
Region Boundary Generationand CompressionBryan J. MealyUCSC-CRL-02-41Deember 12, 2002Computer Engineering DepartmentUniversity of CaliforniaSanta Cruz, CA 95064AbstratA new tehnique for generating and losslessly ompressing region boundaries in digital images ispresented. Region boundaries are generated by �nding a minimal set of pixels required to di�erentiateeah region from neighboring regions. An enhaned, pixel-based, di�erential hain ode is used to enodethe generated boundaries. We utilized run-length enoding of links and introdue the tehniques ofdynami template swithing and extended vetor templates. These features allow aurate region boundaryrepresentation using a minimal number of links while retaining the inherent simpliity of traditional hainodes.The results show that the boundary generation and enoding approah is able to enode all possibleregion boundary onditions when pixels are used as region boundaries. The results ompare well toother pixel-based enoders (in bits-per-symbol) despite the fat our enoder ontains extra informationembedded in the hain ode. The bit-enoding rates of the boundaries are relatively low ompared tothe number of pixels in the images over a test image set. Despite the addition of multiple features tothe boundary enoder, the hain oder remains relatively simple. The tehnique of dynami templateswithing was shown to improve the bit-enoding rate of the generated region boundaries.Keywords: hain oding, ontour oding, region boundary ompression.1
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1 IntrodutionThe goal of image partition oding is to represent the partitioned image using minimalinformation, while allowing it to be aurately reonstruted. The general approah is to enodethe boundaries of eah region in order to delineate any one region from neighboring regions.EÆient representation of region boundaries redues the number of bits required to enodethem.Boundaries lines, or ontours, an be represented with polynomials of varying degree but aremore often represented by hain odes [6℄. The diretion toward the next \entity" in the hainforms a hain link. Chain odes are lassi�ed as either edge-based1 or pixel-based2. The hainsin edge-based odes are formed from the notion of boundaries between pixels. By their nature,edge-based hain odes are onstrained to using a 4-onneted pixel model for link diretions.The hains in pixel-based hain odes are formed from pixels and an utilize an 8-onnetedpixel model. The funtional di�erene between edge and pixel-based hain odes is that pixel-based odes are able to use an 8-onneted pixel model for link diretions while link diretionsin edge-based odes are onstrained to using a 4-onneted pixel model.The numerous published works desribing or utilizing hain odes an be lassi�ed into threeategories: line oders, region boundary oders, or image partition oders. Line oders [7, 12℄make up the least omplex of hain oding appliations sine they are onerned only withenoding simple hains. Region boundary oders [8, 3, 16℄ build upon the tehniques assoiatedwith line oders. The requirement of enoding the boundaries of regions, or losed ontours, asopposed to enoding only ontour lines, adds omplexity to standard line oders. Image partitionenoders are the most omplex appliations that utilize hain odes. This is mainly beause of theadded hallenges appearing when the enoding of adjaent regions is required. Image partitionoders apply hain oding methods and various tehniques to loate and represent all possibleregion harateristis. Our disussion is foused on image partition oders sine representingevery region in the partition is required.Relatively few published works deal with region boundary oding of partitioned images.Unfortunately, the ommon trend in these works is to mention the boundary oding methodsonly in passing [10℄. Attention instead is foused on overall ompression results, rather than todetails of boundary enoding methods. The impressive ompression results stated in these workspossibly attenuates the need for eÆient boundary representation. On the other hand, severalworks dealing with image partition oding beome exeedingly omplex [4, 18, 21℄. These worksare of little relevane to our disussion sine developing tehniques that preserve the originalsimpliity of hain odes is preferred. A ommon trend in works requiring the enoding of regionboundaries is exempli�ed in [13℄. This work assumes a bit-per-pixel value as a ost for enodingregion boundaries but fails to provide details as to how region boundaries are generated orenoded.The need to eÆiently represent region boundaries prevents the most basi approah from1Edge-based hain odes are also known as NESW (North-East-South-West) odes [5℄, rak odes [9℄, andMAE (move along edge) odes [20℄.2Pixel-based hain odes are also known as MTC (move through enter) odes [20℄.2



onsideration. A simple method to represent region boundaries is to enode the boundary\entities" of eah region in the partition [19℄. When pixels are used as region boundaries,this enoding method requires the oding of pixels on eah side of the edge that separatesregions. In the ase where pixel edges are used as boundaries, eah boundary edge requirestwo traversals for proper region representation. Unfortunately, the simpliity of this approahintrodues unneessary redundany to the image partition oder.A straight-forward method oasionally used to enode pixel boundaries is a raster neigh-borhood oding [11℄. These approahes are inherently pixel-based in that region boundaries areonsidered blak pixels on a white bakground. The image is treated as a binary image andhain oding is not required. Several published appliations use this JBIG-type approah intheir implementations [2, 17℄. The major drawbak of these works is that the representation ofertain region harateristis is either impossible or unduly omplex.2 OverviewThe image partition oder presented by Ausbek [1℄ is possibly the best desribed workregarding image partition oding. Ausbek's image partition oder is able to ode any typeof region3 without introduing unreasonable omplexity to the oder. This oder, however,uses edge-based hain oding with its notion of separators to represent region boundaries, thusonstraining the oder to using a 4-onneted pixel model.Fig. 1 shows that edge-based hain odes are not always the most eÆient approah forboundary representation. Fig. 1(a) shows an image fragment with two regions indiated byshaded pixels. Fig. 1(b) and () show how the boundary of Fig. 1(a) is enoded using edge andpixel-based hain odes with arrows indiating the \entities" representing region boundaries.The edge-based approah of Fig. 1(b) requires eleven hain links to enode while the pixel-basedapproah of Fig. 1() requires six links.The main purpose of this hapter is to desribe a image partition oder as robust as Ausbek'swork while using a pixel-based hain ode. This approah to image partition oding is known tobe more omplex than image partition oders utilizing edge-based odes [5℄, primarily beauseseemingly omplex region boundary harateristis are reated when pixels are used to delineateregions. This hapter desribes these harateristis and presents methods to simplify theirenoding. An introdution to several of the topis desribed in this hapter appears in [14℄.The image partition oder we present inorporates the simpliity and eÆieny of hain od-ing in the ontext of enoding a omplete image partition. The image partition oder is enteredaround a lossless, two-pass, pixel-based, di�erential hain ode. The hain ode retains the in-herent simpliity of hain oding, while adding extended features to optimally represent regionboundary harateristis. The hain ode introdues dynami template swithing, extended ve-tor templates, and template realignment to represent hain link statistis more aurately. Thehain ode also provides a solution to the lassi baktraking problem assoiated with hain3This oder, however, must divide single regions that ontain two pixels onneted by an 8-onnetion onlyinto two separate regions. 3



(a) (b) ()Figure 1: An example showing the advantage of pixel-based hain oding over edge-based hainoding. (a) shows a portion of an image with two regions di�erentiated by shaded pixels anda darkened boundary line. (b) and () use arrows to show the links required to enode theboundary of (a) using an edge-based and pixel-based hain ode, respetively.odes. All hain start and termination information is embedded within the hain ode andrelative addressing is used extensively to improve oding eÆieny. The hain ode's extendedfeatures are general enough for use in any hain oding appliation. The new hain ode is wellstrutured and is modeled with a ontext-free grammar in Appendix A.Fig. 2 shows the proess of image partition oding is divided into three areas: 1) borderimage extration, 2) region boundary mapping, and 3) region boundary enoding. Border imageextration generates region boundaries based on the region image. Region boundary mappingloates and reords boundary pixels in the border image. Region boundary enoding generatessymbols used to desribe the mapped region boundary pixels. Eah of these areas are desribedin the following setions.
Extraction EncodingMapping

Border Image Region Boundary Region BoundaryFigure 2: The three steps in image partition oding.2.1 Keywords and De�nitionsThe following terms represent a short list of terms used to larify the desription of the imagepartition oder. A omplete list of terms used in this work appears in the glossary.region image: an image partitioned into a set of non-overlapping regions. Eahregion is de�ned by the set of pixels belonging to that region and eah pixel belongsto only one region. 4



hole: a region that is adjaent to only one other region.border image: an image where every pixel is either a boundary pixel or a non-boundary pixel. The set of boundary pixels that olletively delineate the regions inthe partition. Boundary and non-boundary pixels are equivalent to the terms on ando� or blak and white pixels used by other ontour enoding shemes. The boundarypixels in the border image are used to reonstrut the original region image.boundary pixels: or bixels, are pixels used to delineate eah region from otherregions in the image.boundary objets: or bobs, are sets of onneted bixels in the border image. Eahbixel in a bob is able to reah any other bixel in the bob by following a path ofontiguous bixels.hole boundary objets: or hole-bobs, are boundary objets delineated with holeregions.baktraking: a ondition assoiated with ontour oding whih auses the oderto assoiate multiple links with a single pixel. Fig. 3 shows the inherent di�erenesbetween baktraking for pixel and edge-based hain odes. Fig. 3(a) is a regionimage fragment ontaining two regions with boundary lines indiated by darkenedpixel edges. Fig. 3(b) and Fig. 3() use arrows to indiate required links for a pixel-based and edge-based hain ode, respetively. This example demonstrates thatseveral boundary \entities" are enoded more than one for both edge and pixel-based odes.
(a) (b) ()Figure 3: An example of the baktraking problem assoiated with hain odes. (a) shows aportion of a region image with boundary lines indiated with darkened edges. (b) and () showthe ineÆienies inherent in enoding region boundaries with both edge and pixel-based odes,respetively.
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3 Border Image ExtrationBorder image extration is used to generate a border image ontaining a minimal numberof bixels. Moreover, bobs in the border image ontain as few bixels as possible, but are able toreonstrut the regions they delineate.Border image extration is driven by the border image reation algorithm. This algorithm�nds the set of pixels bounding eah region in the region image. These boundary pixels, orbixels, delineate eah region from its neighboring regions. The border image reation algorithmsearhes for member pixels of the urrent region representing the last line of pixels before enteringinto another region. The algorithm reursively grows eah region until a region's boundary isdisovered. Disovering a region boundary halts the reursion. Bixels are assigned only if thepixels halting the reursion are members of the region being proessed. Previously disoveredbixels are neessarily members of previously proessed regions. Regions are proessed in theorder the are enountered using raster san order. Fig. 4 shows pseudo-ode for the borderimage reation algorithm.Fig. 5(a) and (b) show a region image and its assoiated border image, respetively. Shadedpixels in the border image of Fig. 5(b) are bixels for the various regions. The two bobs inFig. 5(b) are omprised of all the bixels in the border image. The numbers appearing in theunshaded pixel loations of Fig. 5(b) represent the �rst pixels enountered in eah region andare used as starting points for the region growing proess. The numbered pixels show the orderthat the algorithm enounters and grows the regions using raster san order. We refer to thisorder as region-san order.The border image reation algorithm is applied to hole regions separately from non-holeregions. Separate onsideration of hole regions exploits the fat that hains representing holesare shorter if the bixels desribing hole regions are members of that region. Using an interior bixelas a starting point for region border reation fores the hole to be bounded by pixels belongingto the hole. Fig. 6 demonstrates that bounding regions with non-member bixels requires morebixels than bounding the same region with member bixels. The region image in Fig. 6(a) showsan image ontaining one hole region. Fig. 6(b) and Fig. 6() demonstrate the number of bixelsrequired to bound the hole if the hole is bounded using inside and outside bixels, respetively.In this example, it requires four less bixels to bound the hole from inside bixels as opposed tothe outside bixels.4 Region Boundary MappingAfter the border image is extrated from the region image, eah bixel in every bob in theborder image is loated and reorded. Mapping denotes the proess of loating bixels andstoring pertinent information assoiated with them. Region boundary mapping and regionboundary oding are independent proesses, whih makes this a two-pass tehnique. The �rstpass proesses bobs in the border image and onstruts a list of mapped bixels. The seondpass onverts the list of bixels to atual ode. Region boundary enoding and the advantages ofusing a two-pass approah are desribed in Setion 5.6



/* NG(p) represents every pixel (D4 = 1) in the neighborhood of pixel p */CREATE BORDER IMAGE(region image,border image)f for eah (pixel p in region image) fif (region image(p) 6= PROCESSED); fEXTRACT REGION BIXELS(p, label(p));gggEXTRACT REGION BIXELS(p, label)f region image(p) PROCESSED;for eah (p0 2 NG(p)) fif (border image(p0) 6= PROCESSED)f if (region image(p0) 6= label) fborder image(p) BIXEL;gelse fEXTRACT REGION BIXELS(p0, label);gggg Figure 4: The border image reation algorithm.
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4(a) (b)Figure 5: An example of a region image and its assoiated border image. (a) is a region imageontaining four regions and (b) shows the assoiated border image ontaining two bobs. Theshaded pixels of (b) are the bixels of the regions in (a).
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(a) (b) ()Figure 6: An example showing the bene�ts of using bixels belonging to the hole to represent thehole region. (a) shows a region image ontaining one hole. (b) and () shows the bixels requiredto represent the hole if hole region bixels and if bixels from the surrounding region are used torepresent the hole region, respetively.
8



4.1 Searhing for BobsRegion boundary mapping begins by sanning the border image searhing for bixels. The�rst bixel found is the starting bixel for the urrent bob. Bob proessing ontinues until all bixelsin the bob are proessed. Border image sanning then ontinues searhing for unproessed bixels.Region boundary mapping is omplete when every bixel in the border image is mapped.4.2 Next-diretion SearhingTwo di�erent modes are required for �nding the diretion of the next bixel in the hain4. Thesearh sequene for the bixels assoiated with eah region is established after �nding the initialbixel of a region and before searhing for the next bixel in that region. The searh sequene iseither a lokwise (CW) or ounter-lokwise (CCW) searh and is assigned based on the regionlabels of loal pixels. Searh sequenes are used by the next-diretion �nders to loate the nextbixel in the bob being proessed. Next-diretion �nders operate by searhing as left or rightas possible for the CW and CCW next-diretion �nders, respetively. This border followingtehnique is an extension of the border following algorithm of Morrin [15℄. Morrin's approahis modi�ed to searh for boundary pixels belonging to only one region at a time.Fig. 7 shows two types of next-diretion �nders. Fig. 7(a) is a region image with three regionsand Fig. 7(b) is its assoiated border image. Bixels A and B in Fig. 7(b) are the �rst bixelsproessed in their respetive regions. The next-diretion �nder searhes as left as possible fornew bixels using a CW searh sequene at A. A new searh sequene is established after bixelsin the �rst region are proessed and before proessing the seond region. The next-diretion�nder searhes as right as possible using a CCW searh sequene at B.
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(a) (b)Figure 7: An example showing the two next-diretion �nders. (a) shows a region image withthree regions and (b) is the assoiated border image. The shaded pixels in (b) are the bixelsassoiated with the region image. BixelA employs a lokwise searh sequene for next-diretion�nding in its assoiated region while B uses a ounter-lokwise searh sequene.4Searhing for the next \entity" in the hain is often referred to as border following.9



The next-diretion �nder's searh sequene is based on the loation of the previously dis-overed bixels. Sine starting bixels inherently have no previous diretion, the initial searhsequene is established based on the region labels of pixels neighboring the starting bixel. Fig. 8shows how the searh sequene hanges based on the orientation of the previous bixel in thehain. Fig. 8(a) shows a portion of a region image with letters indiating di�erent regions andshaded squares representing bixels. Fig. 8(b) shows the searh sequening based on a previ-ous diretion of South. Fig. 8() shows the searh sequening based on a previous diretion ofSoutheast. The numbers near the small arrow indiate the order used to examine loal pixels inthe searh bixels. This example uses a lokwise searh sequene in its next-diretion �nder.
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(a) (b) ()Figure 8: An example showing the next-diretion �nding using a CW searh sequene. (a) showsa portion of a region image with labels A and B di�erentiating the regions and shaded squaredrepresenting the bixels. (b) and () show the searh sequening based on a previous diretionsof South and Southeast, respetively. The shading of bixels in (b) and () lighten as bixels areproessed. The numbers near arrow points represent the order that diretions are searhed whento loating the next bixel in the bob.4.3 Bixel TypesEah bixel in the border image is lassi�ed as either a standard or non-standard bixel. Bixellassi�ation is determined during region boundary mapping. Standard bixels form links in thebixel hain by providing diretional information to loate the next bixel in the hain. Non-standard bixels ontain extra information in addition to diretional information. A standardbixel ontains only two bixels in its loal neighborhood. One bixel is the previously disoveredbixel and the other is the next link in the bixel hain. Non-standard bixels are used to representmore omplex harateristis present in the border image.4.3.1 Non-standard BixelsNon-standard bixels are disovered in both the region boundary mapping and region bound-ary enoding phase. The non-standard bixels found during region boundary mapping are re-10



quired to represent the boundaries of regions. Non-standard bixels appearing during regionboundary enoding are assigned based on ertain harateristis of the bixel hain. These as-signments are made to inrease oding eÆieny as desribed in Setion 5. The non-standardbixels assoiated with region boundary mapping are desribed below.Finish Bixels: bixels indiating no undisovered bixels are onneted to the urrentbixel. There are two types of �nish bixels: temp-�nish bixels and �nal-�nish bix-els. Temp-�nish bixels indiate a dead-end in bixel proessing. In this ase, regionboundary mapping restarts at some other non-ontiguous bixel in the bob. Final-�nish bixels indiate the end of proessing for bixels in the urrent region. Examplesof temp-�nish and �nal-�nish bixels are shown in Fig. 9. In this �gure, boundarymapping progresses from bixel x to y and onto A. Bixel A is a temp-�nish bixelbeause there are no other ontiguous and non-proessed bixels belonging to thatregion after A is mapped. One A is proessed, boundary mapping ontinues at B.Bixel C is a �nal-�nish bixel beause all other bixels in the urrent region have beenmapped. Finish bixels ontain no diretional information.Restart Bixels: bixels where the region boundary mapping restarts after a temp-�nish bixel is enountered. There is neessarily one restart bixel for every temp-�nishbixel. Fig. 9 shows an example of a restart bixel. Bixel B is a restart bixel and iswhere proessing for the region ontinues one the temp-�nish bixel A is proessed.The restart bixelB is disovered by and assoiated with the bixel x. The next link inthe hain after x is y and the hain ontinues on to A. The restart{temp-�nish bixelpair enables the hain ode to enode boundaries without resorting to baktraking.Extra information assoiated with restart bixels is the diretion from the �ndingbixel to the restart bixel.Newstart Bixels: indiate a bixel is found that is not a member of the urrentregion being mapped. Newstart bixels indiate the disovery of a new region. Pro-essing of this new region begins after region boundary mapping for the urrentregion is omplete. Fig. 10 shows an example of a newstart bixel. In this �gure,bixel x disovers bixel A in its neighborhood. Bixel A beomes the newstart bixelsine its region label is di�erent from the region urrently being proessed. Regionboundary mapping ontinues with y being the next bixel disovered after x. Extrainformation assoiated with newstart bixels is the diretion from the �nding bixel tothe newstart bixel.Seed Bixels: bixels used to indiate pixels required to start the deoders regiongrowing proess in areas that otherwise would be grown improperly. The deoderuses seed bixels to ontinue growing regions that are ut-o� by the bixels of thatregion. Fig. 11 shows an example of two instanes requiring seed bixels to ensure11
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(a) (b)Figure 9: An example showing �nish bixels and a restart bixel. (a) shows a region imageontaining two regions, (b) shows the assoiated border image with examples of a temp-�nishbixel A, a restart bixel B, and a �nal-�nish bixel C. Region boundary mapping proeeds frombixel x to y, and onto temp-�nish bixel A. Region boundary mapping restarts at bixel B andeventually terminates at �nal-�nish bixel C.
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(a) (b)Figure 10: An example showing a newstart bixel. (a) shows a region image ontaining threeregions and (b) shows the assoiated border image with a newstart bixel A. The newstart bixelA is assoiated with the �nding bixel x. Bixel mapping ontinues with the mapping of bixel y.
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proper region image reonstrution. In this �gure, bixel x is the �rst pixel disoveredin the region. This pixel is marked by the seed bixel A and region growing startsfor the pixels of that region beginning at x. In the seond image region, the growingproess ends at the pixel labeled y. Seed bixelB marks pixel z as a seed to restart thegrowing proess in the remaining portion of the region. Extra information assoiatedwith seed bixels is the diretion from the seed bixel to the pixel where the seedingours.
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z(a) (b)Figure 11: An example showing two situations where seed bixels are required. (a) is a regionimage ontaining three regions and (b) shows the assoiated border image with seed bixelslabeled A and B. Seed bixels A and B are used to indiate that pixels x and y ontinue theregion growing proess in the deoder for the assoiated regions.Hole Bixels: A hole bixel indiates the urrent bixel is used as an anhor for a holeregion. Hole bixels have no extra information assoiated with them. Hole proessingis desribed in Setion 4.5.4.4 The Region Boundary Mapping AlgorithmAs eah bixel is mapped, a bixel objet is reated and added to a list of previously mappedbixels. The bixel objet ontains information used by the region boundary enoding phase toenode the bob as desribed in Setion 5. Bixel objets ontain queues to store ourrenes ofnon-standard bixels assoiated with bixels. Eah bob in the border image is represented by alist of bixels.A owhart for the region boundary mapping algorithm is shown in Fig. 12. The algorithmstarts in the upper-left orner of the border image and searhes for bixels using raster san order.The �rst bixel found beomes the starting bixel for that bob. For eah new region enountered,a searh sequene is established for next-diretion �nding. The searh sequene is establishedafter starting, restarts, and newstart bixels. Every bixel enountered is examined to determineif extra properties need to be assigned to it. The bixel is �rst examined to determine if itis a hole or seed bixel, respetively. Next, the loal neighborhood is examined to determine13



if newstart bixels are present; newstarts bixels are added to the newstart queue. Eah bixelin the loal neighborhood that is neither the previously proessed bixel or the next bixel inthe hain is a potential restart bixel; restart bixels are added to the restart stak. Proessingontinues until no more bixels are found ontiguous to the urrent bixel. The urrent bixel isthen either a temp-�nish or �nal-�nish bixel. When a temp-�nish bixel is enountered, potentialrestart bixels are popped o� the restart stak in a searh for valid restart bixels; valid restartbixels are bixels on the restart stak that are not previously proessed. If a temp-�nish bixel isenountered, a valid restart must exist. When a �nal-�nish bixel is enountered, the status ofthe newstart queue is examined. Bob proessing ontinues if the newstart queue is non-empty.Bob proessing begins from the newstart bixel removed from the queue when the newstart queueis non-empty. An empty newstart queue indiates the proessing of the urrent bob is omplete.In this ase, the raster san order searh for bixels in the border image is resumed. If there areother non-proessed bobs in the image, a new bixel list is reated and proessing starts on thenew bob.4.5 Hole Region MappingThe number of bits required to enode hole-bobs is redued by using relative starting lo-ations [5℄. The probability of saving bits is inreased when non-hole bixels are present inthe image. Sine hole regions are by de�nition ontiguous to only one other region, non-holebobs are not onneted to other hole-bobs. The general solution to enoding a hole would beto enode the starting point of eah hole as is done with non-hole bobs. This would requirelog2d(rows � ols)e bits to enode eah hole-bob starting bixel. The number of bits is reduedby enoding hole-bobs after all non-hole-bobs are enoded whih allows for the use of startingloations relative to other non-hole bixels.As initially desribed in setion 4.3.1, hole-bob starting loations are anhored by hole bixelsin non-hole bobs. Hole-bobs are anhored after all non-hole-bobs are generated to inreasethe eÆieny of loating hole starting bixels. Fig. 13 shows an example of how hole-bobs areanhored and relative addressing is applied. Fig. 13(a) is a region image with one hole and threenon-hole regions. The bob with the three non-hole regions is shown in Fig. 13(b). The hole-bobassoiated with the hole of Fig. 13(a) is shown in Fig. 13(). The hole-bob an be anhored byone of the bixels A, B or C from the non-hole-bob, as shown in Fig. 13(d). The dotted linesof Fig. 13(d) represent the linear distanes measured in pixels assoiated with A, B, and Crelative to hole-bob starting bixel r. The spans of pixels from A to x, B to y, and C to z arethe possible loations of the hole starting bixels. The non-hole-bob bixel assoiated with theshortest of the three spans, is assigned as the hole bixel.The number of bits required to store the distane from the non-hole bixel to the start loationof the hole bixel is alulated as shown in Eqn. 1. The distane in pixels to the hole startingpixel is enoded using the number of bits spei�ed by Eqn. 1. Fig. 13 is used to demonstratehow the enoder applies Eqn. 1 this alulation. The enoder knows bixel r in Fig. 13(b) is thestart bixel for the hole. The diretion to the start bixel of the hole is also known. The pixellabeled x is the maximum distane away the hole starting bixel ould be loated in the southern14
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(a) (b) () (d)Figure 13: An example showing how hole-bobs are anhored and relative addressing is applied.(a) shows a region image ontaining four regions inluding one hole region. (b) and () showthe bobs assoiated with the non-hole and hole regions, respetively. (d) shows the assoiatedborder image with the potential hole bixels marked A, B, and C. Pixels labeled x, y, and z arethe most distant possible loations of hole start bixels from potential hole bixels A, B, and C,respetively. The hole bixel is hosen based on the minimum span in pixels from A to x, B toy, and C to z.diretion. The value of Dh in Eqn. 1 is represented by the pixel distanes from A to x, B to y,and C to z for the individual alulations. The distane from bixel A to pixel x is greater thanthe distane from bixel C to pixel z. The distane from B to y is the least of these distanes.Although the hole-bobs an be anhored by bixels A, B, or C, the optimal to hoie in thisexample is C due to the shorter span of pixels in whih the hole starting pixel ould be loated.Bh = log2dDhe (1)where Dh = Distane (in pixels) to nearest non-hole bixel or image edgeBh = Number of bits used to store DhThe example in Fig. 13 represents the general ase for anhoring hole-bobs. In this example,the linear span of pixels are delineated by the edges of the image. These distanes an also bedelimited by the bixels of other regions. The enoder searhes for the shortest distane from anon-hole bixels to another non-hole bixel or the edge of the image. The searh for the shortestdistane an use any of the four linear diretions5 expanding outward from a hole-bob startingbixel.The enoder stores all non-hole bob information prior to storing hole bob information. Holebob information is stored in the order the hole bixels are enountered during region boundarymapping. Hole-bob representation is idential to the previously desribed representation ofnon-hole bobs.5The four diretions result from linear pairings of the eight diretions in the 8-onneted pixel model.16



5 Region Boundary EnodingBixels are ready for enoding after every bixel in the border image is mapped. Every mappedbixel is designated as either a standard or non-standard bixel. At this point, an opportunityexists to hange the information assoiated with the bixels. Bixels previously designated as stan-dard may beome non-standard by assigning them extra properties. Bixels previously lassi�edas non-standard an have even more properties assoiated with them.Region boundary mapping reates lists of bixels that represent regions in the partition.During region enoding, it is possible to examine these lists to extrat runs of bixels. Thisenables the hain oder to run-length enode (RLE) bixels by assigning extra properties tobixels. The next setion desribe the onditions where RLE is applied.5.1 Enoding Phase Non-Standard BixelsBelow are the two non-standard bixels assigned during region boundary enoding. Bixelsare not limited to the number of non-standard onditions assoiated with them.Finish-Run Bixels: indiate the previous diretion enoded ontinues until thebixel hain either ollides with a previously enoded bixel or until an edge of theimage is reahed. This allows the enoder to avoid expliitly oding the remainingbixels in that portion of the hain. Sine bixels in the �nish-run are impliitly enodedas part of the run, the bixels in the �nish-run must not ontain non-standard bixelsdisovered during region boundary mapping. Fig. 14 shows an example of two typesof �nish-runs. In this �gure, the enoder notes that the diretion from x to A isthe same as the remaining bixels up to �nal-�nish bixel y. Bixel A is marked as a�nish-run bixel. A similar ase exists for �nish-run bixel B. The diretion from r toB is the same as every next diretion until the �nal-�nish bixel s. Finish-run bixelsuse the diretion of the previous link as the diretion of the run and have no extrainformation assoiated with them.Diretion-Run Bixels: indiate the previous diretion enoded ontinues for adesignated number of bixels. An example of diretion run bixels are shown in Fig. 15shows an example of diretion run bixels. In this �gure, the diretion from x to Ais repeated until y is enountered. The enoder marks bixel A as a diretion-runbixel and enodes the length of the run to y. Normal proessing proeeds fromy. Diretion runs allow the enoder to avoid expliit oding of the bixels betweenA and y. Sine bixels in the �nish-run are impliitly enoded as part of the run,the bixels in the �nish-run must not ontain non-standard bixels disovered duringregion boundary mapping. Diretion-run bixels use the diretion of the previous linkfor the run diretion and require no other information for enoding. The run-lengthsare preset in the model and are enoded as either short or long runs.17
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(a) (b)Figure 14: An example showing the two types �nish-run bixels. (a) shows a region imageontaining three regions and (b) shows the assoiated border image with the two types of �nish-run bixels labeled A and B. The diretion from x to A is the same diretion for all bixels up tothe �nal-�nish bixel y. Similarly, the diretion from r to B is the same diretion for all bixels upto the �nal-�nish bixel s. Bixels between A and y and between B and s do not require expliitoding.
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(a) (b)Figure 15: An example of a diretion-run bixel. (a) shows a region image ontaining two regionsand (b) shows the assoiated border image with a diretion-run bixel labeled A. The diretionfrom x to A is the same as every next-diretion to the y. Bixels between A and y do not requireexpliit oding.
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5.2 Image Partition Coding ExampleThe three-step proess of image partition oding are demonstrated in Fig. 16. The left-mostimage shows an image partition ontaining two regions. The middle image shows the borderimage assoiated with the original partition in the left-most image with bixels indiated withshading. The bixel loations ontain numbers to show the order of proessing and arrows toindiate the next diretion traversed in the hain. Three types of non-standard bixels appear inthe middle image and are labeled aordingly. The right-most portion of Fig. 16 shows the bixellist generated from the border image. The numbers in the right-most image orrespond to thenumbers listed in the border image. The shaded bixels in the middle image likewise orrespondthe shaded squares in the right-most image. The arrows from the middle image are representedby diretion indiators appearing in the shaded squares in the right-most image. Non-standardbixels in the right-most image are represented with the extra information in the boxes onnetedto the right-side of the right-most image.The image partition oding example of Fig. 16 indiates how the baktraking problem isavoided. Bixel mapping temporarily stops at the temp-�nish bixel in middle image of Fig. 16.Bixel mapping ontinues at the restart bixel thus avoiding baktraking through bixels label 4and 5.5.3 Dynami Template Swithing (DTS)Although hain odes historially only use one link diretion template, harateristis of thehain to be enoded are traked more losely if unused template vetors are not onsidered. Thehain oder uses one of four link vetor templates to enode eah region boundary. The templatethat best mathes the harateristis of the region boundary to be enoded is hosen. Diretionsfor the next bixel in the hain are monitored during region boundary mapping allowing theenoder to hoose the template that best mathes the next-diretion harateristis of regionboundaries. Template hoie is provided as side information by the enoder prior to enodingeah region boundary. Fig. 17(a) shows the standard hain oding template while Fig. 17(b)-(e)show the four templates available for region boundary enoding. The template of Fig. 17(a) isused in speial situations as desribed in Setion 5.4.5.4 Template Realignment and Extended Vetor TemplatesFig. 17 demonstrates a unique feature of the region boundary enoder. Di�erential hainoding is a ommon method of removing redundany from the diretions to the next link inthe hain. The hain oder uses a di�erential approah ombined with templates ontainingextended South diretion vetors. The hain oder beomes di�erential by applying a noveltehnique we refer to as template realignment (TR).During proessing of the bixel lists, the urrent template is realigned so that the Southdiretion is oriented to the diretion of the previously enoded link. Using the template ofFig. 17(a), and not allowing for baktraking, would render this approah equivalent to standarddi�erential oding. The new approah, however, di�ers from di�erential oding beause the19



Restart (RS)

4

5

7

9

1

2

3

6

8

1

2

3

5 6

8

9

7 4

S

S

SE RS S

E

E

− TF

SW

S

− FF

Final−Finish (FF)

Temp−Finish (TF)

Figure 16: A detailed example of image partition enoding. The left-most image shows the re-gions in a partitioned image. The middle image shows the resulting bixels (shaded squares) afterthe region boundary extration algorithm is applied. The arrows represent the next diretionstraversed in the hain and the numbers indiate the order in whih bixels are proessed. Threetypes of non-standard bixels are labeled in the middle image. The right-most diagram showsthe resulting bixel list. The numbers and diretions in the right-most image orrespond to thenumbers and arrows in middle image, respetively. Non-standard bixels are indiated with theextra information attahed to the right of the bixel.
S

E

SE

N NENW

W

SW S3

SE

E

NENW

SSW

W

SE

E

SSW

S2

W

S3

SE

E

SSW

W

S3

SESSW

(a) (b) () (d) (e)Figure 17: An example showing a set of link vetor templates. (a) is the standard hain odingtemplate used to desribe diretions of the next links in the hain. The other templates serve thesame proess yet are made funtionally di�erential by template realignment. The dotted vertialline in the middle top square of eah template for (b)-(e) represents the previous diretion inthe hain. 20



extended South diretion vetors an be used. The extended South diretion vetor found inthe extended vetor templates (EVTs) an then be used to take advantage of the skew found inthe probability distribution of the next link diretions6. Template realignment ombined withextended vetor templates allow the enoding of multiple bixels in any diretion using a singlelink, while adding only one additional vetor to the link vetor template. The realigned templatediretion, dr, is alulated using Eqn. 2. In Eqn. 2, di�1 and di are the true previous and nextdiretions, respetively. dS is the numerial value assoiated with the South diretion and Ddis the number of diretions in the pixel onnetivity model.dr = (di�1 � di + dS +Nd) mod Nd (2)Fig. 18 demonstrates how templates are realigned after a single link is enoded. In Fig. 18(a),the template is aligned with to the previous diretion of South. The next-link diretion in thehain is Southeast. Fig. 18(b) shows the new template alignment after the Southeast diretionis enoded. Fig. 18 shows how the extended South diretion vetors are applied in any diretion.
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with the bixels in Fig. 19(a) is 2.34, 1.79, and 2.27 with respet to these three tehniques.Despite the higher entropy assoiated with the new tehnique when ompared to the the standarddi�erential tehnique, the new tehnique enodes the sequene with less total bits. The totalbits required by the standard di�erential oder is 32.3 bits ompared to 31.8 bits for the newtehnique.
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Nh and Nsd list the number of hole and seed bixels, respetively. The terms Nfn, Nfr, and Ndrare the number of �nish, �nish-run, and diretion-run bixels, respetively.Table 2 shows the number and type of templates used for the lena, tripod, and pepperstest images. Templates B-E orrespond to the templates shown in Fig. 17(b)-(e) respetively.The template of Fig. 17(a) is used for the �rst bixel in a bob and for diretions required bynon-standard bixels only, and therefore is not listed in this table.image Nregs Nbobs Nbix NNS Nh Nns Nrs Nsd Nfn Nfr Ndrlena 57 4 4551 175 1 51 38 11 54 0 20tripod 41 1 3884 80 2 37 10 7 20 3 1peppers 74 3 4625 175 4 66 35 15 47 2 6Table 1: Bixel ontent and desription for three test images.image regions bobs bixels templt B templt C templt D templt Elena 57 4 4551 27 4 11 14tripod 41 1 3884 21 3 4 12peppers 74 3 4625 30 10 6 27Table 2: Template seletion breakdown for the three test images.Table 3 shows the results of applying the image partition enoder to the test image set. Theseond olumn lists normalized image size (NIS) for eah image. The NIS is value alulated bydividing the number of pixels in the image by 65,536, the number of pixels in a 256x256 image.The terms Nr, Nbx, Nb, and Nh list the number of regions, bixels, bobs, and holes for eahimage. The olumn labeled \base" represents the baseline oder whih is di�erential, but doesnot apply extended vetor templates (EVT), dynami template swithing (DTS), or run-lengthenoding (RLE). The next four olumns show results from varied appliations of these threetehniques. The �rst row in Table 3 list the tehniques applied for eah enoding experiment.Bits-per-symbol (bps) is used to measure results in these �ve experiments. The �nal olumnof Table 3 lists the bits-per-pixel (bpp) value required to enode the region boundaries. Thisresult is based upon the experiment that applied only DTS (olumn 11) in the image partitionenoder.The experiment that added only EVT to the enoder (Table 3, olumn 8) auses dereasedompression performane. Smoother boundaries would render this tehnique more e�etive.A similar general degradation of results are seen when RLE is added to the DTS and EVTexperiment (Table 3, olumn 10). One again, the eÆay of RLE tehniques is inreased inimages ontaining high quantities of straight edges. The most e�etive of the three tehniquesis DTS sine overall results improved when only DTS was applied. This result provides the new\baseline" image partition enoder for the test image set. The olumn that lists average resultsfor only DTS represents a 8.9% improvement in ompression over the average baseline result.23



RLEDTS DTS DTSbase EVT EVT EVTimage NIS Nr Nbx Nb Nh bps bps bps bps bps bpplena 1.00 57 4551 4 1 2.22 2.29 2.12 2.12 1.99 0.138tripod 1.00 41 3384 1 2 2.26 2.25 2.16 2.16 2.07 0.107peppers 1.00 74 4625 3 4 2.28 2.37 2.17 2.15 2.03 0.143air 1.00 53 3040 9 3 2.37 2.44 2.23 2.25 2.12 0.098boat 1.00 68 4409 6 6 2.45 2.51 2.32 2.32 2.19 0.147fern 2.93 68 6891 8 4 2.33 2.40 2.28 2.29 2.21 0.081big sur1 3.46 70 8364 2 6 2.32 2.39 2.27 2.27 2.17 0.080us3r 3.46 125 14085 5 6 1.75 1.84 1.70 1.71 1.54 0.096us bd1 3.46 42 5367 5 5 1.70 1.78 1.67 1.70 1.57 0.038us s1 3.46 128 13078 11 9 2.05 2.15 2.04 2.04 1.89 0.109us tr1 3.46 45 5326 5 1 1.99 2.09 1.93 1.95 1.77 0.042sf sky 3.62 142 14325 9 6 2.06 2.15 2.03 2.03 1.86 0.113big sur2 3.90 82 9468 5 23 2.13 2.17 2.14 2.14 2.03 0.075big sur3 3.90 99 9465 3 22 2.42 2.50 2.41 2.41 2.32 0.086balloon 6.33 92 6863 4 3 1.78 1.86 1.64 1.69 1.47 0.035girl 6.33 265 25137 19 11 2.13 2.12 2.02 2.03 1.89 0.115AVG 3.08 90 8648 6.2 7.0 2.14 2.21 2.07 2.08 1.95 0.094Table 3: Information and results for boundary enoding of the test images.
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6.1 Pixel-based Boundary EnodingThe image partition oder is designed for the general ase whih enables it to enode allpossible region harateristis assoiated with partitioned images. Unfortunately, aounting forall possible onditions is not always optimal. In partiular, there are several region haraterististhat degrade oder performane.The enoding of non-standard bixels degrades oder performane. If the non-standard bixelount is minimized, oder performane improves. Plaing restritions on region harateristisis one method of reduing the non-standard pixel ount. Constraining regions to be at least twopixels wide eliminates the need to assign seed bixels. Regions wider than two pixels ombinedwith boundary smoothing, as disussed below, would remove the need to assign newstart bixels.These onstraints similarly would redue the need to assigned �nish bixels. Colletively, addingonstraints to regions improves results, but likewise ompromises the generality of the enoder.An interesting boundary harateristi that the enoder handles is shown in Fig. 20. Fig. 20(a)shows a region image with �ve regions. All of the lower regions are one pixel wide. Fig. 20(b)shows the orresponding border image. Every pixel in the lower portion of the border image ismarked as a bixel. The enoder is able to handle this boundary ase, but does so at the ost ofeÆieny. This example demonstrates an extreme ase but a similar "bunhing" of bixels doesappear in border images at a smaller sale. This e�et is removed when pixel-wide regions arenot present in the region image.

(a) (b)Figure 20: An example showing an region image and assoiated border image. This shows howpixel-wide regions an ause a \bunhing" e�et in the border image. (a) is the region imageand (b) shows that most of the pixels in the border image are lassi�ed as bixels (shown aspixels with shading) in order to represent the region image.6.2 Two-pass Image Partition EnodingThe image partition oder desribed in this hapter uses a two-pass approah for two reasons.First, the oder is to be able to hoose the best template to enode eah of the region bound-aries. A one-pass approah would be required to use the most general template that inluded25



all possible diretions. Seond, a two-pass approah enables the enoder to apply run-lengthenoding. It is possible to implement the enoder with run-length enoding by bu�ering hainlinks before oding. This approah, however, would inrease the omplexity of the enoder andlikewise assume qualities of a two-pass approah.6.3 Other Pixel-based Enoding ShemesThe results of the hain enoder ompare favorably with results stated in other edge-basedhain oding approahes. For example, Ester and Algazi [5℄ reported average oding rates of1.874 bps using a QM-ode with a zero-order model depth. It should be noted, however, thatthese results are for link diretions only, and do not inlude other side information suh ashain start and hain termination data. The stated results for experiments using higher ordermodeling suggest further performane remains to be extrated in our image partition enoder.Conduting a fair omparison of the results reported by hain enoding shemes is halleng-ing. First, pixel-based hain odes generally enode region using fewer symbols than edge-basedshemes as demonstrated in Fig. 1. This auses the bps metri to be less meaningful when thenumber of symbols required to enode the image is not onsidered. Seond, hain enodingperformane is highly dependent upon the hains being enoded. A fair omparison an only bemade when the same hain is enoded by all methods being ompared.7 ConlusionWe presented a tehnique to generate pixel-based region boundaries and a baseline imagepartition enoder utilizing a pixel-based, di�erential hain oder. The results showed that thebit enoding rates of the boundaries are relatively low ompared to the number of pixels inthe image over a test image set. Our results ompared well to other pixel-based enoders (inbits-per-symbol) despite the fat our enoder ontains extra information embedded in the hainode. Despite the addition of several features to the boundary enoder, the hain oder retainedthe simpliity of hain odes desribed in early works on the subjet. The tehnique of dynamitemplate swithing was shown to improve the bit-enoding rate of the generated boundaries.

26



A Image Partition Coding Language Spei�ationThis appendix ontains the Bakus-Knorr Language spei�ation for the language used by theimage partition oder. The grammar listed below uses bold fae for terminals and the normalfont for nonterminals. The start symbol is listed �rst.Border Image ::= bobsbobs ::=bobj bobs, bobbob ::=bixel listbixel list ::=bixelsj bixel list, bixelsbixels ::=standard bixelj nonstandard bixelnon standard bixel ::=mapping phase nonstandard bixelj enoding phase nonstandard bixelmapping phase non standard bixel ::=restart bixelj newstart bixelj seed bixelj hole bixelj temp-�nish bixelj �nal-�nish bixelenoding phase non standard bixel ::=diretion runj �nish run bixel
27
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