Contents

COMEENES .+ttt e e e e vii
Preface ... .o e XV
Acknowledgments . ........iiiiiiiii i e e XX
Glossary of terms, products, and acronyms. . . ......ooviiiieneiaa... xxi
Software and hardware availability. .. .........ooo i i xxiv
1 Machine vision for industrial applications. ............ccooviiviiians. 1
1.1 Natural and artificial vision. ............c..oiiiiiiiiiiii i 1
12 Artifical VIsIon. ... e 3
1.3 Machine Vision is not Computer Vision..........cvoverenneeenne... 6
1.3.1 APPLCatIONS. . oot e i 9
1.3.2 Does it matter what we call the subject? ................... ... 10
1.4  Fourcasestudies. .. ......oiernneeninarennran i eainianennans 12
1.4.1 Doomedtofailure...........oviiiiiiiiiiiii i 13
1.4.2 Asuccessfuldesign ........ooiiiiii i 14
143 Moldy nuts. . ..ot e 14
1.4.4 Asystemthatgrewandgrew .........oiiiiiiiiiiiiiiiae... 15
1.5 Machine Vision is engineering, not science. ............c.cvvnen.n. 17
1.6 Structure, design, and use of machine vision systems ................ 18
1.6.1 Using an IVS for problem analysis ................ ...l 19
1.6.2 Structure of anIVS. ... ..o i e 22
1.6.3 OtherusesforanIVS... ..., 22
1.7 Otherdesigntools ........oueueiniiieiiiiiiiaienerienneaens 23
1.7.1 Lighting AdvISOr . ... ..ottt et 24
1.7.2 Prototyping kits for image acquisition ...............oovuiils 26
1.8 Outlineofthisbook...........ooii i 27
2 Basic machine vision techniques............. ...l 31
2.1  Representations Of iMages. ....ovevvrrrernnrernreraninnoecanneens 31
2.2 Elementary image-processing functions ............c.covevieninn... 33
2.2.1 Monadic pixel-by-pixel operators...........ccvieviiiiinen.. 33
222 Dyadic pixel-by-pixel operators ..........covviveiiivieeninnn.. 35
223 Local OPerators .. ....ovviiir ettt venneiintetenienae e 35
224 Linear local operators. .......c.vvuiiiiiiiiniiniiieiinneens 36
225 Nonlinear local Operators. . .. .....vvevnevetennenaranerenen.. 38
226 N-tupleoperators ..........oiiiiiiiiiiiii i 40
227 Edgeeffects .....ooonninniiiiii e 41
2.2.8 Intensity histogram [hpi, hgi, hge,hge] ................oooilt, 41
23 Binaryimages.........oiiiiiitreinnniiiiainie s 42
2.3.1 Measurements on binary images. ..........oiiieiieiiiiiein., 47
232 Shape descriptors .. ..vvvvrevriereiirriierrierennreranerans 48

Bibliografische Informationen E H
) digitalisiert durch 1
http://d-nb.info/960380213 BLI T


http://d-nb.info/960380213

viii Intelligent Machine Vision

2.4  Binary mathematical morphology ..............ccooiiiiiiiiaa... 49
241 Opening and closing operations ..........ovviiiiiiiiiiinennn 51
242 Structuring element decomposition . ........coviiiiieiiinn... 52
2.5  Grey-scalemorphology ..ottt e e 53
2.6 Globalimage transforms..........coovieiiririiriiiiiiiiiriiinan. 55
2.6.1 Houghtransform ..........c.ooiiiiiiiiiiiiiiiiiiiiienna.., 56
262 Two-dimensional discrete Fourier transform ................... 57
2.7  Texture analysis ... .......cooeeireiiiiriiienianeiiiaieiaeas 58
2.7.1 Statistical approaches ...t 59
2.7.2 Co-occurrence matrix approach . ......covviiiinenneennn. 61
2.7.3 Structural approaches. .........ooiiiciiiieiiiieiiieeninn., 62
2.74 Morphological texture analysis . .......ovvvviniriiiiiiin.. 63
28 Furtherremarks.............ooiiiiiiiiii i e 63
3 Algorithms, approximations, and heuristics. . ........oovvi i, 65
31 Introduction.........c.ovuiiiiiiiii i i ey 65
3.1.1 One algorithm, many implementations . . .......ooveverenn.... 67
3.1.2 Do not judge an algorithm by its accuracy alone................. 69
3.1.3 Reformulating algorithms to make implementation easier ........ 71
3.14 Use heuristics in lieu of algorithms. . ............ ..o iilLt. 71
3.15 Heuristics may actually be algorithmic......................... 72
3.1.6 Primary and secondarygoals..............oooiiiiiii et 72
3.1.7 Emotional objections to heuristics ..........cooeiviinienn... 74
3.1.8 Heuristics used to guide algorithms ........................... 74
3.1.9 Heuristics may cope with a wider range of situations............. 75
3.2  Changingimage representation ..........ccvviiruieeiinnnineeneens. 75
3.2.1 Converting image format. ............cviiiiiiiiienanin., 75
322 Processing a binary image as a grey-scaleimage ................. 80
3.2.3 Using images as lookuptables...............ooiiiiiiiiian, 81
3.3 Redefiningalgorithms . ...... ... o i, 82
3.3.1 Convolution OpPerations . .......overeeerreieeeeenennnnnnens, 82
3.3.2 More on decomposition and iterated operations ................ 86
3.3.3 Separated Kernel Image Processing using finite-State Machines. ... 87
3.3.4 Binaryimagecoding. .......cciiitiiiti ittt 88
3.3.5 Blob connectivity analysis ...........coviiiiiiiiiiiiiiie., 89
3.3.6 Convexhull ... ... i e 92
3.3.7 Edge smoothing. .......cvnuiiiiiiiiii it 97
3.3.8 Techniques based on histograms. ..........covveviineeninnaan. 104
3.4  Approximate and heuristicmethods ................ ... oL, 108
3.4.1 Measuring distance. . ......oouivierenin it ienneieinanans 108
342 Fitting circles and polygons to a binary object.................. 116
3.4.3 Determining object/feature orientation . ...........oovvuu.en. 123
3.5 Additionalremarks ......... ... o i e 129
3.5.1 Solving the right problem. . ..........coiiiiiiireiieriineenn, 130

3.5.2 Democracy: no small subset of operators dominates ............ 130



Contents ix

3.5.3 Lessonsof thischapter ...........c.ooviiiiiiiiiiiiiiina 131
4 Systems engineering ..........coeiiiieiiiiiiniininienaerreeeaens 135
4.1 Interactive and target vision systems ...........cooviiiniiiiiiian.. 135
4.2  Interactive vision systems, general principles ....................L. 136
4.2.1 Speed of operation .........ccviiiiiiiiiii i 136
4.2.2 Communication between anIVS anditsuser .................. 137
423 Image and text displays. . . ....ovveiiiiiiiiiiiie e 139
424 Command-line interfaces. ...........cooiiiiiiiiiiniiine.. 141
4.2.5 How many images do we need to storeinRAM?. ............... 141
42.6 How many images do we need todisplay? ..................... 143
43  Prologimage processing (PIP) ..........cooiiiiiiiiiiiii i, 144
4.3.1 Basic command Structure. .. ....oovviiiiniintiieiiiiniiaaas 145
43.2 DialogboX . vt vttt e e 155
433 Pull-downmenus...........coiiiiiiiiiiiiiiii i 157
434 Extending the pull-downmenus.................ooiiiiiia, 158
435 Command keys.....ooviiniiiiniiiiiiiniiiineinnnneiineas 158
4.3.6 Journal Window. ..o vttt i e i e e et 159
43.7 Natural language input viaspeech................ ..ot 161
43.8 Speechoutput .....ovuiii i e e 165
43.9 07U T A QPP 165
4.3.10 On-line documentation ........ovveveeiineiiieninnennn.s 166
43.11 Generating test images . ... .vvvuvetetiioiiuereennnnneeeiennns 170
43.12 PIP is not just an image-processing system .................... 171
44  Advancedaspects of PIP ...........coiiiiniiiiiiiiiiiiiinann., 171
44.1 Programmable colorfilter .......... ...l 171
4.4.2 Mathematical morphology...........cooviiiviiiiii., 175
443 Multiple-image-processing paradigms .. ......couviniiiiinia 179
444 Image stack and backtracking . ..........coooviiiiiiiiiiinn 180
445 Programming genericalgorithms .. .............covvviiia, 181
4.4.6 Batch processingofimages ..........coiiiiiiiiiii i 187
447 Simulating a line-scan camera...........ooiiiiiiiiiiiiiian 188
4.4.8 Rangemaps . ....coiiiit it iiiiiiii i iiiaieneaennn 188
449 Processing image SeqUenCes. ... ..vuurrrurnrreeenerneenns 189
4.4.10 Interfacing PIP to the World Wide Web ...................... 194
44.11 Controlling external devices. . ... oovviieivrevinuernenrnnnnss 194
4.5 Windows image processing (WIP)..............oooiiiiiis, 196
4.6  Web-based image processing (CIP) .........c.ovviniiiiniinninnns 198
47  Target (factory floor) visionsystems ..........coovviiiiiiiinnt 201
48 Concludingremarks...........ooiiiiiiiiiii 202
5 Algorithms and architectures for fast execution....................... 203
5.1  Classification of Operations. .. .........ccveierentinennrennennns 203
5.2  Implementation of monadic pixel-by-pixel operations.............. 204
5.3 Implementation of dyadic pixel-by-pixel operations................ 205

54  Implementation of monadic neighborhood operations.............. 207



X Intelligent Machine Vision

5.5 Implementation of monadic global operations..................... 209
5.6  SKIPSM - a powerful implementation paradigm. .................. 211
5.6.1 SKIPSM fundamentals............coiiiiiiiiiiiiiiiiniane, 212
5.6.2 SKIPSM example. ..o onveiiieeniiiieieiiiiierennnnanness 1213
5.6.3 SKIPSM example. ... oviviiii it iiei e iiaens 2216
5.6.4 Additional comments on SKIPSM implementations ............ 218
5.7  Image-processing architectures. .........covviiineeenrinnennen.. 218
5.8  Systems with random access to IMage MEMOrY .....oovverniuerronnn 219
5.8.1 Systems based on personal computers or workstations .......... 219
5.8.2 Systems based on bit-slice processors...........c..civiiiienn.. 221
5.8.3 Systems based on multiple random-access processors ........... 221
5.9  Systems with sequential image memory accessonly................. 224
5.9.1 Classification of operations needed for inspection .............. 224
5.9.2 Pipeline Systems . .....o. vt 225
5.9.3 Single-board system capable of many operations in one pass .. ... 226
5.9.4 Hardware implementations of SKIPSM ..................o.... 228
5.10 Systems for continuous web-based processing . ................. . 228
6 Addingintelligence...... ...t e 231
6.1  Preliminaryremarks ......ouvviiiieiiieiiineeeniriiieiianeies 231
6.1.1 Basic assumpPLiONS. . oo vvvtt ittt e et e 231
6.2  Implementing image-processing Operators...........c.coeueeneen.. 234
6.3  VerySimple Prolog+ (VSP) ...ttt it e i 238
6.3.1 Defining the # Operator. ........c..ciitiiiinennnianennnnnn. 240
6.3.2 Device Control ......o.ueniieeiiiini it eaaiieananns 242
6.3.3 VSP Control Software. . .....ovviiniiiiiiiieiieerinnen. 243
6.4 PIP .. e 251
6.4.1 System considerations ............ociiiiiiiiiii i 251
6.4.2 Why not implement Prolog+ commands directly?.............. 252
6.4.3 INfrastructure . ... ..cieinninneeniii i enianenananan 253
6.4.4 Storing, displaying, and manipulating images.................. 254
6.4.5 Prolog—Cinterface .......ovuviriutinieriineeennreeeaannenn 254
6.4.6 PIPinfrastructure . .......coovutiiiniiiii it enianes 257
6.4.7 Defining infrastructure predicates. . ........oovveeiinnerinnn.. 259
6.4.8 Implementing PIP’s basic commands. ............ooveeiin..t. 262
6.5 WP .o e i e e e i 265
6.5.1 WIP design philosophy. . ..........ooo i 265
6.5.2 Hostapplication ......ooiiiii it 266
6.5.3 Command line function. . .......ovvviiiiiiiiiiiiii e 268
6.5.4 Parser ... e e e 269
6.5.5 Calling function ...ttt 270
6.5.6 Interface function . .......vviviiiiiii it nnanns 270
6.5.7 Image function .......ovvviniiiiniiiieieiiireirnaneanns 270
6.5.8 Returning resultsand errors ...t 271

6.6 Concludingremarks..........cvuiueiiiiiiiiieiiienniieeraneanas 271



Contents xi

7 VisionsystemsonthelInternet..............oooiiiiiiiiiiiiiinn... 273
7.1  Stand-alone and networked systems ... 273
7.2 ;L 274
7.2.1 Platform independence .........coviuiiierinieriiiiniineans 274
7.2.2 Applets, applications, and servlets. ............coooiiiniinn.. 275
7.2.3 T 51 276
7.2.4 Speed .o e e 277
7.2.5 Interactive vision systems IN Java ........c.cverieeeuneneennns 277
7.3  Remotely-Operated Prototyping Environment (ROPE) ............. 278
7.3.1 What ROPEdOES. ..o vivie it cee e 279
7.3.2 ASSIStANL . . Lot i e i e 280
7.3.3 Vision engineers should avoid travel..................... .. ... 282
7.3.4 Current version of ROPE. ........ovviiiiiiiniiiiiinnnt, 282
7.3.5 Digitizing images. . . ...o vttt e 284
7.3.6 Java Interface to the Flexible Inspection Cell (JIFIC) ............ 286
7.3.7 Other features of ROPE . ........ciiiiiiiiiiiiiiinniiiinenns 287
728 S 1 1 288
74.1 Structure and operation of CIP.........c.oivvvieivniennnnne.. 292
8 T 1 1 ¥ 5 293
8 Visual programming for machine vision ................ ..ol 295
8.1 Designoutline..........coiiiiiiiiiii 295
8.1.1 Graphical user interface (GUL) ........covviiiiiiiinnnnennn. 296
8.1.2 Object-oriented programming «........ceevevevaneenieennenn. 296
8.1.3 Javaimagehandling ........... ... i 297
8.1.4 Image-processing strategy .........ooiiiniiiiiiiiiieaa 298
L D B o o O 300
8.2.1 Image ... e 300
8.2.2 Integer vttt e e e 301
8.2.3 Double . ittt e e 301
8.2.4 Boolean ......iiiiii e e 301
8.2.5 StrNg .o e e 302
8.2.6 Integerarray ....oovivinttiiinnneiieieneeeriinienneonnns 302
8.3  Nonlinear feedbackblocks .............ccovviiiiiiiiiiiiian., 302
8.3.1 Feedback ... ..ottt e 303
8.3.2 FORIOOD «v vttt ittt e s it siaaiieanaaes 304
8.3.3 TEELSE. . ottt it 305
8.3.4 F L - 305
8.4  Visual programming environment. . ........oveuevennennaeesena.s 305
8.4.1 Interpretation of graphicsfiles. . .......ovvviveneiineiinnnenns 306
8.4.2 Plug-in-and-play architecture . ..........coivviiiiniininen.., 307
8.5 Imageviewerandtools ...........cooiiiiiiiiiiiiiiiiiiiiinn 309
8.5.1 Horizontal and vertical scans. .. ....... ..o 309
8.5.2 Histograms ..ottt 309

8.5.3 Pseudocolortables .......ooiiiiiiiiit it i 309



xii Intelligent Machine Vision

8.5.4 3-Dprofile VIEWer . . v ovvvvri ittt 310
8.6 Sampleproblems .......c..iiiiiiii i e e 311
8.6.1 Low-level programming ............oovviiiiiiniiineinnns 311
8.6.2 High-level programming ............oooiiiiiiiiiiiiiiien, 312
8.6.3 Convolution .......ooviiiriiiiiiiiii it iiiei i 312
8.6.4 Fourier transform ... ...c.oovviiiiir i inneinanns 313
8.6.5 Isolate the largest item in the field of view . .. .................. 314
8.6.6 Character detection using the N-tuple operator ................ 315
8.7  SUMMAIY. ...ttt e e e 315
9 Application casestudies . . ......vit it e 317
9.1  Preliminaryremarks .......coviiiiurteritiiiiiiiie e 317
9.2 Takingabroadview......... .. oiiiiiiiiiiii i 318
9.2.1 Automobile connecting rod (conrod). ...l 318
9.2.2 Coffeebeans. .....o.vvnui ittt iniieianaenes 319
9.2.3 Table place-setting ..........coviiiiiiiiiiiiiiiinnn e 319
9.2.4 Hydraulics manifold...........coiuiiiiiiiiiiiiinnieiinnens 320
9.2.5 Hydraulics cylinder for automobile brake system............... 320
9.2.6 Electrical connectionblock ...l 321
9.2.7 Electriclightbulb ... ... ... 321
9.2.8 Analysis of industrial X-rays .........oooiiiiiii i 322
9.2.9 Highly variable objects (food and natural products)............. 323
9.3 Cracks in ferrous COMpoONents ........c.eeertiiiiaeenrsssonaeeess 324
9.4  ACTOSOl SPIay COME . . .vit ittt ettt s rinnnnresrasnnnnns 325
9.5  Glassvial .. .vt it i e e 326
1 o + 327
9.7 Metalgrid ...ooiniiii i s 328
9.8  Toroidal metal component.........c.ovviiuiiiiiiiiiiiiinnianns 329
9.9 Mainspower plug (X-ray).......coovviiiiiiiiiiiiiiii i 331
9.10 Conclusions ........ocviiriiiiiiiiii i e e e 332
10 Finalremarks.......ccovnniii i 335
10.1 Interactive protOtyping SYSteIMS ... vvvvuvrunnvrerrnnnnnnreeeennns 336
10.2  Target viSiOn SYsStemS. . ..o viet vttt iii i, 337
10.3 Designtools ....oviiiiii i e 339
10.4 Networked systems ........cvviiiiiiiiiereneenenreererennenans 340
10.5 Systems INteZration ........vvvuinererrninnineeerrnnrineeseanns 341
10.6 Algorithms and heuristics .. ......ovvviiiiiiiiii it 342
10.7 Concluding comments. . .......ovutiiiiiiiiiiiiiiiie i 343
Appendix A Programmable colorfilter ..............c.cooiiiiii 345

Representation of color .......oovvuniiiiiiiiiii it 345

Colortriangle. . ... oiiuii i 346

Mapping RGBtoHSI . ...t 348

Programmable color filter (PCF)........ooviiiiiiiiiiiiiiiiinnn, 348

K003 177 o 35S P 351



Contents  xiii

Appendix B A brief introduction toProlog . .........cviiviiiiiiiinn 353
Prologisdifferent .........c..ciiiiii i 353
Declarative programming ...........veeeeiueintinernienuenneianns 353
3T 354
Simple QUETTES . .o\t vv it e i e e 354
Rules. ..o e 355
Queriesinvolvingrules. . ........coi ittt 356
Backtracking and instantiation ............coieiiii i e, 356
Recursion. ....oovuii i e e 357
5 1 357
Otherfeatures . .......o.iitiniiii it iieeneennennens 358
Furtherreading.........oooiniiiiiiiiiiiiiiiiiiiiniiiinnene, 359

Appendix C PIP commands and their implementation ................... 361

REfEIIICES . . vt i ettt i i e e e 369

Furtherreading. .......ooviniiiiiii ittt 374

55V L5 377



