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tControlling the Watershed Transform's (WST) tenden
y to oversegment images is a major 
on
ern inpublished WST appli
ations. Gradient magnitude thresholding (GMT) is the primary tool used to 
ontrolWST segmentation due to its relatively fast and simple implementation. In this paper, we des
ribe a newmethod to 
ontrol WST oversegmentation whi
h we refer to as drainage simulation-based region merging.The drainage simulation is applied after the WST and provides a me
hanism for the fast merging ofregions without requiring the updates of existing region des
riptors. The new te
hnique 
ontrols WSToversegmentation in the image areas 
ontaining the highest spatial frequen
ies. Similar to GMT, applyingdrainage simulations are automati
 in that they require no outside user intervention.The results show that the region 
ount in the partitioned image is signi�
antly redu
ed by utilizingdrainage simulation-based region merging. These results are produ
ed after an appli
ation of GMT usinga relatively low threshold value. The results likewise indi
ate that important edge information from theoriginal image is not 
ompromised by the drainage simulation-based region merging.Keywords: watershed transform, oversegmentation, gradient magnitude thresholding, region des
rip-tors.



1 Introdu
tionMost published Watershed Transform (WST) appli
ations apply some form of region 
ountredu
tion (RCR) in an e�ort to remove trivial regions from the partition. The WST's tenden
yto oversegment has 
onsequently produ
ed many approa
hes to the RCR problem. Though thesepublished te
hniques vary signi�
antly in their approa
h, they share the goal of retaining onlysalient1 regions in the partition.The approa
h taken by most published WST appli
ations to 
ontrol oversegmentation is toapply some form of automati
 region 
ount redu
tion prior to formal region merge pro
essing.Gradient magnitude thresholding (GMT) is the primary te
hnique used for this purpose be
auseof simple implementation and known eÆ
a
y. Redu
ing region 
ount prior to applying formalregion merging is desirable be
ause region merge algorithms are 
omputationally expensive anddo not guarantee viable results. Drainage simulations provide another automati
 region 
ountredu
tion te
hnique that is applied prior to formal region merging pro
essing.Complexity in the formal region merging pro
essing o

urs in three areas: 1) region de-s
riptor updating, 2) the measure of similarity between adja
ent regions 
al
ulation, and 3) themonitoring of region-merge termination 
riteria. Ea
h of these areas requires attention aftermerging two regions during the formal region merge pro
essing. In drainage simulation-basedregion merging, attention need not given to any of these areas. Required region des
riptors 
anbe 
al
ulated after drainage-simulation based merging is 
ompleted.Published region 
ount redu
tion algorithms are primarily 
on
erned with 
reating mean-ingful partitions from segmented images without being overly 
omplex. The general approa
his to lo
ate and merge a region pair that is more similar than any other region pair in theimage. The similarity measure applied is based on any number of region 
hara
teristi
s. Prob-ably the most widely used region 
hara
teristi
 is the average pixel intensity value of regionpixels [8, 9, 12, 13, 14℄. Another 
ommonly used 
hara
teristi
 
onsiders variations of heightsasso
iated with regions and region boundaries [2, 3, 6, 10℄. Some of the more 
ompli
atedte
hniques in
lude relaxation labeling to draw upon lo
al pixel information and 
onstraint prop-agation to 
ontrol region merging [7℄. Obviously, as te
hniques be
ome more 
omplex, theirrunning times are also in
reased.Another 
ommon approa
h to de
reasing the run-time required to for RCR pro
essing isnot 
onsidering all region pairs as merge 
andidates [9, 11℄. This approa
h uses spe
ialized datastru
tures to support the topology of regions that have higher probabilities of being merged. Thedrawba
k of this type of approa
h is that it requires the 
reation and maintenan
e of extra datastru
tures in addition to the main data stru
ture to fa
ilitate the region merge algorithm. Themerging of two regions subsequently requires updates to both data stru
tures whi
h 
ompromisesthe run-time savings obtained by not 
onsidering all regions in the merge pro
essing.2 Problem FormulationAt this point, the WST was applied to generate the initial watershed image, WSX . This1In this 
ontext, a salient region di�ers signi�
antly from its neighboring regions based on some 
hara
teristi
.1



image is a 
omplete tessellation derived from the gradient image, X, whi
h is in-turn based uponthe grays
ale image, I. The regions in WSX form a partition of I. The term �K(I) denotes apartitioned image so that �Ko(I) � WSX with Ko denoting the number of regions in �Ko(I).Similarly, �K�(I) and �K!(I) are used to indi
ate the resulting partitions after the drainagesimulation and region merging, respe
tively. Ea
h partition is represented by a set of regions,i.e., �K(I) = fR1; R2; : : : ; RKg and �Ko(I) = SKi=1RK . Regions in the partition represent
losed 
ontours and there are no overlapping regions, i.e., Rm \ Rn = ;; 8m;n 2 f1; 2; : : : ;Kgand m 6= n. Ea
h region in the partition 
ontains an asso
iated label, k, shared by every pixelpi the region, i.e., 8Rk 2 �K , if WSX(pi) 2 Rk then WSX(pi) = k, 8WSX(pi) 2 Rk withi = f1; 2; : : : ; jRkjg. The number of regions in �K�(I) and �K!(I) are K� and K!, respe
tively.2.1 Pro
essing via Regional Adja
en
y GraphPartition representation and manipulation is fa
ilitated by a regional adja
en
y graph (RAG) [4℄.The RAG asso
iated with the partition is de�ned by G = (V;E). Ea
h of the K regions in theimage is represented by a graph node with V = f1; 2; : : : ;Kg. Adja
en
y between two regionsRm; Rn 2 V is indi
ated by the existen
e of an edge E(Rm; Rn) 2 E between those two regions.Edges are assigned a single value indi
ating the similarity between the two regions they 
onne
t.This value is referred to as a similarity measure and is assigned by a similarity fun
tion. Thegeneral RAG pro
essing paradigm is to lo
ate the edge with the highest similarity measure andmerge the two regions it 
onne
ts.The two main 
omponents of RAG 
onstru
tion are the assignment of pixels to nodes andthe 
reation of edges between adja
ent regions. Ea
h node in the graph has an identity [1℄whi
h 
ontains both topologi
al and region 
hara
teristi
 information, or des
riptors. Regiontopology information indi
ates adja
en
y to other regions while region 
hara
teristi
s des
riberelevant region qualities. Ea
h pixel in WSX 
ontains a label, k, indi
ating the region to whi
hit belongs. Pro
essing at ea
h pixel establishes both region membership and adja
en
y to otherregions. When RAG 
onstru
tion is 
omplete, ea
h node 
ontains a list of pixels in the asso
iatedregion and a list of adja
ent regions.2.2 The Region Merge ParadigmThe number of regions in the partition is redu
ed by 
ombining two regions to form asingle region. This region 
ombining pro
ess is referred to as region merging or region-mergepro
essing. The new region 
reated from merging two regions 
ontains all the pixels in thepre-merged regions.Merging two regions requires a 
onsiderable amount of pro
essing to update RAG to re
e
t
hanges generated by the merging. Merging two regions requires identity updating for the tworegions, as well as every region adja
ent to those two regions. The O(jV j) running time of theseupdates is based on a worst 
ase merging s
enario where V is number of nodes2 in the RAG.2Ea
h node represents a region in the partition. 2



To fa
ilitate the dis
ussion of region merging, we de�ne a region-merge operator MRG(). Thearguments of MRG() are the two regions to be merged. Applying this operator results in the
reation of a new region 
onsisting of ea
h pixel and the 
orresponding adja
en
y informationexisting in the individual regions prior to merging. The MRG() operator is applied by the RAGto in
orporate 
hanges resulting from 
ombining two regions. Fig. 1 lists the main fun
tions ofthe MRG() operator.� Determine region to be subsumed� Update neighbors of subsumed region to be adja
ent to 
onsuming region� Update 
onsuming region to be adja
ent to neighbors of subsumed region� Append pixel list of subsumed region to 
onsuming region� Update size for 
ombined region� Update region des
riptors for 
ombined regionFigure 1: Operations asso
iated with the MRG() operator.3 Region Redu
tion via Drainage SimulationsThe introdu
tion of immersion simulations made WST implementations pra
ti
al. Floodingalgorithms not only signi�
antly redu
ed the running time of WSTs, but also improved thea

ura
y of their results. These algorithms are based on simple and eloquent 
on
epts whi
h isthe primary reason for the signi�
ant improvement in results.The watershed lines in the partition generated by the WST 
ontains edge information fromthe original image. The WST's tenden
y to oversegment is somewhat redu
ed by applying agradient magnitude thresholding to the gradient image, X. Gradient magnitude thresholdingredu
es WST oversegmentation without 
hanging the run-time or spa
e 
omplexities of the WSTalgorithm. These qualities form the basis for the te
hnique of region redu
tion via drainagesimulations.The 
on
ept of immersion simulations is developed by 
onsidering an image to be a topo-graphi
 relief. Pixel values are 
onsidered elevations to give an image 3-dimensional qualities.This relief is then \pier
ed" in designated areas to a
t as seed points to the 
at
hment basins.The relief is immersed into water and is slowly 
ooded. Cat
hment basins form as immersionprogresses and water 
ows in from the pier
ing points. The pro
ess is 
omplete when immersiondepth ex
eeds the highest elevation in the image.The 
on
ept of drainage simulations 
an be envisioned in two di�erent ways. The �rstmethod is modeled as a pro
ess of slowly removing the previously 
ooded relief from water. Inthis model, drainage basins3, whi
h are the analog of immersion simulation 
at
hment basins,form as land masses emerge as water levels re
ede. The se
ond method to envision the 
on
ept3Some authors use drainage basin synonymously with 
at
hment basin. In this paper, 
at
hment basins areasso
iated with WSTs and drainage basins are asso
iated with drainage simulations.3



of drainage simulations is in the terms of the immersion simulation. In this method, relief is
ipped over before starting the immersion pro
ess. Both of these methods are des
ribed below.The �rst method to envision drainage simulations begins when the relief is 
ompletely
ooded. With the relief immersed, we add drain-points to the highest elevations of the im-age. Similar to pri
k-points, holes are inserted into the relief at designated areas in the image.Whereas pri
k-points o

ur at regional minima, drain-points o

ur at regional maxima. Therelief is then slowly removed from the water. The drain points allow water levels in the higherelevations of the image to grow as air �lls into those portions of the relief. Ea
h drain-pointseeds the development of a drainage basin. Consequently, large drainage basins asso
iate withhigher image elevations and small drainage basins tend to 
luster in lower elevations.The se
ond method to envision drainage simulations involves an inversion of the originalrelief. In this method, the highest points on the non-inverted relief be
ome the lowest points onthe inverted relief. These new low-points be
ome the pri
k-points of the immersion simulation.When the relief is immersed into water, the lower elevations, whi
h were the higher elevationsin the non-inverted image, form the larger 
at
hment basins. Immersion of the inverted relief
ontinues until all land masses are submerged.The similarity of these two des
riptions to the standard immersion simulation allows thedrainage simulation to be implemented via the immersion simulation-based WST algorithm.The only 
hange required is to reverse the pixel values asso
iated with the gradient image.Multiple WST appli
ations to a single image is not un
ommon in pra
ti
e [5℄. The drainagesimulation presented in this dissertation requires only one extra WST appli
ation.The partition generated by the the drainage simulation, iWSX , is used to dire
t initial regionmerge pro
essing. Two adja
ent regions in WSX that are members of the same region in iWSXare merged. By the nature of the drainage simulation, merging o

urs in only the a
tive areasof the image. This portion of the region merge pro
essing is fast be
ause sear
hing for the bestmerge 
andidate is not required. Moreover, update of region des
riptors and re
al
ulation ofsimilarity measures are not required.3.1 Drainage Simulation-based Region MergingRegion merging based on drainage simulations is divided into three steps as shown in Fig. 2.The initial step generates an inverse gradient image based upon the original gradient image. Thedrainage simulation is applied to the inverse gradient image in the se
ond step. The �nal stepmerges regions in WSX that share the same region in iWSX . The following se
tions des
ribethese steps.
Image Creation

Inverse Gradient Drainage Simulation

Application

Overlapped Region

MergingFigure 2: Appli
ation of the drainage simulation requires three steps.4



3.2 Inverse Gradient Image CreationThe inverse gradient image, iX, is 
reated from the gradient image X. This gradient imageis not modi�ed by gradient magnitude thresholding. Eqn. 1 is applied to all pixels to transformX to iX. Similar to Tr of the GMT equation, iTr is a threshold value that 
ontrols the size ofthe various regions generated. In this 
ase, larger regions form as iTr is de
reased.iX(p) = ( 0; if X(p) < iTrjX(p)� iTrj; otherwise (1)Fig. 3(d)-(f) are the inverse gradient images asso
iated with the lena, tripod, and pepperstest images, respe
tively, whi
h were generated with iTr = 32. These images are e�e
tivelynegatives of the gradient images. When the relief is inverted, the dark areas of Fig. 3(d)-(f)are the low-points of the relief a

ording to the se
ond method used to envision the drainagesimulation pro
ess.3.3 Drainage Simulation ImplementationTransforming the gradient image into the inverse gradient image allows the drainage sim-ulation to be implemented as an immersion simulation. Thus, the WST is applied to iX togenerate iWSX .Fig. 3 show examples of drainage simulations for three test images. Fig. 3(a)-(
) show theoriginal lena, tripod, and peppers test images. Fig. 3(d)-(f) show the inverse gradient imagesfor test image of Fig. 3(a)-(
), respe
tively. On
e X is transformed to iX, a standard WST isapplied to iX. Fig. 3(g)-(i) show the inverse watershed images, iWSX , asso
iated with ea
h testimage. These images 
learly show that image areas with higher spatial frequen
ies are groupedinto larger regions. These areas be
ome larger as iTr de
reases, and smaller as iTr in
reasesin a manner similar to, but opposite of, Tr used in gradient magnitude thresholding. Region
ounts for the image of Fig. 3(g)-(i) are listed in Table 1.3.4 Overlapped Region MergingTwo watershed images, WSX and iWSX , were 
reated by an immersion and drainage simu-lation, respe
tively. The watershed image, WSX , retains the shape information from the originalimage. The inverse watershed image, iWSX , 
ontains regions used to 
ontrol this portion of theregion merge pro
ess.The initial watershed image, WSX , is referred to as �Ko(I) and 
ontains a set of Ko regionsso that �Ko(I) = fR1; R2; : : : ; RKog. The inverse watershed image, iWSX , is referred to as�?K(I) and 
ontains a set of K� regions with �?K�(I) = fR1; R2; : : : ; RK?� g. Overlapped regions,denoted by R�, are de�ned as follows:
5



(a) (b) (
)

(d) (e) (f)

(g) (h) (i)Figure 3: An example showing inverse gradient images and their asso
iated drainage simulationpartitions. (a)-(
) show the lena, tripod, and peppers test images of dimensions 256x256. (d)-(f)show the inverse gradient images of lena, tripod, and peppers, respe
tively. For these images,the darker areas represent the lower elevations of the relief. The boundaries of the asso
iatedregion images that are generated by the drainage simulation are shown in (g)-(i).6
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(a) (b) (
)Figure 4: An example demonstrating overlap region merging. (a) shows a partition with sixregions. (b) shows an inverse watershed image with two regions. The drainage simulation
ombines region pairs (R1-R4) and (R3-R6) sin
e these pairs share the same region in (b).Regions R2 and R5 would not be 
ombined sin
e they overlap two regions in (b). (
) shows thepartition after regions R4 and R6 are 
onsumed by regions R1 and R3, respe
tively.De�nition 1: An overlapped region, R�, is any regionRm 2 �Ko(I) with every pixel,p, 
ontained in Rm is a member of a single region in �?K(I), i.e., R� � Rm 2 WSXsu
h that 8pi 2 Rm with i = f1; 2; : : : ; jRkjg, iWSX(p1) = iWSX(p2) = : : : =iWSX(pjRkj). The region label from iWSX asso
iated with some region Rm = R� 2WSX is denoted by Rm� (k).Regions are designated as overlapped during RAG 
reation. As pixels inWSX are examinedto establish their region membership, the 
orresponding pixels in iWSX are also examined. Ea
hRAG node representing an overlapped region also designates the region label in iWSX of theregion it overlaps.Ea
h region in the RAG is examined to see if it is overlapped. Regions adja
ent to ea
hoverlapped region in the RAG are examined to see if they, too, are overlapped. Any two adja
entregions that are overlapped and share the same overlapped region label, R�(k), from iWSX aremerged with an appli
ation of MRG(), i.e., if Rm, Rn 2 WSX with Rm � Rn � R� andRm� (k) = Rn�(k), then MRG(Rm; Rn).Fig. 4 demonstrates the region 
ombining of the drainage simulation. Fig. 4(a) is a regionimage4 
ontaining six regions. Fig. 4(b) is the inverse watershed image generated from thesame sour
e as the region image of Fig. 4(a). The drainage simulation 
ombines region pairs(R1-R4) and (R3-R6) be
ause the pairs share the same regions in the inverse watershed imageof Fig. 4(b). Regions R2 and R5 of Fig. 4(a) are not 
ombined sin
e they overlap two di�erentregions in Fig. 4(b). Fig. 4(
) shows a post-drainage-simulation region 
ount of four after regionsR4 and R6 were 
onsumed by region R1 and R3, respe
tively.The results of drainage simulation-based region merging is shown in Fig. 5. The top row4The region image is referred to as an obje
t membership map by some authors.7



of images in Fig. 5 show the boundaries of regions in �Ko(I) for the test images. The se
ond,third, and fourth rows show the region boundaries for �K� with Tr values of 32, 25, and 18,respe
tively. Table 1 provides quantitative data for the image of Fig. 5. The third 
olumnof Table 1 shows the Tr values for the image with 255 indi
ating the baseline pre-drainagesimulation image �Ko. The fourth 
olumn lists the region 
ounts for iWSX . The �fth and sixth
olumns of Table 1 list the number of overlapped regions, R�, and the number of these regionsthat were merged, respe
tively. The seventh and eighth 
olumns list the region 
ount of �K�(I)and the per
ent redu
tion in region 
ount from the baseline image.Fig. 6 shows how �K� is a�e
ted by 
hanges in Tr. Fig. 6(a) shows the number of overlappedregions that are merged as a fun
tion of Tr. Fig. 6(b) shows the number of overlapped regionsthat were merged as a per
entage of the initial number of regions in the image.% redu
tionin regionsNregs Nmrgd Nregs fromimage Fig. 3 Tr iWSX # R� R� �K� baseline 
ommentlena (a) 255 - - - 645 - baseline(d) 32 1935 154 94 551 14.7 -(g) 25 1800 254 185 460 28.7 -(j) 18 1670 352 289 356 44.8 -tripod (b) 255 - - - 817 - baseline(e) 32 2715 298 225 672 17.8 -(h) 25 2472 444 367 530 35.1 -(k) 18 2262 586 497 400 51.0 -peppers (
) 255 - - - 617 - baseline(f) 32 1933 146 70 547 11.4 -(i) 25 1823 218 136 481 22.0 -(l) 18 1738 295 205 412 33.2 -Table 1: Results from drainage simulated merging of Fig. 3.3.5 Drainage Simulation-based Region Merge ComplexityThe analysis of drainage simulation-based region merging is divided into two parts: 1) iWSX
reation and, 2) region merging. Inverted watershed image 
reation requires extra storage forboth the inverted gradient image and the inverse watershed image. Sin
e the simulation is basedon a standard WST, previously allo
ated image obje
ts required by the WST are reused duringthe drainage simulation. Consequently, spa
e 
omplexity is in
reased by N , the number of pixelsin the image. Region merging requires no extra memory sin
e merging is already required. Spa
e
omplexity is in
reased only slightly by the drainage simulations.Creation of iX requires one s
an through the image for a time 
omplexity of O(N). Though8



(a) (b) (
)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)Figure 5: Results of drainage simulation region merging. The �rst row of images are borderimages prior of drainage simulations for the test images. The des
ending rows show the partitionsafter drainage simulation-based region merging with Tr values of 32, 25, and 18.9
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(a) (b)Figure 6: Results showing the a�e
ts of Tr on the partition. (a) shows the number of overlappedregions merged as a fun
tion of Tr. (b) shows the number of overlapped regions merged as aper
entage of the total regions in the image vs. Tr.the overall running time is slightly in
reased, the entire algorithm's 
omplexity is not 
hangedfrom O(N). The region merging portion of the drainage simulation requires an examinationof ea
h region in the RAG. If a region is found to be overlapped, a subsequent examination ofadja
ent regions is required. This region merging is O(V ), where V is the number of regions inWSX .4 Con
lusionDrainage simulations employ a novel use of gradient image regional maxima in a WST appli-
ation. The results show that the region 
ount in the partitioned image is signi�
antly redu
edby utilizing drainage simulation-based region merging. These results are produ
ed after an ap-pli
ation of gradient magnitude thresholding using a relatively low threshold value. Drainagesimulation-based region merging is 
onstrained to spatially a
tive areas of the image. The mainbene�t of this type of region merging is that it is done without requiring the examination or up-date of region des
riptors. Applying this fast region merging initially redu
es the overall region
ount before the more 
omplex formal region merging is applied. The results likewise indi
atethat important edge information from the original image is not 
ompromised by the drainagesimulation-based region merging.Referen
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