targetPosition.getX() - currentPosition.getX(), 

     targetPosition.getY() - currentPosition.getY()); 

   toTarget = toTarget.perpendicularClock(); 

   double neighbors[] = { 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 

0.0, 0.0 }; 

   double obstacles[] = { 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 

0.0, 0.0 }; 

   double angleToPos; 
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   Vector2D toPos; 

   for (Position pos : neighborPositions) { 

    toPos = new Vector2D(pos.getX() - currentPosition.getX(), pos.getY() - 

currentPosition.getY()); 

    angleToPos = FastMath.toDegrees( 

      FastMath.atan2(toTarget.getY(), toTarget.getX()) - FastMath.atan2(toPos.getY(), 

toPos.getX())); 

    //System.out.println("neighbors index " + (int) Math.floor(angleToPos / 22.5)); 

    if (angleToPos < 0) { 

     angleToPos = 360 + angleToPos; 

    } 

    neighbors[(int) Math.floor(angleToPos / 22.5)] = currentPosition.getDistance(pos); 

   } 

   for (Position pos : obstaclePositions) { 

    toPos = new Vector2D(pos.getX() - currentPosition.getX(), pos.getY() - 

currentPosition.getY()); 

    angleToPos = FastMath.toDegrees( 

      FastMath.atan2(toTarget.getY(), toTarget.getX()) - FastMath.atan2(toPos.getY(), 

toPos.getX())); 

    //System.out.println("obstacles index " + (int) Math.floor(angleToPos / 22.5)); 

    if (angleToPos < 0) { 

     angleToPos = 360 + angleToPos; 

    } 

    obstacles[(int) Math.floor(angleToPos / 22.5)] = currentPosition.getDistance(pos); 

   } 

   String input = ""; 

   for (int i = 0; i < 16; i++) { 

    if (i == 0) { 

     input = input + neighbors[i] + "," + obstacles[i]; 

    } else { 

     input = input + "," + neighbors[i] + "," + obstacles[i]; 



69 
 

    } 

   } 

   double result; 

   angleToPos = FastMath.toDegrees(FastMath.atan2(toTarget.getY(), 

toTarget.getX()) 

     - FastMath.atan2(futurePosition.getY(), futurePosition.getX())); 

   double expected = Math.floor(angleToPos / 22.5); 

   double reward = 0; 

   for (int i = 0; i < 50; i++) { 

    result = (double) inv.invokeMethod(myObject, "forward", input); 

    System.out.println("result " + result + " expected " + expected); 

    inputExpe = inputExpe + input + "-" + expected + "-" + result + "\n"; 

    if (result == expected)  

    { 

     reward = 1000 + 1000; 

    }  

    else 

    { 

     reward = 1000 / Math.abs(result - expected); 

    } 

     

    if(obstacles[(int) result] == 1 || neighbors[(int) result]== 1) 

    { 

     reward = 0; 

    }   

    inv.invokeMethod(myObject, "backward", reward); 

   } 

  } catch (NoSuchMethodException | ScriptException e) { 

   // TODO Auto-generated catch block 

   System.out.println("NoSuchMethodException | ScriptException e"); 
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   e.printStackTrace(); 

  } 

 } 

 public void saveInput() 

 { 

  try { 

   Files.write(Paths.get("/home/isuru/input.txt"), inputExpe.getBytes(), 

StandardOpenOption.CREATE); 

  } catch (IOException e) { 

   // TODO Auto-generated catch block 

   e.printStackTrace(); 

  } 

 } 

 public void saveOutput() 

 { 

  try { 

   Files.write(Paths.get("/home/isuru/output.txt"), outputExpe.getBytes(), 

StandardOpenOption.CREATE); 

  } catch (IOException e) { 

   // TODO Auto-generated catch block 

   e.printStackTrace(); 

  } 

 } 

 public double predict(Position currentPosition, Position futurePosition, Position 

initialPosition, 

   Position targetPosition, ArrayList<Position> neighborPositions, 

ArrayList<Position> obstaclePositions) { 

  try { 

   inv.invokeMethod(myObject, "finish"); 

   Vector2D toTarget = new Vector2D(targetPosition.getX() - currentPosition.getX(), 

     targetPosition.getY() - currentPosition.getY()); 
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   toTarget = toTarget.perpendicularClock(); 

   double neighbors[] = { 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 

0.0, 0.0 }; 

   double obstacles[] = { 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 

0.0, 0.0 }; 

   double angleToPos; 

   Vector2D toPos; 

   for (Position pos : neighborPositions) { 

    toPos = new Vector2D(pos.getX() - currentPosition.getX(), pos.getY() - 

currentPosition.getY()); 

    angleToPos = FastMath.toDegrees( 

      FastMath.atan2(toTarget.getY(), toTarget.getX()) - FastMath.atan2(toPos.getY(), 

toPos.getX())); 

    if (angleToPos < 0) { 

     angleToPos = 360 + angleToPos; 

    } 

    neighbors[(int) Math.floor(angleToPos / 22.5)] = currentPosition.getDistance(pos); 

   } 

   for (Position pos : obstaclePositions) { 

    toPos = new Vector2D(pos.getX() - currentPosition.getX(), pos.getY() - 

currentPosition.getY()); 

    angleToPos = FastMath.toDegrees( 

      FastMath.atan2(toTarget.getY(), toTarget.getX()) - FastMath.atan2(toPos.getY(), 

toPos.getX())); 

    if (angleToPos < 0) { 

     angleToPos = 360 + angleToPos; 

    } 

    obstacles[(int) Math.floor(angleToPos / 22.5)] = currentPosition.getDistance(pos); 

   } 

   String input = ""; 

   for (int i = 0; i < 16; i++) { 

    if (i == 0) { 
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     input = input + neighbors[i] + "," + obstacles[i]; 

    } else { 

     input = input + "," + neighbors[i] + "," + obstacles[i]; 

    } 

   } 

   double result = (double) inv.invokeMethod(myObject, "predict", input); 

   angleToPos = FastMath.toDegrees(FastMath.atan2(toTarget.getY(), 

toTarget.getX()) 

     - FastMath.atan2(futurePosition.getY(), futurePosition.getX())); 

   double expected = Math.floor(angleToPos / 22.5); 

   outputExpe = outputExpe + input + "-" + expected + "-" + result + "\n"; 

   double retVal = -1; 

   if(result == expected)  

   { 

    retVal = 0; 

   }  

   else 

   { 

    retVal = Math.abs(result - expected); 

   } 

   if(obstacles[(int) result] == 1 || neighbors[(int) result]== 1) 

   { 

    retVal = 1000; 

   }   

   return retVal; 

  } catch (NoSuchMethodException | ScriptException e) { 

   System.out.println("NoSuchMethodException | ScriptException e"); 

   e.printStackTrace(); 

   return -1; 

  } 
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 } 

 public void save() { 

  try { 

   inv.invokeMethod(myObject, "finish"); 

   model = (String) inv.invokeMethod(myObject, "savenet"); 

   Files.write(Paths.get("/home/isuru/model.txt"), model.getBytes(), 

StandardOpenOption.CREATE); 

  } catch (NoSuchMethodException | ScriptException e) { 

   e.printStackTrace(); 

  } catch (IOException e) { 

   e.printStackTrace(); 

  } 

 } 

 public void load() { 

  try { 

   model = new String(Files.readAllBytes(Paths.get("/home/isuru/model.txt"))); 

   inv.invokeMethod(myObject, "loadnet", model); 

   inv.invokeMethod(myObject, "finish"); 

  } catch (NoSuchMethodException | ScriptException e) { 

   e.printStackTrace(); 

  } catch (IOException e) { 

   e.printStackTrace(); 

  } 

 } 

} 


