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1.1. Abstract

" Specific Object Recognition Using Iso-Luminal Contours "

Object recognition is a broad topic in the study of computer vision. In this case the task of
distinguishing between specific instances of various objects is addressed. The ability to
perform this task would allow robots to operate in unstructured environments, allowing
greater and more efficient automation of many tasks. Techniques currently proposed tend
to have low accuracy rates, high processing time, or both. This research seeks to establish

a method that can quickly and accurately find instances of objects within a scene.

Iso-luminal contours were used to gather the initial data, from which higher level features
were extracted. Basic geometric features were used as the intermediate data, consisting of
lines, arcs, and lobes (a custom type suited to describe corners). The high level data was a
custom type, called blocks; each block contains a few features and describes the spatial
relationships between them. The features and blocks are designed to be spatially

invariant, so the blocks are directly compared to determine which objects are in a scene.

The objectives of this research were not met. The results show the geometric features
were not robust to changes in image sets, although they did work well with the image set
they were developed with. Unfortunately this means the performance of the subsequent
'block’ related steps cannot be established. Most of the work was focussed on this aspect.
Future work would entail increasing the robustness of the features part of the algorithm,

and then gauging if the block based research is of practical use.

It is thought that the research results were poor because feature extraction was poor. It is

further thought that the high level analysis has merit.



i



1.2. Acknowledgements
I would like to thank those who made significant contributions to this work:
My supervisors Rory Flemmer and Huub Bakker.

Funding contributions from the Todd Foundation and Sir Alan Stewart Postgraduate

scholarships.

il



v



1.3. List of Figures

Figure 1. Greyscale image of the MUG.........cccoiiiiiiiiiiiiiii e 16
Figure 2. ISOIUMES 0N the MU ..c..eoruiiiiiiiiiiieiteteteeeee ettt ettt s 17
Figure 3. Fingerprint plot for the mug’s OUtlNe.........ccceeviiiiiniiniiiiiiieeeee e 17
Figure 4. Topographic map of an object’s corner generated from a greyscale image............. 33
Figure 5. Isolume extraction flIOWChart ...........c.ccocviiiiiiiiiiinincece e 34
FIZUIE 6. SCAN AITAY ...eoouiiiiiiiieiienteeeee ettt ettt st sttt et ee s 37
Figure 7. Pixel operations for iSOIUME €XtraCtion...........cocueevieereerieriuerniennieenieenieeneeeeeeeeeneees 40
Figure 8. Contour arc fItliNg ......c..ccovueriiriiirniieieterteete ettt ettt et et es 43
Figure 9. Fingerprint generated by the SYStem .......ccccocuerviiiiiiniiniiniiiieccecececee e 44
Figure 10. MUZ OULHNE .....cocveiiiiiiiiiiiiceiceeeeet ettt sttt es 44
Figure 11. Fingerprint showing curvature harmonics ........c..cceceereeriueriierniieneeneeneeneeeeeeeeen 45
Figure 12. Fingerprint with curvature harmonics removed.........c..ccoceevervieneeneenecnnenneeenee. 46
Figure 13. Fingerprint with divisions ShOWN.........cccccoociiiiiiiiiiiieeeeeen 47
Figure 14. Line fEatUre [YPE .....eeeveeriirieiiieieeitetesite ettt ettt st ettt s es 48
Figure 15. Lobe feature tyPe ....ccc.eeriiiiiiiieiieiieteteee ettt ettt st et 49
Figure 16. Lobe skewness and KUItOSiS.........cooeerieiiiiiiiieinienienie sttt 50
Figure 17. ATC fRALUIE LYPE...ccuteiuieiiiiiiieieeieet ettt ettt sttt ettt ettt st es 51
Figure 18. Arc parameter CalCulation ..........c.coiieiiiiiiiiiiieeeeee et 52
Figure 19. ATC COMDINING. ....ccctiitiiiiiiiieieeee ettt ettt st ettt ettt st eeeas 53
Figure 20. EIlIPSe fEAtUI® LYPE...c..eeruiiriiiiiiiieiteiteeite ettt sttt st 54
Figure 21. EIlipse COMDINING ...ccc.eeiiiiiiiiiiiieiieitesite ettt sttt st 56
Figure 22. Sample from feature test iMage SEt.......cccuervuerriienieerierieeriierieeieeieeneenee et 58
Figure 23. Additional arc test feature COMPAriSON .........cecueevreereerieriieriieesieeieeneeneeeeeeeeeeees 62
Figure 24. Arc symmetry descriptor Calculation ............cocceeveereenicniiciieniienecneeseeeee e 66
Figure 25. Parallel line descriptor calculation ............cocueeveevienienicnicnncniieeeecneeeee e 67
Figure 26. Line square descriptor calculation ...........ccoceeveeveeniinienicniennieeceeseenee e 68
Figure 27. Different type of feature Pairs..........ccoceereerierrieenienienicniceeeieeeesieesee e 74
Figure 28. Line Line, Arc Line, and Arc Arc block examples ........c..ccocceeverveeneeneennennennen. 75
Figure 29. Line Lobe, Arc Lobe, and Lobe Lobe block examples..........ccccceeveevveneeniennuennnen. 77
Figure 30. Scale, direction, and position data for pair blocks .........c.cccoceeviiiiinininncnncnnn. 79
Figure 31. FOur main triple tYPES ..c..ceeueeieerieeiieiieiteeteee ettt sttt st s 81
Figure 32. Triple scale, rotation and position asSigNMENt .......c.ceveerierriersieeneeneenieneeeeeeeees 86
Figure 33. Derived block external data calculation............cc.cceoveeriiniiiiiiniiinienieneeeeeeeen 88



Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.

Block comparison flowChart...........cocoeieiiiiiiiniiiiiieeee e 92
Two dimensional QT clustering example...........ccoceeveerriinienienienieeeeceeeeee 95
Spatial matching fIOWChart...........cooioiiiiiiiie e 97
Custom 100 pictures dataset..........cecueereerierieriieeieeieereente sttt e esiee e eas 104
Derived blocks CTeation PrOCESS .........ceueeuerrieenieeniienitente sttt enteesbeesieesaee e eas 110
Next level derived blocks Creation ProCeSss .........cceeveereerreeeeeeseeeneeneeneenieeniuenas 111
True positive rates for bit descriptor method...........cccceevverviiriiiniinenicnicnicnenns 118
False positive rates for bit-descriptor method ............ccocevvervierniiniencnicnicnnnen. 119
True positive rates for all-features block method...........ccoceeviiiiiniinnnnnnn, 119
False positive rates for all-features block method...........c.cccoceevieiiinnninncn. 120
True positive rates for single-contour blocks method .............cccccoovenininnnnn. 120
False positive rates for single-contour blocks method ............cccceeveeniincnncnnncn. 121
Bit-Descriptor weight hiStogram ............cocceevieiiiiiirieniienieieeeee e 122
Example discrimination graph........c.cccoceevieriiiiiiniinienienieeeeece e 124
Discrimination graph for all types of blocK........ccccoviiiiiniiniiniiiiiiccee 126
Discrimination graph for all block types left in the system.........cccccevceenieniiennen. 127
Cluster perfOrmanCe CUIVES ..........eerueireerterienieeieeteerite sttt et esbeeseeesieesaeeeas 128
Spatial Match performance CUIVES ...........coceereeriiiieniieenieenee e 130
Learning set size, 0bject iMage COUNt.........coceeveirieiiiiienieeteeeeeesiee et 131
Learning set size, N0-0bjeCt iMAZE COUNL .......eevueeriieriienieniieieeieeieesiee et 132

Vi



1.4. List of Tables

Table 1. Feature compariSOn TESUILS ..........eerueiiiiriiiiinieeeeeee ettt 61
Table 2. Features found, DY tYPE ...c..ceoiiiiiiiiiiiieieiteee ettt ettt 61
Table 3. Additional rC tEST .......coeeiiririieriiriete ettt st st e 62
Table 4. Descriptor NAME EXAMPIES ......cocuerrrieriierieriirieeteeeenee ettt et esree e eeeeeees 65
Table 5. Parameters for Line Line, Arc Line, and Arc Arc bIOCKS.........cccevveremererereeerennnnnnnnnns 75
Table 6. Parameter for Line Lobe, Arc Lobe, and Lobe Lobe bloCKS.........cccccvvuvereeenennrnnnnnne. 77
Table 7. All Line bloCK Parameters .........ccocueereerierieniiiiieeeneeneeete et 81
Table 8. Two Line bloCK parameters.........coc.eeveerierieriiinieeneeneeneeete ettt 82
Table 9. Two Point BIock Parameters...........coocueeeiiiniiiiiiiiiieeiiie ettt 83
Table 10. All Points Block Parameters..........coocueerriiiniieriiiienieeeiie ettt 84
Table 11. Example derived block value calculation...........cccccceeerieriiiriennienienieneenieneeeees 89
Table 12. Circle-circle-circle block database table columns.............ccoeceeeiiiiniiiiniiennienneen. 91
Table 13. Arc-lobe example error VAlUES .........ccoeeiiirieiiieinieinieiie et 92
Table 14. Block type effectiveness comparison (rating >0.1) .......ccocceevieniiiniiniennennceneene. 125
Table 15. Block type effectiveness comparison (rating > 0.05) ......ccccevveerieniiniennenneeneenne. 125
Table 16. Learning set selection Mmethods .........cccceiieiiiiiiiiiiiiieeeeee e 133
Table 17. Combined learning reSUILS.........cocueriieriirieniiniee ettt 133
Table 18. Second Set Full Learning Set Performance............cccoveeviinieniiniinicnniecencee 134
Table 19. Second Set Subset Learning Performance.............ccoceeveeneenieniienienncnneenceneene, 135
Table 20. Caltech-101 Sample Object Class Performance.............cccceeveerienienicnncenceneene. 135
Table 21. Categorised Error ReSults..........cocoeiiiiiiiiiiiiiiiiiieeeeeee e 136
Table 22. Match Rates of Assembled Blocks using Insignificant Features ............ccc.cc........ 136
Table 23. Parameter Error PrOPOITioNS. .........cocueeiieiiiiieniiniieieeieeiecneenee e 137

Vil



viii



1.5. Table of Contents

1.1. ADSTIACE ..ttt ettt ettt b e bt st ettt e b e bt e b e aees i
1.2. ACKNOWIEAZEIMENLS .....coviiiiiiiiiiieiteie ettt ettt ettt iii
1.3. LISt OF FIGUIES ...ttt ettt st et st s v
1.4. LISt Of TADLES ...eeeiiieeiieeeeeete ettt ettt ettt n vii
1.5. Table Of CONLEIILS ....ccuviieiiieeiieeiie ettt ettt ettt ettt et e sbee et e e sabeesbeeesabeeens ix
2. INEEOAUCTION. ...eiiiieiiieeeite ettt ettt ettt e bt e e s bt e e bae e sabe e s bbeeeabeesnbeesnnaeesabaeenes 1
3. LIErature REVIEW .....ccccuiiiiiiiiiiiiiie ettt ettt ettt et e st e st e ssateesbae e 5
3.1. ReSEArcCh HISTOTY ....eeiuiiiiiiiiirieiiceteeceetete ettt 6
3.2. Overview of the Current State of the Art........cccoeviiiriiiiiiiiineee e 7
3.3. Analysis of the Human Vision SYStem .........cccceevuerviirieinieneenieniecniceeeeereesieenee 8
3.3.1. IMAZE ACQUISTHION. ..ccutiiiiiieiiieeiteeette ettt ettt ettt e s bte et e e s bt e esateesabeeenes 8
3.3.2. Information Propagation..........c.ccueevieeriiiiniieniieeniee ettt 8
34. Object Recognition SyStems OVEIVIEW .......cccucevuierieeriieniienienienieerieenieeseesieeseeeas 10
34.1. Scale Invariant Feature Transforms............ccocceeveeiiinienienineiieeeenceseeeeee 10
34.2. Content-based Image Retrieval...........ccoociiiiiiiiniiniiiiiiieeeceeen 10
34.3. Context-Based Object-Class Recognition and Retrieval by Generalised

COITEIOZIAINS ...ttt ettt ettt ettt et sbe e ettt et e e bt e sheesabesabe e bt embe e bt e sbeesaeeeateensean 11
344. Weakly Supervised and Unsupervised Category Learning ...........ccccceeeeeeennnen. 12
3.5. Edge deteCtion......cc..eeiieiiiiiiiiee ettt e 13
3.5.1. General Edge DEetectors .......cocuieuieiiiiieniieieeieeieeste sttt 13
3.5.1. LEVEL SELS ...ttt e 14
3.5.2. Phase CONGIUENCY .......oiviiiiiiiiiiiieriieeite ettt ettt 15
3.5.3. ISO-1UMINAl CONTOULS ...eeouviiiiiieeiiieitie ettt ettt ettt et e s bae e 15
3.6. Object Curve Comparison Techniques ..........ccceeeviiiriiiniiiinieenieeeeec e 19
3.6.1. Simple Contour Description Methods ...........cccoeeeviiniiniinniniiniiieeneenieeece 19
3.6.2. Contour Distance Transform ...........cccoeciieiiieiiiiiniiinceecee e 20
3.6.3. Contour Segment NetWOrkS.........cooviiiiiiiiniiiiiieceeee e 20
3.6.4. CrOSS-COTTEIAION. ...ceuutiiiiiieiiiie ettt ettt ettt e bae et esbeeesabee s 21
3.6.5. CUrvature SCale SPACE .....vvieruieieiiiiiiie ettt ettt ettt e e s 22
3.7. EXtracted FeatUIEs.......ceoiiiiiiiiiiieeite ettt et 23
3.7.1. Object Contours Using Arc Length and Tangent Orientation ..........cc..cceceeeueene. 23
3.7.2. Hough Transform.........oocuiiiiiiieeeee e 24
3.7.3. Best Fit GEometric FEatures .........c.ceviiriiiiiirienienie et 24

X



3.8. Feature Comparison AIZOTithms ........cccccevieiiiiiiiiiiiieeeeeee e 26

3.8.1. ODbject Classes/CIUSLETS .....ccueeruiiiiieiieieesieeniee sttt et ettt ettt eeeas 26
3.8.2. Maximum Entropy Framework..........cccccooiiiiiiiiiiiiniinienenieececeeeceee 27
3.8.3. Semi-Local Affine Parts..........ccooouiiiiiiiiiiinieeceeeee e 28
3.9. Conclusions on the Literature SUIVEY ........ccccevierierieinieeneeneenee e 29
4. Recognition MethOd........cccooviiiiiiniiiiiiiieeceetee ettt 31
4.1. ISOIUIMES ..ottt et ettt et e sttt et e st essaeeesabeeenes 32
4.1.1. EXTTACTION ..ttt ettt ettt ettt et e b e e nenes 33
4.1.1.1. Specific Implementation...........coceeveereerieriinienieeeeeeeeeeee e 33
4.1.2. Comparison with Flemmer and Bakker’s Algorithm.........ccocccoveniinninnnnnene 41
4.2. FEATUIES. ..ottt ettt ettt et e st e s saeeesbee e 42
4.2.1. Fingerprint Calculation .............ccocueiriiiiiiiiiiiceie et 42
4.2.2. INES ettt ettt ettt et esbaeenans 47
4.2.3. LLODES ..ttt et e s 49
424. AATCS ettt ettt ettt ettt e bt e bt e shte et e b e bt e bt aee 51
4.2.5. EIIPSES ettt ettt ettt et st st st bbb 54
4.3. Feature EXtraction TeSt.......c.cceviiiiiiiiiiiiiiiieieteteeeee ettt 57
4.4. Feature EXtraction ReSUILS..........cocuiiiiiiiiiiiiiiiiieeceeeeeee e 60
4.5. Feature Extraction CONnCIUSIONS........c.cevueiitieniiinieiienieeteeieesiee st 63
4.6. Comparison TEChNIQUES .....c..cevuiiiiiiiiiiieeieetee ettt 63
4.6.1. Bit DESCTIPLOTS .uvtiiuiieiieriieitie ettt ettt st st st e e e 64
4.6.1.1. DIESCIIPLOLS. ..ttt sttt ettt st et b e 65
4.6.1.2. COMPATISOM...c.uteiniieiienite ettt ettt ettt ettt e st e e bt e sate st ebe e b ebeenaee 70
4.6.2. Pair and Triple BIOCKS......ccuiiiiiiiiiiiiece e 71
4.6.2.1. BIOCK TYPES .ttt et 73
4.6.2.2. Pair BIOCKS. ....coiiiiiiiiieeeeee e 73
4.6.2.3. TrIPLE BLOCKS ..cnivieiiiiiiieeeeeee ettt 80
4.6.2.4. Derived BIOCKS ....coouviiiiiiiiiiiiieeeteee et 87
4.6.2.5. Block COMPATISON ....ceiuiiieeiiiiiiieiiie ettt ettt 89
4.6.2.6. Learning AIGOrithm ........ccociiiiiiiiiiiiiiieeieeeeee e 90
4.6.2.7. Block CompariSon Pass........ccccueeriiiiiiiiniiiiieerieeeieeeee e 91
4.6.2.8. CIUSTEIIINE +eenvteeitieeiie ettt ettt ettt et te e stte e st e s bte e st e ebbeesabeesbeeesareean 93
4.6.2.9. Spatial MatChing.......ccccoiieiiiriiiiieieeeste ettt 97
S RESUIES ettt ettt sbe e s st 101
5.1 TSt MEtNO. .....eiiiiiieeee ettt ettt st s 102



5.1.1. Bit Descriptors Vs BIOCKS ........oovuiiiiiiiiiiiiiiiiiieceteeee e 102
5.1.2. Bit Descriptor FIaws ........cocuoiiiiiiiiiiieieieeeeeeeeee e 105
5.1.3. Pairs and Triples Type Evaluation..........ccoceeiiiiiniiniiniiniciecceeeceeee 105
5.1.4. CTUSTETIIE ettt ettt ettt ettt ettt ettt et e sbe e sheesate st eabeebe e beenaie 107
5.1.5. Spatial MatChing........ccoeiiiiiiiiiiiieeieeesee ettt 109
5.1.6. Supervised Learning to Establish a Subset Size ..........ccccoeveviininiinncnncnnnen. 112
5.1.7. Alternate ImMage SetsS.......c.ceevuieriiiiiiiiiieeeiee ettt 114
5.1.8. System Flaws for Alternate Image Sets.......c.cccevvervierviriiinienicnienieeieeeeeeen 115
5.2. Results and DISCUSSION. ....c..ceriiriiiiiiiiiiiietcierteeeec et 117
5.2.1. Bit Descriptor VS BIOCKS ......cocuiviiiiiiiiiieicrieceece e 118
5.2.1.1. Bit Descriptor Performance ............ccocceecverveiniinecnicncnicniceieeeeeee 118
5.2.1.2. Blocks from All-Features Performance ...........ccoccecercricniinnenneeneenne. 119
5.2.1.3. Blocks from a Single-Contour Performance.........c..ccocccoeeriiirvenneenneenne. 120
5.2.1.4. Comparison Between Methods .........cocceeviiiiniiiniiiiniieniieiceieceeee 121
5.2.2. Bit Descriptor FIaws ........cocuooiiiiiiiiiieieeeeeeeeee e 122
5.2.3. Pairs and Triples Type Evaluation..........ccoceeviiiiiiiiiniinienieiiecceeeceeee 123
5.2.4. CIUSTETIIIE vttt ettt ettt ettt ettt ettt et e bt e sbeesate st eabe e b ebeenas 128
5.2.5. Spatial MatChing........ccoeeiiiiiiiiiiieeieeesee ettt 129
5.2.6. Supervised Learning to Establish a Subset Size ..........ccccceveniinininicnncnen. 131
5.2.7. Alternate Image SeLS........cocuiiiiiiiiiieieiee ettt 134
5.2.8. System Flaws for Alternate Image Sets.......c.cceevuerviiiiiiiienienieneeieneeeeeen 136
6. CONCIUSIONS. ....eeueeniiiieterieeiete sttt st sttt e sa st nesreesae b e enee 139
6.1. Bit Descriptor VS BIOCKS .....coouuiiiiiiiiiiiiieieeeeeeeete e 139
6.2. Bit Descriptor FIAWS .......ccoccoiiiiiiiiiiiiiieceteeeeeeeeseeee e 140
6.3. Pair and Triples Type Evaluation.........cc.ccocevieriiiiiinniineenecnieniceieeeeeeeee 141
6.4. CIUSTEIIIZ ..t eetee ettt ettt ettt et s e ettt e st e e sab e e s bt e ebbeesabteesabeesateesbeeesabeeenns 142
6.5. Spatial MatChing ........cooviiiiiiiiiiiiieie ettt ettt e 143
6.6. Learning ADIIEY ......cooiiiiiiiiiee ettt ettt 144
6.7. Alternate IMage SELS .......cooviriiriiiiiriieieetete et 145
6.8. System Flaws for Alternate Image Sets ......ccocceveeriirviriiriinnierececeeceeeeeeen 146
6.9. Overall CONCIUSION ....cc.eeiviiriiiiiiiieteeteee ettt 147
7. RecOmMMENdAtiONS........coceiiiiiriiiniiniiiieeieete ettt ettt et s st 149
8.  Appendix A — Bit Descriptor LiSt.......ccccceiiiiiiiiiiiiiienienieeeceeeeece e 151
9. RETEIEIICES. ..ottt ettt sttt et e 153

X1



Xii



