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Abstract

We describetools for automaticidentificationof diatomsby comparingtheir photographswith
otherphotograph@anddrawings, via a model. Identificationof diatoms,i.e. assigninga new spec-
imento oneof the known specieshasapplicationsn mary disciplines,including ecology paleoe-
cology andforensicscience.The modelwe build representsife cycle andnaturalvariationof both
externalshapeandinternaltextureover multiple speciesandis basedn principal curves Themodel
is alsosuitablefor automaticallyproducingdrawingsof diatomsatary stageof theirlife cycle devel-
opment. Similar drawings aretraditionally usedfor diatomidentification,andencapsulateisually
salientdiatom features. In this article we describethe methodsusedto analysephotographsand
drawings,presenbur modelof diatomshapeandtexturevariation,andillustrateour approactwith a
collectionof drawings synthesisedrom our modelandderivedfrom examplephotographsFinally,
we presentheresultsof identificationexperimentausingphotographsinddrawings.

Keywords: Classificationautomaticdrawingsynthesisprincipal curvesdiatoms.

1 Introduction

Diatomsareunicellularalgaewith a highly ornatesilica shellaroundeachspecimenTheshellcontains
two larger elementscalled valves, one on either side of the cell, which bearspecies-specifipatterns.
Identificationof diatoms,i.e. assigninga new specimerto oneof theknown specieshasapplicationsn
mary disciplinesjncludingecology paleoecologwndforensicscience Specimengareusuallyidentified
by highly trainedspecialistdy consideringdiatommorphologicalcharacteristicsincluding shapeand
texture,andcomparingthemto photographs&inddrawings of previously identifiedspecimensThis task
is challengingdueto ahugenumberof diatomspeciessimilaritiesbetweerspeciesandlife cyclerelated
changesn shapeandtexture.

Recentlytherehave beenvariousefforts in quantitatve analysisof diatomshapevariation[2, 6, 7]. A
systemfor automatiddentificationof diatomspecimensn photographshasedon the silica shellshape,
sizeandpatterncharacteristicsivasdevelopedin the ADIA C project[1]. We seekto extendsuchcapa-
bilities throughthe inclusionof biological dravings. Thereis awealthof diatomspecimerdravingsin
thebiologicalliteratureaccumulateaver mary years.Thedravings containmainly the salientinforma-
tion requiredfor identificationandthusmay sene asmodelsof eachspeciesHence,ncludingdigitised
drawingsin the systemand providing the ability to comparephotographsnddravings hassignificant
benefitsfor the biologicalcommunity

A differentissueis automatigoroductionof diatomdrawings. Diatomtypespecimensiretraditionally
definedin thetaxonomiditeratureusingdravingsand,althoughphotographfiare beenusedmuchmore
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oftenin the last 20 years,thereremaina significantnumberof generafor which dravings are more
appropriate Automatingthe productionof dravingswould beespeciallyusefulasit is atime consuming
anddifficult task(Figurel).
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Figurel: A photograplof adiatomvalve andadraving of a similar valve by a biologist.

In recentyears,the problemof finding a mappingbetweenphotographsind dravings cameto the
attentionof computervision andcomputergraphicscommunities.For example,A.Hertzmannret al. [4]
learnthe mappingthroughcorrespondencef low-level pixel statisticsin a draving anda photograph.
However, suchapproacheareunsuitabldor thetaskathanddueto theirrequirementor anexactmatch
betweerthedravings andthe photographswhichis usuallynot availablein biologicalmaterials.

Our approachis to transformthe high-dimensionalmage spaceof both photographsaind dravings
into alower-dimensionakpacewhereonly relevantfeaturesarerepresentedWe thenusethis spacefor
the comparisorof differentspecimensswell asfor automatigoroductionof dravings.

In our researchwe go further by not only developing a systemcapableof identifying newv diatom
specimenshut alsoproducinga modeldescribingife cycle relatedvariationin the shapeandpatternof
multiple diatomspeciesandsuitablefor synthesisinggxampledrawings of the species.

In this articlewe presenmethoddor analysingdiatomshapeandtexture, producea modelrepresent-
ing variationof shapeandtexturein multiple diatomspeciesandillustrateour approachwith anumber
of dravingsgenerate@utomaticallyffrom themodelandoriginal photographsWe finish with presenting
theresultsof identificationexperiments.

2 External contour analysisand synthesis

Many diatomvalvesaresuficiently flat to give arepeatableiew in all photographsTraditionally when
analysingdiatomshapegdiatomistsperformedD contouranalysidn this view. However, dueto various
reasonst is notaneasytaskto extractthe contoursdrom photographsutomatically Overlappingdebris
and diffraction effects may make it hard to locatethe contour In the courseof ADIAC [1], several
sophisticatednethodsfor contourextractionhave beendeveloped. In this article we usethe extracted
contoursprovidedto usfrom the ADIA C project.

To representliatomcontoursin acompactway we useFourierdescriptoraswe explainin [5]. Thus
eachdiatom contouris representedvith a 200 elementvector consistingof 100 amplitudevaluesand
100correspondinghaseanglesobtainedrrom Fourierdescriptorslt is possibleto reconstructheshape
of thediatomfrom thesevalues,aswe doin [5].

3 Textureanalysis

Our goal hereis to analysethe diatom silica shell patternsand representhemin a way suitablefor
synthesis.The variety of patternsoccurringin diatomsis very great.A completesystemwould needto
performa seriesof teststo detectthe type of patternandthenchoosea suitablesetof analyticaltools
to measurehe valuesof appropriatepatternparametersin theinitial systemreportedin this article we
restrictedourapproacho theanalysisof pennatadiatomspecieswith striaepatternsontheir shells;most
diatomsareof thiskind. The striaearetrans\erselines of poresbetweerthe silica ribs comingout from
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the diatoms long axes(raphe-sternunor sternum).The patternsormedby the striaearecharacterised
by frequeng andorientation.For simplicity, we modelstriaeasstraight,whichis agoodapproximation
in themajority of casesonsidered.

In ADIAC [1], Gaborwaveletswereusedto detectthe frequeng andorientationof the striaeandto
sggmentthediatomshells.However, unlesghe patternorientationandfrequeny areknown beforehand,
or theirrangeis very limited, alarge bankof filters needgo beapplied.In ADIA C, 28filters wereused,
coveringarangeof 4 differentorientationsand7 differentfrequencies.

Fourieranalysisprovidesa moregeneralapproacho detectingthe frequeng andorientationof the
striaepatternsandis moresuitablefor the purposegiven the rangeof possiblefrequenciesandorien-
tations,thusit is our chosentool. We performan FFT within a sliding window of size48 x 48 at each
pixelinsidethediatomcontour This sizeensureshatatleast3 striaefit insidethewindow (atourimage
resolution)for robustdetectionof patternorientationandfrequeng.

Figure2: Fromleft to right top down: a photograplof a diatom,synthesisediraving, orientationmap,
frequeng map,enegy map(using48x48window), enegy map(using2x48window), centralpartbor
ders fitted splinestogethemith control points.

For eachwindow we find the enegy valuescorrespondindo the Fourier coeficients. Thenwe set
to zerothe DC Fouriercomponentswell asthe valuescorrespondingo the frequenciesof 1 and1/2,
aswe expectat leastthree striaein eachwindow. We also setto zero the valuescorrespondingo
almosthorizontalorientationsaswe do not expectto find striaein suchorientations.Finally, we find
the maximumamongthe remainingFFT enegy valuesto give the orientationandfrequeng. Thuswe
obtainthreemapsfrom the run of the FFT. Thefirst one containsthe striaeorientationvaluesfor each
pixel insidethe diatomcontour the secondcontainghe striaefrequeng for eachpixel insidethediatom
contour and the third map containsenegy values(FFT amplitude)for eachpixel inside the diatom
contour(Figure2). We usethesemapsat a laterstageto find the averagestriaeorientationandfrequenyg
valuesin differentareasf a diatom.

Apart from knowing the striaeorientationand frequeng, we alsoneedto detectthe bordersof the

3
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centralareaof thediatomwith no striae(the sternumor raphe-sternum)The enegy mapgivesussome
ideaof wheretherearestriae.However, its bordersarehardto pinpointdueto thesizeof thesliding FFT
window. We performa secondwindowed FFT on the wholeimage,this time usinga window of size2
x 48, finding the largestpeaksin the Fourierdomainin the sameway asbefore. However, this time we
areonly interestedn the enegy map. We find the vertical bordersof the centralareaby traversingthe
enegy valuesin eachcolumnof the mapup anddown from the centre looking for thefirst valueabore
the threshold,which we setat threequartersof the averageenegy value over the whole enegy map.
Finally, wefit a setof cubicsplinesinto thetop andbottombordersthusdescribingeachborderwith 19
splinecontrolpoints.

To obtainparametewvaluescharacterisinghetexture,we split theinsideof thediatomcontourinto 12
parts,6 above the sternumand6 belov. Thebordersof the partsaredeterminedy splitting the curves
approximatinghetop andthe bottombordersof the centraldiatomareainto equallengths.We find the
averageorientationand frequeng inside eachof thesepartsasthe weightedaverageof all orientation
andfrequeng values wheretheweightsarethe correspondingnegy values.

Theinternal patternof eachdiatomis describedusinga 100 elementvector where76 elementsare
thecoordinate®f the 38 controlpointsandanother24 valuesareorientationandfrequeng values.

In conclusionwe would like to point out thatthe methodpresentedborve is suitablefor the analysis
of diatomsrepresenteth both photographi@anddrawing form.

4 Texturesynthesis

To draw theinternalstructureof the diatom,we draw linesrepresentinghe striaebetweerthe external
contourandthe sternumborders. This is doneusing the averageorientationand frequeng valuesin
severalareadnsidethediatomcontour

To modelor mimic actualvalvessatisactorily, the requirementgor the generatedtriaearethatthey
shouldhave theappropriaterientationandfrequeng valuesandshouldbe continuousacrossacharea
of differentorientationandfrequeng. For example,if two striaedivergetoo farfrom eachother another
striashouldappeatin betweenpr if they converge, eventuallythey shouldeithermeige or oneof them
shoulddisappear

In our synthesisalgorithm we attemptto follow the way it is believed the diatom shell is formed
naturally[9]. The striaeareformedgradually the onesnearthe centreof the diatomstartgrowing first
andmay be partially completedby the time the striaefurther away from the centrestartforming. We
attemptto modelthis processn our iterative synthesisalgorithmoutlinedbelow.

1. Startingatthe centreof thetop sternumborder goingout towardstheright endof the diatomadd
onemore pixel to the length of all existing striae,keepingall striaeof orientationsappropriate
to the areasof the diatomthey arelocatedin, checkingthat they have not reachedthe diatom
contouryet andthatthey arenottoo close(lessthanhalf of the striaespacingappropriateo the
correspondingareaof diatom)or too far (more thantwice the striaespacingappropriateto the
correspondingreaof diatom)from thenearesstriaontheleft. Thethresholdvaluesfor the striae
spacingwerederived experimentallyto imitatethe underlyingnaturalprocesses.

2. If thestriaontheleft is too closeto the currentstria, or the currentstria hasreachedhe external
contour thenthe currentstriabecomescompleted”,andin thatcaseno morepixels areaddedto
it in thefuture.

3. If the stria on the left is too far away, thenanotherstria is insertedbetweenthe two that have
divergedtoofar.

4. After we have considere@ll existing striaeontheright from the centre andif we have notreached
the contourof the diatom,we addonemorestriato theright of the rightmoststria at the distance
appropriatdor thearea.
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Figure3: Photographsnddrawings generatecwutomaticallyfrom the photograph®f 13 species.The
speciesarein the following order: CaloneisamphisbaenaCymbellahybrida, Cymbellasubaequalis,
Gomphonemaugur Gomphonemaninutum, Gomphonemapeciesl, Navicula capitata, Navicula
menisculusNavicularadiosa, Navicula constans Navicularhyndocephala,Navicula viridula, Sell-
aphom bacillum. Pleasenotethattheoriginalimagesarevery highresolutionrandcontainhighfrequeng
informationwhich maynot be adequatelyrintedor displayedon somedevices.
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5. Repeatll theabove stepsuntil all the striaeare“completed”.

6. Repeatll theabove stepgor theotherthreequartersof thediatomstartingat the centreandgoing
outtowardsthe endsof the diatomalongthetop or bottomof the sternum.

5 A model of shape and texture

Previously [5], we presentec modelof shapevariationduringthelife cycle of seseraldiatomspecies.
The modelwasbasedon a collectionof principal curves, whereeachcurve modelledthe growth tra-
jectory of a diatom species. Individual shapevariationswithin speciesare definedin the dimensions
orthogonalko theprincipalcurve.

Principalcurveswerefirst definedby HastieandStuetzlg3]. Intuitively, aprincipalcurveis asmooth
curve passinghroughthe“middle” of a datadistribution. Principalcurvesareestimatedecursvely for
a givendataset. In practicethe curvesare approximatedvith a numberof knotsandlinear sgments
connectinghem.

We have now extendedour earlier model basedon diatom contoursto representdiatomtexture as
well. Prior to modelling the diatom shapeand texture data(the setof parametewaluesdescribedn
Sections2 and 3, for all specimendrom all species)we normalisethe datato have zero meanand
standardieviation of one.We find mainmodesof variationin the dataof all speciegshroughPCA. Then
we modelthelife cycle shapeandinternaltexture variationin eachspeciesisingaprincipalcurve going
throughthemiddleof thecorrespondinglataset. This approactallows usto extendthemodelto include
anew speciesasily whichis moredifficult for adecision-basediatomidentificationmethod[1].

6 Experiments

6.1 Diatom analysisand automatic drawing generation

Our testdataincludesover 300 photograph®f 13 differentspeciespamely Naviculaconstans Sell-
aphoma bacillum, NavicularhyntocephalaGomphonemaugur Cymbellahybrida, Cymbellasubae-
qualis, Naviculacapitata, CaloneisamphisbaenalNaviculamenisculusGomphonemaninutum,Gom-
phonemaspeciesl, Navicularadiosa,Naviculaviridula (examplesare shavn in Figure 3). We used
theseto producedrawings directly from eachphotograph. The quality of the produceddrawvings de-
gradedgracefullywith decreasingyjuality of the original photographs.Pleasenote, that dueto the re-
ducedsizeof the photographsit maybe difficult to seethe striaeorientationandfrequeng of Caloneis
amphisbaenan Figure3.

6.2 Building a model and reconstructing drawings from the model

For this experiment,we selectedhe bestquality photographslescribedn the previous sectionto make
surethat the modelsproducedwere reliable and did not containary errorsfrom the analysisstage.
The numberof the specimengn eachspeciesetrangedfrom 5 for GomphonemaugurandNavicula
radiosato 20for Gomphonemaninutum giving atotal of 178 specimensPriorto usingprincipalcurves
to modelthe diatomshapedata,we normalisedhe dataandthenfound the main modesof variationin
the datasetof all specieshroughPCA, asdescribeckarlier

We built amodelof diatomshapelengthandinternaltexturevariationoverthelife cyclesof theabore
13 speciedy fitting anindividual principal curve to eachof the available 13 datasets(Figure6.2).

In Figure5 we synthesisehe drawings of diatomsfrom the principal curve nodesdepictingthe di-
atomsat differentstagesn their life cycle. Notethattheremaybe no correspondinghotographor that
stage- herethedravingsaregeneratedolely from the model,not directly from a photograph.
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Figure4: Principalcurvesandthe datausedfor their training, projectedinto the spaceof threelargest
eigervectors.Differentspeciesarerepresentedith differentsymbols.

D, COrREED] e o

Figure5: Someof the Gomphonemaninutumphotographsisedfor traininga principal curve anddraw-
ingsgeneratecGutomaticallyfrom the principal curve at otherstageof thelife cycle.

6.3 ldentifying diatomsfrom photographs and drawings using our model

Thefirst experimentconsistedf identifying diatomswhoseimageswerenot usedfor constructinghe
model. For this experimentwe usedthe standardleave oneout” approachwherethe modelwastrained
on all thespecimenspartfrom oneandtheremainingspecimerwasidentifiedusingthetrainedmodel.
We repeatedhe experimentomitting eachspecimerout of the total 178 usedin Section6.2. We com-
paredtheidentificationaccurag betweera modeltrainedon the diatomshapeandlengthdata,a model
trainedon thetexturedataonly, anda modeltrainedon shapetexture andlengthdata.

Theerrorratewhenusingthe externalcontourandlengthdatawas19.66%.For the texture dataonly,
theerrorratewas6.18%. Using shapetexture andlengthdatathe errorratedecreasedb 3.37%,which
is a significantimprovementto using either contouror texture dataalone,andis similar to the error
rateachiered in the ADIA C projectin similar experiments.However, the datasetusedin the ADIAC
includeda largernumberof speciessomeof which hadnon-striagpatterns.

We usedsereral other standardclassificationmethodson the samedatasetin leave-one-outexper
imentsfor comparisonwith our model. Using a supportvector machine(SVM), developedby Ryan
Rifkin at MIT’ s Centerfor Biological and Computationalearningwith a linearkernelgave usa clas-
sificationerror rate of 6.18%on the normaliseddata,anda 19.1%error rate wasachiezed using OC1
decisiontreeapproach8] ontheraw datawithout prior normalisation.

To identify a diatomin a drawing we usedthe sameprocedureasfor the photographsWe obtained
parametevaluesby imageanalysisof sevendravingsof sevendifferentdiatomspeciesalsorepresented
in theabove photograptset. Fourdravingswereidentifiedcorrectly In thetwo outof threemisidentified
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drawings, the striaefrequeng wasfoundto be doublethe real valuedueto the artistic techniqueused
in the dravings. After we manuallycorrectedthe frequeng valuesfor thesedravings, one morewas
identifiedcorrectly

7 Evaluation and future work

We have presente@d meansof modellingshapelengthandtexture variationin multiple diatomspecies.
Themodelis built from dataautomaticallyextractedfrom photographsandis basedon diatomfeatures
which arepresenin both photographsinddravingsandusedfor diatomidentification.

The modelis suitablefor identificationof previously unseerdiatomsrepresenteth photographiwr
drawing form. It is alsosuitablefor reconstructingiravings of diatomsat ary stagef theirlife cycles,
includingthosenot explicitly representeth theoriginal training set.

We have presentediravings producedoy our methodsandthe resultsof identificationexperiments.
Identificationexperimentsachieved a similar accurag to thoseresultingfrom the ADIA C project; how-
ever, ADIA C datasetwaslargerandincludedsomediatomswith non-striagpatterns.

Currently biologists are working on applying the systempresentedo classificationproblemsin a
biologicalcontet (taxonomy).
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