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Figure 5.9: Thruster tunnel section after welding. The welding parameters applied (Current,
waving parameters) are not optimal, but the precision of the welding paths is acceptable.

5.4 Video

A video showing the object alignment and welding of the thruster tunnel section has been pro-
duced and placed in the digital appendix. The video begins by explaining the physical setup in
the robot cell. The following section shows how the object aligning algorithm performs for var-
ious scenarios. This part is a screen recording from the computer, and it displays the graphical

interface of the developed C++ application.

Part three of the video shows how the offline robot programming and welding simulations is car-
ried out. This is also a screen recording of a computer, but this time KUKA.Sim and KUKA. OfficeLite

are demonstrated.

The final part of the video is a recording of the final welding process. Individual parts of the
thruster tunnel are first assembled by spot welding. The component pose is then changed before

the thruster tunnel part is fully welded.



Chapter 6

Concluding Remarks

6.1 Discussion

During the work in this project, it has been noted that planning of experiments ahead in time
had a valuable impact on the flow of the experiments that were carried out. Some of the prob-
lems which came up during the experiments were of such a nature that we were unable to affect
in advance, and what were initially thought to be small obstacles has often turned out to need
more attention and effort than planned. Some of the noted difficulties were related to the de-
livery of necessary equipment for the welding machinery. In addition, some problems were en-
countered during the image processing stage. The Kinect camera generates vast data streams,
and deciding on processing steps that make the data manageable while preserving the essential

information turned out to be time consuming.

Starting out with a barely used robot manipulator and an unused welding machine, and ending
up with a working robotic welding system, has been an interesting journey. The objective of
creating a working system was always the main focus, and has taken up most of the time. The
lack of background knowledge in necessary concepts and software like Microsoft Visual Studio,
Point Cloud Library, C++ and Point Clouds has been a challenge from the start-up. The first
part of the project was almost exclusively spent getting to know the software and programming

interfaces.

63



64 CHAPTER 6. CONCLUDING REMARKS

Implementing the client-server communication between the robot controller and the devel-
oped point cloud acquisition and object alignment application turned out to be a major task.
Several alternatives were considered and examined before OpenShowVar was chosen, which
had to be rewritten in C++ in order to be implemented. With more background knowledge in

C++ programming, this would probably not be such a demanding task to perform.

Perhaps the biggest advantage of using a 3D camera and CAD model for correcting robot pro-
grams is the versatility. This type of system can very easily be reprogrammed for new welding
operations, or it can even be used for other industrial processes such as material handling (pick

and place).

If the developed system were to be used for welding large and complex components, it could
be necessary to estimate the object pose several times throughout the welding operation. The
object alignment algorithms is in its current form probably not performing fast enough for use
in such a near real-time system. Some solutions have been proposed, and with the adequate
time it would be very interesting to implement these in order to achieve higher speed of the
pose estimation. A faster system could potentially also be used for visual servoing and other

autonomous systems.

The comprehensive practical part has seized most of the available time. The theory section
has consequently been limited to some background information and explaining the work per-
formed. In addition to the objectives, a brief comparison between various object aligning al-
gorithms has been performed. With the initial problem formulations fulfilled, the undersigned

believes that the project is successfully completed.
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6.2 Conclusion

In this thesis, a 3D computer vision solution was developed and used for improving the process
of offline programming a welding robot. The results were demonstrated by programming and
welding a section of a thruster tunnel for ships with corrections from a consumer grade 3D cam-
era. The system is able to detect and correct the welding paths for both translated and rotated

objects.

The results show small variations in the corrected object pose estimation. This appeared to
originate from random variations in the depth data from the Kinect 3D camera, and led to inac-
curate object pose estimations which were not very robust. A solution based on using the point-
wise median value of several point clouds for estimating the object pose proved to be relative
efficient. For this solution, a mean absolute error of approximately 2.43 mm with a maximum of
approximately 5.70 mm was achieved. Whether this is a sufficiently accurate solution will dif-
fer from operation to operation, but for the tasks studied in this project it resulted in adequate

welds.

The speed of the object pose estimation is not very high, but it is believed to be more than
adequate for correcting offline programmed welding paths. Compared to manual correction
of the welding paths, the amount of time saved is noticeable and could facilitate single piece
manufacturing. It is possible to further improve the speed of the pose estimation, and potential

solutions have been proposed.
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Figure 6.1: Sketch illustrating how a Kinect 3D camera could be mounted on a KR5 welding
robot manipulator.

6.3 Recommendations for Further Work

It is yet to be tested how the object pose estimation performs if the 3D camera view is partially
blocked, e.g. by the robot arm. Different camera positions and orientations should also be tested
in order to evaluate the system robustness. Mounting the Kinect 3D camera on the robot arm
itself or on a dedicated robot manipulator would allow for estimating object pose from different
point of views, and would make it possible to perform welding on significantly larger objects. A

graphical illustration of how this system might look is given in Figure 6.1.

In order to improve the system without updating the hardware, it is necessary to reduce the
search area of the object aligning algorithms. A possible solution could be to use segmentation
methods for estimating the region of interest. A segmentation algorithm based on colorimetric

similarity and spatial proximity proposed by Zhan et al [47] could be useful in this work.

The CAD model is in the current system converted to a point cloud directly, with all visible and

invisible surfaces represented by points. When comparing the point cloud acquired from the 3D
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camera with the point cloud converted from the CAD model, the points converted from model
features invisible to the camera can contribute to degrading the object pose estimation. A better
way to represent the model would be to only convert the surfaces visible from the 3D camera’s
point of view. This could be achieved by using the initial guess for object pose and a simulated

camera, and then sample points on the CAD model by ray tracing.

Physical components are rarely a proportionally perfect version of the CAD model it originates
from. Deformations, lengths and angle deviations should be taken into account in the object
pose estimations. A possible solution could be to divide the object into smaller parts, and es-
timate poses at a lower level. Introducing object scale as a factor to estimate would also be

beneficial.
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A.1 Main C++ application

Listing A.1: Source code of main.cpp.
/*
Source code for Point cloud capturing, CAD-to-Point Cloud conversion,

object pose estimatation, and communication with KUKA robot controller.

Author: Eirik B. Njaastad.

NTNU 2015

*/

#include "stdafx.h"

#include <ctime>

#include <iostream>

#include <fstream>

#include "BoostClientCross.h" // For communication with the KUKA robot controller
#include "kinect2_grabber.h" // Grabber for the Kinect, made by Tsukasa SUGIURA (MIT License)
#include <boost/interprocess/sync/scoped_lock.hpp>
#include <Eigen/Core>

#include <pcl/io/pcd_io.h>

#include <pcl/io/vtk_lib_io.h>

#include <pcl/point_types.h>

#include <pcl/common/common.h>

#include <pcl/filters/passthrough.h>

#include <pcl/filters/voxel_grid.h>

#include <pcl/filters/median_filter.h>

#include <pcl/filters/statistical_outlier_removal.h>
#include <pcl/filters/extract_indices.h>

#include <pcl/features/fpfh.h>

#include <pcl/features/normal_3d.h>

#include <pcl/features/vfh.h>

#include <pcl/features/normal_3d_omp.h>

#include <pcl/features/fpfh_omp.h>

#include <pcl/kdtree/kdtree_flann.h>

#include <pcl/octree/octree.h>

#include <pcl/registration/icp.h>

#include <pcl/registration/icp_nl.h>

#include <pcl/registration/transformation_estimation_2D .h>
#include <pcl/registration/ia_ransac.h>

#include <pcl/surface/mls.h>

#include <pcl/surface/vtk_smoothing/vtk_utils.h>
#include <pcl/visualization/pcl_visualizer.h>
#include <pcl/visualization/histogram_visualizer.h>

#include <vtkTriangle.h>
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A.1. MAIN C++ APPLICATION

// Conversion from radians to degrees:

#define RADIODEG(rad) (rad = (180/M_PI))

using namespace std;

using namespace pcl;

typedef PointXYZRGB PointT;

typedef PointCloud<PointT> PointCloudT;

typedef pcl::PointCloud<pcl::Normal> SurfaceNormalsT;
typedef pcl::search::KdTree<pcl::PointXYZRGB> SearchMethodT;

// Booleans for keeping track of what has happened and not:
bool saveTargetCloud (false);

bool loadCADmodel(false);

bool runlICP(false);

bool ICPRunning(false);

bool targetCloudPresent(false);

bool socketConnected (false);

bool commRob(false);

bool firstRun (true);

bool cloudNormalsPresent(false);

// Settings for the robot controller communication:
BoostClientCross boostclientcross;
string ip = "192.168.251.5";

string port = "7000";

// Name of variables in the robot controller to update:

vector<unsigned char> translX = { 'T’, 'R’, 'A’, 'N’, 'S’, 'L’,
vector<unsigned char> translY = { 'T’, 'R’, 'A’, 'N’, ’S’, 'L’,
vector<unsigned char> translZ = { 'T’, 'R’, 'A’, 'N’, ’'S’, 'L’,

vector<unsigned char> rotateA = { ’

R
vector<unsigned char> rotateB = { 'T’, 'R’, 'A’, 'N’, 'S’, 'L’,
T

vector<unsigned char> rotateC = {

// Name of the CAD model to import:
string cadName = "CADmodel. stl";

PolygonMesh mesh;
// The two viewports in the ICP viewer
int v1(0);

int v2(1);

// Creating pointers for the point clouds:

, 0, T, AT, T, R,

, 'R, AT, NT, ST, LY,
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PointCloudT :: Ptr cloud_model(new PointCloudT);

PointCloudT :: Ptr cloud_target(new PointCloudT);

PointCloudT :: Ptr cloud_ICP (new PointCloudT);

// Temporary point clouds for filtering and transformations:
PointCloudT :: Ptr downsamplingCloud (new PointCloudT);

PointCloudT :: Ptr outlierRemovedCloud (new PointCloudT) ;

PointCloudT :: Ptr cloud_transformed (new PointCloudT) ;

// Point Cloud for holding the CAD mesh:

PointCloud<PointXYZ >:: Ptr pointCloudFromMESH (new PointCloud<PointXYZ>);
// Matrices for holding the camera calibration values and estimated transformation:
Eigen:: Matrix4f calibrationMatrix = Eigen:: Matrix4f:: Identity () ;

Eigen:: Matrix4f transformationMatrix = Eigen:: Matrix4f:: Identity () ;

class SimpleViewer {
private:
visualization :: PCLVisualizer* KinectStreamVisualizer;

visualization :: PCLVisualizer= ICPVisualizer;

boost:: mutex cloud_mutex_;
PointCloudT :: ConstPtr cloud_;

bool recieved_first_;

public:
void run();
void IterativeClosestPointfunction ();
void OutlierRemovalFilter (const PointCloudT:: ConstPtr& inCloud, int nNeighbors);
void DownsamplingFilter (const PointCloudT:: ConstPtr& inCloud, const float voxel_grid_size);
void cloudCB(const PointCloudT:: ConstPtr& cloud);
void updatePointCloud (const PointCloudT :: ConstPtr& cloud);
void print4x4Matrix (const Eigen::Matrix4d & matrix);

b

// Function for estimating the surface normals for points:
PointCloud<PointNormal >:: Ptr estimateSurfaceNormals (const PointCloud<PointNormal>:: ConstPtr& input_cloud, float

radius)

PointCloud<PointNormal >:: Ptr cloud_normals (new PointCloud<PointNormal>);

copyPointCloud (*input_cloud, #cloud_normals); // Make a copy to work on

NormalEstimation<PointNormal, PointNormal> normal_estimation;

// Create an empty kdtree representation, and pass it to the normal estimation object.
// Its content will be filled inside the object, based on the given input dataset.
pcl::search::KdTree<PointNormal>:: Ptr tree(new pcl::search::KdTree<PointNormal>());

normal_estimation.setSearchMethod (tree) ;
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130 // Set search radius for neighboring points:
131 normal_estimation.setRadiusSearch (radius);
132 normal_estimation. setInputCloud (input_cloud) ;
133 // Computing the normals:

134 normal_estimation .compute (* cloud_normals) ;
135 return (cloud_normals);

136}

137

138 // Function performing the Iterative Closest Point algorithm

139 void SimpleViewer:: IterativeClosestPointfunction () {

140

141 !/

142 // This function contains 3 versions of ICP,

143 // only the nonlinear version is currently activated

144 /7

145

146 boost:: posix_time ::seconds workTime(3);

147 ICPRunning = true;

148 string modelCloudname_ICP = "modelCloud_ICP";

149

150 // Optional 2D transformation estimation:

151 //registration: :TransformationEstimation2D<PointT, PointT>::Ptr est;
152 //estNorm.reset (new registration::TransformationEstimation2D<PointT, PointT>);
153

154 !/

155 // STANDARD ICP

156 /7

157 /*

158 cout << "\n\nStarting standard ICP \n";

159 IterativeClosestPoint<PointT, PointT> icp;

160 // Optional 2D transformation estimation:

161 //icp.setTransformationEstimation(est);

162 icp.setInputSource(cloud_model);

163 icp.setInputTarget(cloud_target);

164 //icp.setEuclideanFitnessEpsilon(1le-8); // optional convergence criteria
165 icp.align(*cloud_model) ;

166

167 if (icp.hasConverged())

168 {

169 cout << "\nStandard ICP converged:" << icp.hasConverged() <<
170 " with the score: " << icp.getFitnessScore() << endl;

171 transformationMatrix = icp.getFinalTransformation() .cast<double>();
172 SimpleViewer: :print4x4Matrix (transformationMatrix) ;

173 ¥

174 else
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175 {

176 PCL_ERROR("\nStandard ICP did NOT converge!");

177 ¥

178 // VISUALIZING STANDARD ICP:

179 visualization::PointCloudColorHandlerCustom<PointT> single_colorStandardICP(cloud_model, 200, 200, 0);
180 ICPVisualizer->updatePointCloud<PointT>(cloud_model, single_colorStandardICP, modelCloudname_ICP);
181 */

182

183 //

184 // NONLINEAR ICP

185 //

186

187 cout << "\n\n__, Starting_NonLinear_ICP_\n";

188 IterativeClosestPointNonLinear<PointT, PointT> NLicp;

189 // Optional 2D transformation estimation:

190 //NLicp.setTransformationEstimation(est);

191 NLicp.setInputSource (cloud_model) ;

192 NLicp.setInputTarget(cloud_target);

193 NLicp. align (*cloud_model) ;

194

195 if (NLicp.hasConverged ())

196 {

197 cout << "\nNonLinear_ICP_converged:" << NLicp.hasConverged () <<

198 "_with_the_score: " << NLicp.getFitnessScore () << endl;

199 transformationMatrix = NLicp.getFinalTransformation () . cast<double>();
200 SimpleViewer :: print4x4Matrix (transformationMatrix) ;

201 }

202 else

203 {

204 PCL_ERROR("\nNonLinear,_ICP_did_NOT_converge!");

205 }

206 // Visualization of nonlinear ICP:

207 visualization :: PointCloudColorHandlerCustom<PointT> single_colorNonlinearICP (cloud_model, 200, 200, 0);
208 ICPVisualizer —>updatePointCloud<PointT >(cloud_model, single_colorNonlinearICP, modelCloudname_ICP);
209

210 //

211 // ICP WITH NORMALS

212 //

213 /*

214 cout << "\nEstimating target Surface Normals";

215 pcl::PointCloud<pcl::PointNormal>: :Ptr normals_target;

216 pcl::PointCloud<pcl::PointNormal>::Ptr normals_model;

217 normals_target = estimateSurfaceNormals(cloud_targetICPwn, 0.005f);

218 cout << "\nEstimating model Surface Normals";

219 normals_model = estimateSurfaceNormals(cloud_modelICPwn, 0.005f);
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// Visualizing the normals:

if (!cloudNormalsPresent){
ICPVisualizer->addPointCloudNormals<PointNormal>(normals_target, 10, 0.05, "normals", 1);
ICPVisualizer->addPointCloudNormals<PointNormal>(normals_model, 10, 0.05, "normals2", 1);
cloudNormalsPresent = true;

}

cout << "\n\nStarting ICP with normals\n";

IterativeClosestPointWithNormals<PointNormal, PointNormal> icpWN;

// Optional 2D transformation estimation:

//registration: :TransformationEstimation2D<PointNormal, PointNormal>::Ptr estNorm;

//estNorm.reset (new registration::TransformationEstimation2D<PointNormal, PointNormal>);

//icpWN.setTransformationEstimation(estNorm) ;

icpWN.setInputSource(normals_model) ;

icpWN.setInputTarget (normals_target);

icpWN.align(*normals_model) ;

if (icpWN.hasConverged())

{
cout << "\nICP with normals converged:" << icpWN.hasConverged() <<
" with the score: " << icpWN.getFitnessScore() << endl;
transformationMatrix = icpWN.getFinalTransformation() .cast<double>();
SimpleViewer: :print4x4Matrix (transformationMatrix) ;
}
else
{
PCL_ERROR("\nICP with normals did NOT converge!");
}

// Visualization of ICP with normals:

visualization: :PointCloudColorHandlerCustom<PointNormal> single_colorICPwn(normals_model, 0, 225, 0);

ICPVisualizer—>updatePointCloud<PointNormal>(normals_model, single_colorICPwn, modelCloudname_ICP);

*/
ICPRunning = false;

boost:: this_thread :: sleep (workTime) ;

// Filter for statistically removing outlier points:

void SimpleViewer:: OutlierRemovalFilter (const PointCloudT :: ConstPtr& inCloud, int nNeighbors) {
StatisticalOutlierRemoval <PointT> sor; // Create the filtering object
sor.setInputCloud (inCloud) ;
sor .setMeanK (nNeighbors) ; // Sets the number of neighboring points
sor.setStddevMulThresh (0.15) ; // Sets a standard deviation threshold value

sor. filter (xoutlierRemovedCloud) ;

// Filter for reducing (down-sampling) the number of points in a point cloud:

void SimpleViewer:: DownsamplingFilter (const PointCloudT :: ConstPtr& inCloud, const float voxel_grid_size) {

81
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pcl::VoxelGrid<PointT> vox_grid; // Using a voxel grid filter
vox_grid.setInputCloud (inCloud) ;

// The size of the voxels (Equal sided cubes in this case):
vox_grid.setLeafSize (voxel_grid_size, voxel_grid_size, voxel_grid_size);
PointCloudT :: Ptr tempCloud (new PointCloudT) ;

vox_grid. filter (xtempCloud) ; // Performs the filtering

downsamplingCloud = tempCloud;

// This function runs continuously, updating the Kinect stream and controlling the other functions:

void SimpleViewer ::updatePointCloud (const PointCloudT :: ConstPtr& skyen) {

// Transforming the grabbed point cloud to the calibrated values:

pcl::transformPointCloud (+*skyen, xcloud_transformed, calibrationMatrix);

// Setting names for point clouds added to the visualizer:
string streamCloudname = "streamCloud";

string modelCloudname = "modelCloud";

string modelCloudname_ICP = "modelCloud_ICP";

string targetCloudname = "targetCloud";

string targetCloudnameV2 = "targetCloudV2";

if (!recieved_first_){
recieved_first_ = true;

return;

// Color handler for the current grabbed cloud:

visualization :: PointCloudColorHandlerRGBField<PointT> rgb_s(cloud_transformed) ;

if (firstRun) {
// If first run, add the current grabbed cloud to the Kinect data stream visualizer:
KinectStreamVisualizer —>addPointCloud<PointT >(cloud_transformed, rgb_s, streamCloudname, 0);

firstRun = false;

else{
// Update the current grabbed cloud in the Kinect data stream visualizer:
KinectStreamVisualizer —>updatePointCloud<PointT >(cloud_transformed, rgb_s, streamCloudname);
// Saving the grabbed cloud as target cloud for the transformation estimation:
if (saveTargetCloud) {

+cloud_target = xcloud_transformed;

// Filtering the grabbed cloud:
SimpleViewer : : DownsamplingFilter (cloud_target, 0.008f); //0.008

cout << "Voxel Grid_filter_—_";
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SimpleViewer :: OutlierRemovalFilter (downsamplingCloud, 50);
cout << "Outliers_removal_—_";
SimpleViewer : : DownsamplingFilter (outlierRemovedCloud, 0.004f); //0.005
cout << "Voxel Grid_filter_—_";

+cloud_target = *downsamplingCloud;

// Moving least squares (MLS) filter:

pcl::search::KdTree<pcl::PointXYZRGB>:: Ptr MLStree (new pcl::search::KdTree<pcl::
PointXYZRGB>); // Create a KD-Tree

PointCloud <PointXYZRGB> MLScloud;

MLScloud = *cloud_target;

// Init object (second point type is for the normals, even if unused)

pcl::MovingLeastSquares<pcl : : PointXYZRGB, pcl::PointXYZRGB> mls;

// Set MLS parameters

mls. setInputCloud (cloud_target) ;

mls. setPolynomialFit (true);

mls.setSearchMethod (MLStree) ;

mls. setSearchRadius (0.02) ;

// Reconstruct

mls. process (MLScloud) ;

xcloud_target = MLScloud;

cout << "Least_squares_smoothing —_ Done!";

// Add the filtered cloud to the ICP visualizer viewports:
if (!targetCloudPresent) {
visualization :: PointCloudColorHandlerRGBField<PointT> rgb_sveis (cloud_target);
ICPVisualizer —>addPointCloud<PointT >(cloud_target, rgb_sveis, targetCloudname,
vl);
ICPVisualizer —>setPointCloudRenderingProperties (visualization ::
PCL_VISUALIZER_POINT_SIZE, 5, targetCloudname);
ICPVisualizer —>addPointCloud<PointT >(cloud_target, rgb_sveis, targetCloudnameV2
» V2);
ICPVisualizer —>setPointCloudRenderingProperties (visualization ::
PCL_VISUALIZER_POINT_SIZE, 5, targetCloudnameV2);
targetCloudPresent = true;
}
visualization :: PointCloudColorHandlerRGBField<PointT> rgb_extracted_target(cloud_target
)3
ICPVisualizer —>updatePointCloud<PointT >(cloud_target, rgb_extracted_target,
targetCloudname) ;
ICPVisualizer —>updatePointCloud<PointT >(cloud_target, rgb_extracted_target,

targetCloudnameV2) ;

// If ICP is used and model is moved, this resets the model cloud in ICP window

visualization :: PointCloudColorHandlerRGBField<PointT> rgb_model_reset (cloud_model) ;
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347 ICPVisualizer —>updatePointCloud<PointT >(cloud_model, rgb_model_reset,
modelCloudname_ICP) ;

348

349 saveTargetCloud = false;

350 }

351 // Loading the CAD model into the scene:

352 if (loadCADmodel) {

353 // Load file

354 pcl::io::loadPolygonFileSTL (cadName, mesh) ;

355

356 // Scale the cloud, since the PCL visualizer uses meters and not millimeters as unit:

357 PointCloud<PointXYZ> temp_trans_cloud;

358 fromPCLPointCloud2 (mesh. cloud, temp_trans_cloud);

359 Eigen:: Matrix4f scaleCAD = Eigen:: Matrix4f:: Identity () ;

360 float scaleFactor = 0.001;

361 scaleCAD (0, 0) = scaleFactor;

362 scaleCAD (1, 1) = scaleFactor;

363 scaleCAD (2, 2) = scaleFactor;

364 pcl::transformPointCloud (temp_trans_cloud, temp_trans_cloud, scaleCAD);

365 toPCLPointCloud2 (temp_trans_cloud, mesh.cloud);

366

367 // Add the scaled CAD model mesh to the Kinect stream visualizer:

368 KinectStreamVisualizer —>addPolygonMesh (mesh) ;

369

370 // Sampling 5000 points on the CAD model:

371 vtkSmartPointer<vtkPolyData> meshVTK;

372 VTKUtils : : convertToVTK (mesh, meshVTK) ;

373 uniform_sampling (meshVIK, 5000, #pointCloudFromMESH) ;

374

375 // Copies the CAD sampled cloud into the model cloud:

376 copyPointCloud (*pointCloudFromMESH, +*cloud_model) ;

377

378 // Add the sampled point cloud to the ICP visualizer:

379 ICPVisualizer —>addPointCloud<PointT >(cloud_model, modelCloudname, v1);

380 ICPVisualizer —>setPointCloudRenderingProperties (visualization ::
PCL_VISUALIZER_POINT_SIZE, 5, modelCloudname) ;

381

382 loadCADmodel = false;

383 }

384 // This starts the ICP pose estimation:

385 if (runICP) {

386 if (!ICPRunning) {

387 boost::thread workerThread(&SimpleViewer:: IterativeClosestPointfunction, this);

388 runlCP = false;

389 }
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}

else{

cout << "\nProcess_running,_wait_a_minute..\n";

runlCP = false;

// Communicating the updated pose to the robot controller:

if (commRob) {

std::vector<unsigned char> formatedMessage, receivedMessage;

string newVarValueStr;

// Open the socket connection if not connected already:
if (!socketConnected) {
boostclientcross.connectSocket (ip, port);

socketConnected = true;

// Communicating the updated XYZ-ABC values:

cout << "X-translation, ";

newVarValueStr = boost::lexical_cast<string>(1000 = transformationMatrix(0, 3));
vector<unsigned char> newVarValueX(newVarValueStr.begin () , newVarValueStr.end());

formatedMessage = boostclientcross.formatWriteMsg(translX, newVarValueX) ;

receivedMessage = boostclientcross.sendMsg(formatedMessage) ;

cout << "Y—translation, ";

newVarValueStr = boost::lexical_cast<string>(1000 = transformationMatrix(1, 3));
vector<unsigned char> newVarValueY(newVarValueStr.begin () , newVarValueStr.end());
formatedMessage = boostclientcross.formatWriteMsg(translY, newVarValueY);
receivedMessage = boostclientcross.sendMsg(formatedMessage) ;

cout << "Z-translation, ";
newVarValueStr = boost::lexical_cast<string>(1000 = transformationMatrix(2, 3));
vector<unsigned char> newVarValueZ (newVarValueStr.begin () , newVarValueStr.end());
formatedMessage = boostclientcross.formatWriteMsg(translZ, newVarValueZ) ;
receivedMessage = boostclientcross.sendMsg(formatedMessage) ;

"

cout << "A-rotation, ";
double Aangle = atan2(transformationMatrix(1, 0), transformationMatrix(0, 0));
newVarValueStr = boost::lexical_cast<string >(RADTODEG(Aangle)) ;

vector<unsigned char> newVarValueA (newVarValueStr.begin () , newVarValueStr.end());
formatedMessage = boostclientcross.formatWriteMsg(rotateA, newVarValueA);

receivedMessage = boostclientcross.sendMsg(formatedMessage) ;

cout << "B-rotation, ";

double Bangle = atan2(—transformationMatrix(2, 0), transformationMatrix (0, 2));

newVarValueStr = boost::lexical_cast<string >(RADTODEG(Bangle)) ;
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vector<unsigned char> newVarValueB (newVarValueStr.begin () , newVarValueStr.end());
formatedMessage = boostclientcross.formatWriteMsg(rotateB, newVarValueB) ;

receivedMessage = boostclientcross.sendMsg(formatedMessage) ;

cout << "C-rotation, ";

double Cangle = atan2(transformationMatrix(2, 1), transformationMatrix(2, 2));
newVarValueStr = boost::lexical_cast<string >(RADTODEG(Cangle)) ;

vector<unsigned char> newVarValueC(newVarValueStr.begin () , newVarValueStr.end());
formatedMessage = boostclientcross.formatWriteMsg(rotateC, newVarValueC) ;

receivedMessage = boostclientcross.sendMsg(formatedMessage) ;

cout << "\nRobot_variables_updated!" << endl;
commRob = false;

}

KinectStreamVisualizer —>spinOnce (1, true);

ICPVisualizer —>spinOnce (1, true);

// A function for printing out the alignment results:
void SimpleViewer :: print4x4Matrix (const Eigen::Matrix4dd & matrix) {
printf("Rotation_matrix_:\n");

printf (" | _%6.3f_%6.3f_%6.3f_|_\n", matrix(0, 0), matrix(0, 1), matrix(0, 2));

printf ("R =|_%6.3f_%6.3f_%6.3f_|_\n", matrix(1, 0), matrix(1, 1), matrix(1l, 2));
printf (", .| %6.3f_ %6.3f_%6.3f_|_\n", matrix(2, 0), matrix(2, 1), matrix(2, 2));
printf("Translation_vector_:\n");
printf("t_= < %6.3f,_%6.3f,_%6.3f_>\n", matrix(0, 3), matrix(l, 3), matrix(2, 3));
}
// Function for registering keyboard inputs from user:
void keyboardEventOccurred (const visualization ::KeyboardEvent& event, void* nothing) {
if (event.getKeySym() == "n" && event.keyDown () ) {
saveTargetCloud = true;
cout << "\nKey_'n’_pressed, _saving _a_target cloud._\n";
}
if (event.getKeySym() == "k" && event.keyDown () ) {
loadCADmodel = true;
cout << "\nKey_ 'k’ _pressed, _loading CAD_model into_scene._\n";
}
if (event.getKeySym() == "'m" && event.keyDown () ) {
runICP = true;
cout << "\nKey_ 'm’_pressed,_starting ICP._\n";
}
if (event.getKeySym() == "1" && event.keyDown () ) {
cout << "\nKey_'1’ _pressed, _sending corrected_pose_to_robot";

commRob = true;
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void SimpleViewer::run() {

// Creating the two visualizers

KinectStreamVisualizer = new visualization :: PCLVisualizer ("Kinect_Stream_Viewer");

ICPVisualizer = new visualization :: PCLVisualizer ("Point_Cloud_and_ICP_Viewer");

// Setting the viewer colors

float bckgr_gray_level = 1.0; // Black

float txt_gray_lvl = 1.0 — bckgr_gray_level;

// Add a coordinate system

KinectStreamVisualizer —>addCoordinateSystem (1.0) ;

// Set the desired camera poses

KinectStreamVisualizer —>setCameraPosition (2.47, 3.20,

ICPVisualizer —>setCameraPosition (2.47, 3.20, 1.80, -0.26,

// Register keyboard callback

87

KinectStreamVisualizer —>registerKeyboardCallback (keyboardEventOccurred , (void*)&KinectStreamVisualizer) ;

ICPVisualizer —>registerKeyboardCallback (keyboardEventOccurred , (void+)&ICPVisualizer) ;

// Create two verticaly separated viewports for ICPVisualizer

ICPVisualizer —>createViewPort (0.0, 0.0, 0.5, 1.0, vl);

ICPVisualizer —>createViewPort (0.5, 0.0, 1.0, 1.0, v2);

// Calibration values from camera calibration:

// Rotation matrix:

=

calibrationMatrix (0, 0

calibrationMatrix (0, 1

—

calibrationMatrix (0, 2)
calibrationMatrix (1, 0)
calibrationMatrix (1, 1)
calibrationMatrix (1, 2)
calibrationMatrix (2, 0)
calibrationMatrix (2, 1)
calibrationMatrix (2, 2)
// Translation vector:
calibrationMatrix (0, 3)
calibrationMatrix (1, 3)

calibrationMatrix (2, 3)

—0.002569;
0.999933;
0.011321;
0.999570;
0.002898;
-0.029180;
-0.029211;
0.011241;
-0.999510;

0.176108833 — 0.01326875;
0.260746314 + 0.04710675;
1.364965019;

while (!KinectStreamVisualizer—>wasStopped()) {

if (cloud_ != NULL) {
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void SimpleViewer ::cloudCB (const PointCloudT :: ConstPtr& cloud) {

boost::interprocess::scoped_lock<boost:: mutex> lock (cloud_mutex_);

APPENDIXA. SOURCE CODE

boost::interprocess::scoped_lock<boost:: mutex> lock (cloud_mutex_);

updatePointCloud (cloud_) ;

cloud_.reset();

}

if (recieved_first_) KinectStreamVisualizer—>spinOnce (30, false);

cloud_ = cloud;

//

// The following four functions are used for converting the CAD model,

// into a point cloud. They are adopted from PCL’s mesh_sampling.cpp

//

// Generates random numbers in a specified range:

inline double uniform_deviate (int seed)

{

double ran = seed = (1.0 / (RAND_MAX + 1.0));

return ran;

// Draw a Sierpinski Triangle by plotting random points:

inline void randomPointTriangle (float al, float a2, float a3, float bl, float b2, float b3, float cl, float c2,

float c3, Eigen::Vector4f& p)

float

float

float

float

float

al
a2
a3
bl
b2
b3
cl
c2
c3

*=

p(0]
pll]

rl = static_cast<float> (uniform_deviate(rand()));

r2 = static_cast<float> (uniform_deviate(rand()));

rlsqr = sqrtf(rl);
OneMinR1Sqr = (1 — rlsqr);
OneMinR2 = (1 - 12);
OneMinR1Sqr;

OneMinR1Sqr;

OneMinR1Sqr;

OneMinR2;

OneMinR2;

OneMinR2;

rlsqr = (r2 = cl + bl) + al;
rlsqr = (r2 = c2 + b2) + a2;
rlsqr *= (r2 * c¢3 + b3) + a3;
= cl;

= c2;
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}

pl2] = c3;
pl3] = 0;

89

inline void randPSurface (vtkPolyData = polydata, std::vector<double> x cumulativeAreas, double totalArea, Eigen

::Vector4f& p)

float r = static_cast<float> (uniform_deviate(rand()) * totalArea);

std ::vector<double>::iterator low = std::lower_bound(cumulativeAreas—>begin () , cumulativeAreas—>end() ,

r);

vtkldType el = vtkldType (low — cumulativeAreas—>begin());

double A[3], B[3], C[3];

vtkldType npts = 0;

vtkldType =#ptlds = NULL;

polydata—>GetCellPoints (el , npts, ptlds);

polydata—>GetPoint (ptIds [0], A);

polydata—>GetPoint (ptlds[1], B);

polydata—>GetPoint (ptlds[2], C);

randomPointTriangle (float (A[0]), float(A[l]), float(A[2]),
float(B[0]), float(B[1]), float(B[2]),
float (C[0]), float(C[1]), float(C[2]), p);

// The main function for sampling points on a mesh surface:

void uniform_sampling (vtkSmartPointer<vtkPolyData> polydata, size_t n_samples, pcl::PointCloud<pcl::PointXYZ> &

cloud_out)

polydata—>BuildCells () ;
vtkSmartPointer<vtkCellArray> cells = polydata—>GetPolys () ;

double pl[3], p2[3], p3[3], totalArea = 0;
std :: vector<double> cumulativeAreas (cells —>GetNumberOfCells () , 0);
size_t i = 0;
vtkldType npts = 0, *ptlds = NULL;
for (cells—>InitTraversal(); cells —>GetNextCell (npts, ptlds); i++){
polydata—>GetPoint (ptlds [0], pl);
polydata—>GetPoint (ptlds [1], p2);
polydata—>GetPoint (ptlds [2], p3);
totalArea += vtkTriangle:: TriangleArea(pl, p2, p3);

cumulativeAreas[i] = totalArea;
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611 cloud_out. points.resize (n_samples) ;

612 cloud_out.width = static_cast<pcl::uint32_t> (n_samples);
613 cloud_out. height = 1;

614

615 for (i = 0; i < n_samples; i++){

616 Eigen:: Vector4f p;

617 randPSurface (polydata, &cumulativeAreas, totalArea, p);
618 cloud_out.points[i].x = p[0];

619 cloud_out.points[i].y = p[1];

620 cloud_out.points[i].z = p[2];

621 }

622 }

623

624 int _tmain(int argc, _TCHAR* argv[])

625 |

626 // Starting the viewer windows

627 SimpleViewer viewer;

628

629 // Connect to grabber

630 Grabberx grab = new Kinect2Grabber () ;

631

632 // Make callback function from member function

633 boost:: function<void(const PointCloudT:: ConstPtr&)> callbackFunct =
634 boost::bind(&SimpleViewer :: cloudCB, &viewer, _1);
635

636 // Connect callback function

637 grab—>registerCallback (callbackFunct);

638

639 // Start receiving point clouds

640 grab—>start () ;

641

642 // Check if grabber started successfully

643 if (!grab—>isRunning()){

644 cout << "\nFailed_to_start_Kinect_v2_\n";

645 }

646 else{

647 cout << "\nSuccessfully_started_Kinect_v2_\n";
648 }

649

650 viewer.run() ;

651

652 boostclientcross.disconnectSocket () ; // Disconnects from robot socket connection
653

654 return 0;

655 '}
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Communication Client

Listing A.2: Source code of the robot communication client based on the Boost C++ library.

/*
Source c
Author:

NTNU 201

Communic
Massimil

*/

#ifndef
#define

#include
#include
#include
#include

#include

ode for the KUKA robot controller communication client.
Eirik B. Njaastad.
5

ates with the KUKAVARPROXY server made by

iano Fago - massimiliano.fago@gmail.com

BOOSTCLIENTCROSS
BOOSTCLIENTCROSS

<iostream>
<boost/array.hpp>
<boost/asio .hpp>
<boost/foreach .hpp>

<boost/lexical_cast.hpp>

boost::asio::io_service iosClientCross;

boost::asio::ip::tcp::socket socketClientCross(iosClientCross);

boost::system:: error_code socketError;

class BOOSTCLIENTCROSS{

public:

// Function for opening a socket connection and initiate the server connection:
void connectSocket(std::string ipAddress, std::string portNumber) {
socketClientCross.connect (
boost::asio::ip::tcp::endpoint(boost::asio::ip::address:: from_string (ipAddress),
boost::lexical_cast<unsigned>(portNumber)));
}
// For writing a variable to the robot controller, the message to send must contain
// a variable name (varName) and a value to write (varValue).
std :: vector<unsigned char> formatWriteMsg(std::vector<unsigned char> varName, std::vector<unsigned char
> varValue) {
std :: vector<unsigned char> header, block;
int varNameLength, varValueLength, blockSize;
int messageld;

BYTE hbyte, lbyte, hbytemsg, lbytemsg;

varNameLength = varName. size () ;
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varValueLength = varValue.size();

messageld = 05;

hbyte
Ibyte =

(BYTE) ((varNameLength >> 8) & 0xff00);

(BYTE) (varNameLength & 0x00ff);

block.push_back ((unsigned char)1);

block.push_back ((unsigned char)hbyte);

block.push_back ((unsigned char)lbyte);

for (int

hbyte =

Ibyte =

i

= 0; i != varNameLength; ++i) {

block.push_back (varName[i]) ;

(BYTE) ((varValueLength >> 8) & 0xff00);

(BYTE) (varValueLength & 0x00ff);

block.push_back ((unsigned char)hbyte);

block.push_back ((unsigned char)lbyte);

for (int

i

= 0; i != varValueLength; ++i) {

block.push_back(varValue[i]);

blockSize = block.size ();
(BYTE) ((blockSize >> 8) & 0xff00);
(BYTE) (blockSize & 0x00ff);

hbyte =
Ibyte =

hbytemsg
Ibytemsg

(BYTE) ((messageld >> 8) & 0xff00);
(BYTE) (messageld & 0x00ff);

header.push_back ((unsigned char)hbytemsg) ;

header.push_back ((unsigned char)lbytemsg);

header.push_back ((unsigned char)hbyte);

header.push_back ((unsigned char)lbyte);

block.insert (block.begin (), header.begin (), header.end());

return block;

}
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// For reading a variable from the robot controller, the message to send must contain

// the desired variable name (varName).

std :: vector<unsigned char> formatReadMsg(std :: vector<unsigned char> varName) {

std :: vector<unsigned char> header, block;

int varNameLength, blockSize;

int messageld;
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}

BYTE hbyte, lbyte, hbytemsg, lbytemsg;

varNameLength = varName. size () ;

messageld = 05;

hbyte = (BYTE) ((varNameLength >> 8) & 0xff00);
Ibyte

(BYTE) (varNameLength & 0x00ff);

block.push_back ((unsigned char)0);

block.push_back ((unsigned char)hbyte);

block.push_back ((unsigned char)lbyte);

for (int i = 0; i != varNameLength; ++i) {

block. push_back (varName[i]) ;

blockSize = block.size ();

hbyte = (BYTE) ((blockSize >> 8) & 0xff00);
Ibyte = (BYTE) (blockSize & 0x00ff);

hbytemsg = (BYTE) ((messageld >> 8) & 0xff00);
Ibytemsg = (BYTE) (messageld & 0x00ff) ;

header.push_back ((unsigned char)hbytemsg) ;
header.push_back ((unsigned char)lbytemsg);
header.push_back ((unsigned char)hbyte);
header.push_back ((unsigned char)lbyte);

block.insert (block.begin (), header.begin (), header.end());

return block;

// Send the formatted message and recieve server response:

std :: vector<unsigned char> sendMsg(std ::vector<unsigned char> message) {

// Send message:

const size_t bytes = boost::asio::write(socketClientCross, boost::asio::buffer (message));

// Read answer:

boost::array<unsigned char, 7> recheader;

size_t sendLen = socketClientCross.read_some(boost:: asio:: buffer (recheader), socketError); //
Header

int messageLength = recheader[3] — 6;

std :: vector<unsigned char> recblock(messageLength) ;

size_t recLen = socketClientCross.read_some (boost:: asio:: buffer(recblock), socketError); //

Message
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#endif

APPENDIXA. SOURCE CODE

// Error handling:
if (socketError == boost::asio::error::eof)

std ::cout << "Connection_closed_cleanly_by_peer" << std::endl;
else if (socketError)

throw boost::system::system_error(socketError); // Some other error.

// Print results (alternative):

// std::cout << "received:: " << std::endl;
// for (int i = 0; i != recLen; ++i){
// std::cout << recblock[i];

}

}

// Function for terminating the socket and thus disconnect from server:

void disconnectSocket () {
socketClientCross.shutdown(boost::asio::ip::tcp::socket::shutdown_both, socketError);

socketClientCross. close () ;

// Error handling:
if (socketError)

throw boost::system::system_error(socketError);



Appendix B

Digital Appendix

A .zipfile is included as digital appendix. This contains:

e The video Kinect_corrected_welding demo.mp4 showing the welding of a thruster tunnel

section at Department of Production and Quality Engineering, NTNU.

e Source code and a Windows build of the main developed C++ application in this project.

The build requires a Kinect camera and Point Cloud Library 1.7.2 in order to run.
* Source code for the developed communication client, BoostClientCross.h.
* KUKA robot program files for welding, configured for cartesian pose corrections.

* KUKA WorkVisual configuration files for the EtherCat fieldbus used for setup of the robot-

welding machine interface.

¢ Files for the KUKA.Sim robot cell layout.
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