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Abstract

The efficiengy of implementationsof binary morphologyis investigated,using
bothfull imagerasteropsandword accumulatiormethods All processingpeedsare
expressedn away thatis relatively independenbf CPU speedandthe sizesof both
imageand structuringelement;namely elementarypixel operationsper CPU cycle
(EPO/cyc). Optionsfor handlingboundarypixels arediscussedlt is shavn thatuse
of successk full imagerasteropss muchslower thanmethodswvherethe full struc-
turing elements appliedrepeatedlyto small partsof theimage.Processingpeed®f
theformerrangefrom aboutl to 3 EPO/g/c, whereaghelatteraretypically betweert
and7 timesfasterandrangefrom 3to 12 EPO/g/c. For smallimagesusingrasterops,
vertical operationsare abouttwice asfastashorizontal(3.2 vs 1.6 EPO/g/c); using
word accumulationyertical operationsare only slightly fasterthanhorizontal(12 vs
10EPO/gc). Performancen largeimagess reducedoy afactorof betweer2 and4,
dueto slow readsandwritesto mainmemory
Keywords: binary morphology imagemorphology rasteropdestinationvord accu-
mulation,structuringelementunrolledloops

1 Introduction

Binary morphologyis in widespreadiusein a variety of applicationsthat requireidentifi-
cationof shapesandtextures,becauseéts nonlinearoperationsare usefulfor makingfast,
localizeddecisions.Startingin the mid-1980s,several companiesuilt “machinevision”
systemsfor high speedoperation,typically using specializedhardware with wide word
paralleloperationsandrequiringthe useof assemblyanguaggrogrammingor low-level
functionsnot suppliedby the manufcturer Binary morphologywasa principal compo-
nentof suchsystems. Today mary of thesetaskscan be programmedn C andrun at
higherspeed®ninexpensve GHz microprocessorslheintentof this paperis to shawv the
performancehatis availablewith C compilersfrom the currentgeneratiorof 32-bit pro-
cessors.Compilersare sufficiently good, and processorsuficiently comple, thatthere
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is little incentve for hand-tuningassemblycode. Our approachs to consideralgorithms
with a generalunderstandingf the computationatompleity andbandwidthlimitations
in the processoland memorycomponentshut not to be concernedn detail becausgl)
therearetoo mary variablesn existing hardwareand(2) we wish to give an estimationof
performancenot just algorithmiccompleity, thatis relatively independenof compilers
andhardware,presenandfuture.

To expressresultsthat are relatively independentf the type and speedof the CPU,
aswell asthe sizesof both imageand structuringelement,we usethe elementary pixel
operation per CPU cycle, or EPO/cyc. This givesthe numberof elementarypixel opera-
tions performedin eachCPU cycle. An elementarypixel operationis onewherea single
pixel from asourceimageis combinedoy booleanogic with anotherpixel in a destination
image.Therasterop is the low-level imageprocessingperationthatperformselementary
pixel operationver all pixelsin adesignatedectanglen thedestinationimage.

1.1 Some previous approaches

Many availableimageprocessingprogramdreatbinaryimagesasa specialcasewithin a
generalframenork, by unpackingtheminto 8 or 32 bit/pixel (bpp) images.Thesearein-
efficientin spaceandcomputation Historically, thesegeneraimageprocessinglatforms
handledrelatively small squareimagesof size 256 to 1024 pixels, but the large binary
imagesacquiredby scanningprinted pagesat resolutionsof 300to 600 pixels/inch(ppi)
requirepacled representationand specificalgorithmsapplicableto pacled binary pixel
data.

Waltzetal[2, 6] have developedpipelinedalgorithmsthatareappliedto asinglepixel at
atime (equialentto unpacked data). They usea pair of (row, column)finite statemachines,
tailoredto eachstructuring element (SE), for dilation or erosion.Implementation®n 32-
bit processorsequireabout100 CPU cycles/pixel on 512x512pixel images,independent
of the SE sizefor non-spars&Es.For example,anerosionusinganon-spars&Ewith 100
hits will runataboutl EPO/cyc.

Several methodsusing packed binary pixel datahave beenreported. Lien[4] applies
an exhaustve neighborhoodookup table, applicablefor small structuringelements,to
erodeimage components.The resultis content-dependerand, exceptwhen useditera-
tively on boundarypixelsfor thinning connectedcomponentsielatively slow. Boomgaard
andBalen[1] implementeda destinatiorword accumulatiormethodsimilar to that used
here,exceptthattheir algorithm, like full imagerasteropgseebelow), is not customized
for specificSEs. Using internal branchesand function calls in the destinationword in-
ner loop, its efficiency is similar to that of full imagerasterops.More recently York et
al [7] have implementeda similar destinationword accumulatiormethodon very long in-
structionword processorsysing 64-bit registers,developedfor multimediaapplications.
(This is particularly fastfor grayscalemorphology becauséhe max andmin operations
canbeappliedindependenthandconcurrentlyto eachof the eightbytesin eachregister)
On 512x512pixel binaryimageswith DMA to ferry databetweermainmemoryandthe
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mediaprocessarhip, they achiare about4 EPO/cyc on each64-bit register

1.2 Iteration and large structuring elements

We considermoperationsvith simpleSEs,typically one-dimensionaklthoughthe methods
are applicableto all SEs. Also, operationswith somelarger SEs can be implemented
efficiently by concatenatingperationsisingsmall SEs.For example,

e 2-d separable. Implementseparabl@-d SEsby sequentiabperationswith 1-d hori-
zontalandvertical SEs.

e Linear decomposition. For aSE S, erodewith 25 = S & S by concatenation(/ &
S)es.

e Logarithmic decomposition. Dilate or erodeusinga sequencef SEswith a small
numberof hits (e.g.,2 or 4), eachSEbeingapproximatelytwice asbig astheprevious
one.By avoiding overlap,the numberof hits in the compositeSE doubleswith each
additionalSE.

e Decomposable ball. As an approximationto a ball, an operationwith a nonsepa-
rable octagonalSE canbe composedy a sequencef operationaisingalternating
4-connectedand 8-connectedBx3 neighborhoodSEs. For example,an octagonof
diameterd canbedecomposeds S = Sy @ Ss D Sy & Ss.

1.3 Full imagerasterops

The fundamentabinary morphologicaloperationsof dilation anderosion canbe defined
in severalequvalentways[3 5]. We first give a standardiefinition,andthenmodify it for
otherimplementationsLet I represent binaryimageandsS represena (typically small)
binary SE.Both I and S have anorigin; by corvention,the origin of S is calledits center.
Thenthedilation & anderosion & of I by S aredefinedrespectiely, as

bes el
beS xel

wherel, is thetrandation of I alongthe pixel vectorb, S, is thetrandation of S alongthe
pixelvectorz, andthesetunionandintersectioroperationsepresenbitwiseORandAND,
respectrely. The elementsr of I arethe (row, column)doubly-indexed locationsz =
{1, j} of foreground(ON) pixels. S canbe considered setof pixels,in atwo-dimensional
binaryimage,consistingof “hits” atlocationsh = {i, j} (relative to the center) for which
S(i,7) = 1. ThesetS is theinversionof S aboutits center;namely S = {-b | b € S}.
We adoptthe usualcorventionwhereON pixelsarebinary 1.
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Theimplementatiorof binarymorphologyby successie full imagerasteropsgivenby
thefirst definitionsin (1) and(2), will be discussedn Section2. An implementatiorthat
strictly followedthe secondlefinitionsin (1) and(2) would beimplementedy a sequence
of SE-sizedrasteropswherethefull SEis ORedor ANDed ateachON pixel in theimage
1. Thisis impractial,particularlyfor small SEs,unlessheimage! haslittle foreground.

1.4 Sourceword accumulation

Otherpartitioningsarepossible andword-sizedpartitioningscanbeimplementedrery ef-
ficiently. Define Iév(a) to take NV pixels startingat location « and translatethemby g,
wherea and g arevectorson thetwo-dimensionalmagelattice. The NV pixelsmustbein
a geometricakhapethattiles theimage. In the following we take N to be 32 horizontal
pixels. Thendilation and erosioncan be expressedrespectiely, by a “sourceword ac-
cumulation”(swa) method,whereeachsourceword is usedsequentiallywith the SE, to
write into thedestinationmage:

IS = U UPw) (3)
wel besS

Ies = () L*w) (4)
wel peS

The w in the outersumareover all indices (7, j) wherej mod 32 = 0. Thesegive the
location of the left-mostpixelsin each32-bit word in the image. An implementationof
(4) requiresboth initializing the destinationimageto all ON and maskingthe (generally
unaligned)32-bit sggmentsthatare ANDed.

Equations(3) and (4), with the sumover 32-bit wordsw replacedby a sumover N-
sizedtilings, aregeneralization®f (1) and(2), in thatfor N comprisingthe entireimage
we getthefirst setof definitionsandfor N = 1 we getthe secondset. This shouldbe
clearfor erosion.In makingtheconnectiorfor dilationfor N = 1, notethata corventional
interpretatiorof thesecondorm in (1) is aunionover ON pixelsin I of the ON pixelsin
thetranslatedSE, but this is equivalentto a unionover all pixelsin I, whereeach pixel is
replicated in a trandated pattern given by the SE. Replicationof OFF pixelshasno effect
ontheunion. Similarly, theunionin (3) is overall unitsw, independentf the pixel content
of theunit.

1.5 Destination word accumulation

We can also expressdilation and erosionby a “destinationword accumulation”(dwa)
methodin theform

IS = UUIEQ(w—b) (5)
wel bes

IesS = | NP (w=-b) (6)
wel pc'g
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which successiely computes32-bitwordsin thedestination Notethat I3? (w — b) takes32
bits startingat w — b andshiftsthemby b, thuswriting theminto the 32-bit alignedword
I(w). Becausavordsarecomputedndependentlya union(intersectionpverwordscanbe
usedformally in (6) if thedestinations initialized to OFF(ON)pixels. But in practice the
distinctionis unimportantandinitialization is unnecessaripecauseachdestinationword
is written once. Both swa anddwa methodsareamenabldo efficientimplementationput
dwa is preferred We discusgheir usein Section3, with emphasi®n dwa givenin (5) and
(6).

In generalpoundarypixelsrequirespecialtechniquesandoptionsfor handlingbound-
ary conditionsarediscussedor bothfull imagerasteropsandword accumulationFinally,
the performanceof the methodds comparedn Section4. All sourcecodeis availableat
http://www.leptonica.com.

2 Implemenation by successiverasterops

Accordingto (1), dilation is implementedby a sequencef full imagerasteropsusing
the OR operation,on a destinationmageinitialized to all 0s. The translationsassociated
with eachrasteroparespecifiedby the SE. An efficientimplementatiorhasthe following
properties:

1. Packed data. Thebinarydatais packedwith 32 pixels/word. Eachimagerasterine
begins on a word boundaryand 32-bit operationsare usedthroughout.In orderfor
32-bit shift operationgo move naturallyacross32-bit boundariesthe datain each4
byteword musthave the mostsignificantbyte at theleft. On little-endianmachines,
the byte orderfrom left to right in aword is then3-2-1-0. The sameoperationsan
of coursebe usedfor rasteropsith bpp> 1 by scalingthe width by bpp.

2. High-level clipping. Clipping is requiredto preventdataaccesgo or from regions
outsidearray boundaries. This must be done by adjustingthe boundariesof the
rasteropbeforeary datais moved; otherwise,it is necessaryo usespecialcases
in thelow-level code.

3. Special case for aligned rasterops. Whenthe left sidesof sourceanddestination
rectanglesre32-bitaligned(i.e., zos — zoq4 = 0 mod 32) thelow-level implementa-
tion is simpler A testshouldbe madebeforedispatchto thelow-level code.

4. Use a sequence of 1-d operations for separable 2-d SEs. Thetime for operations
with separable&SEsgrows linearly with the dimensionof the SE, ratherthanasthe
square.Thisis particularlyimportantwhenthe SEis largerthan3x3.



2.1 Destination initialization

Dilation by full imagerasteropss straightforvard: initialize to OFF pixelsandapply the
OR operationfor eachrasteropasdescribedy (1). Initialization of a sgmentof memory
usingthelibrary functionnenset is fast.

Erosionis moretricky. Thedestinatiorcanbeinitializedto OFFpixels,aswith dilation,
andthefirst full imagerasterogs a COPY, whereasall succeedindull imagerasteropsre
ANDed. Alternatively, the destinationcanbe initialized to ON pixels,andall full image
rasteropsare ANDed, asdescribedoy (2). Theresultsfrom eitherof theseoperationsare
identical, but we arenot finished,becausdor eachfull imagerasteropin the erosion,we
shouldbring in OFF pixelsin the shiftedimagefrom beyondthe sourceimageboundary
However, the rasteropmplementatiorclips to the sourceimageboundary(aswell asthe
destimageboundary),so theseOFF pixels are not used,andthe correspondingixelsin
thedestimage,ratherthanbeingsetOFF, areunafected.lt is thusrequiredto clearthese
pixels after the full imagerasteropsare completed. Consequentlyif the first full image
rasteropin the erosionis a COPY, it is not necessaryo performary initialization of the
dest.

2.2 Boundary conditions

Werequirethatdilationanderosionbeimplementedsif thesourcamageweresurrounded
by a sufiicientnumberof OFF pixelssothatwith all shifts,theseoutersourcepixelscover
the entiredestimage. For full imagerasteropsve never seesuchpixels, becausehe ras-
teropclipsto theactualsourceimage.Neverthelessthe operationrmustbe consistentvith
arasteropoverthe entiredestimageusingthis extendedsource.

For dilation, whetheror not we OR a setof OFF pixels makesno difference,but for
erosionthe AND of theseOFF pixelswould clearthe pixelsneartheboundaryin thedest.
To getthe correctresultusingrasteropjt is necessaryo clearthesepixelsafterthe setof
full imagerasteropsAn examplewill makethisclear An erosionwith a SEconsistingof a
hit in the centerandanother2 pixelsto theleft is implementedy anunshiftedcopy of the
sourcefollowed by an AND of the sourceshifted2 pixelsto theright. It is thusnecessary
to cleartheleftmost2 pixel columnsin thedest.

There are further complicationswith openingand closing, which are anti-extensve
andextensve, respectrely. We assumehatthe correctoperationoccursif the destimage
is sufiiciently extendedwith OFF pixels suchthat after the operationall ON pixels are
containedwithin the extendeddest. In somesituationsit is not necessaryo embedthe
destin a larger imagewith OFF exterior (border) pixels to get correctresults. Define
a SE asbeing contained if the centerlies on a hit, and uncontained otherwise. Thena
binary erosionwith a containedSE is anti-extensie, so no borderextensionis required,
andlikewisefor anopeningwith acontainedSE.But if the SEis uncontainedthe erosion
is not anti-extensive, andaborderextensionis necessaryn generaffor a correctopening.

It canbe seenthatclosingin generalrequiresa borderextension.A dilation, whether



or notthe SEis containedwill in generalresultin ON pixelswithin the borderextension.
If thoseexternalON pixelsareignored,theclosingwill notin generabeextensie. To see
this, supposehe sourceimagepixelsareall ON. A dilation extendsthe ON pixelsinto the
externalborder anda subsequengérosionremovesthem, leaving the destimagewith all

ON pixels.But if theexternalON pixelsareignoredin theerosion,somepixelsin thedest
nearthe boundarybut insidethedestproperwill beremoved,andtheoperatiorwill notbe
extensve.

To make the operationgorrectandavoid edgeartifacts,a borderof OFF pixelsshould
beaddedo thethedestimageby embeddinghedestin a sufficiently largeimage,andthe
bordershouldberemovedafterwards.For efficienctimplantingandextraction,theleft and
rightbordersshouldbeanintegralnumberof words(i.e.,amultiple of 32 pixels). However,
for mary applications|ossof afew ON pixelsneartheimageboundaryduringclosingand
opening(thelatterwith uncontaineSESs)is not of concern.

3 Implemenation by destination word accumulation

In theword accumulatiormethodstheinputimageis dividedinto words. In swa, theeffect
of eachsourceword on multiple destinationwordsis found, whereasn dwa, the effect of
varioussourcewordson eachdestinationword is accumulatec&ndsaved. We choosethe
latter becauset requiresno maskingoperationsandincurslesslateng from writes from
the cacheto main memory It canalsomore easily be adaptedby imagesubdvision to
paralleloperationsvith sharednemorymultiprocessorsAs with full imagerasteropsan
efficientimplementatiorrequirespaclked datawith byte orderaccommodatin@2-bit shift
operations. The mostuseful SEsare linear horizontaland vertical, and theseare easily
implemented Additional propertiesof word accumulatiormorphologyare:

1. Unroll loops. Unlike full imagerasteropswhich canuseary SE,word accumula-
tion is mosteasily and efficiently implementedor specificSEs. For eachSE, the
iterationover hits is hard-codednto theinnerloop. No branchtestsarerequiredin
the computatiorof eachdestinatiorword.

2. No destination initialization required. All destinationwords are computedand
writtenonce.

3. No masking required. Unlike rasteropsyhich requiremaskingin the composition
of words from of partial words, no maskingis necessaryor dwa. Contrikutions
from variouswordsto the destinationword requireonly a dereferencea shift, anda
logical (OR or AND) operationwith the destination.SeeSection3.2 for a caution
with erosion.

4. Avoid special cases near boundary. Thereareseveral options,but it is necessary
not to reador write outsidethe arrays,and preferablenot to treat pixels nearthe
boundaryasspecialcases.



3.1 Boundary conditions

Readsandwrites outsidethe imagearraysmustbe avoided, but, unlike rasteropsvhere
the rectangularegion of operationis arbitrary the word accumulationmethodscannot
be clippedto arbitrary boundariedfrom outsidethe low-level code. It is alsodifficult to
write specialcasecodefor pixels nearthe boundary This leavestwo obvious choices:
(a) carry outthe morphologicaloperationon aninterior subsef sourceimagepixelsand
accepboundaryartifactswith pixelsnotfully processedpr (b) addaborderof OFF pixels
outsidethesourcemagethatis amultiple of 32to eachside,andwhichis sufficiently large
to preventreadsfrom outsidethe (extended)array

Becausave work in 32-bitword chunks,operatingon a subsebf sourcepixelsresults
in boundaryartifactsof at least32 pixelson the left andright sides.To getcorrectresults
for dwa, adda borderof atleast32 pixelsto the sourceimage. Morphologicaloperations
canreadfrom sourceborderwordsbut needonly write to wordsin the destthatarewithin
the boundarieof the original sourceimage. It is corvenientto add a borderto the dest
imageaswell, becausét maybeasourcemagefor furthermorphologicabperationsThe
bordermusttypically beremovedafterwards.

3.2 Low-level implementation

To indicatethe simplicity of the coderequiredfor dwa morphologywe give the C codefor
computinga destinatiorword in dilation anderosionwith a horizontalSE of size 3 with
centeredbrigin. *spt r and* dpt r are32-bit sourceanddestinationvords,respectiely.

Dilation:
*dptr = (*sptr >> 1) | (*(sptr - 1) << 31) |
*sptr |
(*sptr << 1) | (*(sptr + 1) >> 31);
Erosion:

*dptr

((*sptr >> 1) | (*(sptr - 1) << 31)) &
*sptr &
((*sptr << 1) | (*(sptr + 1) >> 31));

Dilation is simplerandslightly moreefficient, becauserosionrequiresthe intersectiorof
fully populated32-bit entitiesthat are composedf shifted sourcewords and have been
alignedwith the destinationword.

As a slightly more complicatedexamplethat shawvs both row and columnaddressing,
hereis the inner loop for an erosionusing an upward-slopediagonal SE of size 5 with
centeredrigin. Thevariablesapl s and wpl s2 arethewords/lineandwords/(2lines)
in thesource.



*dptr = ((*(sptr - wpls2) << 2) | (*(sptr - wpls2 + 1) >> 30)) &
((*(sptr - wpls) << 1) | (*(sptr - wpls + 1) >> 31)) &
*sptr &
((*(sptr + wpls) >> 1) | (*(sptr + wpls - 1) << 31)) &
((*(sptr + wpls2) >>2) | (*(sptr + wpls2 - 1) << 30));

Eachline givesthe contribution from oneof the five hits in the SE. Becausehe structure
hassimpleregularities,it is straightforvardto generatesuchlow-level codeautomatically
for any SE. This would allow oneto build correctoperationswith minimum effort that
achieve maximumcomputationaéfficiengy.

4 Comparison of full imagerasteropswith dwa

4.1 General considerations

High performancecommercial32-bit microprocessorsuchasthe Intel P3 have multiple
levels of caching,both on and off chip. A 256 KB off-chip cachecan hold two binary
imagesof size10° pixels. Thusit is expectedthatimagesmuchsmallerthan1 Mbit will
have all readaccesseghroughthe cache,whereasmagesmuch larger than 1 Mbit will
be impactedby cachemissescausingreadsfrom main memory To determinethe size-
dependenceye have measuregerformanceon imagesof size 0.25Mbit, 1 Mbit, and8
Mbit. It is generallyagoodideato minimize writesto mainmemory

Measurmentaretakenwith an866 MHz P3processowith 256 KB of off-chip cache,
runningon Linux kernel2.2.18. Theimplementatiodanguagds C; the compileris GNU
C, version2.95.2,andlevel 1 of optimization(-O) wasused. We assumdhatall images
residein main memory(256 MB), andthatno disk acesss necessaryAll measurements
arenormalizedo CPUspeed EPO/cyc), but overall performancenaynot scalewith faster
CPUsbecausdateng in memoryaccesss nottiedto CPU speed.

Thefull imagerasteropsmplementatiorcanpotentiallyrequiremary writesto mem-
ory. Forexample,if theSEhasN elementsadilationwill requireN rasteropwritesto each
destinatiorword. For thedwa implementationtheworking setof actve memorytraverses
theimageonly once.Loopsareunrolled,andthe compilerkeepsmostintermediateesults
in registers,writing eachdestinationword out to main memoryonly once. The gainover
full imagerasteropss primarily dueto (1) avoiding maskingoperationsn innerloops,(2)
usingunrolledinnerloopsto avoid testandbranch,(3) usinga smallnumberof variables,
allowing intermediatedatato remainin registers,and (4) avoiding inefficient readsand
writesto mainmemory

4.2 Performance

Wetestedll operation®nthreebinaryimagespof size0.25Mbit, 1.0Mbit and8.0Mbit. It
appearsghatperformancen the small0.25Mbit imageis CPUlimited, whereaghe speed
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Linearstructuringelement
horizontal vertical
0.25Mbit 1.6 3.2
1.0 Mbit 1.0 1.5
8.0 Mbit 0.7 0.9

Table 1: Full image rasterops performance in EPO/cyc for implementing binary
morphology using horizontal and vertical linear SEs, for three image
Sizes.

Linearstructuringelement
3x1|5x1| 7x1| 9x1| 1x3| 1x9
0.25Mbit dilation | 9.6 | 9.7| 10.8| 11.2| 12.0| 11.8
1.0Mbit dilation 40| 55| 6.6| 7.3| 52| 8.0
8.0 Mbit dilation 29| 40| 51| 6.0 3.2| 6.6
0.25Mbit erosion| 7.6| 6.2| 6.9| 7.5|12.2|11.8
1.0 Mbit erosion 33| 44| 48| 59| 52| 84
8.0 Mbit erosion 27| 35| 45| 53| 3.2| 6.6

Table 2: Destination word accumul ation performance in EPO/cyc for implement-
ing binary dilation and erosion with horizontal (columns 1-4) and ver-
tical (columns 5-6) linear SEs, for three image sizes.

onthe 8.0 Mbit imageis bandwidthlimited, dueto readsandwritesto mainmemory The
variancein measurements typically about2 percentgexceptfor dwa morphologyon the
intermediatel.0 Mbit image,which hasa large varianceof about10 percent.

Table1 givestheimagesizedependencef full imagerasteropperformancdor mor-
phologicaloperationsusing horizontaland vertical SEs. The performanceof full image
rasteropdas,asexpected]ittle dependencen the specificmorphologicaloperation.Per
formanceon the small image closely follows the algorithmic compleity. The vertical
operationsareabouttwice asfastasthe horizontal,andall operationsarefrom 2 to 3 times
fasterthanthatthoseon thelargeimage.

Table2 givestheimagesizedependencef dwa performancdor dilation anderosion
usingdifferentlinear SEs. Consideffirst the smallimage,which hasan EPO/cyc between
2 and4 timesfasterthanthe large image,andwherethe speedreflectsalgorithmic com-
plexity. The performancas nearlyindependendf SE size,anderosionis 30to 40 percent
slower thandilation for horizontalSEs. Dilation for horizontalSEsis almostasfastasfor
vertical SEs;eachdestinationword is computedand sared in about3 CPU cycles. The
largeimageperformancemproveswith larger SEs,is comparabldor dilation anderosion,
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andis comparabldor horizontalandvertical SEsof the samesize.

ComparingTable 2 with Table 1, performanceof dwa is seento be betweerd and7

timesfasterthananefficientimplementatiorof full imagerasteropsThis efficiency, com-
binedwith simplicity of implementationmakesdwa the methodof choicefor binarymor-
phologywith linear, separabl@r decomposabl8Es,or in applicationsvhereonly asmall
numberof SEsneedto be hand-codedAvailability of full imagerasteropsnorphologyis
usefulto checkthe correctnessf ary dwa implementation.
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