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t. The work presents a methodology 
ontributing to boundaryextra
tion in images of approximate polyhedral obje
ts. We make exten-sive use of basi
 prin
iples underlying the pro
ess of image formation andthus redu
e the role of obje
t-spe
i�
 knowledge. Simple 
on�gurations ofline segments are extra
ted subje
t to geometri
-photometri
 
ompatibil-ities. The per
eptual organization into polygonal arrangements is basedon geometri
 regularity 
ompatibilities under proje
tive transformation.The 
ombination of several 
ompatibilities yields a salien
y fun
tion forextra
ting a list of most salient stru
tures. Based on systemati
 mea-surements during an experimentation phase the adequa
y and degreesof 
ompatibilities are determined. The methodology is demonstrated forte
hni
al obje
ts of ele
tri
al s
rap lo
ated in 
luttered s
enes.1 Introdu
tionComputer Vision pro
edures are based on expe
tations whose spe
trum stret
hesfrom general assumptions, e.g. ramp pro�les of gray-value edges, to spe
i�
 mo-dels for obje
t re
ognition, e.g. relational stru
tures of geometri
 entities. Whi
hexpe
tations 
an be applied reasonably along the 
hain of pro
essing and how arethey a
quired ? This question is 
onfronted with the varian
e/bias dilemma. Ifexpe
tations are too general then the number of possible interpretations of im-age 
ontents will in
rease dramati
ally. Otherwise, if expe
tations are too spe
i�
and do not 
omply with the variability of possible situations then relevant stru
-tures 
an hardly be dete
ted. We propose a methodology of treating the dilemmafor the task of boundary extra
tion. The 
hara
teristi
s are the following.First, the theoreti
al 
on
ept of invarian
e (well-established in ComputerVision [9, pp. 95-160℄) is relaxed into the pra
ti
al 
on
ept of 
ompatibility.The use of 
ompatibilities redu
es the amount of obje
t-spe
i�
 knowledge formedium-level vision tasks like attention 
ontrol and boundary extra
tion. Se
-ond, we maximally exploit those kind of 
ompatibilities whi
h originate and areinherent in the three-dimensional nature of obje
ts and in the image formationprin
iples. Compatibilities between geometri
 and photometri
 features and be-tween elementary and stru
tured geometri
 entitities are 
onsidered. The relatedwork in [10℄ uses geometri
 quasi-invariants for 
urved obje
ts, but doesn't treatthe gap between geometry and photometry. Third, the 
ompatibilities are de-termined on the basis of statisti
al measurements whi
h must be taken during



an experimentation phase prior to appli
ation (importan
e repeatedly stressedin [3℄). Systemati
 experiments are needed for quality assessment and thresh-old setting of pro
edures of line extra
tion and per
eptual grouping. Fourth,we integrate a series of gestalti
 
ues spanning over signal level, primitive level,stru
tural level, and assembly level (four-level 
lassi�
ation proposed in [5℄).We present a 
atalogue of propositions ea
h des
ribing a 
ompatibility. Theydepend on thresholds Æi whi
h must be determined in an experimentation phase.2 Geometri
-photometri
 
ompatibilitiesThe propositions in this se
tion des
ribe 
ompatibilities between global geomet-ri
 entities and lo
al gray-value stru
tures in the image.2.1 Orientation 
ompatibility between lines and edgesThe orientation-deviation between orientation � of an obje
t 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 subje
t to image formation if DLE(�;L) � Æ1:
pa pb pc pdFig. 1. (Left) Bla
k box, boundary lines. (Right) Edge orientations along a line.Figure 1 (left) shows a bla
k box and 
andidate boundary lines whi
h havebeen extra
ted by Hough transformation. For one of them, going through pointsfpa; pb; p
; pdg, we show the 
ourse of edge orientations (right), whi
h are thelo
al gradient angles. In 
onsensus with Proposition 1, just for the boundarysegment (pb; � � � ; p
) the 
ourse is 
lose to the line orientation.



2.2 Jun
tion 
ompatibility between pen
ils and 
ornersA pen
il is a simple 
on�guration of M line segments meeting at one 
om-mon pen
il point [1, pp. 8,17℄. At the gray-level 
orner lo
ated nearest to apen
il point the two-dimensional gray-value stru
ture will be 
onsidered. Thejun
tion-deviation between a pen
il at pen
il point pl with line orientationsA := (�1; � � � ; �M ) and a 
olle
tion of edge sequen
es meeting at 
orner point p
with lo
al 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 � p
kId (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 Eu
lidean distan
ebetween pen
il 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 pen
il line and of a 
orresponding edge sequen
e (averaged overall su
h pairs).Proposition 2. Given Æ2 as permissible jun
tion-deviation. The pen
il-
ornerjun
tion 
ompatibility holds subje
t to image formation if DPC(pl; p
;A;B) � Æ2:
Fig. 2. (Left) Subset of boundary lines, pen
il points, 
orner points. (Right) Orien-tation-dependent signi�
an
e measurements for edge sequen
es at point 2.Figure 2 (left) shows a subset of four boundary lines, three pen
il points(white squares) with indi
es 1; 2; 3, and a subset of three nearest gray-value
orner points (bla
k squares). The latter are extra
ted by the SUSAN operator[7℄. For example, the pen
il-
orner jun
tion 
ompatibility holds for point 2, wherewe have a pen
il of three lines. The diagram on the right shows the 
hara
teri-zation of the lo
al gray-value stru
ture, i.e. orientation-dependent signi�
an
emeasurement for the o

urren
e of edge sequen
es, whi
h is 
omputed by asteerable wedge �lter [6℄. The three peaks, whi
h indi
ate the o

urren
e of threeedge sequen
es for 
ertain orientations, are 
lose to three verti
al diagram lines,whi
h indi
ate the orentations of the pen
il 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 lo
al phase 
hara
terizes the type of gray-value edges, i.e. as
ending ordes
ending ramps, and top or bottom dire
ted roofs [2, pp. 258-278℄. Being aone-dimensional 
on
ept, we show the phase behavior exemplary by s
anning thevirtual, verti
al line in Figure 3 (left) from top to bottom. At the �rst and se
ondinterse
tion points with the obje
t boundary the ramps are des
ending, and atthe third point the ramp is as
ending. This behavior is in 
onsensus with thequantitative 
ourse of the polar angle (representing the lo
al phases), as shownon the right. In parti
ular, the sign of the lo
al phase at the �rst boundary line is
onverse to the sign at the opposite boundary line of the obje
t. Generally, thisis true if all gray values of the obje
t are lower or higher than the gray values ofthe lo
al ba
kground. Based on this observation and assumption, a 
riterion forthe dete
tion of opposite boundary lines of an obje
t is proposed.
Fig. 3. (Left) Virtual line. (Right) Lo
al phases along the line.Let L1 and L2 be two approximate parallel line segments. The two meanvalues of the lo
al 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 su
h 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 subje
t 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 per
eptual organizationThe propositions in this se
tion des
ribe 
ompatibilities between elementaryand stru
tured geometri
 entitites whi
h are subje
t to the pro
ess of imageformation, i.e. approximate perspe
tive 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 extra
tion. The horizontal and verti
al axes of the Hough image aretaken 
orrespondingly. The Hough transformation of parallel image lines (hav-ing identi
al value �) yields a horizontal sequen
e of peaks in the Hough image.Under proje
tive 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 subje
t to image formation if DOL(�1; �2) � Æ4:
Fig. 4. (Left) Subset of three approximate parallel boundary lines for the bla
k boxobje
t. (Right) Hough image and peaks marked by bla
k squares.Considering Proposition 4, parallel 3D lines o

ur as peaks in the Houghimage lo
ated within a horizontal stripe of height Æ4 (In Subse
tion 3.3, thevanishing-point 
ompatibility introdu
es further 
onstraints). Figure 4 shows theHough image on the right when applying Hough transformation to the imageon the left. We restri
ted the pro
ess to a quadrangle image window aroundthe bla
k box and sele
ted 12 peaks whi
h are organized in four stripes of threepeaks, respe
tively. For example, three approximate parallel lines are shown onthe left, whi
h are spe
i�ed by the peaks in the third stripe of the Hough image.3.2 Regularity 
ompatibilities for polygonsApproximate parallel line segments may o

ur in approximate regular polygons.The basi
 
omponent for des
ribing polygon regularities is a polyline. We spe
-ify a polygon as the union of two non-overlapping polylines G1 and G2, possiblyin
luding single line segments lo
ated at the end of ea
h polyline, respe
tively.Figure 5 shows two regular polygons, the left one 
ontains a pair of re
e
ted 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 subje
t to image formation if DOP (G1;G2) � Æ5:
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an be formulated for re
e
tion 
ompatibility and right-angle 
ompatibility. They are based on permissible deviations from exa
t re
e
-tions or exa
t right-angles, respe
tively.3.3 Vanishing-point 
ompatibility of boundary linesThe proje
tive transforma-
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ted parallelepiped, van. point.
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,whi
h we summarize as the va-nishing-point 
ompatibility. A si-milar 
onstraint was formulatedin [8℄ but under slope/inter
eptparameterization of lines.Proposition 6. Let fL1; � � � ;LV g be a set of approximate parallel line segmentsin the image, whi
h originate from proje
tive transformation of parallel line seg-ments of the 3D obje
t boundary. The extensions of the image line segmentsmeet at a 
ommon vanishing point pv and 
an be sorted a

ording 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 se
ond stripe. To make it 
ompletely valid, we must apply astrategy whi
h slightly modi�es parameters r and � of the relevant image lines.3.4 Pen
il 
ompatibility of meeting boundary linesThe most prominent 
orner type of man-made obje
ts is a pen
il of three lines.For a subset of 
orners all three boundary lines are visible. In the 
ase that theseimage lines are extra
ted, we 
an impose the following pen
il 
ompatibility.



Proposition 7. Let us assume a 3D pen
il and the pen
il point of three meetingboundary lines of an approximate polyhedral obje
t. The proje
tive transforma-tion of the 3D pen
il must yield just one pen
il in the image plane, i.e. just one2D pen
il point.For example, Figure 2 (left) shows three lines interse
ting at point 2. A
tually,a

ording to Proposition 7 just one interse
tion point is a

epted whi
h must be
onsidered in the pro
ess of line extra
tion.4 Experiments on boundary extra
tionThe presented 
ompatibilities are the foundation for several me
hanisms whi
hmake up our pro
edure for boundary extra
tion. The approa
h is general in thesense that an appli
ation-dependent 
ombination 
an be 
on�gured by weightingthe 
ompatibilities individually. Prior to the appli
ations, the thresholds Æi aredetermined in an experimentation phase.Figure 7 shows some results of extra
ted boundaries whi
h originate fromobje
ts lo
ated within 
omplex environments. The pro
edures look for 
ertaingeometri
 shapes in the images by taking 
ertain 
ompatibilities into a

ount. Noother obje
t-spe
i�
 knowledge has been applied for boundary extra
tion. Theleft image shows the interior of a 
omputer 
ontaining an ele
troni
 board whi
his of approximate re
tangular shape. A small set of most salient, approximatere
tangles is shown in
luding the relevant boundary of the board. The middleimage shows again the interior of a 
omputer 
ontaining an ele
troni
 boardwhi
h is of approximate, right-angled, hexagonal shape. The pro
edure extra
tedthe relevant boundary as the most salient, approximate hexagon. The right imageshows a set of 3D obje
ts in
luding the bla
k box (see previous �gures), whi
h isof approximate, right-angled, parallelepiped shape. The relevant arrangement ofpolygons has been extra
ted in spite of 
omplex ba
kground and low gray-value
ontrast between neighboring fa
es of the obje
t.By applying veri�ed 
ompatibilities instead of obje
t-spe
i�
 knowledge, thepro
edures extra
ted reasonable boundaries (despite of 
omplex shape and ba
k-ground, and low fa
e 
ontrast). The boundaries 
an be used subsequently instrategies of visual attention, e.g. for the purpose of lo
al obje
t re
ognition.
Fig. 7. Examples of extra
ted obje
t boundaries.



5 SummaryThe novelty of our methodology is that we maximally apply 
ompatibilities forextra
ting ne
essary information from images. Compatibilities are degradationsof invariants and are based on the a
tual e�e
ts of image formation. For thetask of boundary extra
tion it is 
onvenient to 
onsider 
ompatibilities betweenglobal geometri
 entities and lo
al gray-value features, as well as 
ompatibilitiesbetween elementary and stru
tured geometri
 entitites.On the basis of systemati
 measurements during an experimentation phaseone approximates the performan
e of 
ertain pro
edures statisti
ally and deter-mines degrees of 
ompatibilities thereof. For example, estimation errors 
on
ern-ing the orientation of gray-value edges 
an be approximated by a Gaussian. TheGaussian support is used to de�ne threshold parameter Æ1, whi
h quanti�es theorientation 
ompatibility between lines and gray-value edges (see Proposition 1).The experimentally a
quired 
ompatibilities are regarded as a 
ompromise ofthe varian
e/bias dilemma whi
h is inherent in the design of Computer Visionpro
edures. In our opinion, there is no way to determine desired levels of per-forman
e with 
ertainty, however, systemati
 appli
ation-relevant experiments
onstitute the best foundation for the development of robust systems.For a detailed des
ription of our me
hanisms for boundary extra
tion andthe me
hanisms of determining threshold parameters, the interested reader isrefered to [4℄.Referen
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