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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.
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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.

1 /*

2 Source code for Point cloud capturing, CAD-to-Point Cloud conversion,

3 object pose estimatation, and communication with KUKA robot controller.

4

5 Author: Eirik B. Njaastad.

6 NTNU 2015

7 */

8 #include " stdafx . h"

9 #include <ctime>

10 #include <iostream >

11 #include <fstream >

12 #include " BoostClientCross . h" // For communication with the KUKA robot controller

13 #include " kinect2_grabber . h" // Grabber for the Kinect, made by Tsukasa SUGIURA (MIT License)

14 #include <boost / interprocess /sync/ scoped_lock . hpp>

15 #include <Eigen/Core>

16 #include <pcl / io /pcd_io . h>

17 #include <pcl / io / v t k _ l i b _ i o . h>

18 #include <pcl / point_types . h>

19 #include <pcl /common/common. h>

20 #include <pcl / f i l t e r s /passthrough . h>

21 #include <pcl / f i l t e r s / voxel_grid . h>

22 #include <pcl / f i l t e r s / median_fi lter . h>

23 #include <pcl / f i l t e r s / s t a t i s t i c a l _ o u t l i e r _ r e m o v a l . h>

24 #include <pcl / f i l t e r s / extract_indices . h>

25 #include <pcl / features / fpfh . h>

26 #include <pcl / features /normal_3d . h>

27 #include <pcl / features / vfh . h>

28 #include <pcl / features /normal_3d_omp . h>

29 #include <pcl / features /fpfh_omp . h>

30 #include <pcl / kdtree / kdtree_flann . h>

31 #include <pcl / octree / octree . h>

32 #include <pcl / r e g i s t r a t i o n / icp . h>

33 #include <pcl / r e g i s t r a t i o n / icp_nl . h>

34 #include <pcl / r e g i s t r a t i o n / transformation_estimation_2D . h>

35 #include <pcl / r e g i s t r a t i o n / ia_ransac . h>

36 #include <pcl / surface /mls . h>

37 #include <pcl / surface /vtk_smoothing/ v t k _ u t i l s . h>

38 #include <pcl / v i s u a l i z a t i o n / p c l _ v i s u a l i z e r . h>

39 #include <pcl / v i s u a l i z a t i o n / histogram_visualizer . h>

40 #include <vtkTriangle . h>
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41

42 // Conversion from radians to degrees:

43 #define RADTODEG( rad ) ( rad * (180/M_PI) )

44

45 using namespace std ;

46 using namespace pcl ;

47

48 typedef PointXYZRGB PointT ;

49 typedef PointCloud<PointT> PointCloudT ;

50 typedef pcl : : PointCloud<pcl : : Normal> SurfaceNormalsT ;

51 typedef pcl : : search : : KdTree<pcl : : PointXYZRGB> SearchMethodT ;

52

53 // Booleans for keeping track of what has happened and not:

54 bool saveTargetCloud (false ) ;

55 bool loadCADmodel(false ) ;

56 bool runICP (false ) ;

57 bool ICPRunning (false ) ;

58 bool targetCloudPresent (false ) ;

59 bool socketConnected (false ) ;

60 bool commRob(false ) ;

61 bool f i rstRun (true ) ;

62 bool cloudNormalsPresent (false ) ;

63

64 // Settings for the robot controller communication:

65 BoostClientCross boostcl ientcross ;

66 s t r i n g ip = " 192.168.251.5 " ;

67 s t r i n g port = "7000" ;

68

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

70 vector <unsigned char> translX = { ’T ’ , ’R ’ , ’A ’ , ’N’ , ’ S ’ , ’L ’ , ’X ’ } ;

71 vector <unsigned char> translY = { ’T ’ , ’R ’ , ’A ’ , ’N’ , ’ S ’ , ’L ’ , ’Y ’ } ;

72 vector <unsigned char> translZ = { ’T ’ , ’R ’ , ’A ’ , ’N’ , ’ S ’ , ’L ’ , ’Z ’ } ;

73 vector <unsigned char> rotateA = { ’R ’ , ’O’ , ’T ’ , ’A ’ , ’T ’ , ’E ’ , ’A ’ } ;

74 vector <unsigned char> rotateB = { ’T ’ , ’R ’ , ’A ’ , ’N’ , ’ S ’ , ’L ’ , ’B ’ } ;

75 vector <unsigned char> rotateC = { ’T ’ , ’R ’ , ’A ’ , ’N’ , ’ S ’ , ’L ’ , ’C ’ } ;

76

77 // Name of the CAD model to import:

78 s t r i n g cadName = "CADmodel . s t l " ;

79 PolygonMesh mesh ;

80

81 // The two viewports in the ICP viewer

82 int v1 ( 0 ) ;

83 int v2 ( 1 ) ;

84

85 // Creating pointers for the point clouds:
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86 PointCloudT : : Ptr cloud_model (new PointCloudT ) ;

87 PointCloudT : : Ptr cloud_target (new PointCloudT ) ;

88 PointCloudT : : Ptr cloud_ICP (new PointCloudT ) ;

89 // Temporary point clouds for filtering and transformations:

90 PointCloudT : : Ptr downsamplingCloud (new PointCloudT ) ;

91 PointCloudT : : Ptr outlierRemovedCloud (new PointCloudT ) ;

92 PointCloudT : : Ptr cloud_transformed (new PointCloudT ) ;

93 // Point Cloud for holding the CAD mesh:

94 PointCloud<PointXYZ > : : Ptr pointCloudFromMESH(new PointCloud<PointXYZ >) ;

95 // Matrices for holding the camera calibration values and estimated transformation:

96 Eigen : : Matrix4f cal ibrationMatrix = Eigen : : Matrix4f : : I d e n t i t y ( ) ;

97 Eigen : : Matrix4f transformationMatrix = Eigen : : Matrix4f : : I d e n t i t y ( ) ;

98

99 class SimpleViewer {

100 private :

101 v i s u a l i z a t i o n : : PCLVisualizer * KinectStreamVisualizer ;

102 v i s u a l i z a t i o n : : PCLVisualizer * ICPVisualizer ;

103

104 boost : : mutex cloud_mutex_ ;

105 PointCloudT : : ConstPtr cloud_ ;

106 bool r e c i e v e d _ f i r s t _ ;

107

108 public :

109 void run ( ) ;

110 void I terat iveClosestPointfunct ion ( ) ;

111 void OutlierRemovalFilter (const PointCloudT : : ConstPtr& inCloud , int nNeighbors ) ;

112 void DownsamplingFilter (const PointCloudT : : ConstPtr& inCloud , const float voxel_grid_size ) ;

113 void cloudCB (const PointCloudT : : ConstPtr& cloud ) ;

114 void updatePointCloud (const PointCloudT : : ConstPtr& cloud ) ;

115 void print4x4Matrix (const Eigen : : Matrix4d & matrix ) ;

116 } ;

117

118 // Function for estimating the surface normals for points:

119 PointCloud<PointNormal > : : Ptr estimateSurfaceNormals (const PointCloud<PointNormal > : : ConstPtr& input_cloud , float

radius )

120 {

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

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

123

124 NormalEstimation<PointNormal , PointNormal> normal_estimation ;

125

126 // Create an empty kdtree representation, and pass it to the normal estimation object.

127 // Its content will be filled inside the object, based on the given input dataset.

128 pcl : : search : : KdTree<PointNormal > : : Ptr tree (new pcl : : search : : KdTree<PointNormal >( ) ) ;

129 normal_estimation . setSearchMethod ( tree ) ;



A.1. MAIN C++ APPLICATION 79

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 : : I terat iveClosestPointfunct ion ( ) {

140

141 //

142 // This function contains 3 versions of ICP,

143 // only the nonlinear version is currently activated

144 //

145

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

147 ICPRunning = true ;

148 s t r i n g 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 //

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(1e-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 S t a r t i n g 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 . al ign ( * 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 v i s u a l i z a t i o n : : 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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220 // Visualizing the normals:

221 if (!cloudNormalsPresent){

222 ICPVisualizer->addPointCloudNormals<PointNormal>(normals_target, 10, 0.05, "normals", 1);

223 ICPVisualizer->addPointCloudNormals<PointNormal>(normals_model, 10, 0.05, "normals2", 1);

224 cloudNormalsPresent = true;

225 }

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

227 IterativeClosestPointWithNormals<PointNormal, PointNormal> icpWN;

228 // Optional 2D transformation estimation:

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

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

231 //icpWN.setTransformationEstimation(estNorm);

232 icpWN.setInputSource(normals_model);

233 icpWN.setInputTarget(normals_target);

234 icpWN.align(*normals_model);

235 if (icpWN.hasConverged())

236 {

237 cout << "\nICP with normals converged:" << icpWN.hasConverged() <<

238 " with the score: " << icpWN.getFitnessScore() << endl;

239 transformationMatrix = icpWN.getFinalTransformation().cast<double>();

240 SimpleViewer::print4x4Matrix(transformationMatrix);

241 }

242 else

243 {

244 PCL_ERROR("\nICP with normals did NOT converge!");

245 }

246 // Visualization of ICP with normals:

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

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

249 */

250 ICPRunning = false ;

251 boost : : this_thread : : sleep (workTime) ;

252 }

253

254 // Filter for statistically removing outlier points:

255 void SimpleViewer : : OutlierRemovalFilter (const PointCloudT : : ConstPtr& inCloud , int nNeighbors ) {

256 Statist icalOutl ierRemoval <PointT> sor ; // Create the filtering object

257 sor . setInputCloud ( inCloud ) ;

258 sor . setMeanK ( nNeighbors ) ; // Sets the number of neighboring points

259 sor . setStddevMulThresh ( 0 . 1 5 ) ; // Sets a standard deviation threshold value

260 sor . f i l t e r ( * outlierRemovedCloud ) ;

261 }

262

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

264 void SimpleViewer : : DownsamplingFilter (const PointCloudT : : ConstPtr& inCloud , const float voxel_grid_size ) {
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265 pcl : : VoxelGrid <PointT> vox_grid ; // Using a voxel grid filter

266 vox_grid . setInputCloud ( inCloud ) ;

267 // The size of the voxels (Equal sided cubes in this case):

268 vox_grid . setLeafSize ( voxel_grid_size , voxel_grid_size , voxel_grid_size ) ;

269 PointCloudT : : Ptr tempCloud (new PointCloudT ) ;

270 vox_grid . f i l t e r ( * tempCloud ) ; // Performs the filtering

271 downsamplingCloud = tempCloud ;

272 }

273

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

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

276

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

278 pcl : : transformPointCloud ( * skyen , * cloud_transformed , cal ibrationMatrix ) ;

279

280 // Setting names for point clouds added to the visualizer:

281 s t r i n g streamCloudname = "streamCloud" ;

282 s t r i n g modelCloudname = "modelCloud" ;

283 s t r i n g modelCloudname_ICP = "modelCloud_ICP" ;

284 s t r i n g targetCloudname = " targetCloud " ;

285 s t r i n g targetCloudnameV2 = " targetCloudV2 " ;

286

287 if ( ! r e c i e v e d _ f i r s t _ ) {

288 r e c i e v e d _ f i r s t _ = true ;

289 return ;

290 }

291

292 // Color handler for the current grabbed cloud:

293 v i s u a l i z a t i o n : : PointCloudColorHandlerRGBField<PointT> rgb_s ( cloud_transformed ) ;

294 if ( f i rstRun ) {

295 // If first run, add the current grabbed cloud to the Kinect data stream visualizer:

296 KinectStreamVisualizer−>addPointCloud<PointT >( cloud_transformed , rgb_s , streamCloudname , 0) ;

297 firstRun = false ;

298 }

299

300 else {

301 // Update the current grabbed cloud in the Kinect data stream visualizer:

302 KinectStreamVisualizer−>updatePointCloud<PointT >( cloud_transformed , rgb_s , streamCloudname ) ;

303 // Saving the grabbed cloud as target cloud for the transformation estimation:

304 if ( saveTargetCloud ) {

305 * cloud_target = * cloud_transformed ;

306

307 // Filtering the grabbed cloud:

308 SimpleViewer : : DownsamplingFilter ( cloud_target , 0.008 f ) ; //0.008

309 cout << " Voxel Grid f i l t e r − " ;



A.1. MAIN C++ APPLICATION 83

310 SimpleViewer : : OutlierRemovalFilter ( downsamplingCloud , 50) ;

311 cout << " Outl iers removal − " ;

312 SimpleViewer : : DownsamplingFilter ( outlierRemovedCloud , 0.004 f ) ; //0.005

313 cout << " Voxel Grid f i l t e r − " ;

314 * cloud_target = *downsamplingCloud ;

315

316 // Moving least squares (MLS) filter:

317 pcl : : search : : KdTree<pcl : : PointXYZRGB > : : Ptr MLStree (new pcl : : search : : KdTree<pcl : :

PointXYZRGB>) ; // Create a KD-Tree

318 PointCloud<PointXYZRGB> MLScloud ;

319 MLScloud = * cloud_target ;

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

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

322 // Set MLS parameters

323 mls . setInputCloud ( cloud_target ) ;

324 mls . setPolynomialFit (true ) ;

325 mls . setSearchMethod ( MLStree ) ;

326 mls . setSearchRadius ( 0 . 0 2 ) ;

327 // Reconstruct

328 mls . process (MLScloud) ;

329 * cloud_target = MLScloud ;

330 cout << " Least squares smoothing − Done ! " ;

331

332 // Add the filtered cloud to the ICP visualizer viewports:

333 if ( ! targetCloudPresent ) {

334 v i s u a l i z a t i o n : : PointCloudColorHandlerRGBField<PointT> rgb_sveis ( cloud_target ) ;

335 ICPVisualizer−>addPointCloud<PointT >( cloud_target , rgb_sveis , targetCloudname ,

v1 ) ;

336 ICPVisualizer−>setPointCloudRenderingProperties ( v i s u a l i z a t i o n : :

PCL_VISUALIZER_POINT_SIZE , 5 , targetCloudname ) ;

337 ICPVisualizer−>addPointCloud<PointT >( cloud_target , rgb_sveis , targetCloudnameV2

, v2 ) ;

338 ICPVisualizer−>setPointCloudRenderingProperties ( v i s u a l i z a t i o n : :

PCL_VISUALIZER_POINT_SIZE , 5 , targetCloudnameV2 ) ;

339 targetCloudPresent = true ;

340 }

341 v i s u a l i z a t i o n : : PointCloudColorHandlerRGBField<PointT> rgb_extracted_target ( cloud_target

) ;

342 ICPVisualizer−>updatePointCloud<PointT >( cloud_target , rgb_extracted_target ,

targetCloudname ) ;

343 ICPVisualizer−>updatePointCloud<PointT >( cloud_target , rgb_extracted_target ,

targetCloudnameV2 ) ;

344

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

346 v i s u a l i z a t i o n : : PointCloudColorHandlerRGBField<PointT> rgb_model_reset ( cloud_model ) ;



84 APPENDIX A. SOURCE CODE

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 : : I d e n t i t y ( ) ;

360 float scaleFactor = 0 . 0 0 1 ;

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 (meshVTK, 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 ( v i s u a l i z a t i o n : :

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 : : I terat iveClosestPointfunction , this ) ;

388 runICP = false ;

389 }
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390 else {

391 cout << " \ nProcess running , wait a minute . . \ n" ;

392 runICP = false ;

393 }

394 }

395 // Communicating the updated pose to the robot controller:

396 if (commRob) {

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

398 s t r i n g newVarValueStr ;

399

400 // Open the socket connection if not connected already:

401 if ( ! socketConnected ) {

402 boostcl ientcross . connectSocket ( ip , port ) ;

403 socketConnected = true ;

404 }

405

406 // Communicating the updated XYZ-ABC values:

407 cout << "X−translat ion , " ;

408 newVarValueStr = boost : : l e x i c a l _ c a s t <str ing >(1000 * transformationMatrix ( 0 , 3) ) ;

409 vector <unsigned char> newVarValueX ( newVarValueStr . begin ( ) , newVarValueStr . end ( ) ) ;

410 formatedMessage = boostcl ientcross . formatWriteMsg ( translX , newVarValueX ) ;

411 receivedMessage = boostcl ientcross . sendMsg( formatedMessage ) ;

412

413 cout << "Y−translat ion , " ;

414 newVarValueStr = boost : : l e x i c a l _ c a s t <str ing >(1000 * transformationMatrix ( 1 , 3) ) ;

415 vector <unsigned char> newVarValueY ( newVarValueStr . begin ( ) , newVarValueStr . end ( ) ) ;

416 formatedMessage = boostcl ientcross . formatWriteMsg ( translY , newVarValueY ) ;

417 receivedMessage = boostcl ientcross . sendMsg( formatedMessage ) ;

418

419 cout << "Z−translat ion , " ;

420 newVarValueStr = boost : : l e x i c a l _ c a s t <str ing >(1000 * transformationMatrix ( 2 , 3) ) ;

421 vector <unsigned char> newVarValueZ ( newVarValueStr . begin ( ) , newVarValueStr . end ( ) ) ;

422 formatedMessage = boostcl ientcross . formatWriteMsg ( translZ , newVarValueZ ) ;

423 receivedMessage = boostcl ientcross . sendMsg( formatedMessage ) ;

424

425 cout << "A−rotation , " ;

426 double Aangle = atan2 ( transformationMatrix ( 1 , 0) , transformationMatrix ( 0 , 0) ) ;

427 newVarValueStr = boost : : l e x i c a l _ c a s t <str ing >(RADTODEG( Aangle ) ) ;

428 vector <unsigned char> newVarValueA ( newVarValueStr . begin ( ) , newVarValueStr . end ( ) ) ;

429 formatedMessage = boostcl ientcross . formatWriteMsg ( rotateA , newVarValueA ) ;

430 receivedMessage = boostcl ientcross . sendMsg( formatedMessage ) ;

431

432 cout << "B−rotation , " ;

433 double Bangle = atan2(−transformationMatrix ( 2 , 0) , transformationMatrix ( 0 , 2) ) ;

434 newVarValueStr = boost : : l e x i c a l _ c a s t <str ing >(RADTODEG( Bangle ) ) ;
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435 vector <unsigned char> newVarValueB ( newVarValueStr . begin ( ) , newVarValueStr . end ( ) ) ;

436 formatedMessage = boostcl ientcross . formatWriteMsg ( rotateB , newVarValueB ) ;

437 receivedMessage = boostcl ientcross . sendMsg( formatedMessage ) ;

438

439 cout << "C−rotation , " ;

440 double Cangle = atan2 ( transformationMatrix ( 2 , 1) , transformationMatrix ( 2 , 2) ) ;

441 newVarValueStr = boost : : l e x i c a l _ c a s t <str ing >(RADTODEG( Cangle ) ) ;

442 vector <unsigned char> newVarValueC ( newVarValueStr . begin ( ) , newVarValueStr . end ( ) ) ;

443 formatedMessage = boostcl ientcross . formatWriteMsg ( rotateC , newVarValueC ) ;

444 receivedMessage = boostcl ientcross . sendMsg( formatedMessage ) ;

445

446 cout << " \nRobot var iables updated ! " << endl ;

447 commRob = false ;

448 }

449 KinectStreamVisualizer−>spinOnce ( 1 , true ) ;

450 ICPVisualizer−>spinOnce ( 1 , true ) ;

451 }

452 }

453

454 // A function for printing out the alignment results:

455 void SimpleViewer : : print4x4Matrix (const Eigen : : Matrix4d & matrix ) {

456 p r i n t f ( " Rotation matrix : \ n" ) ;

457 p r i n t f ( " | %6.3 f %6.3 f %6.3 f | \n" , matrix ( 0 , 0) , matrix ( 0 , 1) , matrix ( 0 , 2) ) ;

458 p r i n t f ( "R = | %6.3 f %6.3 f %6.3 f | \n" , matrix ( 1 , 0) , matrix ( 1 , 1) , matrix ( 1 , 2) ) ;

459 p r i n t f ( " | %6.3 f %6.3 f %6.3 f | \n" , matrix ( 2 , 0) , matrix ( 2 , 1) , matrix ( 2 , 2) ) ;

460 p r i n t f ( " Translation vector : \ n" ) ;

461 p r i n t f ( " t = < %6.3f , %6.3f , %6.3 f >\n" , matrix ( 0 , 3) , matrix ( 1 , 3) , matrix ( 2 , 3) ) ;

462 }

463 // Function for registering keyboard inputs from user:

464 void keyboardEventOccurred (const v i s u a l i z a t i o n : : KeyboardEvent& event , void* nothing ) {

465 if ( event . getKeySym ( ) == "n" && event . keyDown ( ) ) {

466 saveTargetCloud = true ;

467 cout << " \nKey ’n ’ pressed , saving a t a r g e t cloud . \n" ;

468 }

469 if ( event . getKeySym ( ) == "k" && event . keyDown ( ) ) {

470 loadCADmodel = true ;

471 cout << " \nKey ’ k ’ pressed , loading CAD model into scene . \n" ;

472 }

473 if ( event . getKeySym ( ) == "m" && event . keyDown ( ) ) {

474 runICP = true ;

475 cout << " \nKey ’m’ pressed , s t a r t i n g ICP . \n" ;

476 }

477 if ( event . getKeySym ( ) == " l " && event . keyDown ( ) ) {

478 cout << " \nKey ’ l ’ pressed , sending corrected pose to robot " ;

479 commRob = true ;
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480 }

481 }

482

483 void SimpleViewer : : run ( ) {

484 // Creating the two visualizers

485 KinectStreamVisualizer = new v i s u a l i z a t i o n : : PCLVisualizer ( " Kinect Stream Viewer" ) ;

486 ICPVisualizer = new v i s u a l i z a t i o n : : PCLVisualizer ( " Point Cloud and ICP Viewer" ) ;

487

488 // Setting the viewer colors

489 float bckgr_gray_level = 1 . 0 ; // Black

490 float t x t _ g r a y _ l v l = 1.0 − bckgr_gray_level ;

491

492 // Add a coordinate system

493 KinectStreamVisualizer−>addCoordinateSystem ( 1 . 0 ) ;

494

495 // Set the desired camera poses

496 KinectStreamVisualizer−>setCameraPosition ( 2 . 4 7 , 3.20 , 1.80 , −0.26 , −0.31 , 0.91 , 0) ;

497 ICPVisualizer−>setCameraPosition ( 2 . 4 7 , 3.20 , 1.80 , −0.26 , −0.31 , 0.91 , 0) ;

498

499 // Register keyboard callback

500 KinectStreamVisualizer−>registerKeyboardCallback ( keyboardEventOccurred , ( void * )&KinectStreamVisualizer ) ;

501 ICPVisualizer−>registerKeyboardCallback ( keyboardEventOccurred , ( void * )&ICPVisualizer ) ;

502

503 // Create two verticaly separated viewports for ICPVisualizer

504 ICPVisualizer−>createViewPort ( 0 . 0 , 0 . 0 , 0 . 5 , 1 . 0 , v1 ) ;

505 ICPVisualizer−>createViewPort ( 0 . 5 , 0 . 0 , 1 . 0 , 1 . 0 , v2 ) ;

506

507 // Calibration values from camera calibration:

508 // Rotation matrix:

509 cal ibrationMatrix ( 0 , 0) = −0.002569;

510 cal ibrationMatrix ( 0 , 1) = 0.999933;

511 cal ibrationMatrix ( 0 , 2) = 0.011321;

512 cal ibrationMatrix ( 1 , 0) = 0.999570;

513 cal ibrationMatrix ( 1 , 1) = 0.002898;

514 cal ibrationMatrix ( 1 , 2) = −0.029180;

515 cal ibrationMatrix ( 2 , 0) = −0.029211;

516 cal ibrationMatrix ( 2 , 1) = 0.011241;

517 cal ibrationMatrix ( 2 , 2) = −0.999510;

518 // Translation vector:

519 cal ibrationMatrix ( 0 , 3) = 0.176108833 − 0.01326875;

520 cal ibrationMatrix ( 1 , 3) = 0.260746314 + 0.04710675;

521 cal ibrationMatrix ( 2 , 3) = 1.364965019;

522

523 while ( ! KinectStreamVisualizer−>wasStopped ( ) ) {

524 if ( cloud_ ! = NULL) {
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525 boost : : interprocess : : scoped_lock<boost : : mutex> lock ( cloud_mutex_ ) ;

526 updatePointCloud ( cloud_ ) ;

527 cloud_ . reset ( ) ;

528 }

529 if ( r e c i e v e d _ f i r s t _ ) KinectStreamVisualizer−>spinOnce (30 , false ) ;

530 }

531 }

532

533 void SimpleViewer : : cloudCB (const PointCloudT : : ConstPtr& cloud ) {

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

535 cloud_ = cloud ;

536 }

537

538 //

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

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

541 //

542

543 // Generates random numbers in a specified range:

544 inline double uniform_deviate (int seed )

545 {

546 double ran = seed * ( 1 . 0 / (RAND_MAX + 1 . 0 ) ) ;

547 return ran ;

548 }

549

550 // Draw a Sierpinski Triangle by plotting random points:

551 inline void randomPointTriangle (float a1 , float a2 , float a3 , float b1 , float b2 , float b3 , float c1 , float c2 ,

float c3 , Eigen : : Vector4f& p)

552 {

553 float r1 = static_cast<float> ( uniform_deviate ( rand ( ) ) ) ;

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

555 float r1sqr = s q r t f ( r1 ) ;

556 float OneMinR1Sqr = (1 − r1sqr ) ;

557 float OneMinR2 = (1 − r2 ) ;

558 a1 *= OneMinR1Sqr ;

559 a2 *= OneMinR1Sqr ;

560 a3 *= OneMinR1Sqr ;

561 b1 *= OneMinR2 ;

562 b2 *= OneMinR2 ;

563 b3 *= OneMinR2 ;

564 c1 = r1sqr * ( r2 * c1 + b1 ) + a1 ;

565 c2 = r1sqr * ( r2 * c2 + b2 ) + a2 ;

566 c3 = r1sqr * ( r2 * c3 + b3 ) + a3 ;

567 p [ 0 ] = c1 ;

568 p [ 1 ] = c2 ;
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569 p [ 2 ] = c3 ;

570 p [ 3 ] = 0 ;

571 }

572

573

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

: : Vector4f& p)

575 {

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

577

578 std : : vector <double> : : i t e r a t o r low = std : : lower_bound ( cumulativeAreas−>begin ( ) , cumulativeAreas−>end ( ) ,

r ) ;

579 vtkIdType e l = vtkIdType ( low − cumulativeAreas−>begin ( ) ) ;

580

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

582 vtkIdType npts = 0 ;

583 vtkIdType * ptIds = NULL;

584 polydata−>GetCellPoints ( el , npts , ptIds ) ;

585 polydata−>GetPoint ( ptIds [ 0 ] , A) ;

586 polydata−>GetPoint ( ptIds [ 1 ] , B) ;

587 polydata−>GetPoint ( ptIds [ 2 ] , C) ;

588 randomPointTriangle (float (A [ 0 ] ) , float (A [ 1 ] ) , float (A [ 2 ] ) ,

589 float (B [ 0 ] ) , float (B [ 1 ] ) , float (B [ 2 ] ) ,

590 float (C[ 0 ] ) , float (C[ 1 ] ) , float (C[ 2 ] ) , p) ;

591 }

592

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

594 void uniform_sampling ( vtkSmartPointer <vtkPolyData > polydata , s i z e _ t n_samples , pcl : : PointCloud<pcl : : PointXYZ> &

cloud_out )

595 {

596 polydata−>BuildCells ( ) ;

597 vtkSmartPointer <vtkCellArray > c e l l s = polydata−>GetPolys ( ) ;

598

599 double p1 [ 3 ] , p2 [ 3 ] , p3 [ 3 ] , totalArea = 0 ;

600 std : : vector <double> cumulativeAreas ( c e l l s −>GetNumberOfCells ( ) , 0) ;

601 s i z e _ t i = 0 ;

602 vtkIdType npts = 0 , * ptIds = NULL;

603 for ( c e l l s −>I n i t T r a v e r s a l ( ) ; c e l l s −>GetNextCell ( npts , ptIds ) ; i ++) {

604 polydata−>GetPoint ( ptIds [ 0 ] , p1 ) ;

605 polydata−>GetPoint ( ptIds [ 1 ] , p2 ) ;

606 polydata−>GetPoint ( ptIds [ 2 ] , p3 ) ;

607 totalArea += vtkTriangle : : TriangleArea ( p1 , p2 , p3 ) ;

608 cumulativeAreas [ i ] = totalArea ;

609 }

610
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611 cloud_out . points . r e s i z e ( 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 Grabber * 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−>registerCal lback ( callbackFunct ) ;

638

639 // Start receiving point clouds

640 grab−>s t a r t ( ) ;

641

642 // Check if grabber started successfully

643 if ( ! grab−>isRunning ( ) ) {

644 cout << " \ nFailed to s t a r t Kinect v2 \n" ;

645 }

646 else {

647 cout << " \ nSuccessfully started Kinect v2 \n" ;

648 }

649

650 viewer . run ( ) ;

651

652 boostcl ientcross . disconnectSocket ( ) ; // Disconnects from robot socket connection

653

654 return 0 ;

655 }
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A.2 Communication Client

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

1 /*

2 Source code for the KUKA robot controller communication client.

3 Author: Eirik B. Njaastad.

4 NTNU 2015

5

6 Communicates with the KUKAVARPROXY server made by

7 Massimiliano Fago - massimiliano.fago@gmail.com

8 */

9

10 #ifndef BOOSTCLIENTCROSS

11 #define BOOSTCLIENTCROSS

12

13 #include <iostream >

14 #include <boost / array . hpp>

15 #include <boost / asio . hpp>

16 #include <boost / foreach . hpp>

17 #include <boost / l e x i c a l _ c a s t . hpp>

18

19 boost : : asio : : io_service iosClientCross ;

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

21 boost : : system : : error_code socketError ;

22

23 class BOOSTCLIENTCROSS{

24 public :

25 // Function for opening a socket connection and initiate the server connection:

26 void connectSocket ( std : : s t r i n g ipAddress , std : : s t r i n g portNumber ) {

27 socketClientCross . connect (

28 boost : : asio : : ip : : tcp : : endpoint ( boost : : asio : : ip : : address : : from_string ( ipAddress ) ,

29 boost : : l e x i c a l _ c a s t <unsigned>(portNumber ) ) ) ;

30 }

31 // For writing a variable to the robot controller, the message to send must contain

32 // a variable name (varName) and a value to write (varValue).

33 std : : vector <unsigned char> formatWriteMsg ( std : : vector <unsigned char> varName , std : : vector <unsigned char

> varValue ) {

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

35 int varNameLength , varValueLength , blockSize ;

36 int messageId ;

37 BYTE hbyte , lbyte , hbytemsg , lbytemsg ;

38

39 varNameLength = varName . s i z e ( ) ;
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40 varValueLength = varValue . s i z e ( ) ;

41 messageId = 05;

42

43 hbyte = (BYTE) ( ( varNameLength >> 8) & 0 x f f 0 0 ) ;

44 lbyte = (BYTE) ( varNameLength & 0 x 0 0 f f ) ;

45

46 block . push_back ( (unsigned char ) 1) ;

47 block . push_back ( (unsigned char ) hbyte ) ;

48 block . push_back ( (unsigned char ) lbyte ) ;

49

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

51 block . push_back (varName[ i ] ) ;

52 }

53

54 hbyte = (BYTE) ( ( varValueLength >> 8) & 0 x f f 0 0 ) ;

55 lbyte = (BYTE) ( varValueLength & 0 x 0 0 f f ) ;

56

57 block . push_back ( (unsigned char ) hbyte ) ;

58 block . push_back ( (unsigned char ) lbyte ) ;

59

60 for (int i = 0 ; i != varValueLength ; ++ i ) {

61 block . push_back ( varValue [ i ] ) ;

62 }

63

64 blockSize = block . s i z e ( ) ;

65 hbyte = (BYTE) ( ( blockSize >> 8) & 0 x f f 0 0 ) ;

66 lbyte = (BYTE) ( blockSize & 0 x 0 0 f f ) ;

67

68 hbytemsg = (BYTE) ( ( messageId >> 8) & 0 x f f 0 0 ) ;

69 lbytemsg = (BYTE) ( messageId & 0 x 0 0 f f ) ;

70

71 header . push_back ( (unsigned char ) hbytemsg ) ;

72 header . push_back ( (unsigned char ) lbytemsg ) ;

73 header . push_back ( (unsigned char ) hbyte ) ;

74 header . push_back ( (unsigned char ) lbyte ) ;

75

76 block . i n s e r t ( block . begin ( ) , header . begin ( ) , header . end ( ) ) ;

77 return block ;

78 }

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

80 // the desired variable name (varName).

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

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

83 int varNameLength , blockSize ;

84 int messageId ;
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85 BYTE hbyte , lbyte , hbytemsg , lbytemsg ;

86

87 varNameLength = varName . s i z e ( ) ;

88 messageId = 05;

89

90 hbyte = (BYTE) ( ( varNameLength >> 8) & 0 x f f 0 0 ) ;

91 lbyte = (BYTE) ( varNameLength & 0 x 0 0 f f ) ;

92

93 block . push_back ( (unsigned char ) 0) ;

94 block . push_back ( (unsigned char ) hbyte ) ;

95 block . push_back ( (unsigned char ) lbyte ) ;

96

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

98 block . push_back (varName[ i ] ) ;

99 }

100

101 blockSize = block . s i z e ( ) ;

102

103 hbyte = (BYTE) ( ( blockSize >> 8) & 0 x f f 0 0 ) ;

104 lbyte = (BYTE) ( blockSize & 0 x 0 0 f f ) ;

105

106 hbytemsg = (BYTE) ( ( messageId >> 8) & 0 x f f 0 0 ) ;

107 lbytemsg = (BYTE) ( messageId & 0 x 0 0 f f ) ;

108

109 header . push_back ( (unsigned char ) hbytemsg ) ;

110 header . push_back ( (unsigned char ) lbytemsg ) ;

111 header . push_back ( (unsigned char ) hbyte ) ;

112 header . push_back ( (unsigned char ) lbyte ) ;

113

114 block . i n s e r t ( block . begin ( ) , header . begin ( ) , header . end ( ) ) ;

115 return block ;

116 }

117 // Send the formatted message and recieve server response:

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

119 // Send message:

120 const s i z e _ t bytes = boost : : asio : : write ( socketClientCross , boost : : asio : : buffer ( message ) ) ;

121

122 // Read answer:

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

124 s i z e _ t sendLen = socketClientCross . read_some ( boost : : asio : : buffer ( recheader ) , socketError ) ; //

Header

125 int messageLength = recheader [ 3 ] − 6 ;

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

127 s i z e _ t recLen = socketClientCross . read_some ( boost : : asio : : buffer ( recblock ) , socketError ) ; //

Message
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128

129 // Error handling:

130 if ( socketError == boost : : asio : : error : : eof )

131 std : : cout << "Connection closed cleanly by peer " << std : : endl ;

132 else if ( socketError )

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

134

135 // Print results (alternative):

136 // std::cout << "received:: " << std::endl;

137 // for (int i = 0; i != recLen; ++i){

138 // std::cout << recblock[i];

139 }

140 }

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

142 void disconnectSocket ( ) {

143 socketClientCross . shutdown ( boost : : asio : : ip : : tcp : : socket : : shutdown_both , socketError ) ;

144 socketClientCross . close ( ) ;

145

146 // Error handling:

147 if ( socketError )

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

149 }

150 } ;

151

152 #endif



Appendix B

Digital Appendix

A .zip file is included as digital appendix. This contains:

• The video Kinect_corrected_welding_demo.mp4 showing the welding of a thruster tunnel

section at Department of Production and Quality Engineering, NTNU.

• 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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