
Compatibilities for Boundary ExtrationJosef Pauli and Gerald SommerChristian-Albrehts-Universit�at zu Kiel,Institut f�ur Informatik und Praktishe Mathematik,Preu�erstra�e 1{9, D-24105 Kiel,www.ks.informatik.uni-kiel.de/�jpaf�gsg,jpafgsg�ks.informatik.uni-kiel.deAbstrat. The work presents a methodology ontributing to boundaryextration in images of approximate polyhedral objets. We make exten-sive use of basi priniples underlying the proess of image formation andthus redue the role of objet-spei� knowledge. Simple on�gurations ofline segments are extrated subjet to geometri-photometri ompatibil-ities. The pereptual organization into polygonal arrangements is basedon geometri regularity ompatibilities under projetive transformation.The ombination of several ompatibilities yields a salieny funtion forextrating a list of most salient strutures. Based on systemati mea-surements during an experimentation phase the adequay and degreesof ompatibilities are determined. The methodology is demonstrated fortehnial objets of eletrial srap loated in luttered senes.1 IntrodutionComputer Vision proedures are based on expetations whose spetrum strethesfrom general assumptions, e.g. ramp pro�les of gray-value edges, to spei� mo-dels for objet reognition, e.g. relational strutures of geometri entities. Whihexpetations an be applied reasonably along the hain of proessing and how arethey aquired ? This question is onfronted with the variane/bias dilemma. Ifexpetations are too general then the number of possible interpretations of im-age ontents will inrease dramatially. Otherwise, if expetations are too spei�and do not omply with the variability of possible situations then relevant stru-tures an hardly be deteted. We propose a methodology of treating the dilemmafor the task of boundary extration. The harateristis are the following.First, the theoretial onept of invariane (well-established in ComputerVision [9, pp. 95-160℄) is relaxed into the pratial onept of ompatibility.The use of ompatibilities redues the amount of objet-spei� knowledge formedium-level vision tasks like attention ontrol and boundary extration. Se-ond, we maximally exploit those kind of ompatibilities whih originate and areinherent in the three-dimensional nature of objets and in the image formationpriniples. Compatibilities between geometri and photometri features and be-tween elementary and strutured geometri entitities are onsidered. The relatedwork in [10℄ uses geometri quasi-invariants for urved objets, but doesn't treatthe gap between geometry and photometry. Third, the ompatibilities are de-termined on the basis of statistial measurements whih must be taken during



an experimentation phase prior to appliation (importane repeatedly stressedin [3℄). Systemati experiments are needed for quality assessment and thresh-old setting of proedures of line extration and pereptual grouping. Fourth,we integrate a series of gestalti ues spanning over signal level, primitive level,strutural level, and assembly level (four-level lassi�ation proposed in [5℄).We present a atalogue of propositions eah desribing a ompatibility. Theydepend on thresholds Æi whih must be determined in an experimentation phase.2 Geometri-photometri ompatibilitiesThe propositions in this setion desribe ompatibilities between global geomet-ri entities and loal gray-value strutures in the image.2.1 Orientation ompatibility between lines and edgesThe orientation-deviation between orientation � of an objet boundary line inthe image (assuming polar form representation) and the orientations IO(pi) ofall gray-value edges along the points (p1; � � � ; pN ) of a segment L of the imageline is de�ned by DLE(�;L) := 1N � NXi=1DOL(�; IO(pi)) (1)DOL(�; IO(pi)) := minfj�� IO(pi)j; j�� IO(pi) + 180Æj; j�� IO(pi)� 180Æjg90Æ (2)Proposition 1. Given Æ1 as permissible orientation-deviation. The line-edgeorientation ompatibility holds subjet to image formation if DLE(�;L) � Æ1:
pa pb pc pdFig. 1. (Left) Blak box, boundary lines. (Right) Edge orientations along a line.Figure 1 (left) shows a blak box and andidate boundary lines whih havebeen extrated by Hough transformation. For one of them, going through pointsfpa; pb; p; pdg, we show the ourse of edge orientations (right), whih are theloal gradient angles. In onsensus with Proposition 1, just for the boundarysegment (pb; � � � ; p) the ourse is lose to the line orientation.



2.2 Juntion ompatibility between penils and ornersA penil is a simple on�guration of M line segments meeting at one om-mon penil point [1, pp. 8,17℄. At the gray-level orner loated nearest to apenil point the two-dimensional gray-value struture will be onsidered. Thejuntion-deviation between a penil at penil point pl with line orientationsA := (�1; � � � ; �M ) and a olletion of edge sequenes meeting at orner point pwith loal orientations B := (�1; � � � ; �M ) is de�ned byDPC(pl; p;A;B) := !1 �DJP (pl; p) + !2 �DJO(A;B) (3)DJP (pl; p) := kpl � pkId (4)DJO(A;B) := 1180Æ �M � MXi=1minfj�i��ij; j�i��i+360Æj; j�i��i�360Æjg (5)It is a weighted summation of two omponents, i.e. the Eulidean distanebetween penil point and orner point (normalized by the onstant diagonal Idof a standard image size, e.g. 512�512 pixel), and the deviation between theorientation of a penil line and of a orresponding edge sequene (averaged overall suh pairs).Proposition 2. Given Æ2 as permissible juntion-deviation. The penil-ornerjuntion ompatibility holds subjet to image formation if DPC(pl; p;A;B) � Æ2:
Fig. 2. (Left) Subset of boundary lines, penil points, orner points. (Right) Orien-tation-dependent signi�ane measurements for edge sequenes at point 2.Figure 2 (left) shows a subset of four boundary lines, three penil points(white squares) with indies 1; 2; 3, and a subset of three nearest gray-valueorner points (blak squares). The latter are extrated by the SUSAN operator[7℄. For example, the penil-orner juntion ompatibility holds for point 2, wherewe have a penil of three lines. The diagram on the right shows the harateri-zation of the loal gray-value struture, i.e. orientation-dependent signi�anemeasurement for the ourrene of edge sequenes, whih is omputed by asteerable wedge �lter [6℄. The three peaks, whih indiate the ourrene of threeedge sequenes for ertain orientations, are lose to three vertial diagram lines,whih indiate the orentations of the penil lines. This kind of ompatibilityholds as well for point 1 but not for point 3 (not shown in the right diagram).



2.3 Phase ompatibility between parallels and rampsThe loal phase haraterizes the type of gray-value edges, i.e. asending ordesending ramps, and top or bottom direted roofs [2, pp. 258-278℄. Being aone-dimensional onept, we show the phase behavior exemplary by sanning thevirtual, vertial line in Figure 3 (left) from top to bottom. At the �rst and seondintersetion points with the objet boundary the ramps are desending, and atthe third point the ramp is asending. This behavior is in onsensus with thequantitative ourse of the polar angle (representing the loal phases), as shownon the right. In partiular, the sign of the loal phase at the �rst boundary line isonverse to the sign at the opposite boundary line of the objet. Generally, thisis true if all gray values of the objet are lower or higher than the gray values ofthe loal bakground. Based on this observation and assumption, a riterion forthe detetion of opposite boundary lines of an objet is proposed.
Fig. 3. (Left) Virtual line. (Right) Loal phases along the line.Let L1 and L2 be two approximate parallel line segments. The two meanvalues of the loal phases along these segments (omputed orthogonal to theline orientations) are denoted by fph(L1) and fph(L2). We de�ne the phase-similarity between the two mean phases suh that the similarity between equalphases is 1 and the similarity between phases with onverse signs is 0.DPR(L1;L2) := ����1� jfph(L1)� fph(L2)j� ���� (6)Proposition 3. Given Æ3 as permissible deviation from 0. The parallel-rampphase ompatibility holds subjet to image formation if DPR(L1;L2) � Æ3:The presented geometri-photometri ompatibilities are the foundation forapplying the following list of pure geometri ompatibilities.3 Geometri ompatibilities for pereptual organizationThe propositions in this setion desribe ompatibilities between elementaryand strutured geometri entitites whih are subjet to the proess of imageformation, i.e. approximate perspetive transformation.



3.1 Patterns of Hough peaks for approximate-parallel linesBased on polar parameters r and � of straight lines we apply Hough transforma-tion for line extration. The horizontal and vertial axes of the Hough image aretaken orrespondingly. The Hough transformation of parallel image lines (hav-ing idential value �) yields a horizontal sequene of peaks in the Hough image.Under projetive transformation, two parallel lines in 3D remain almost parallelin the image, i.e. there is a small angle-deviation DOL(�1; �2).Proposition 4. Given Æ4 as permissible angle-deviation. The parallelism om-patibility of two lines holds subjet to image formation if DOL(�1; �2) � Æ4:
Fig. 4. (Left) Subset of three approximate parallel boundary lines for the blak boxobjet. (Right) Hough image and peaks marked by blak squares.Considering Proposition 4, parallel 3D lines our as peaks in the Houghimage loated within a horizontal stripe of height Æ4 (In Subsetion 3.3, thevanishing-point ompatibility introdues further onstraints). Figure 4 shows theHough image on the right when applying Hough transformation to the imageon the left. We restrited the proess to a quadrangle image window aroundthe blak box and seleted 12 peaks whih are organized in four stripes of threepeaks, respetively. For example, three approximate parallel lines are shown onthe left, whih are spei�ed by the peaks in the third stripe of the Hough image.3.2 Regularity ompatibilities for polygonsApproximate parallel line segments may our in approximate regular polygons.The basi omponent for desribing polygon regularities is a polyline. We spe-ify a polygon as the union of two non-overlapping polylines G1 and G2, possiblyinluding single line segments loated at the end of eah polyline, respetively.Figure 5 shows two regular polygons, the left one ontains a pair of reeted poly-lines, the right one a pair of parallel polylines. The angle-deviation DOP (G1;G2)between two approximate parallel polylines is de�ned as the mean value of angle-deviations between the onstituting approximate parallel line segments.Proposition 5. Given Æ5 as permissible angle-deviation. The parallelism om-patibility of two polylines holds subjet to image formation if DOP (G1;G2) � Æ5:



γ1
2

γ1
3

γ2
2

γ2
3

γ1
1

γ2
1 γ1

1

γ1
2

γ1
3

γ2
1

γ2
2

γ2
3Fig. 5. Examples of regular polygons.Similar propositions an be formulated for reetion ompatibility and right-angle ompatibility. They are based on permissible deviations from exat ree-tions or exat right-angles, respetively.3.3 Vanishing-point ompatibility of boundary linesThe projetive transforma-
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tion of parallel boundary linesyields image lines whose exten-sions should meet in one vanish-ing-point (see Figure 6). Thisimposes ertain qualitative on-straints on the ourses of Houghpeaks within a horizontal stripe,whih we summarize as the va-nishing-point ompatibility. A si-milar onstraint was formulatedin [8℄ but under slope/intereptparameterization of lines.Proposition 6. Let fL1; � � � ;LV g be a set of approximate parallel line segmentsin the image, whih originate from projetive transformation of parallel line seg-ments of the 3D objet boundary. The extensions of the image line segmentsmeet at a ommon vanishing point pv and an be sorted aording to the strongmonotony r1 < � � � < ri < � � � < rV of the parameter r. For this arrangementthere is a weak monotony of the angle parameter,�1 � � � ��i � � � � � �V or �1 � � � ��i � � � � � �V (7)The vanishing-point ompatibility an be examined for the Hough image inFigure 4 (right). Proposition 6 holds for the third and fourth stripe but notfor the �rst and seond stripe. To make it ompletely valid, we must apply astrategy whih slightly modi�es parameters r and � of the relevant image lines.3.4 Penil ompatibility of meeting boundary linesThe most prominent orner type of man-made objets is a penil of three lines.For a subset of orners all three boundary lines are visible. In the ase that theseimage lines are extrated, we an impose the following penil ompatibility.



Proposition 7. Let us assume a 3D penil and the penil point of three meetingboundary lines of an approximate polyhedral objet. The projetive transforma-tion of the 3D penil must yield just one penil in the image plane, i.e. just one2D penil point.For example, Figure 2 (left) shows three lines interseting at point 2. Atually,aording to Proposition 7 just one intersetion point is aepted whih must beonsidered in the proess of line extration.4 Experiments on boundary extrationThe presented ompatibilities are the foundation for several mehanisms whihmake up our proedure for boundary extration. The approah is general in thesense that an appliation-dependent ombination an be on�gured by weightingthe ompatibilities individually. Prior to the appliations, the thresholds Æi aredetermined in an experimentation phase.Figure 7 shows some results of extrated boundaries whih originate fromobjets loated within omplex environments. The proedures look for ertaingeometri shapes in the images by taking ertain ompatibilities into aount. Noother objet-spei� knowledge has been applied for boundary extration. Theleft image shows the interior of a omputer ontaining an eletroni board whihis of approximate retangular shape. A small set of most salient, approximateretangles is shown inluding the relevant boundary of the board. The middleimage shows again the interior of a omputer ontaining an eletroni boardwhih is of approximate, right-angled, hexagonal shape. The proedure extratedthe relevant boundary as the most salient, approximate hexagon. The right imageshows a set of 3D objets inluding the blak box (see previous �gures), whih isof approximate, right-angled, parallelepiped shape. The relevant arrangement ofpolygons has been extrated in spite of omplex bakground and low gray-valueontrast between neighboring faes of the objet.By applying veri�ed ompatibilities instead of objet-spei� knowledge, theproedures extrated reasonable boundaries (despite of omplex shape and bak-ground, and low fae ontrast). The boundaries an be used subsequently instrategies of visual attention, e.g. for the purpose of loal objet reognition.
Fig. 7. Examples of extrated objet boundaries.



5 SummaryThe novelty of our methodology is that we maximally apply ompatibilities forextrating neessary information from images. Compatibilities are degradationsof invariants and are based on the atual e�ets of image formation. For thetask of boundary extration it is onvenient to onsider ompatibilities betweenglobal geometri entities and loal gray-value features, as well as ompatibilitiesbetween elementary and strutured geometri entitites.On the basis of systemati measurements during an experimentation phaseone approximates the performane of ertain proedures statistially and deter-mines degrees of ompatibilities thereof. For example, estimation errors onern-ing the orientation of gray-value edges an be approximated by a Gaussian. TheGaussian support is used to de�ne threshold parameter Æ1, whih quanti�es theorientation ompatibility between lines and gray-value edges (see Proposition 1).The experimentally aquired ompatibilities are regarded as a ompromise ofthe variane/bias dilemma whih is inherent in the design of Computer Visionproedures. In our opinion, there is no way to determine desired levels of per-formane with ertainty, however, systemati appliation-relevant experimentsonstitute the best foundation for the development of robust systems.For a detailed desription of our mehanisms for boundary extration andthe mehanisms of determining threshold parameters, the interested reader isrefered to [4℄.Referenes1. O. Faugeras. Three-Dimensional Computer Vision. The MIT Press, Cambridge,Massahusetts, 1993.2. G. Granlund and H. Knutsson. Signal Proessing for Computer Vision. KluwerAademi Publishers, Dordreht, The Netherlands, 1995.3. R. Haralik, R. Klette, S. Stiehl, and M. Viergever. Evaluation and validationof Computer Vision algorithms. Tehnial Report Number 204, Seminar Number98101, Shlo� Dagstuhl Seminars, 1998.4. J. Pauli. Development of autonomous amera-equipped robot systems. TehnialReport Number 9904, Christian-Albrehts-Universit�at zu Kiel, Institut f�ur Infor-matik und Praktishe Mathematik, 2000.5. S. Sarkar and K. Boyer. Pereptual organization in Computer Vision { A reviewand a proposal for a lassi�atory struture. IEEE Transations on Systems, Man,and Cybernetis, 23:382{399, 1993.6. E. Simonelli and H. Farid. Steerable wedge �lters for loal orientation analysis.IEEE Transations on Image Proessing, 5:1377{1382, 1996.7. S. Smith and J. Brady. SUSAN { A new approah to low level image proessing.International Journal of Computer Vision, 23:45{78, 1997.8. T. Stahs and F. Wahl. Reognition of polyhedral objets under perspetive views.Computers and Arti�ial Intelligene, 11:155{172, 1992.9. H. Wehsler. Computational Vision. Aademi Press, San Diego, 1990.10. M. Zerroug and R. Nevatia. Quasi-invariant properties and 3D shape reovery ofnon-straight, non-onstant generalized ylinders. In Image Understanding Work-shop, pages 725{735, 1993.


