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Abstract

The efficiency of implementationsof binary morphologyis investigated,using
bothfull imagerasteropsandword accumulationmethods.All processingspeedsare
expressedin a way that is relatively independentof CPUspeedandthesizesof both
imageandstructuringelement;namely, elementarypixel operationsper CPU cycle
(EPO/cyc). Optionsfor handlingboundarypixelsarediscussed.It is shown thatuse
of successive full imagerasteropsis muchslower thanmethodswherethefull struc-
turing elementis appliedrepeatedlyto smallpartsof theimage.Processingspeedsof
theformerrangefrom about1 to 3 EPO/cyc,whereasthelatteraretypically between4
and7 timesfasterandrangefrom 3 to 12 EPO/cyc. For small imagesusingrasterops,
vertical operationsareabouttwice asfastashorizontal(3.2 vs 1.6 EPO/cyc); using
word accumulation,verticaloperationsareonly slightly fasterthanhorizontal(12 vs
10EPO/cyc). Performanceon largeimagesis reducedby a factorof between2 and4,
dueto slow readsandwritesto mainmemory.
Keywords: binarymorphology, imagemorphology, rasterop,destinationword accu-
mulation,structuringelement,unrolledloops

1 Introduction

Binary morphologyis in widespreadusein a varietyof applicationsthat requireidentifi-
cationof shapesandtextures,becauseits nonlinearoperationsareusefulfor makingfast,
localizeddecisions.Startingin themid-1980s,several companiesbuilt “machinevision”
systemsfor high speedoperation,typically using specializedhardware with wide word
paralleloperations,andrequiringtheuseof assemblylanguageprogrammingfor low-level
functionsnot suppliedby the manufacturer. Binary morphologywasa principal compo-
nent of suchsystems.Today, many of thesetaskscan be programmedin C and run at
higherspeedson inexpensiveGHzmicroprocessors.Theintentof thispaperis to show the
performancethat is availablewith C compilersfrom thecurrentgenerationof 32-bit pro-
cessors.Compilersaresufficiently good,andprocessorssufficiently complex, that there�
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is little incentive for hand-tuningassemblycode. Our approachis to consideralgorithms
with a generalunderstandingof the computationalcomplexity andbandwidthlimitations
in the processorandmemorycomponents,but not to be concernedin detail because(1)
therearetoo many variablesin existing hardwareand(2) we wish to giveanestimationof
performance,not just algorithmiccomplexity, that is relatively independentof compilers
andhardware,presentandfuture.

To expressresultsthat are relatively independentof the type andspeedof the CPU,
aswell as the sizesof both imageandstructuringelement,we usethe elementary pixel
operation per CPU cycle, or EPO/cyc. This givesthenumberof elementarypixel opera-
tionsperformedin eachCPUcycle. An elementarypixel operationis onewherea single
pixel from asource imageis combinedby booleanlogic with anotherpixel in adestination
image.Therasterop is thelow-level imageprocessingoperationthatperformselementary
pixel operationsoverall pixelsin adesignatedrectanglein thedestinationimage.

1.1 Some previous approaches

Many availableimageprocessingprogramstreatbinary imagesasa specialcasewithin a
generalframework, by unpackingtheminto 8 or 32 bit/pixel (bpp) images.Thesearein-
efficient in spaceandcomputation.Historically, thesegeneralimageprocessingplatforms
handledrelatively small squareimagesof size 256 to 1024 pixels, but the large binary
imagesacquiredby scanningprintedpagesat resolutionsof 300 to 600 pixels/inch(ppi)
requirepacked representationsandspecificalgorithmsapplicableto packed binary pixel
data.

Waltzetal [2, 6] havedevelopedpipelinedalgorithmsthatareappliedtoasinglepixelat
atime(equivalentto unpacked data).They useapairof (row, column)finite statemachines,
tailoredto eachstructuring element (SE),for dilation or erosion.Implementationson 32-
bit processorsrequireabout100CPUcycles/pixel on 512x512pixel images,independent
of theSEsizefor non-sparseSEs.For example,anerosionusinganon-sparseSEwith 100
hits will runat about1 EPO/cyc.

Several methodsusingpacked binary pixel datahave beenreported. Lien[4] applies
an exhaustive neighborhoodlookup table, applicablefor small structuringelements,to
erodeimagecomponents.The result is content-dependentand,exceptwhenuseditera-
tively on boundarypixelsfor thinningconnectedcomponents,relatively slow. Boomgaard
andBalen[1] implementeda destinationword accumulationmethodsimilar to that used
here,exceptthat their algorithm,like full imagerasterops(seebelow), is not customized
for specificSEs. Using internalbranchesand 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 accumulationmethodon very long in-
structionword processors,using64-bit registers,developedfor multimediaapplications.
(This is particularly fast for grayscalemorphology, becausethe max andmin operations
canbeappliedindependentlyandconcurrentlyto eachof theeightbytesin eachregister.)
On 512x512pixel binary images,with DMA to ferry databetweenmainmemoryandthe
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mediaprocessorchip, they achieveabout4 EPO/cyc oneach64-bit register.

1.2 Iteration and large structuring elements

Weconsideroperationswith simpleSEs,typically one-dimensional,althoughthemethods
are applicableto all SEs. Also, operationswith somelarger SEscan be implemented
efficiently by concatenatingoperationsusingsmallSEs.For example,

� 2-d separable. Implementseparable2-d SEsby sequentialoperationswith 1-d hori-
zontalandverticalSEs.

� Linear decomposition. For a SE � , erodewith ���	�
���� by concatenation:������������ .

� Logarithmic decomposition. Dilate or erodeusinga sequenceof SEswith a small
numberof hits(e.g.,2 or4),eachSEbeingapproximatelytwiceasbig astheprevious
one.By avoidingoverlap,thenumberof hits in thecompositeSEdoubleswith each
additionalSE.

� Decomposable ball. As an approximationto a ball, an operationwith a nonsepa-
rableoctagonalSE canbecomposedby a sequenceof operationsusingalternating
4-connectedand8-connected3x3 neighborhoodSEs. For example,an octagonof
diameter9 canbedecomposedas �������� ��� �!�"�$#%�"� �&�"�$# .

1.3 Full image rasterops

The fundamentalbinarymorphologicaloperationsof dilation anderosion canbe defined
in severalequivalentways[3, 5]. We first givea standarddefinition,andthenmodify it for
otherimplementations.Let � representa binary imageand � representa (typically small)
binarySE.Both � and � haveanorigin; by convention,theorigin of � is calledits center.
Thenthedilation � anderosion � of � by � aredefined,respectively, as

�'�"� ( )*,+.- � * � )/ +10 � / (1)

�'�"� ( 2*,+ - � * � 2/ +10 � / (2)

where� * is thetranslation of � alongthepixel vector 3 , � / is thetranslation of � alongthe
pixelvector4 , andthesetunionandintersectionoperationsrepresentbitwiseORandAND,
respectively. The elements4 of � are the (row, column)doubly-indexed locations 45�687:9�;=<

of foreground(ON) pixels.Scanbeconsideredasetof pixels,in a two-dimensional
binary image,consistingof “hits” at locations3>� 687?9@;A<

(relative to thecenter) for which�B� 7?9@; �C�ED . Theset � is the inversionof � aboutits center;namely, �� 6GF 3IHJ3LKM� < .
WeadopttheusualconventionwhereON pixelsarebinary1.
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Theimplementationof binarymorphologyby successivefull imagerasterops,givenby
thefirst definitionsin (1) and(2), will bediscussedin Section2. An implementationthat
strictly followedtheseconddefinitionsin (1) and(2) wouldbeimplementedby asequence
of SE-sizedrasterops,wherethefull SEis ORedor ANDedat eachON pixel in theimage� . This is impractial,particularlyfor smallSEs,unlesstheimage � haslittle foreground.

1.4 Source word accumulation

Otherpartitioningsarepossible,andword-sizedpartitioningscanbeimplementedveryef-
ficiently. Define �ONP ��Q�� to take R pixels startingat location Q andtranslatethemby S ,
where Q and S arevectorson thetwo-dimensionalimagelattice. The R pixelsmustbein
a geometricalshapethat tiles the image. In the following we take R to be 32 horizontal
pixels. Thendilation anderosioncanbe expressed,respectively, by a “sourceword ac-
cumulation”(swa) method,whereeachsourceword is usedsequentially, with theSE, to
write into thedestinationimage:

�'��� � )T +10 )*,+.- �GU@V* ��WX� (3)

�'��� � 2T +10 2*,+ - � U@V* ��WX� (4)

The W in the outersumareover all indices � 7:9@; � where
;ZY\[O]_^ �`�ba . Thesegive the

locationof the left-mostpixels in each32-bit word in the image. An implementationof
(4) requiresboth initializing the destinationimageto all ON andmaskingthe (generally
unaligned)32-bit segmentsthatareANDed.

Equations(3) and(4), with the sumover 32-bit words W replacedby a sumover R -
sizedtilings, aregeneralizationsof (1) and(2), in that for R comprisingtheentireimage
we get the first setof definitionsandfor R �cD we get the secondset. This shouldbe
clearfor erosion.In makingtheconnectionfor dilation for Rd�5D , notethataconventional
interpretationof thesecondform in (1) is a unionover ON pixelsin � of theON pixelsin
thetranslatedSE,but this is equivalentto a unionover all pixelsin � , whereeach pixel is
replicated in a translated pattern given by the SE. Replicationof OFFpixelshasno effect
ontheunion.Similarly, theunionin (3) is overall units W , independentof thepixel content
of theunit.

1.5 Destination word accumulation

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

�'�"� � )T +10 )*,+e- � U@V* �fW F 3g� (5)

�'�"� � )T +10 2*,+ - � U@V* �fW F 3g� (6)
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whichsuccessively computes32-bitwordsin thedestination.Notethat � U@V* ��W F 3h� takes32
bits startingat W F 3 andshifts themby 3 , thuswriting theminto the32-bit alignedword� ��WX� . Becausewordsarecomputedindependently, aunion(intersection)overwordscanbe
usedformally in (6) if thedestinationis initialized to OFF(ON)pixels.But in practice,the
distinctionis unimportantandinitialization is unnecessarybecauseeachdestinationword
is written once.Both swa anddwa methodsareamenableto efficient implementation,but
dwa is preferred.Wediscusstheirusein Section3, with emphasison dwa givenin (5) and
(6).

In general,boundarypixelsrequirespecialtechniques,andoptionsfor handlingbound-
aryconditionsarediscussedfor bothfull imagerasteropsandword accumulation.Finally,
theperformanceof themethodsis comparedin Section4. All sourcecodeis availableat
http://www.leptonica.com.

2 Implemenation by successive rasterops

According to (1), dilation is implementedby a sequenceof full imagerasterops,using
theOR operation,on a destinationimageinitialized to all 0s. The translationsassociated
with eachrasteroparespecifiedby theSE.An efficient implementationhasthefollowing
properties:

1. Packed data. Thebinarydatais packedwith 32pixels/word. Eachimagerasterline
beginson a word boundaryand32-bit operationsareusedthroughout.In orderfor
32-bit shift operationsto movenaturallyacross32-bit boundaries,thedatain each4
byteword musthave themostsignificantbyteat theleft. On little-endianmachines,
thebyteorderfrom left to right in a word is then3-2-1-0. Thesameoperationscan
of coursebeusedfor rasteropswith bpp i 1 by scalingthewidth by bpp.

2. High-level clipping. Clipping is requiredto preventdataaccessto or from regions
outsidearray boundaries. This must be doneby adjustingthe boundariesof the
rasteropbeforeany datais moved; otherwise,it is necessaryto usespecialcases
in thelow-level code.

3. Special case for aligned rasterops. Whenthe left sidesof sourceanddestination
rectanglesare32-bitaligned(i.e., 4kjml F 4kj@no�pa Y\[O]_^ � ) thelow-level implementa-
tion is simpler. A testshouldbemadebeforedispatchto thelow-level code.

4. Use a sequence of 1-d operations for separable 2-d SEs. Thetime for operations
with separableSEsgrows linearly with thedimensionof theSE,ratherthanasthe
square.This is particularlyimportantwhentheSEis largerthan3x3.
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2.1 Destination initialization

Dilation by full imagerasteropsis straightforward: initialize to OFFpixelsandapply the
ORoperationfor eachrasterop,asdescribedby (1). Initializationof asegmentof memory
usingthelibrary functionmemset is fast.

Erosionis moretricky. Thedestinationcanbeinitializedto OFFpixels,aswith dilation,
andthefirst full imagerasteropis aCOPY, whereasall succeedingfull imagerasteropsare
ANDed. Alternatively, the destinationcanbe initialized to ON pixels,andall full image
rasteropsareANDed, asdescribedby (2). Theresultsfrom eitherof theseoperationsare
identical,but we arenot finished,becausefor eachfull imagerasteropin theerosion,we
shouldbring in OFFpixels in theshiftedimagefrom beyondthesourceimageboundary.
However, the rasteropimplementationclips to thesourceimageboundary(aswell asthe
destimageboundary),so theseOFF pixelsarenot used,andthe correspondingpixels in
thedestimage,ratherthanbeingsetOFF, areunaffected.It is thusrequiredto clearthese
pixels after the full imagerasteropsarecompleted.Consequently, if the first full image
rasteropin the erosionis a COPY, it is not necessaryto performany initialization of the
dest.

2.2 Boundary conditions

Werequirethatdilationanderosionbeimplementedasif thesourceimageweresurrounded
by asufficientnumberof OFFpixelssothatwith all shifts,theseoutersourcepixelscover
theentiredestimage.For full imagerasteropswe never seesuchpixels,becausetheras-
teropclips to theactualsourceimage.Nevertheless,theoperationmustbeconsistentwith
a rasteropover theentiredestimageusingthis extendedsource.

For dilation, whetheror not we OR a setof OFF pixels makesno difference,but for
erosion,theAND of theseOFFpixelswouldclearthepixelsneartheboundaryin thedest.
To get thecorrectresultusingrasterop,it is necessaryto clearthesepixelsafter thesetof
full imagerasterops.An examplewill makethisclear. An erosionwith aSEconsistingof a
hit in thecenterandanother2 pixelsto theleft is implementedby anunshiftedcopy of the
sourcefollowedby anAND of thesourceshifted2 pixelsto theright. It is thusnecessary
to cleartheleftmost2 pixel columnsin thedest.

Thereare further complicationswith openingand closing, which are anti-extensive
andextensive, respectively. We assumethat thecorrectoperationoccursif thedestimage
is sufficiently extendedwith OFF pixels suchthat after the operationall ON pixels are
containedwithin the extendeddest. In somesituationsit is not necessaryto embedthe
dest in a larger imagewith OFF exterior (border)pixels to get correct results. Define
a SE asbeing contained if the centerlies on a hit, anduncontained otherwise. Then a
binary erosionwith a containedSE is anti-extensive, so no borderextensionis required,
andlikewisefor anopeningwith acontainedSE.But if theSEis uncontained,theerosion
is not anti-extensive,andaborderextensionis necessaryin generalfor acorrectopening.

It canbeseenthatclosingin generalrequiresa borderextension.A dilation, whether
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or not theSEis contained,will in generalresultin ON pixelswithin theborderextension.
If thoseexternalON pixelsareignored,theclosingwill not in generalbeextensive. To see
this,supposethesourceimagepixelsareall ON. A dilationextendstheON pixelsinto the
externalborder, anda subsequenterosionremovesthem,leaving the destimagewith all
ON pixels.But if theexternalON pixelsareignoredin theerosion,somepixelsin thedest
neartheboundarybut insidethedestproperwill beremoved,andtheoperationwill notbe
extensive.

To make theoperationscorrectandavoid edgeartifacts,aborderof OFFpixelsshould
beaddedto thethedestimageby embeddingthedestin asufficiently largeimage,andthe
bordershouldberemovedafterwards.For efficienctimplantingandextraction,theleft and
right bordersshouldbeanintegralnumberof words(i.e.,amultipleof 32pixels).However,
for many applications,lossof a few ON pixelsneartheimageboundaryduringclosingand
opening(thelatterwith uncontainedSEs)is notof concern.

3 Implemenation by destination word accumulation

In thewordaccumulationmethods,theinput imageis dividedinto words.In swa, theeffect
of eachsourceword on multiple destinationwordsis found,whereasin dwa, theeffect of
varioussourcewordson eachdestinationword is accumulatedandsaved. We choosethe
latterbecauseit requiresno maskingoperationsandincurslesslatency from writes from
the cacheto main memory. It canalsomoreeasilybe adaptedby imagesubdivision to
paralleloperationswith sharedmemorymultiprocessors.As with full imagerasterops,an
efficient implementationrequirespackeddatawith byteorderaccommodating32-bit shift
operations.The mostusefulSEsare linear horizontalandvertical, and theseare easily
implemented.Additionalpropertiesof word accumulationmorphologyare:

1. Unroll loops. Unlike full imagerasterops,which canuseany SE,word accumula-
tion is mosteasilyandefficiently implementedfor specificSEs. For eachSE, the
iterationover hits is hard-codedinto theinner loop. No branchtestsarerequiredin
thecomputationof eachdestinationword.

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

3. No masking required. Unlike rasterops,which requiremaskingin thecomposition
of words from of partial words, no maskingis necessaryfor dwa. Contributions
from variouswordsto thedestinationword requireonly a dereference,a shift, anda
logical (OR or AND) operationwith the destination.SeeSection3.2 for a caution
with erosion.

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

Readsandwrites outsidethe imagearraysmustbe avoided,but, unlike rasteropswhere
the rectangularregion of operationis arbitrary, the word accumulationmethodscannot
be clippedto arbitraryboundariesfrom outsidethe low-level code. It is alsodifficult to
write specialcasecodefor pixels nearthe boundary. This leaves two obvious choices:
(a) carryout themorphologicaloperationon aninterior subsetof sourceimagepixelsand
acceptboundaryartifactswith pixelsnot fully processed;or (b) addaborderof OFFpixels
outsidethesourceimagethatis amultipleof 32to eachside,andwhichis sufficiently large
to preventreadsfrom outsidethe(extended)array.

Becausewe work in 32-bit word chunks,operatingon a subsetof sourcepixelsresults
in boundaryartifactsof at least32 pixelson theleft andright sides.To getcorrectresults
for dwa, adda borderof at least32 pixels to thesourceimage.Morphologicaloperations
canreadfrom sourceborderwordsbut needonly write to wordsin thedestthatarewithin
the boundariesof the original sourceimage. It is convenientto adda borderto the dest
imageaswell, becauseit maybeasourceimagefor furthermorphologicaloperations.The
bordermusttypically beremovedafterwards.

3.2 Low-level implementation

To indicatethesimplicity of thecoderequiredfor dwa morphology, wegivetheC codefor
computinga destinationword in dilation anderosionwith a horizontalSE of size3 with
centeredorigin. *sptr and*dptr are32-bit sourceanddestinationwords,respectively.

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,becauseerosionrequirestheintersectionof
fully populated32-bit entitiesthat arecomposedof shiftedsourcewordsandhave been
alignedwith thedestinationword.

As a slightly morecomplicatedexamplethatshows both row andcolumnaddressing,
hereis the inner loop for an erosionusingan upward-slopediagonalSE of size5 with
centeredorigin. Thevariableswpls and wpls2 arethewords/lineandwords/(2lines)
in thesource.
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*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 givesthecontribution from oneof thefive hits in theSE.Becausethestructure
hassimpleregularities,it is straightforwardto generatesuchlow-level codeautomatically
for any SE. This would allow one to build correctoperationswith minimum effort that
achievemaximumcomputationalefficiency.

4 Comparison of full image rasterops with dwa

4.1 General considerations

High performancecommercial32-bit microprocessorssuchasthe Intel P3 have multiple
levels of caching,both on andoff chip. A 256 KB off-chip cachecanhold two binary
imagesof size Dearq pixels. Thusit is expectedthat imagesmuchsmallerthan1 Mbit will
have all readaccessesthroughthe cache,whereasimagesmuch larger than1 Mbit will
be impactedby cachemissescausingreadsfrom main memory. To determinethe size-
dependence,we have measuredperformanceon imagesof size0.25Mbit, 1 Mbit, and8
Mbit. It is generallyagoodideato minimizewritesto mainmemory.

Measurmentsaretakenwith an866MHz P3processorwith 256KB of off-chip cache,
runningon Linux kernel2.2.18.Theimplementationlanguageis C; thecompileris GNU
C, version2.95.2,andlevel 1 of optimization(-O) wasused.We assumethatall images
residein mainmemory(256MB), andthatno disk acessis necessary. All measurements
arenormalizedto CPUspeed(EPO/cyc), but overallperformancemaynotscalewith faster
CPUsbecauselatency in memoryaccessis not tied to CPUspeed.

The full imagerasteropsimplementationcanpotentiallyrequiremany writes to mem-
ory. For example,if theSEhasN elements,adilationwill requireN rasteropwritesto each
destinationword. For thedwa implementation,theworkingsetof activememorytraverses
theimageonly once.Loopsareunrolled,andthecompilerkeepsmostintermediateresults
in registers,writing eachdestinationword out to mainmemoryonly once.Thegainover
full imagerasteropsis primarily dueto (1) avoidingmaskingoperationsin innerloops,(2)
usingunrolledinnerloopsto avoid testandbranch,(3) usinga smallnumberof variables,
allowing intermediatedatato remainin registers,and (4) avoiding inefficient readsand
writesto mainmemory.

4.2 Performance

Wetestedall operationsonthreebinaryimages,of size0.25Mbit, 1.0Mbit and8.0Mbit. It
appearsthatperformanceon thesmall0.25Mbit imageis CPUlimited, whereasthespeed
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Linearstructuringelement
horizontal vertical

0.25Mbit 1.6 3.2
1.0Mbit 1.0 1.5
8.0Mbit 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 4.0 5.5 6.6 7.3 5.2 8.0
8.0Mbit dilation 2.9 4.0 5.1 6.0 3.2 6.6
0.25Mbit erosion 7.6 6.2 6.9 7.5 12.2 11.8
1.0Mbit erosion 3.3 4.4 4.8 5.9 5.2 8.4
8.0Mbit erosion 2.7 3.5 4.5 5.3 3.2 6.6

Table 2: Destination word accumulation 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.

on the8.0Mbit imageis bandwidthlimited, dueto readsandwritesto mainmemory. The
variancein measurementsis typically about2 percent,exceptfor dwa morphologyon the
intermediate1.0Mbit image,which hasa largevarianceof about10percent.

Table1 givestheimagesizedependenceof full imagerasteropsperformancefor mor-
phologicaloperationsusinghorizontalandvertical SEs. The performanceof full image
rasteropshas,asexpected,little dependenceon thespecificmorphologicaloperation.Per-
formanceon the small imageclosely follows the algorithmic complexity. The vertical
operationsareabouttwiceasfastasthehorizontal,andall operationsarefrom 2 to 3 times
fasterthanthatthoseon thelargeimage.

Table2 givesthe imagesizedependenceof dwa performancefor dilation anderosion
usingdifferentlinearSEs.Considerfirst thesmall image,which hasanEPO/cyc between
2 and4 timesfasterthanthe large image,andwherethe speedreflectsalgorithmiccom-
plexity. Theperformanceis nearlyindependentof SEsize,anderosionis 30 to 40 percent
slower thandilation for horizontalSEs.Dilation for horizontalSEsis almostasfastasfor
vertical SEs;eachdestinationword is computedandsaved in about3 CPU cycles. The
largeimageperformanceimproveswith largerSEs,is comparablefor dilationanderosion,
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andis comparablefor horizontalandverticalSEsof thesamesize.
ComparingTable2 with Table1, performanceof dwa is seento be between4 and7

timesfasterthananefficient implementationof full imagerasterops.This efficiency, com-
binedwith simplicity of implementation,makesdwa themethodof choicefor binarymor-
phologywith linear, separableor decomposableSEs,or in applicationswhereonly asmall
numberof SEsneedto behand-coded.Availability of full imagerasteropsmorphologyis
usefulto checkthecorrectnessof any dwa implementation.
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