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[TeplAndn

To avtixeipevo tng Simhwpoatinrc avthc cpyaciag eivar 0 aUTOUATOS UTOAOYIOUOC TOUQUUETOMY
oe alyopiuouc avdhuong Bloexdvasc. O xhaoinde tpdmoC Yetpoxivntng pliulong Twv Topo-
UETEWY Topouoldlel 0plopéVoug TERLOPLOUOUE e VéuaTta YedVou, anodoTiXdTNTIC, YETOULOTOLO-
OUEVNG UVAUNG %o amontoUUeVng eumelpiog Tou yenotn. Tnv B otiyus) n ouveyrc adinon tou
OYXOU TOV BEBOUEVHY X0l TV EMOVKY OTA BLoA0YIXd TELpdUoTa, amatTel EVPWOTES XAl EVENXTES
Aooeig oto {nriuato enedepyactag xar avdiuone Broexodvac. Aoufdvovtag unédiy To Tapamdve
TeoPBAAoTa, TEOTElVOUPE we AUom T yefion tne design centering npocéyylone. ‘Etol howndy,
avamTOEae Piot evolhotixd| uédodo otn phiuion TapauéTeey xaL TNV UAoTotooue we plugin yia
Y mAaT@opua avdhuong ewodvag Fiji. Xtn ouveyela, doxyudoaue tny enidoon Tou TeoyeduuaTog
MOl YLot BLOpOEETIXG BEBOUEVA EIXOVMV XOU TTROYUATOTOMoaUE Wio 0lohdynon euypnotioc (us-
ability test). H emhoy?| tou design centering yio tnv eniluon tou cuyxexpiuévou TeoBhiuatog
elye eviappLYTIXG ATOTEAEGUATO EVE) 1) AVATEOPOBOTNOY TV CUUHETEYOVIWY oo TNV ACLOAOYLON
euyenoTiag Aoy apxetd Vetinr. Téhog, cuumepdvoue 6Tl 0 ypdvoc hettoupylac umopel ot opl-
OUEVES TIEPLTTWOELS VoL Efvol €Vag TEPLOPLOUOE, XdTL Tou TpoTelveTal var dlepeuvniel Tepautépw yia
OLUPOPETXOVS ahyapiduoug.

AéZeic xhedid: Design Centering, Parameter Learning, Image Analysis, Bioimage analysis,
Fiji, Usability Test, Genetic Algorithm, Machine Learning, Statistical Methods, Robustness,
Human-Computer Interaction, Parameter Tuning, Segmentation
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Abstract

The present thesis addresses the problem of automatic parameter tuning in bioimage anal-
ysis algorithms. The "traditional" manual way of parameter tuning comes with some lim-
itations in matters of time, accuracy, memory and required user experience. At the same
time, the continuous increase of image set data in biology calls for robust and generic im-
age analysis solutions. Taking these into consideration, we propose the use of the design
centering approach to face both problems. We also introduce a method to do that and im-
plement it as an interactive segmentation plugin for the Fiji bioimage analysis platform.
Finally, we perform benchmark analyses, tests on public image collections and a usability
study to test our software. Design centering had promising results in giving robust solu-
tions for different kinds of biological data variations, while the automatic tuning plugin
was well-accepted by the participants of our usability test. However, the running time can
be in some cases a limitation, that needs to be further tested for other bioimage analysis
algorithms.

Keywords: Design Centering, Parameter Learning, Image Analysis, Bioimage analysis,
Fiji, Usability Test, Genetic Algorithm, Machine Learning, Statistical Methods, Robustness,
Human-Computer Interaction, Parameter Tuning, Segmentation
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Extetopevn Ieplindn

0.1 Ozwenuxd TréBadeo

0.1.1  Avdiuon Bloewdvog xon Katdtunon

H oavdhuon Broewdvoe (Biolmage Analysis) etvon amhd n e€aywynh nhnpogopidv ond Prokoyt-
xéc emoveg [1]. H épeuva atn olyypovn Blohoyio e€aptdton onuovTind omd TiC EXOVES Xt TG
TANEOPOpEieC Tou eEGYWVTOL ATO AUTES Yol Vo EENYNOEL KoL Vo AVOAUGEL TOUC UNYAVIoHOUS TNG
Cone. Ta va emtevydel autd, yenouomoteiton mAnddpa Broroyinmy epyaheiwy ta onola BuciCo-
v og umohoyloTixég pevddoug. H auvlavéuevn eumotooivn xar To evolagépoy Tmv Blodywy
oTn BLOTANEOYOEXT AVOLYEL TOV BPOUO OF TEMTOTUTY EPELVA XAl VEES TEY VONOYIXEC MIGELG [2]. H
Tapovaio Tng avdavong Plosdvag yiveton oxoua o avoryxodor 6Toy WAGUE YLt MEYSANG xh{oncog
Blohoyixd TEWdUATA TTOU UTOPOVY Vol €Y0UV EXATOVTADES 1) YLMAOES EXOVES, xou eEac@ahilel 6Tt
o omoteAéopata Yo ebvorn axpLBn, AVTIXEUEVING Xot avomoary Yo [2].

H xatdrunon amotehél wd xatnyopla uédodwy avdiuong Bloewdvag, xon ebvor 1 Slodixacto dlo-
fpeone wag Pngroxnc emodvag o TOANG TuruaTa [3]. EWwdrepa, ota anoteréoyata ™e, xdle
onueio (pixel) oty emdva mpénet vo Bploxeton oe pa teptoyn eved xdie teptoyn xodoplletar and
éva obvolo oty [4]. H xotdtunon yenotponoteitar cuyvd yior THY oviy VEUGT] aVTIXEWUEVWY
1) oplwv o€ eOVEC e oxoTd TNV eCaywyr| TANEOPOELOY antd ToL BEGOUEVY 1) TNV ATA0UGTEUOT
TOUG Yol TEQOUUTER® avVIAUGT). 2T Brohoyia, N xatdTunom yenoluonoleitol yior TNV TadvounoT xou
opadomoinom Twv exovoaTotyeiny we avtxeiueva Boloyixol evdlagépovtog 1 utofddeou [5]. A-
o T avTixeipeva €youv Tadvouniet, etvon SuVITOV Vo UTOAOYIGTOVY BLdPOP TOCOTIXG UEYEDN
OTWS TO Oy, To UEYEVOC X 1) LT, TOL UToEOVY Vo ETULTEEPOLY TNV TEPUTERL TOELVOUNOT] Kol
avaAuon).

H nocotr} allohdynomn towv amoTeheoudTov Uiog Yevddou xatdtunone oc uio exova yivetol
ouvidwg Péow Tng olyxpelong ue xdnota ground truths, to onola umopolv va €youv Tn Hopen
TEQLYPOUUATOC TV AVTIXEWEVLY, apliuol Twv avixewévey, foreground/background , xou
Brohoyiy etixetedv. Mio uetpinr| mou ouyvd yenowonoteitar yio v Bpedel 1 opotdtnTo YeTOEY
800 Uaox®y xotdtunone Booileton oto Jaccard Index [9)].

0.1.2  Xewoxivnn POduon Hopapétpwy xar Ataxdyovon Asdouévny

Ov alybprduol avdhuong Bloexdvewy xoAOTToLY €va TOAD eVl QAGHOL BLUPORETIXAY UEVOOWY
xoL TEYVIXOY. Avdloya Ue To eldog Tng emdvag xon T {ntoduevn diepyaocio Tdve o auTHY, 1
duoxola yefone Twv ahyoplduwy mowiiier onuoavtixd. H yepoxivntn piulon napauétowy lvor
L xotvy| dtaduasta 6TNY avdALoT) TwV BLOAOYIXMY BEBOUEVKY, Xad(E Ol TEPLIGCOTEROL AAYOELIUOL
pépouy pLIULOUEVES amd TOV YEHOTH TUPUUETEOUC, Xou Elvor ouCLACTIXG 1) Btadacion Aoxylrc-
Ygdiuatoc. o Toug apydploug YproTeg autd YiveTal CUCTNUATXG UE TNV QUEOUEIWOT TMV
e TEwWY, XdTt Tou mpooeYYilel Tov olyoprduo hill climbing [9]. And v dhkn, ol éunetpol
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YeNoTtec ouVATKC YVWEILoLY TIC TPOTOTIOIACELS TWV TAUPUUETEWY Tou Vo 00NYHoOUY GE xAAUTEEN
am6d00m xou €101, av unovécouue 6Tt 1 dlakodnor Toug elivon 6woTH), 1) Sadixacio potdlel ue Tov
alyopriuo deepest ascent hill climbing .

H yewpoxivntn pliuion tov nopauétewy unopel va yivel 50oxokn xou ypovoldea, edixd yio Toug
mo mepimhoxoug alyopliuoug B TIc BUOXOAEG TEQITTWOELS EwOVLwY. Emmiedy, ol yeroteg au-
TGOV TV oAyopiluny €youv cuvidng Broloyixd undBadoo xou dpo dev elvon cotxewwuévol e
N AELTOUEY{o XU TIC AETMTOUEREIES TWV YENOWOTOOVUEV®Y UTOAOYIO TGV Uedodwy. Topd Tic
ToMamAég TpooTdieles Yo TAATPOPUES EVEAXTWY AoYlowxdY ot out-of-the-box avdiuvong ei-
xOVOV, 1 eunelplo €yet Oeiel 6Tl onuavTing avipomivn teoonddeior damavdtar yior TN eUUuon
xou TN SLopdwan Aoy oe mopauéteou [5]. Evog axdua neploptopds e yerpoxiving pdiuiong
TOPUUETEMY APoEd TN UVHUT), Xxadde oL YeHoTe TEénel Vo amo¥nxelouy Oha Tol ATOTEAEGUATA
TEOXEWEVOU VO GUYXEIVOUV T TEEY0UcH E£000 UE TIC TEONYOUUEVES [10].

H Bohoyw) tAnpogopla cuvidng TpogpyeTton and GUANOYES EIXOVWY OTIWG Ao DLUPOPETIXS OE-
fyparta and éva mefpopa, and SlapopeTnéc 6elc Tou (Blou delypatog, aAAnAouylec ExovVeY 0To
yeovo (Bivteo) 1 z-stacks w¢ omotéheopo 3D amedvione. Xe 6t agopd TV ovdhuoY auTGV
TV OEDOPEVWY, O UEYAAOC OYXOC Xou 1) TOWUALL TV EMOVLY TOMAES Qopéc xahoTd mEaxTixd
adLuvaTn TNV EUUULOT TV ToEAUETEWY Yiot Xdie exdva. Mo Abor oe TéTole TEQITTWOELS elval
va Bpetel €va 6UVOAO TURUUETEMY TIOU BIVEL XIAX ATOTEAECUATA OE EVAL GTLYULOTUTIO TWV ELXOVWY
xou v yevixeudel otic umohowee. Toapdha awtd, €dv 6ev Angiouy uTOPLY oL BLIXUUAVOELS TOU
UTOpEL VoL UTIEEYOLY GTO GUVORO TWV EXOVWLY, aUTY 1) ToxTixY| Untopel va 0dnyroel oc Aaviaouéva
amoTENEOUATOL.

Aopfdvovtag utody To Tapamdve, BAEToude OTL 1) yewpoxivnTh pUYULoT TapaUETEWY TaEOUGIALEL
UEXETOUE TEPLOPIOUOUE, XATL TTOU UAG OONYEL OTO CUUTEQUOUN OTL UTEEYEL 1) oVaY XY Lol EVOAAO-
(e pevodoug phluiong tapauétewy. Ty (Bl oTiyUr|, ONUAVTIXG YUQUXTNELOTIXG AUTOY TWY
VEWY UEDOOWY XEIVETAL 1) TROCUPUOYT| OTIC DLUXVUAVOELS TV BLohoyx®Y Sedouevmy. §2¢ Abon
oe ouTd, mpotelvouue 0T Tapolca epyacta Tr yeron tou design centering mpofAnuotoc oL
TOEOVGIALETOL OTT) GUVEYELDL.

0.1.3 Design Centering

O otdyoc tou design centering eivor va TEOGOLOPIGTOVY OL TUEAUETEOL GYESLOUOL EVOC GU-
OTAUATOS 1) EVOG LOVTEAOU TIOU EYYUMVTOL T AELTOURY{o TOU GE DEDOUEVES TIPODLYPAPES Xalk elvon
aviexTixég oe Tuyaleg petoffores. e avtideon ue tn BehtioTonolnor, otny onola tpoonaolue va
Beolue TIC TUPUUETEOUS TTOL AVTATOXEIVOVTOL XAADTEQP OTIC TEOBLIYPAPES TOU GUO TAUATOS UAC,
oto design centering Vé\ouye TIC TOEAUUETEOUS TOLU TANEOVY TIC TEOBLIYPUPES GUUTEQLPOQRES TOU
CUCTAUOTOC HoC HE MEYURDTERT) EVpLO Tix [15]. To design centering TEOBANUA yenolonoteiton
EUPEWC 0T UNYAVIXT) NAEXTROVIXGY XUXAOUATWY [26] eVed TEOGHATA TOPOUGIAC TNXAY EPUOUOYES
xot 670 TEdI0 TWY GUVIETIXGV BIOAOYIXOV XUXALUdTOY [27].

H equetr teproyn (feasible region ) opiletar ¢ 10 6UVORO TV GNUEiY 0TOV YWEO TUEUUETEWY
Yt T0 omof{o To GUGTNUA 1) TO LoVTEAD IxavoTolel OAeC Tic amanToVUe Ve Tpodlaypapéc. H meptoyy
auTh ebvon xowvd vor Yewpelton xupTh, ahhd otV TporyuaTXOTNTY AUT6 BEV cuuPaiver Tévta [16].
O byxog tng e@utig Tepoy g EXPEALEL T GUVORXTH TOCOHTNTA EQIXTLY TYEDLDY TOU CUCTAUNTOS
xou unopel vor yenoylonotndel yia T olyxplon xat emhoy) YeTall dopopeTinidv oyediny [17].

O dragopeTinég mpooeyyione uroloylouol Ttou design center evoc cuoTAuaToC Yweilovtol e
000 xUTNYOPlES: OTIC YEWHETEXES Xal 0TI oTaTIoTXEC. Ot YewueTpwés uédodol yopuxtneilovto
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oo TN YEHOT ATADY YEOUETEIXMY CYNUATOVY YL TNV TEOGEYYLOTN TN TEPLOY NS EVTOS TNE OTolog
TANEOUVTAL OL TEOBLAY PUPES GUUTERLPORACS Xolt GLVHIWE TO XEVTEO AUTOV TOU GYNUATOC ETLAEYETOL
©¢ To design center. MnuavTixd YoRAXTNPIOTIXO TWY YEWUETEMOY UEVOOWY €lvar OTL 1) EQIXTN
Teploy ) Vewpeltan goaypévn xou xueTh. And Tnv dAAN, ot otatioTxég Pévodot Bactlovton xuplng
otn Monte Carlo Sevypotohndio Tou ywpou mapauéTemy, o 6TV a&loAdYNoT TWV ONUEIWY TOU
YWEoL w¢ ePutd 1) un. Aedouévou ott ol uédodor Monte Carlo yivovtow unohoytotind Samavneéc
O€ UEYUAES BLOUCTACELS, EfVaL OTUAVTIXG VO Y PNOULOTOL0UVTOL EEUTIVES ToXTIXEC DELYuotoAnbiog Tou
€0TLdCoLY OTIC TAOUGCLEC TANEOPOPLAIXY TEQLOYES TOU YWEOU [15]. "Evo pétpo tne evpwotiog evog
OYEBLUOPOY TOU GUGTAUOTOS Elva 1) ovahoy (ol EQUXTEV TIPOC W EPLXTOY onueinv [21].

Yuyxplvovtog Tic 0o auTég xatnyopieg uedodwy Yoo Tov utohoyioud Tou design center unopo-
OUE Vo BOUUE OTL Lol ONUoVTIXT Olapopd evar 1) BUVATOTNTA TEOGEYYIGNE EVOC U XUPTOU YMOEOU.
'Etol ylor mopddetyua, 1 ye1on YEWUETEMOY UEVOBWY YId TNV TEOCEYYION WIS U1 XURTASC EQL-
xthc meployfc unopel vo amoderyVel avenapxhc [16]. Eva dhho EVOLUPEPOV YUPAXTNPLOTIXO TOU
Topatneeitan elvor 1 duvatdTnTa EXTiUNONE TOU OYX0OU TNG EPIXTAG TEPLOY NG, XJTL TOU ATOTE-
Ael onuoavtind TeoBAnuo o Topelc OTWS 1 Uy oV AoYIoWX0U, To YRUPXS UTOAOYLOT®Y, To
OXOVOUIXE Xou 1) OTOTlo T [25].

0.2 Medodoroyia xoau Thomoinon

0.2.1  Akyoprduol xan Epyahela

¥t napovioa epyacio tapouctdlouue uia LEVOB0 AUTOUATOU UTOAOYIOUOU TOQUUETEWY OE OAYO-
elduouc avdiuone Bloexdvag v onola LAoTolnooue we plugin yio v Thatgdpoua avdhuong
ewoévog Fiji[28]. H Baowh 1d€a ebvan vor SdcouUe ptar evodhaxtixh) Aoon otn yetpoxivitn phduton
TOEAUUETEGWY TOL Vol TPOCPEREL, TOURIAANAL, EDPMOTO ATOTEAEGUATO EVAVTL TOV OLOXUUAVOENDY TGV
dedopévwy. T'a va to methyouue autd, TEoceyYYILOUUE TOV UTOAOYIOUS TWV TORUUETOWY WS EVA
design centering mpoBinua.

Aedopévou 6Tt 1o design centering mpdinua Sev €yel yenowonoindel TEoNyYoUUEVKS OTO TE-
oo tTng avdhuong Ploexdvag, dev elyaue xdmoto Topdderyua alyopiduou Tou va €yel Soxac TEl
oTNV axadnuaixy| BiBAoypagla 00TE TEONYOVUEVT] YVWOT OYETIXE UE TNV XURTOTNTA TOV EPIXTOV
TEPLOY WY TOU YWeou Topauétewy. 'Etot, ypeialdpactay pa otatio x| U xueth uédodo mou
Yo umopoloe va tpoceyyioel To TEdAnua ue Evay Yewxdtepo tpoémo. Tautdypova, Félaue pla
uédobo amodotixn oe yeovo xou oe Serypoatohndla. o avtolc Toug 800 Adyoug emhégaue va
Yenotonoticoupe tov olyoprduo Lp-Adaptation mou meprypdpetan mopoxdte.

H 8éa tou Lp-Adaptation odyoplduou PociCeton otn derypatohnhla Tou ydeou mapouétewy ue
opolopgn muxvotnta o Lp-Balls. Ou Lp-Balls npocoguélouy duvauixd t 9éor, Tov npocavato-
MOPO o1 TIS SLUO TAGELS TOUS AvAAOY A UE TO L0 TOPLXO DELYaToATiog, Hior Slodixacior EUTVEUGUEVT
a6 1 Broroyio. O alyodprduoc yeedletar we lcodo €va apyind onueio TOU aVAXEL GTNY EPXTN
TepLoy Y| xat Wiot cuvdpTnoT oracle 1 omola 6éyeton Eva uToYriYLo GNUElD TOU YDEOL XAl ETILC TEEPEL
edv autod Bploxeton oty QT TEpLOY ) 1) OYL.

To Briuata Tou axohovdolvtar and Tov alyoprduo eivor o e€Rc:
1. Apywornolnon — mapéyeton T opynd EQIXTO ornueio xou 1 cuvdpTnor oracle

2. Aevypotoreupion — ouotdppn muxvotnto oe Lp-Balls



xvi

3. AZwoldynon — Boaciouévn ot cuvdptnor oracle
4. Tlpocapuoyh — Pactopévn ot pédodo Gaussian Adaptation

[ Tov UTOAOYLOUG TOU KEYIXOU EPIXTOU OTUEIOL YENOWOTOWOUUE TOV UNFYQOUUIXO UT-XURTO
e€ehxtind ahyodprduo Bedtiotonoinane CMA-ES [31].

H ocuvdptnon oracle xoataoxeudletar xotd tnv extéAeon Tou mpoypduuatoc xat Pociletou oe
TAnpogopieg mou divel o yefotng Yo TV exova.  H elaywyrh autdv twv mAnpogopldv amd
TOV YpNRoTn YivETUL Yo Bdpopwy queries xou pe 1 Borlela Twv epyahelwy Tou Tpocépet To
nepBdhhov tne mhatpdpuas avélvone exdvog Fiji [28].

[or quTh T TEMTN ANOTELRA AUTOUUTOU UTOAOYIOHOU TWV TUPUUETEMY ATOQAUCICOUE VoL ETXE-
VTpwUoUUE OTO TEOBANUN TNG XUTATUNONG XL YENOULOTOLAOUUE CUYXEXQUEVO TOV ahyopLiuo
xatdtunone Squassh [33].

0.2.2 Apeba Segmentation plugin

To plugin mou avartdZoue Yo Tnv Thatpopua Fiji ovoudotnxe Apeba (Automatic Parameter
Estimation in Biolmage Analysis). H Swdwoocio mou axoloudeiton xato v extéleon Tou

TEOYPAaupaTOS TEpLAUBdveL Tar e€H¢ BriwaTa:

1. Ewoaynyn ewmovoc: o yeRotng emAéyel Ty axoloudia ixévemy Teog avaAucT Xol XOTOTLY
1 axoroudia avolyel w¢ mopddupo evowuatouévo oto tepBdihoy g mhatgopuas Fiji.

2. Emhoyn tov key-frames: €66 o yprotng emAéyel Tic eixdveg BAoel Twv onolwy Yiveton o
uroloytouog tou design center (nepiocdtepa 6To xEQdhono 4.2.1).

3. Ewoaywyr tne ouvdptnong oracle: oe autd to Bripc 0 YenoTng Bivel BlapopeTixéS TANEOPO-
plec oyetind e Ty exxdva, ue ) Pordeto Tne Semopric xon Twy epyakeiwy tne (4.2.2-4.2.8).

4. Trohoyiopdc tou apyixo) e@To) OTUEloL: YENOWOTOLETAL 1) CUVAETNOT oracle xot o
ahybprdpoc CMA-ES yio tov unoloytouéd tou opyixol egixtol onueiou (4.2.9).

5. Trohoyioudc twv design center: o aryopripoc Lp-Adaptation yenowonoteiton yio tov
urohoytou6 tou design center yio xdde emheyuévn emédvo e oxoloudioc (4.2.10).

6. Tehxr) xatdtunon: O olydprduoc Squassh exteleiton Ye Tic mopaUéTEouC Vo axohov ol
™ Yeouwr| Topepfolr) twv design centers .

0.3 Arnoteréopota

Or Boxiéc ToU XAVoUE OTO TEOYEUUUO MAC Xl To ATOTEAECHOTA OV TAE ywellovtor ot Teelc
xatnyopleg:

e BEupwotia évovtt AlaxOuovong twv Aedouévwy: Soxipdoale TNy enidooT) Tou TEoYEAUUATOC
MO Yl OLopOPETIXG BEBOUEVL EXOVWY X e 4 Blapopettxd eldn Stoxuudvoeny (Supope-
Téc Oec Tou (Blou delyuatog, alinhouylec emdvwy oto yeovo, z-stacks, SlapopeTind
stains). O x0ptog oxom6C AUTMY TV SoxOY Aoy vo dolue edv dviwe to design cen-
tering oivel €VpWOTA AMOTEAEOUATA X0 XAAVTERY UTOOOCT) OE BEDOUEVA UE OLUXUUAVOELS
(mepiocbTERU GTO XEPIAUO 5.1).
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e Benchmarking: 6nou nogoucidlouue to anoteréopata tou ohyoéprduov Lp-Adaptation
Yot SLopoeETING dELIUd ETOVOAAPEWY XAt TOUS GUVOAXOUE YEOVOUS EXTEAECTC (nsptooérspa
070 XePdhoto 5.2).

o AZwohdynon Euyenotioc: oe auty) tn doxipr, epeuvntéc and to Ivotitolto Max Planck
YENOWOTOINCAUY TO TEOYQOUUA UG OF 3 OLUPOPETIXES TIEQLTTWOOELS EXOVOY X0 UG EDMCAY
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1 Introduction

Manual parameter tuning is a common process in bioimage analysis algorithms that re-
quires the analyst to do a repetitive task of parameter "tweaking", algorithm running and
output inspection. This process can become difficult and time consuming, especially when
working with complex algorithms or difficult images. Past efforts have been made to fa-
cilitate this process either by visualizing the parameter space or by using optimization al-
gorithms to tune the parameters. However, one common limitation of these approaches is
that they do not consider the variation that the modern biological data can have. As the
volume of data from biological experiments increases rapidly, the latter is an important
issue in today’s bioinformatics that has created new needs for more robust and automatic
solutions.

Taking these into account, in the present thesis we are introducing a new way of automatic
tuning based on the design centering problem that aims to provide robust parameters for
bioimage analysis algorithms. In design centering the objective is to determine the design
parameters of a system or model that guarantee operation within given specifications and
are robust against random variations. Design Centering is a long standing problem in
electronic circuits engineering, where the design parameters frequently deviate from their
nominal values due to the process variations, and has also found applications in the field of
synthetic biological circuits. The various approaches to design centering are divided into
two categories: geometrical and statistical. Another way to categorize these approaches
would be to convex and non-convex ones.

To estimate the design centers we are using the Lp-Adaptation algorithm which is a non-
convex statistical method, inspired by the evolution of robustness in biological systems and
by randomized schemes for convex volume computation. The main steps of Lp-Adptation
are: 1) Initialization, 2) Sampling, 3) Evaluation, 4) Adaptation. For the initialization step
we need an oracle and a start point. An oracle is a function that takes the sampled points
as input and returns if they are in the feasible region or not. The oracle in our case is
based on user input about the image which is given through an interactive interface. In
order to find a feasible point, we use the Covariance Matrix Adaptation Evolution Strategy
(CMA-ES) which is a non-convex black-box evolutionary optimization algorithm. All this
is implemented as a plugin for the popular open-source image analysis framework Fiji.

To test the robustness of our software against the data variations we tuned the parame-
ters for various public image sets that presented different kinds of variations. Then, we
performed benchmark analyses for the time and performance of the plugin. Finally, we
conducted a usability test with researchers as participants that are relevant to the field.
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This manuscripts presents our contributions in the field of bioimage analysis, which are the
following;:

1. Designing an assisted interactive parameter tuning method that gives robust solu-
tions for bioimage analysis algorithms, and implementing it as a Fiji plugin.

2. Testing the design centering approach for the parameter tuning task and comparing
it with the manual and optimization ones.

The thesis is organized as follows:
e In Chapter 2, the background and preliminaries to our project are explained.
e In Chapter 3, the methodology and the different tools used are presented.

e In Chapter 4, the step by step process and the code structure of our software are
analyzed.

e Chapter 5 consists of our tests and results including benchmark analyses, tests on
public image collections and a usability study.

e Chapter 6 cocnludes this thesis and presents future outlook.



2 Background

2.1 Biolmage Analysis

Biolmage analysis is simply the extraction of information from biological pictures [1]. Re-
search in modern biology depends significantly on image data and the information ex-
tracted from them in order to explain and analyze the mechanisms of life. To achieve that
many new biological tools have relied on computational methods. It is considered that
advances in the field of bioimage computation will not only be the foundation for new
imaging methods but also the way to achieve new biological discoveries that otherwise
would not be possible [2]. At the same time, the trust and interest of biologists in bioin-
formatics is increasing, leading to more possibilities for novel research and space for new
informatics solutions.

The presence of bioimage analysis becomes essential when we are talking about large scale
biological experiments that can have hundrends or thousands of images [2]. These data
are often a result of automated microscopy and can be e.g. images from different samples,
time series or z-stacks. Their big size and variation makes it hard to gain knowledge from
them but image analysis can help in extracting information and ensure that the results will
be accurate, objective and reproducible.

2.1.1 Image Segmentation

Image segmentation is the process of partitioning a digital image into multiple segments
(or sets of pixels) [3]. More specifically in image segmentation every point (pixel) in the
image must be in a region while every region is determined by a set of properties [4]. Seg-
mentation is often used for detecting objects or boundaries in images and it helps in getting
information about the data or making them simpler for further analysis. In bioimage anal-
ysis, segmentation is used to classify and group pixels as objects of biological interest or
background [5]. After the objects have been segmented, it is possible to compute various
quantitative descriptors such as dynamics, shape, size or texture which can then enable
even further classification and analysis.

Segmentation Techniques
There are several techniques used for image segmentation:

e Thresholding Methods are the simplest methods in which a gray-scale image is
turned into binary by applying a threshold value, resulting in a segmentation mask.
There are various methods for the threshold selection that can be based, as described
by Sezgin et al. [6], on the histogram of the image, the entropy, the spatial dependen-
cies of the pixels and more.
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o Edge Based Methods rely on the exploration of rapid changes in the intensities values
between the pixels of the image, with the aim to detect the edges of the objects of
interest. These methods can have good performance in images with high contrast [7].

e Region Based Methods function by partitioning the image into homogeneous re-
gions. This can be done either by the growing of seeds which are initial pixels in the
image, or by splitting and merging regions of the image in respect to some character-
istic.

e Clustering Methods rely on the division of the image into homogeneous clusters. In
soft clustering, which is a subcategory of these methods, the pixels can be classified
in more than one cluster which makes it a more realistic approach.

e Watershed methods treat the image like a topographic map, with the brightness of
each point representing its height, and find the lines that run along the tops of ridges.
This methods are in general stable and they result in continuous boundaries.

o Partial Differential Equation Based Methods are fast segmentation methods that can
be used e.g. to enhance the edges and remove the noise from the image.

o Artificial Neural Network Based Segmentation Methods are used widely in medical
imaging projects but they often require more time than other methods because of their
training step and training data.

Accuracy Assessment Methods

When working with image segmentation there is an important question to consider: "What
is a good segmentation?". Having ways to assess the segmentation results is essential in
developing, testing and publishing new image analysis algorithms for the life sciences.
Also, having some points of reference in matters of performance is the most reliable way
to compare already existing segmentation methods. Back to our question, according to
Haralick et al. [8], a good segmentation is expected to have the following:

e Regions that are uniform and homogeneous with respect to some characteristic such
as texture or brightness.

e Region interiors that are simple without many holes.

e Adjacent regions that have significantly different values in respect to the characteristic
on which they are uniform.

e Boundaries that are spatially accurate and not ragged.

But when it comes to bioimage analysis, the segmentation tasks can be specific and a sin-
gle image can have multiple kinds of segmentations that are considered good in different
contexts and for different purposes. For example, in an image with connected cells we
might want to segment each cell seperately but also to find the boundaries of the whole
area covered by the bundle of cells. So we see that the segmentation in this case is largely
task-related which makes it more difficult to find quantitative methods to assess its accu-
racy.

Traditionally, the assessment of bioimage segmentations is done by comparing them to
synthetic data or to human-produced ground truths of real data. These ground truths can
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be e.g. object counts, foreground /background, outlines of objects or biological labels. After
that, it remains to determine the metrics that will be used for the comparison. When it
comes to the foreground /background type, a common practice is to use the Jaccard index
(or else known as Intersection Over Union) to compare the similarity between the ground
truth and the segmentation mask [9]. If S¢¢ is the ground truth represented by a set of pixels
and S;,s the method’s segmentation result, then the Jaccard similarity O, € [0,1] is defined
as:

SegtNS
O]' _ | gt res’ (2.1)
|S gt U Sres|
Of course, another way would be to directly ask experienced people in bioimage analysis
to evaluate the segmentation results in relation to a specific task.

2.1.2 Manual Parameter Tuning, Limitations and Data Variation

Biolmage analysis algorithms cover a very wide spectrum of different methods and tech-
niques. Depending on the kind of image and the task, there are algorithms that can be
from very simple and intuitive to much more complex or even black-box. Manual parame-
ter tuning for these algorithms is a common process in the analysis of biological data. Most
image analysis algorithms have user-specified parameters that affect their output and they
can vary depending e.g. on the observed specimen type, the imaging technique or the im-
age analysis task. The conventional approach for tuning these algorithms is to find their
parameters by trial and error as shown in Figure 2.1. For non-expert users this is usually
performed systematically by incrementing or decrementing the parameters, which resem-
bles a component wise hill climbing algorithm [9]. On the other hand, experts in bioimage
analysis often know the parameters modifications that will result in better segmentation
performance so, if we assume that their intuition is right, then it resembles the steepest
ascent hill climbing algorithm.
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FIGURE 2.1: The conventional approach for parameter optimization. Based on
a qualitative assessment of current output, users iteratively change parameter
settings and run algorithms to generate new output. This process is repeated
until the output quality is satisfactory. (borrowed by Pretorius et al. 2011 [10])

Manual tuning can become difficult and time consuming, especially for more complex al-
gorithms or the "hard" image cases. It is important also to note that the users of these
algorithms come mostly from biological or related backgrounds so the computational in-
ternal processes might not be familiar to them. What can make this process even more
ambiguous is the fact that one cannot be always sure if the algorithm used can manage to
perform the analysis task in a satisfying level. Which means that sometimes the amount of
time spend for searching the "right" parameters turns out to be futile. Furthermore, despite
the multiple efforts to flexible software platforms for building image analysis pipelines that
work out of the box, practice has shown that substantial human effort is spent on tuning
parameters and correcting faulty output [5]. Lastly, an issue that arises with manual tun-
ing is the memory load as the users have to rely on memory recall to compare the current
output with previous ones [10].

Biological data usually come in collections of images such as screenings of different samples
from an experiment, images from different views of the same sample, time series (video)
of biological processes or z-stacks as a result of 3D imaging. Analyzing these data often
requires the tuning of parameters for bioimage analysis algorithms. The big volume and
variety of images though, can make it practically impossible to tune the parameters for each
single image. One solution is to find a set of parameters that will work for one instance of
the image collection and use it for the rest of them. However, in this way the variation
between the different images is not taken into account and so it may lead to erroneous in
average analysis results.

Taking into consideration the above we can conclude that manual tuning comes with some
limitations that call for alternative approaches.
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2.2 Alternative Approaches to Manual Parameter Tuning in
Bioimage analysis algorithms

In this section we are going to review some previous bioimage analysis approaches that
can be seen as alternatives to the manual tuning process.

One idea is the use of machine learning for automatic and interactive bioimage analysis
tools. As Meijering et al. [5] state "we expect bioimage analysis solutions to become in-
creasingly automated and robust". This approach not only could make the tuning process
easier and faster but also more open to people with less experience. It is worth mentioning
that despite the fact that non-expert image analysts tend to be intimidated by the concepts
of machine learning, in reality these tools often require less expertise than tools that use
manually configured algorithms [2]. One example in this category is Ilastik [11]. This open-
source interactive learning and segmentation toolkit enables researchers to train a machine
learning algorithm in order to identify which pixels of an image belong to which class of
interest, based on labels provided by the user through a mouse interface. The learning step
is performed by a random forest classifier in which each pixel’s neighborhood is charac-
terized by a set of generic features. Then the user can interactively alter the segmentation
result and further tune the classifier, which in the end can be exported and used to auto-
matically process large number of images. Ilastik is robust, with high segmentation perfor-
mance in standard problems and has become a very common tool in the bioimage analysis
community. We can find many examples in this category of automatic or semi-automatic
image analysis like Cell Profiler [12] and Weka Segmentation [13]. However, we should
note that these approaches automate the bioimage analysis process by introducing new
techniques, instead of dealing with the automation of the already existing non-machine
learning ones.

Focusing more on the effort to actually facilitate the manual tuning process of already ex-
isting algorithms we found another idea based on the visualization of the parameter space.
In this case, the objective is to enable the users to explore the parameter space in a more
structured and quick way. A first example of this approach is a plugin for CellProfiler and a
visualization tool called Paramorama, proposed by Pretorius et al. [10]. In Paramorama the
parameter optimization is based on parameter sampling and interactive visual exploration.
At first users are choosing for each parameter a range of the values to explore and a num-
ber of samples. Then, after running the algorithm for all the parameter combinations, they
can view the results in a hierarchical clustering tree and, finally, select the images that have
good or bad results. One limitation of this method is that it does not offer an exhaustive
search of the parameter space. We can see the visualization with Paramorama in Figure
2.2a. A second example of parameter visualization is the Interactive Watershed developed
for Image]J /Fiji [14] that explores the parameter space of the Watershed segmentation algo-
rithm [Vincent 1991]. In initialization the plugin calculates the full watershed of the image
for all local maxima and it generates a tree whose nodes correspond to segments in the
image. After that, the user can change the values of the parameters by using the scroll-bars
as shown in Figure 2.2b, and watch the segmentation results update instantly in another
image window. This method works fast and is fully interactive, but it is only implemented
for a specific algorithm, which also runs fast.
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FIGURE 2.2: (A) The Paramorama clustering tree visualization of the parameter

space [10]. (B) The UI of the Interactive Watershed, where the user can control

the scroll-bar to explore the different parameters and watch their results by
using the three slide bars [14].

Another alternative approach to manual tuning is the idea to let optimization algorithms
solve the parameter fitting problem. An example to this approach was introduced by Held
et al. [9], who compared different optimization algorithms for automatic parameter fitting
in a microscopy image segmentation. The algorithms used were: Hill Climbing, Steepest
Ascent Hill Climbing, Coordinate Descent and Genetic Algorithm. The results indicated
that the genetic algorithm outperforms other approaches in solving the optimization prob-
lem, but its convergence time was the highest. An interesting finding from the same study
was that most parameter spaces of the used images contained several performance max-
ima, which can be an important challenge for optimization methods.

To sum up, we have seen that there are many approaches in automating the bioimage anal-
ysis process with promising results but they mainly focus on introducing new machine
learning techniques. On the other hand, the approaches that actually aim to ameliorate the
manual tuning process of existing methods may lack in exploring exhaustively the param-
eter space or in addressing more costly in time algorithms. Finally, an important common
limitation for these methods is that they do not consider the data variation mentioned in the
previous section, and so generalizing the parameters found by them for image collections
is considered questionable.
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2.3 Design Centering

2.3.1 Definitions

The objective of design centering is to determine the design parameters of a system or
model that guarantee operation within given specifications and are robust against random
variations. Opposed to Design Optimization, in which we try to find the parameters that
best fulfill the specifications of our system, in Design Centering we want the parameters
that fulfill the specifications of our system most robustly [15].

The feasible region is defined as the set of points in the design parameter space for which
the system or model satisfies all specifications on its behavior. It is common to assume that
this region is convex, but in reality this is not always the case [16]. Actually, most of the
times we cannot guarantee the convexity of the feasible region and that makes it difficult
to decide what design centering approach to use as we will see below.

The volume of the feasible region is a measure of the total amount of feasible designs avail-
able and can be used to compare and choose between different designs or competing mod-
els [17].

The design center [18] is described as the point among all parameter space that represents
the mean of a probability distribution of maximal volume covering the feasible region with
a given target hitting probability P.

2.3.2 Different Approaches

The approaches to design centering can be divided into two categories: geometrical and
statistical.

Geometrical approaches are utilizing simple geometric bodies to approximate the region
where the behavioral specifications are satisfied. Then, usually the center of this body is
chosen as the design center. In these cases the feasible region is mostly assumed to be
bounded and convex. Some examples of geometrical approaches are:

1. The Ellipsoidal Approximation [19] which finds the ellipsoid of largest volume that
tits inside the feasible region while the center and all endpoints of the ellipsodial axes
are feasible points. One drawback of this method is that an ellipsoid is symmetric to
any hyperplane passing through its center and so it makes it difficult to approximate
less symmetric areas [16].

2. The Simplical Approximation [20] which is based on the approximation of the feasi-
ble region’s boundary by a convex polytope. While a polytope can provide a better
approximation than an ellipse to a convex structure (since it can be seen as polytope
with infinite faces) finding its center is complex and costly in time. In figure 2.3 we
can see the approximation of a convex area by a polytope.

3. The Polytope Method [16] which uses a convex polytope to approximate the feasible
region and then it finds the design center by either inscribing the largest Hessian
ellipsoid or by using a convex programming approach.
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FIGURE 2.3: Approximating an ellipse by a polytope.[16]

The Statistical Approach mainly relies on Monte Carlo sampling of the parameter space.
Since Monte Carlo methods can get computationally expensive in higher dimensions, it
is important to find a smart sampling proposal and focus on the informative areas of the
space[15]. Every sampled point is then evaluated and classified as feasible or not. A mea-
sure of robustness of the design is the ration of feasible to infeasible points [21]. Some
examples of statistical approaches are:

1. The Constraint adaptation by Diferential Evolution [22] is a statistical method which
assumes the feasible region to be convex. It starts from a population of initial points
that loosely satisfy the specifications and then the specifications are tightened until
reaching the original ones. Then the design center is estimated by finding the mean
of the final points.

2. The Advanced First-Order Second Moment (AFOSM) method [23] in which points
are samples from Lp-balls in order to estimate the ratio of feasible to infeasible points
and approximate the feasible region. One drawback of this method is that it does
not allow to estimate the total volume of the feasible region, as the Lp-ball must be
completely inside the feasible region.

3. The Center of Gravity Method [24] which computes in each iteration the center of
gravity for the feasible and the infeasible sampled points. Then the design center is
gradually moving away from the infeasible points and towards the feasible ones.

Comparing the two design centering estimation approach types we can see that an impor-
tant difference is the capability to approximate a non-convex space. Which means that the
use of geometrical (or other convex) approaches for the approximation of a non-convex fea-
sible region can be proven inadequate [16]. Another interesting characteristic to observe, is
the capability of estimating the volume of the feasible region, which is an important prob-
lem in many areas including software engineering, computer graphics, economics, and
statistics [25].
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2.3.3 Applications

Design Centering has been mostly explored in electronic circuit engineering. Automatic
design methods are an important need in keeping up with the ever growing demands on
the designers’ productivity and time-to-market [26]. In circuits manufacture, the design
parameters frequently deviate from their nominal values due to manufacturing process
variations [16]. This results in circuits that don’t meet some behavioral specifications, such
as requirements on the delay, gain, frequency response, harmonic distortion, energy con-
sumption or manufacturing cost. In that case, design centering can be used to determine
the nominal values of these parameters, which are mainly electronic components, such
that the circuit fulfills some specifications and is robust against manufacturing tolerances
in the components [15]. More recently, there were new applications in the field of synthetic
biology where the aim is to robustly design novel synthetic biological circuits [27].
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3 Methodology

In this project we are introducing an automatic process for parameter estimation in bioim-
age analysis algorithms called Apeba (Automatic Parameter Estimation in Bioimage Anal-
ysis). The main idea is to provide an alternative solution to the manual tuning problem that
is also robust against the biological data variations. In order to do that we are approach-
ing the parameter tuning task as a design centering problem. We implemented Apeba as a
plugin for the free open-source bioimage processing framework Fiji, as part of the Mosaic
Suite. In this chapter we are going to present the methods and tools used for Apeba and its
development.

3.1 Lp-Adaptation Design Centering Method

Since the design centering problem has not been used before for bioimage analysis pur-
poses, there was no example of a design centering method used for this task in the academic
literature or any prior knowledge about the convexity of feasible regions in bioimage analy-
sis algorithms. Therefore, we needed a statistical non-convex method that could approach
the problem in a more general way. At the same time, image analysis in biology can be
costly in time due to big data or complex algorithms, so we also wanted a time efficient
method with smart sampling. For these two reasons we chose to use the Lp-Adaptation
method which is described below.

Lp-Adaptation is a novel statistical method [15], that unites approximate design centering
and volume estimation. Its process is inspired by the evolution of robustness in biolog-
ical systems and by randomized schemes for convex volume computation. It is able to
address both problems in the general non-convex case and at low computational cost. Lp-
Adaptation has been tested on known benchmarks, where it outperformed the previous
state of the art in all cases.

The idea of the algorithm is to iteratively sample the parameter space using uniform den-
sity over Lp-balls. The Lp-balls dynamically adapt their position, orientation and aspect
ratio based on the sampling history. This process is based on the concept of Gaussian
Adaptation, in which the mean and the convariance matrix are adapted continuously. Lp-
Adaptation requires two inputs: a feasible start point and an oracle. An oracle is a function
that takes the candidate points as input and returns if they are in the feasible region of the
parameter space or not.
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- all points infeasible
(c) (d)

adapt step size sample new points &, evaluate
=» some point feasible

(e)

adapt step size, transformation sample new points, evaluate,
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FIGURE 3.1: Schematic illustration of the algorithmic procedure of adapting
the proposal distribution (blue ellipse) to the feasible region (red). The cross
represents the mean of the proposal distribution. (a) The algorithm requires
a feasible point so start with. This feasible point is set as the mean (center)
of the initial proposal distribution. The initial proposal ball is isotropic with
a radius of 1. (b,d) New points are drawn from the proposal and evaluated
against the specifications by querying the membership oracle. (c) If all points
are infeasible, the ball radius is reduced in order to increase the probability
of sampling a feasible point next. The shape of the proposal remains un-
changed. (e) If at least one point is feasible, the location, shape, and radius
of the proposal are adapted by moving the mean in the direction of the cen-
ter of all feasible points, increasing the radius, and adapting the affine trans-
formation to include information about the distribution of feasible points. (f)
At the end of the process, the proposal will have the largest possible volume
for the given target hitting probability. Now, the mean can be used as a de-
sign center, and the volume can be approximated from the determinant of
the proposal. (figure reproduced from Asmus et al. 2017 [15] under license:
https://creativecommons.org/licenses/by/4.0/)
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The steps followed by the algorithm are shown below and the detailed algorithmic proce-
dure on Figure 3.1

1. Initialization — provide start point and oracle
2. Sampling — uniform density over Lp-balls

3. Evaluation — based on the oracle

4. Adaptation — Gaussian Adaptation

The Lp-Adaptation algorithm comes with some optional parameters such as the p-norm,
the starting search radius, the number of points sampled per iteration, the number of eval-
uations and the target hitting probability P.

Probability P can either have a predefined value or be adapted during the design centering
estimation. This is an important feature that allows Lp-Adaptation to approach both the
design centering and the volume estimation problem. Low hitting probabilities lead to
low sampling efficiency while high hitting probabilities lead to slower adaptation to the
feasible region.For a Gaussian proposal and a convex feasible region, the optimal hitting
probability is 1/e, but for non-convex cases there is no such information. Therefore, it is
suggested to adapt the hitting probability starting from 1/e as an initial value. We can see
the effects of different hitting probabilities in Figure 3.2.

Concerning the use of Lp-Adaptation in the bioimage analysis process of this project we
had to consider the following matters:

e Lp-Adaptation works in a continuous and unbounded parameter space whereas the
parameters of bioimage analysis algorithms can be both discrete and bounded. Dis-
crete parameters are in general easier to tune and we did not use them in the context
of this project, but we used bounded ones. To adapt Lp-Adaptation to this problem
we made a slight change in the sampling step: every time an out-of-bounds point is
sampled, the parameters that exceed the bounds get the value of the closest bound.
For example, if the bound is between 0 and 1 and the point (0.5,-2,3) is sampled, it
becomes (0.5,0,1).

e Choosing the number of evaluations of the method was a compromise between the
amount of exploration of the parameter space and time. As mentioned already, bioim-
age analysis processes can get costly on time so we had to find the number of evalua-
tions that would be enough for exploring the parameter space without reaching non-
practical execution time. We will see more about this trade-off in the "Time Bench-
marks’ section 5.7.

e The choice of hitting probability P was also an important matter to consider. Since
the convexity or not of the parameters space was not known, we chose to use adapt-
ing hitting probability. Using a descending hitting probability is better for volume
estimation, while using an ascending one is better for design centering. So we used
ascending P probability and tried different values and intervals (further analyzed in
section 5).
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(a) {b) (c) (d)

FIGURE 3.2: Illustration of the effect of different hitting probabilities on a feasi-
ble region. (a) Low hitting probabilities may lead to infeasible design centers.
(b) Increasing the hitting probability (e.g. shrinking the proposal) leads to a
feasible design center. (c) For volume estimation, high hitting probabilities
may underestimate the volume. (d) Decreasing the hitting probability leads to
better volume approximation. (figure reproduced from Asmus et al. 2017 [15]
under license: https://creativecommons.org/licenses/by/4.0/)

3.2 Fiji Bioimage analysis platform

As mentioned in the previous section, the Lp-Adaptation algorithm needs an oracle as in-
put to function. In our first idea the oracle would be the user, i.e. for each sampled point by
the design centering algorithm the user would answer to the question if the segmentation
is good or not. But this approach would require the presence of the user for a long time
with interrupts in the middle, which did not fit well to the typical workflow of a biologist.
A second idea was to make an offline oracle that would be based on information about the
image provided by the user. In this way, it would take only a small amount of time and
effort by the user to help in building the oracle. In order to do that we designed a user
interface which we implemented in the Fiji analysis platform described in this section.

Fiji [28] is a distribution of the popular open-source software Image] (known previously
as NIH Image) focused on bioimage analysis. It contains a wide collection of plugins that
can be used for various bioimage analysis tasks. Nearly all aspects of Image] are pluggable
which means that plugins can be provided ad hoc to perform specified functions. When a
new plugin is developed, it can be shared with the end users through an integrated update
system. [28] Image] has been in use for over 25 years and still persists to push and drive
the image analysis field. [29] One of the main reasons for Image]’s success is that scientists
can use the infrastructure and dissemination it offers while focusing on developing just the
application specific algorithm.

Image]2, the last version of Imge] on which Fiji is based, is built on the SciJava Common
plugin framework. A plugin is a Java class that can be automatically discovered and in-
dexed when the application is launched. [30] Image] API is very helpful in the plugin
creation process as it contains most classes needed for developing an image analysis algo-
rithm and programming the user dialogue. At the same time, Image]’s main user interface
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(Figure A.2) offers a wide range of selection tools (and more) that can be used for any in-
stance of an Image] image window without further programming. In our project, this last
feature was essential in getting different kinds of input about the image from the user.

3.3 Covariance Matrix Adaptation Evolutionary Strategy (CMAES)

In section 3.1 we saw that the Lp-Adaptation algorithm requires a feasible starting point
to begin the Sampling and a membership oracle for the Evaluation step. Since the oracle
would be based on the input from the user, we had to find a way to provide the starting
point. The first distinct thought was to directly ask the user for a feasible point. This meant
that the user would have to do some manual tuning until reaching a satisfying segmenta-
tion result and then use the benefits of the design centering in matters of robustness. This
approach could theoretically succeed in giving us a feasible starting point, but since there
was still some manual tuning needed, it would only partially solve the problem. The next
thought was to use again the oracle, which was basically intended for the evaluation, as a
score function. In that way we could approach the starting point estimation as a continu-
ous optimization problem of the score funtion. To solve that problem we decided to use
CMA-ES which is described below.

The Covariance Matrix Adaptation [31] [32] is a non-linear non-convex black-box evolu-
tionary optimization algorithm. CMA-ES is considered state-of-the-art in evolutionary
computation and is used widely among research and industry applications around the
world. The main steps of the algorithm are: 1) sampling of new points, 2) ordering of the
sampled points according to their fitness, 3) updating of the internal state variables based
on the samples ordering. One of its advantage comparing to other evolution strategies is
the use of correlated mutations instead of axis-parallel ones.

We chose evolutionary optimization because of its better performance, compared to other
optimization methods, in tuning the parameters of bioimage segmentation applications (as
mentioned in section 2.2). Furthermore, the choice of CMA-ES was due to the fact that it is
a non-convex algorithm that does not require any parameter tuning (with the exception of
the the population size A), so it fitted very well to the required conditions of our problem.

3.4 Squassh Segmentation Algorithm

For the implementation and testing of Apeba we decided to train the parameters of the
Squassh segmentation algorithm.

Squassh [33] (segmentation and quantification of subcellular shapes) is an open-source Fiji
and Image] plugin for detecting, delineating and quantifying subcellular structures in fluo-
rescence microscopy images. Squassh can be applied to a wide spectrum of cases by chang-
ing some user-defined parameters. The algorithm does not make assumptions about the
shapes of the objects so the results are not biased. One important advantage of Squassh is
that it is not limited to spot-like or spherical objects, but it can also segment more complex
shapes.

The segmentation procedure of Squassh has the following steps:
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1. Background Subtraction: the rolling-ball algorithm [34] is used to correct uneven
background intensity.

2. Object detection: a model-based algorithm is used to find regions in the image that
contain objects of interest.

3. Thresholding: the threshold applied is the user-defined minimum object intensity of
objects. All objects with peak intensities lower than this threshold are discarded, and
the others are retained.

4. Decomposition: the image is decomposed into smaller parts in order to allow differ-
ent background and foreground for different objects, ensuring that the different parts
do not influence each other by computing the Voronoi diagram of the binary mask.

5. Local Background and object intensities: local analysis for each image region and
intensity estimation.

6. Individual Object Segmentation: seperate segmentation for each image region with
subpixel analysis.

7. The final segmentation: optimization of the previous step by minimizing the segmen-
tation error.

We decided to use Squassh because of its flexibility in different kinds of data and the
amount of control that the user-defined parameters have over the segmentation result. The
parameters that can be tuned are: 1) the minimum object intensity, 2) the lambda regular-
ization. As mentioned above, the minimum object intensity is used in steps 3 and 6. The
values of this parameter are normalized between 0 for the smallest value occurring in the
image and 1 for the largest value. By using low values we increase the sensitivity, while
with high values we can achieve the separation of objects. Lambda regularization is used
in steps 2 and 6, and it can significantly affect the segmentation results. By using high val-
ues we can avoid the segmentation of noise. The typical values are between 0.05 and 0.25.
While lambda regularization has only a lower bound at 0, we decided to use its values from
0 to 1 to have cohesion with the minimum intensity range but also because values above 1
are not commonly used in practice.
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4 Apeba Segmentation Plugin

The Apeba segmentation plugin is an implementation of the concept of automatic and ro-
bust parameter tuning introduced in chapter 3. Apeba is implemented for the free open-
source bioimage processing framework Fiji. In this chapter we are going to analyze the
steps followed by the plugin along with its implementation and code structure.

4.1 Overview

The Apeba plugin was developed in order to perform all the automatic tuning and seg-
mentation process, from the initial image import to the final segmentation result.

Big part of the plugin was the implementation of the oracle. Apart from the UI and the
way that we would get the input from the user, we had to consider how the evaluation of
the points would be done, i.e. how we would utilize the given information for the image
to reach the decision if a sampled segmentation is good or not. In order to do that, we
constructed each oracle as a scoring function and used thresholds to get the binary answer
"yes’ or 'no’.

In matters of human-computer interaction, we wanted to design the Apeba segmentation
plugin in a way that it would be easy to understand and use, guiding smoothly the user
through the parameter tuning and segmentation process. The ultimate goal was to design
a user interface that could be operated by people from all levels of experience and back-
grounds, even without any prior knowledge of bioimage analysis or Fiji applications. Fur-
thermore, we wanted to automate as much the process by giving, wherever it was possible,
recommendations of the input needed from the user (more in 4.2.1 and 4.2.4).

The programming languages used were Java and MATLAB. In general, programming an
application that combines these two languages can be time consuming while the data trans-
terring through function calling adds extra time to the overall process. But since Fiji plu-
gins can only be programmed in Java and the Lp-Adaptation algorithm is only developed
in MATLAB, using both of them was necessary.
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FIGURE 4.1: Flowdiagram of the procedure followed by the Apeba plugin.

Below we can see the main steps of the plugin:

1. Image Input: the user chooses the image sequence for the segmentation, then the
sequence is imported and opened as a default Fiji image window which is integrated
in the Ul of the plugin. (Figure A.1)

2. Key-frame selection: here the user can choose the key-frames of the image sequence
that will be used for the design centering estimation. The plugin also suggests these
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keyframes based on a correlation analysis of the frames in the sequence (further ex-
plained in section 4.2.1).

3. Oracle Input from the user: in this step the user is giving different information about
the image, with the help of the UI and the Fiji selection toolbar. The type(s) of input
given can be chosen by the user. These information are then used to build an offline
oracle (further explained in sections 4.2.2-4.2.8).

4. Start point estimation: the oracle is used as the fitness function for the CMA evolu-
tion strategy in order to find a feasible point from the parameter space that can be
used as input for the Lp-Adaptation algorithm (further analyzed in section 4.2.9).

5. Design center(s) estimation: the Lp-Adaptation algorithm is used to find the design
center of each key-frame (further analyzed in section 4.2.10).

6. Final segmentation: the Squassh segmentation algorithm is executed with parame-
ters that are based on the design centering results. If there was only one key-frame,
the estimated design center is used for every frame of the image sequence. If there
were multiple key-frames, the parameters follow the linear interpolation of the design
centers from each key-frame.

In Figure 4.1 we can see a more detailed flowdiagram of these steps.

4.2 Step by step process

4.2.1 Key-frame selection

As mentioned before, the plugin offers the possibility for single or multi-frame analysis. In
the case of multi-frame analysis, the design center is estimated for each key-frame and then
the segmentation parameters follow the linear interpolation of the design centers. Hence,
the number of key-frames as well as their index can play a major role in the final segmenta-
tion result. By letting the user choose the key-frames, we can rely on the human vision sys-
tem which is superb when it comes to qualitative tasks [1]. Nevertheless, as the sequence
size and the changes between the images increase, this task can become very complex and
lose its qualitative advantage. For that reason we wanted to give also some key-frame
recommendations, depending on the changes throughout the image sequence. Analyzing
more key-frames means that we can get a better view of the different states in the image
sequence, but this can be costly in time. The user interface of the key-frame selection can
be seen in Figure A.3.

The choice of the recommended key-frames is based on an autocorrelation analysis of the
given sequence which is done by calculating the Spearman’s rank correlation coefficient
between the images. The steps of the key-frame choosing process can be seen in Algorithm
1. The correlation is calculated between a current frame and its latter ones. Every time the
correlation reaches a stable value and starts to fluctuate, the current frame is updated. The
tirst key-frame is always the first image of the sequence and the rest of them are selected
every time the correlation falls at a certain amount from the correlation of the previous key-
frame. The value of this difference that has to be reached in order to select a new key-frame,
can be controlled by the user with the "More" and "Less" buttons. In the case of the "More"
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button, the value of the difference is decreased resulting in more key-frames, while in the
case of "Less" the difference is increased resulting in less key-frames.

In Figure 4.2 we can see the results of running the algorithm in an image sequence of 287
frames. The highlighted bars represent the chosen key-frames. The first key-frame is used
as the current until the correlation starts to fluctuate and so it is updated at the frame with
index 208. The actual flunctuation starts around frame 190 but there is a delay due to
the size of the check window (sw=20 in this case). We can also notice that every time the
correlation falls by 0.1 from the previous key-frame, a new key-frame is chosen.

Algorithm 1: Using Spearman’s correlation for key-frame choosing
Input: Image Sequence L, Size of check window sw, difference df
Output: list of key-frames

K < none;

current < first frame of L;

lcor <+ 1;

add current to K;

for i: number of frames in L do

frame <— read frame with index i from L;

cor < spearman( frame, current);

if Icor — cor > df then

add frame to K;

lcor < cor;

ifi mod sw = 0 then
avgcur: find average correlation between current and frames with indices from
(1 —sw)toi;
if avgcur > avgprev then
add frame to K;
lcor < cor;
current <— frame;

avgprev <— avgcur;
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FIGURE 4.2: A key-frame automatic selection example using the Algortihm 1.

4.2.2 Sub-oracles selection

After the key-frame selection, the user has to choose the different ways to provide input
for the images. In the UI (Figure A.4), this is done by clicking the names of the desired
sub-oracles in a checklist. It is possible to choose from only one of them to all. The choice
depends on the information that the user is able to provide about the image but also on the
segmentation task. For example, the object number sub-oracle cannot be chosen for images
with very big cell count since it would take a lot of time and effort to count all the cells.
Later we will see more examples about the cases to use each sub-oracle.

4.2.3 Markers sub-oracle

In this oracle the user can provide input for the image by putting a marker to each object.
This is done with the help of the Fiji 'Multi-Point” tool which is preselected. We can see the
UI and an example of this sub-oracle in Figure A.5.

The score of this sub-oracle is the count of the correctly segmented markers divided by the
total count of given markers. A marker is considered to be correctly segmented if 1) it is
included in the segmentation mask of an object and 2) there was no other marker previously
found for this object. For example, if the user has marked two different objects that are
segmented as one, only one of the two markers will be considered correctly segmented.
The steps for doing the above can be seen in Algorithm 2.

In general, it is recommended for the user to try to put the markers in the center of each
object to ensure that it will not be mistaken for another segmented area that is close. Also,
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it is not necessary to have a marker for every object of the image, which allows to use this
method even for images with big cell count.

Algorithm 2: Calculate Markers sub-oracle score

Input: Markers coordinates X, Segmentation mask M

Output: Percentage of successfully segmented markers

P < none;

c+ 0

for number of markers in X do

read current marker;

if marker belongs to a segmented object in M AND object ¢ P then
c+c+1;

L add object to P;

c .
L score <— number of markers in X”

4.2.4 Object Number sub-oracle

In this sub-oracle the user gives the object count that the desired segmentation should have.
For this method we also provide a recommendation for the count which is found by the
number of markers given in the previous sub-oracle (if it was chosen). This method can
play an important role in defining the "good" segmentation, especially if it is combined
with the Markers one because you can make sure that all the objects will be segmented and
they will be located in the right positions. Therefore, it is recommended to use it in most
cases unless it is not possible to provide such input (e.g. in case of a very large object count
that is difficult to be measured by a human). We can see how the Ul looks for this method
in Figure A.6. The text field is already filled by a recommendation count when the window
opens that the user can keep or change.

For the evaluation in this case we just calculate the count of segmented of objects over the
given count by the user:

count of segmented objects

score =
ground truth count

(4.1)

4.2.5 Drawable Solutions sub-oracle

In this sub-oracle the user has to "draw" the segmentation. More specifically, the user must
outline the objects that should be segmented. It is not necessary to draw the whole segmen-
tation, and in most cases even providing input for a small part of it can be proven really
helpful for the oracle. For example, in the case that we have different kinds of cells, it can
be sufficient to only provide one outline from each cell type. This kind of input can be
valuable in avoiding overfitting or underfitting in the segmentation process and in tuning
parameters like the threshold. That is because we have an exact ground truth of the outline
of an object and so we can reject segmentations that have different boundaries. In Figure
A.7 we can see how the Ul looks and an example of a partially drawn solution. The outline
of the objects is done with the help of the "Freehand selections" tool.
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The evaluation in this case is done by calculating the Jaccard similarity between the sam-
pled segmentation mask and the drawn one by the user. This is done separately for each
object outlined. The step-by-step process can be seen in algorithm 3. The final score is
calculated as the average similarity for all the objects over their count. If we want to focus
more on the size of the segmentation areas, an alternative to the latter would be to use the
percentage of the area covered by each object as their weight in the scoring formula.

This oracle can provide valuable information about the exact boundaries of the objects of
the segmentation, so it is important for the user to be as accurate as possible. This also
means that the use of this sub-oracle should be avoided if the segmentation boundaries are
not important, e.g. in the case of an object count task, as it can influence the overall fitting
of the parameters.

Algorithm 3: Calculate Drawable Solutions sub-oracle score

Input: Segmentation mask M, list of object drawings D

Output: Average similarity of the objects

score <+ 0;

for number of objects in D do
drawing <— current element of D;
ground <— the object of M that covers the most part of drawing;
score <— score + similarity(ground, drawing);

score

score <— number of objects in D’

4.2.6 Lowest Brightness sub-oracle

In this sub-oracle the user has to provide the area(s) of the segmentation with the lowest
brightness, by drawing some rectangles in the image. We can see how the UI looks in
Figure A.8. Drawing the rectangles is an easy task to do with the help of the 'Rectangle’
selection tool of Fiji.

Bearing in mind that objects with low brightness are the ones that are often ignored by
segmentation algorithms, this method helps in segmenting these “tricky” cases. The evalu-
ation of this sub-oracle is done by calculating the percentage of pixels from each rectangle
that is included in the segmentation mask, and then by finding the average score for all the
given rectangles. It is important to note that due to the way that this method works, it can
also be used to indicate areas that are difficult to segment for other reasons or that is very
important to be included in the segmentation.

4.2.7 Sizes sub-oracle

In this sub-oracle the user provides an outline of the smallest and biggest object in the
image. We can see how the Ul looks in Figure A.9. Again, the tool that is used to outline
the object is the "Freehand selections" tool.

The evaluation for this sub-oracle is done by finding the sizes of the smallest and biggest
object and then by using them as limits for the segmented objects’ size. This means that
every object from the sampled segmentation that is out of these limits, is considered as a
segmentation miss. Then the sum of these misses is subtracted from the total number of
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objects found and the score is calculated as the quotient of this number and the total count
(see Algorithm 4). This method can be very helpful in rejecting artifacts that often have
very small sizes but also to avoid the segmentation of individual objects as one (e.g. if
the objects are very close or touching each other). Contrary to the drawable solutions, the
detail of the boundaries in this case does not affect so much the final result, so usually the
user can give an approximation of the outlines without compromising on accuracy.

Algorithm 4: Calculate Sizes sub-oracle score

Input: List of sizes of the segmentation objects M, size of big object b, size of small
object s, object count ¢
missed < 0;
for number of objects in M do
sizecur: get size of current object of M;
if sizecur > b OR sizecur < s then
L missed < missed + 1;

c—missed .

score < R

4.2.8 Watershed sub-oracle

In this sub-oracle the user indicates with a line the watershed between pairs of touching
objects that should be segmented separately. We can see the Ul for the Watershed sub-
oracle in Figure A.10.

The evaluation for this sub-oracle is done by finding the count of correctly segmented wa-
tersheds and divide it by the sum of the watersheds given by the user. The user has to be
careful about when choosing this oracle as there are several algorithms that cannot solve
watershed problems. Squassh is also one of these algorithms and so the watershed sub-
oracle was not used in the testing of the plugin in the context of this project.

4.2.9 CMA-ES for starting point

In section 3.3 we explained the CMA evolution strategy and its use for finding a feasible
point. This feasible point is used later as the starting point for the Lp-Adaptation algorithm.
Here we are going to talk about the fitness function and the stopping conditions that we
used for running CMA-ES.

The fitness function is based on the information about the image given by the user. More
specifically, the output of the function is the average score of the sub-oracles that were
described above. This score has a minimum value of 0 and a maximum of 1, and the aim
of the optimization by CMA-ES is to maximize it.

Concerning the termination of CMA-ES, we had to find a fitness value that would be used
as the stopping condition. Since the maximum value that the fitness function takes is dif-
ferent for each case and unknown, using a static fitness value would be problematic. That
is because there might be cases where there are no parameters that can reach the fitness
value, and so CMA-ES would fail in finding a start point. Of course even this could be
valuable information about the capabilities of the algorithm in relation to the segmentation



g R W N =

4.3. Code Structure 27

task. However, bearing in mind that it is hard to say if a score is high or low, as it really de-
pends on the user input, we wanted to focus on finding an acceptable solution irrespective
of its fitness. The steps followed to do that can be seen in Algorithm 5. The basic idea is
to guide CMA-ES to the solution by using an increasing fitness value. The increase of the
titness value continues as long as CMA-ES finds a solution, and it stops when a pre-defined
maximum number of evaluations is reached. If that is the case, then the best point found
so far is used as the start point of Lp-Adaptation.

Algorithm 5: CMAES threshold updating

Input: List of thresholds L, Maximum threshold max

threshold < first element of L;

stopflag < run CMAES(threshold);

while stopflag ="fitness” AND threshold < max do
threshold < next element of L;

L stopflag <— run CMAES(threshold);

4.2.10 Lp-Adaptation for design centering and segmentation result

As already mentioned, the design center estimation is done by the Lp-Adaptation algo-
rithm. The oracle of Lp-Adaptation is constructed as the combination of the sub-oracles
that were chosen by the user. The evaluation is done by using the highest fitness value that
was found by CMA-ES as the threshold of the sub-oracles. Then, the final oracle answer
arises from the logical AND join of the sub-oracles’ thresholded results. This means that
even if just one sub-oracle has a lower score than the threshold, the final answer will be
"no", i.e. the sampled segmentation is not good.

4.3 Code Structure

In this section we are going to see the structure of the code for the Apeba plugin. As we
mentioned, one part of the code was in Java and the other was in MATLAB.

Apart from the pre-existing CMA-ES and Lp-Adaptation functions, the MATLAB code con-
sisted of a main function, an oracle function for Lp-Adaptation and a fitness function for
CMAES. The main function gets as input the information for the sub-oracles and can be
called by Java for the design centering estimation. It returns the design centering parame-
ters, the volume of the feasible region and the start point used.

The class diagram of the Java code can be seen in Figure 4.3. The structure was generally
based on the open-source code of the Weka Segmentation plugin [13]. The "Apeba_Segmentation”
is the main class where all the basic operations start by calling methods from other classes.
This class along with the "CustomWindow" and "CustomCanvas" are responsible for the Ul
construction of the plugin. The "ApebaSegmentation” class is a structure for saving the in-
put given by the users and getting them whenever needed. The data for each sub-oracle are
saved in lists of ROIs (the Fiji Region Of Interest). The "Squassh_Runner" class is respon-
sible for running the Squassh plugin in different ways, such as for a single design center
or multiple ones. The "MatlabOperator" class is used for calling the Lp-Adaptation algo-
rithm from MATLAB and getting the design centering results. To do that, we are using the
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MatlabeEngine class that contains methods for starting and connecting to MATLAB and
for evaluating MATLAB functions. The "DataSaver" class contains methods for exporting
images and the data given by the user to files. By saving these data it is possible to use them
for re-running the plugin and skipping the user input part. The "ColocalisationAnalyzer"
class is called for finding the key-frame recommendation based on the Spearman correla-
tion. Finally, the "ImageHelper" class can be used for image operations such as seperating
an image stack to individual images.
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5 Results

In this chapter we are going to present the results of the different tests that we carried out
for the Apeba plugin and the parameter learning process that was earlier introduced. In
the first section 5.1 we want to find out how well the design centering problem would
succeed in finding a robust solution against the different variations that the biological data
can have. In section 5.2 we present some benchmarks of the plugin in matters of quality
and time. Finally, in section 5.3 we demonstrate the results of a usability test that was
performed and included the use of manual and automating parameter tuning.

5.1 Robustness Against Data Variations

In this section we are going to present the results from tests of the automatic tuning process
in image collections with different kinds of variations. More specifically, we used datasets
from these four types of image collections: 1) different fields of view, 2) time sequence, 3)
different stains, 4) z-stack. The training and the evaluation is based on ground truth data
that can be either cell counts or foreground /background segmentation masks. The data
for the tests are taken from the "Broad Bioimage Benchmark Collection" [35] and the "Cell
Image Library" [36].

We compare three different ways of parameter tuning of the Squassh algorithm: 1) man-
ual tuning, 2) optimization automatic tuning, 3) design centering automatic tuning. The
manual tuning is done by one person using the original Squassh plugin for Fiji, the opti-
mization tuning is done by the CMA evolution strategy and the design centering tuning is
done by the Lp-Adaptation algorithm using the CMA-ES result as start point.

The parameters used for the CMA-ES and Lp-Adaptation are the same for all the tests.
The maximum number of evaluations for each iteration of CMA-ES is 120. The number of
evaluations of Lp-Adaptation is 300 while the hitting probability P is increasing following
these values: [0.35,0.55,0.75,0.9] with intervals of 1/4. The population size for each iteration
is 6.

5.1.1 Variations in Field of View
Object count as ground truth

For our first test we used the "Drosophila Kc167 cells" image set BBBC002v1 [12] from the
Broad Bioimage Benchmark collection [37]. This collection consists of five different samples
of Drosophila melanogaster Kc167 cells which are stained with a DNA stain Hoechst 33342.
Each of the first four samples has a different gene knocked down by RNAIi (labeled as 48,
340, Anillin and mad2), while the last sample (labeled as nodsRNA) is of wild-type cells.
There are 10 fields of view for each sample, for a total of 50 fields of view. The images
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were acquired on a Zeiss Axiovert 200M microscope and their size is 512 x 512 pixels.
The ground truth for this image set is the cell count that was determined by two different
human counters. It’s important to note that the counts of the human observers vary by
16%.

In order to compare the different tuning methods we compute the mean cell count of the
10 images of each sample. Then, we calculate the absolute difference between this mean
and the average of the humans’ counts for the sample, and divide by the latter to obtain the
deviation from the ground truth. After that, we also calculate the percentage of difference
from manual and CMA-ES to design centering. These numbers are presented on table
5.1. Concerning the last two columns, when the percentage is negative it means that the
deviation decreased and that the design centering tuning had better performance.

The results for the first sample, labeled as "48", are presented in Figure 5.1. In (A) we can
see one frame from this sample and in (B) how the segmentation looks, performed with
the design centering parameters. It is possible to observe that this sample contains a small
number of cells but their variation in intensity can be quite high. In (C) we can see the
plot of the cell count found for each tuning method for all the fields of view of the sample.
The gray lines show the count by the two human counters, so the more the results are
located between these lines the better. The dots show the key-frames that were used for
the training step. So in this case the training was done on the first frame of the image set.
In general, we can notice that the lines are for most frames between the counters’ values.
The manual tuning (green line) seems to have the biggest deviation, which can also be seen
from the table 5.1, as its deviation is 13.44%. Also, the design centering method in this case
reduces the deviation of the manual one by 38.5%. But when it comes to the CMA-ES, it
has a smaller deviation by 17.9%. So the design centering method had better results than
the manual one but worse than the optimization.

The rest of the samples are presented in the same way in Figures 5.2, 5.3, 5.4 and 5.5. For
the second sample, in which the cells are less but bigger than the first, the design centering
method has worse results from both the manual tuning and CMA-ES. But for the rest of
the samples it always has better results. One reason for this could be that the later samples
have higher number of cells and so the variation might be also higher between the different
frames. Furthermore, it is interesting to observe in the 4th sample (Figure 5.4) how the
design centering method manages to follow the values by the human counters but the
outlines of the segmentation in (B) are way too overfitted to the cells, which means that this
segmentation would probably be considered bad if the aim was to have good boundaries
of the objects. Overall, we can see that on average design centering reduced the deviation
of the manual tuning by 22.8% and of CMAES by 5.46%.

This image set has also been used before by Carpenter et al. [12] with CellProfiler, so we
can compare the results. The final result is computed as the mean of the values presented
in table 5.1 over all 5 samples. The result from Carpenter et al. is 17% and the results
from Squassh are 12.6% for the manual tuning, 10.5% for optimization automatic tuning
and 9.6% for the design centering automatic tuning. Apparently, Squassh gets a smaller
deviation even by the manual tuning of the parameters, but the addition of the automatic
tuning gives an even better result.
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Label Average Deviation from ground truth(%) | Average Design Centering Difference
Manual | CMAES Design Center from Manual from CMAES
droskcl67s1 | 13.44 7.00 8.25 -38.5% 17.9%
droskcl67s2 | 15.27 11.72 17.31 13.3% 47.7%
droskc167s3 |  9.05 14.11 7.40 -8.7% -41.5%
droskc167s4 | 17.58 11.20 10.08 -42.6% -10.0%
droskcl67s5 | 7.86 8.73 5.12 -34.9% -41.4%
Average 12.64 10.55 9.63 -22.8% -5.46%

TABLE 5.1: The performance results for the "Drosophilia Kc167 cells" image

set.
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FIGURE 5.1: The Sample 1 of the "Drosophilia Kc167 cells" image set labeled as
"48’. (A) The first frame of the sample. (B) The result of the design centering
segmentation of the first frame of the sample. The outlines of the cells can be
seen in red. (C) The plot of the cell count results for each frame of the sample.
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FIGURE 5.2: The Sample 2 of the "Drosophilia Kc167 cells" image set labeled as

’340". (A) The first frame of the sample. (B) The result of the design centering

segmentation of the first frame of the sample. (C) The plot of the cell count
results for each frame of the sample.
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FIGURE 5.3: The Sample 3 of the "Drosophilia Kc167 cells" image set labeled

as "Anallin’. (A) The first frame of the sample. (B) The result of the design

centering segmentation of the first frame of the sample. (C) The plot of the cell
count results for each frame of the sample.
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FIGURE 5.4: The Sample 4 of the "Drosophilia Kc167 cells" image set labeled as

‘'mad2’. (A) The first frame of the sample. (B) The result of the design centering

segmentation of the first frame of the sample. (C) The plot of the cell count
results for each frame of the sample.
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FIGURE 5.5: The Sample 5 of the "Drosophilia Kc167 cells" image set labeled

as 'nodsRNA’. (A) The first frame of the sample. (B) The result of the design

centering segmentation of the first frame of the sample. (C) The plot of the cell
count results for each frame of the sample.
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For the second test of the cell count ground truth we used the "Human HT29 colon-cancer
cells" image set BBBC0O1 [12] from the Broad Bioimage Benchmark collection [37]. This
collection consists of 6 different fields of view of human HT29 colon cancer cells, a cell
line that has been widely used for the study of many normal and neoplastic processes.
Usually their analyses follow the common pattern of identifying and counting cells with
a phenotype of interest and then normalizing the count by dividing by the total number
of cells. So these experiments depend on accurate cell counts. The images were acquired
at the Whitehead-MIT Bioimaging Center on a Cellomics ArrayScan and their size is 512 x
512 pixels.

In Figure 5.6 we can see the plot of the cell count results and an image example with and
without the segmentation outlines’ layer. In this case, the variation between the counters
is 11%. The average segmentation results for the frames can be seen in table 5.2. Again the
design centering automatic tuning has better results than the manual and CMA-ES, and
the deviation decrease in this case is even bigger, 71.7% for the manual tuning and 31.2%
for CMAES.

Label Average Deviation from ground truth(%) | Average Design Centering Difference
¢ Manual | CMAES Design Center from Manual from CMAES
humanht29bbbc001 | 12.34 5.07 3.49 -71.7% -31.2%

TABLE 5.2: The performance results for the "Human HT29 colon-cancer cells"
BBBCO001 image set.
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FIGURE 5.6: The results for the "Human HT29 colon-cancer cells" BBBC001

image set. (A) The first frame of the image set. (B) The result of the design

centering segmentation of the first frame. (C) The plot of the cell count results
for each frame.
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Similarity as ground truth

Some of the image sets in the Broad Bioimage Benchmark collection have the foreground /background
segmentation mask as ground truth. The evaluation for this type of ground truth can be
done with the help of the Jaccard Similarity (see section 2.1.1).

For this test we used the "Human HT29 colon-cancer cells" image set BBBC008. The set
consists of 12 images for two different stains, with Hoechst and with phalloidin. Hoechst
labels DNA which is present in the nucleus while phalloidin labels actin which is present in
the cytoplasm. Usually the analysis of these images requires to solve two types of problems:
1) the nuclei and cell segmentation, 2) the accurate cell count.

In Figure 5.7 we can see the segmentation results for the Hoechst stain. This image set has
a big number of cells with similar shape and size that can be found concentrated in distin-
guished areas of the image. For the similarity the value can be from 0 (for no similarity at
all) to 1 (for identical similarity), which means that the higher the lines are in the plot, the
better for their performance. Therefore, it is observable at the plot that the design centering
method is better than CMA-ES and the manual tuning in almost every frame. In table 5.3
we can also see the average values for the 12 frames. Design centering manages to improve
manual tuning by 12.4% and CMA-ES by 3.59%.

The segmentation results for the phalloidin stain can be seen in Figure 5.8. These images
seem much more complex and different from the previous ones. The shape, size and bright-
ness of the objects vary a lot, and even by eye vision it is difficult to recognize their bound-
aries. This time, the CMA-ES method seems to be very close to the design centering one,
and even slightly outperforming it in some frames except the 10th, where design centering
has a much higher similarity. Nevertheless, their big difference in this frame contributes in
getting almost the same average improvement of 3.72%, as in the previous stain. Concern-
ing the manual tuning, by the plot it seems that it has a quite low performance, in frame
3 and 8 it goes even beyond the similarity of 0.25. In general the performance of every
tuning method for the phalloidin stain is much lower than the Hoechst one, as it is possible
to see by comparing the two rows in table 5.3. This is probably because of the complex-
ity of the images in this set, that makes it hard for the Squassh algorithm to perform the
segmentation task.

Label Average Jaccard’s Similarity Average Design Centering Difference
Manual | CMAES | Design Center | from Manual from CMAES
humanht29bbbc008stainl | 0.7882 | 0.8555 0.8862 +12.44% +3.59%
humanht29bbbc008stain3 | 0.4138 | 0.5781 0.5997 +44.92% +3.72%

TABLE 5.3: The performance results for the "Human HT29 colon-cancer cells"
BBBC008 image set. The first row shows the images stained with Hoechst and
the second row the ones with phalloidin.
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FIGURE 5.7: The "Human HT29 colon-cancer cells" BBBC008 image set stained

with Hoechst. (A) The first frame of the sample. (B) The result of the design

centering segmentation of the first frame of the sample. (C) The plot of the
similarity results for each frame of the sample.
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FIGURE 5.8: The "Human HT29 colon-cancer cells" BBBC008 image set stained

with phalloidin. (A) The first frame of the sample. (B) The result of the design

centering segmentation of the first frame of the sample. (C) The plot of the
similarity results for each frame of the sample.

12.5
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5.1.2 Variations in Time

The second kind of data variations that we wanted to test, are the variations in time. In this
case, biological data come in the form of time-series (or videos) of a recorded experiment.
Again we are using an image set from the Broad Bioimage Benchmark collection which is
called "Simulated HL60 cells" with accession number BBBC035 [38]. These are synthetic
images from the Cell Tracking Challenge. The images depict simulated nuclei of HL60
cells stained with Hoechst. The image sequence that was used consists of 150 frames. The
number of clustered nuclei increases with time, adding more complexity to the problem.
Again, the ground truth comes to a foreground /background form so we used the Jaccard
similarity for comparison of the segmentation masks.

In this case the manual tuning was done for the first frame of the sequence while the CMA-
ES and design centering tuning were done for 4 key-frames (1,72,108,150) as it can be seen
in Figure 5.9 (B). The linear interpolation of the points found can be seen in (A) of the same
tigure. The dots in red show the design centers, the dots in blue show the start points from
CMA-ES and the green dot shows the manual tuning parameters. It is interesting to observe
that the parameters vary a lot from key-frame to key-frame. Concerning the performance,
it is evident by the similarity plot that the manual tuning had the worst performance, while
CMA-ES and design centering are very close. The average similarity for all the 150 frames
can be seen in table 5.4. Indeed, between CMA-ES and design centering there is only a
slight improvement of 0.14%.

Some frames from the segmentation results can be seen in Figure 5.10. On the left there is
the manual tuning and on the right the design centering one. It is interesting to observe
that both segmentations look almost the same in the first frame, but as the time passes and
the cell number is increasing, manual tuning fails in segmenting many of them. This is a
good example of how segmentation parameters that work very nice with one image, can
have bad results when used for the whole set, due to the variation.

Keeping in mind that CMA-ES and design centering were so close, we thought to try to
increase the data variation by using only one key-frame instead of four. The results of this
test can be seen in Figure 5.11 and also in the second row of table 5.4. As expected, by
increasing the data variation design centering is improving CMA-ES by 1.4%, which even
though is not really high, it is ten times higher than the improvement of the previous test
with 4 key-frames. One other thing to observe in this plot is that similarity on the first
frame, which is the training frame, is higher for CMA-ES. This makes sense as CMA-ES
is an optimization algorithm and so in theory it is supposed to find better segmentation
parameters for this single frame.

K Average Jaccard’s Similarity Average Design Centering Difference
Manual | CMAES | Design Center | from Manual from CMAES

4 0.6995 0.8416 0.8428 +20.49% +0.14%

1] 0.8269 0.8385 +19.86% +1.40%

TABLE 5.4: The performance results for the "Simulated HL60 cells" BBBC035
image set. The first row shows the test with 4 key-frames used and the second
row the test with one key-frame.
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FIGURE 5.9: Results for the "Simulated HL60 cells" BBBC035 time-series. (A)
The plot of the key-frame parameters and their linear interpolation. The red
dots are for the design centers. The blue dots are for the CMA-ES start points.
The green dot is for the manual tuning parameter set. (B) The plot of the sim-
ilarity results for each frame of the image set, with the use of 4 key-frames
(represented by dots with the corresponding color for each method).
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FIGURE 5.10: Different frames from the "Simulated HL60 cells" image set with

their segmentation outlines layer. The images on the left show the results from

the manual parameter tuning method while the images on the right show the
results from the automatic design centering tuning.
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FIGURE 5.11: The plot of the similarity results for each frame of the "Simulated
HL60 cells" image set, with the use of 1 key-frame (represented by the dots on
frame 1 with the corresponding color for each method).
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5.1.3 Variations in Staining

In this section we present the results from the test of robustness against the variations in
staining. The image set used comes from the Cell Image Library with CIL:42607 [39]. It
contains three videos of a goldfish (CAR) fish fibroblast taken with confocal microscope
and showing the dynamics of the focal adhesion protein paxillin (stain 1), microtubule tip
protein EB3 (stain 2), and actin (stain 3). The idea of this test is to do the training for the
tirst stain and try the same parameters for the other stains. The goal is to segment the cell
outline. For the testing we used 5 frames from each time-series. The ground truth in this
case was produced by us as a foreground /background for all the frames.

The segmentation similarity to ground truth results can be seen in Figure 5.12. The training
was done for the first frame of the image set (B), that is why there are no dots in (D) and (F).
For the first stain, since we have training and evaluation on the same image set, the vari-
ation that we have is only in time. In this case, design centering had worse performance
than both the manual tuning and CMA-ES (table 5.5). Going now to the stain variations,
the results were mixed. For the second stain, design centering outperformed CMA-ES and
manual tuning, but in the third stain manual tuning had a slightly better performance.
Consequently, it is difficult to say if design centering managed to give more robust solu-
tions for this image set. The mixed results could be because there is too much variation, as
different stains look really different, or because of low number of oracle evaluations.

Of course, there is always the scenario that there was not enough variation in the data, but
since we cannot quantify the variation we cannot be sure if that is the reason for the mixed
results.

Stain Average Jaccard’s Similarity Average Design Centering Difference
Manual | CMAES | Design Center | from Manual from CMAES

stainl | 0.8751 | 0.8679 0.8599 -1.737% -0.924%

stain2 | 0.8915 | 0.8913 0.8925 +0.103% +0.130%

stain3 | 0.8687 | 0.8655 0.8653 -0.361% +0.0304%

TABLE 5.5: The performance results for the CIL:42607 image set from the Cell
Image Library.
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FIGURE 5.12: The CIL:42607 image set from the Cell Image Library, showing

a goldfish (CAR) fish fibroblast with three different stains (A),(B) Image of the

first frame and segmentation similarity plot for stain 1. (C),(D) Image of the

first frame and segmentation similarity plot for stain 2. (E),(F) Image of the
tirst frame and segmentation similarity plot for stain 3.
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5.1.4 Variations in Imaging Depth

The last kind of data variations that we want to test, are variations in imaging depth. In this
case, biological data come in the form of a z-stack which is a result of three-dimensional
imaging. Again we are using an image set from the Broad Bioimage Benchmark collection
which is called "3D HL60 Cell line" with accession number BBBC024v1 [40]. This dataset
contains synthetic images with 20 H160 cell nuclei and 98 z-planes. The ground truth again
is a foreground /background segmentation.

For this case, the manual tuning was done for the first frame of the sequence while the
CMA-ES and design centering tuning were done for 4 key-frames (1,28,59,98) as it can be
seen in Figure 5.13 (B). The linear interpolation of the points found can be seen in (A) of
the same figure. Again, we can observe that the parameters vary a lot from key-frame to
key-frame. An interesting area in this plot is the part of the first 15 frames where we can see
that the similarity values are either 0 or 1. This happens because the ground truth for these
frames has no segmented objects, even though there are some blurry objects (Figure 5.14
(A)), and so if Squassh segments something the similarity becomes 0 (Figure 5.14 (B) upper
image). In the same part we can notice that the design centering is mostly 0. This happened
because the feasible region has a doughnut form (because only the parameter limits give an
empty segmentation) and so the design center exists in the hole of the doughnut, which is
outside the feasible region. This can be confirmed by seeing the first point taken for CMA-
ES (blue) and the design centering (red) in Figure 5.13 (A). Concerning the performance, the
manual parameter tuning had the worst performance, while CMA-ES and design centering
are quite close for most of the frames after the 15th. Due to these first frames, CMA-ES had
a better average performance, as we can see in table 5.6.

Some frames from the segmentation results can be seen in Figure 5.14. The frames above
show the design centering tuning and the frames below the CMA-ES. It is interesting to
observe that there are some frames where CMA-ES segments noise, for example frame 55
(Figure 5.14 (D)) which can be also noticed as a sudden decrease in the similarity plot. In
general, CMA-ES seems to have an overfitted segmentation around this frame, which is
probably because of the low lambda regularization for the third key-frame.

We also tried to increase the data variation by using only one key-frame instead of four. The
results of this test can be seen in Figure 5.15 and also in the second row of table 5.6. The
result is that both CMA-ES and design center have a lower average similarity than before,
but this time design center is improving over CMA-ES by 8.26%.

I Average Jaccard’s Similarity Average Design Centering Difference
Manual | CMAES | Design Center | from Manual from CMAES

Z! 0.532 0.782 0.692 +30.07% -11.48%

1 ' 0.533 0.577 +8.44% +8.26%

TABLE 5.6: The performance results for the "3D HL60 Cell line" BBBC024vl
image set. The first row shows the test with 4 key-frames used and the second
row the test with one key-frame.
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FIGURE 5.13: Results for the "3D HL60 Cell line" BBBC024vl z-stack. (A) The

plot of the key-frame parameters and their linear interpolation. The red dots

are for the design centers. The blue dots are for the CMA-ES start points. The

green dot is for the manual tuning parameter set. (B) The plot of the similarity

results for each frame of the image set, with the use of 4 key-frames (repre-
sented by dots with the corresponding color for each method).
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(A) Frame: 1 (B) Frame: 9

(D) Frame: 55 (E) Frame: 65 (F) Frame: 98

FIGURE 5.14: Different frames from the "3D HL60 Cell line" image set with

their segmentation outlines. The images on top show the results from the man-

ual parameter tuning method while the images on bottom show the results
from the automatic design centering tuning.
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5.2 Benchmark Analyses

5.2.1 Quality benchmarks based on the number of evaluations

As we saw previously, the number of evaluations used for the tests above was 300. This
is because by experience this number seemed to be enough in most cases for the Lp-
Adaptation to find a good design center. However, we thought that it would be also
valuable information to find out how the Lp-Adaptation behaves for different numbers of
evaluations. So we run Lp-Adaptation for the "Human HT29 colon-cancer cells" BBBC001
image set for for different number of evaluations in a range from 5 to 1000. The results
can be seen in Figure 5.16. The y-axis is the deviation from the ground truth, which means
that lower values have better performance. Each point represents an individual run of Lp-
Adaptation. We can see that from 0 to 125 evaluations, the design center is the same and
does not have so good performance. Probably this is because most of the points that are
sampled are not in the feasible region and so the design center is not updated, only the sam-
pling radius changes depending on the hitting probability. As the evaluations increase, Lp-
Adaptation finds better parameters quite fast and the deviation seems to fluctuate around
a stable value. For 500 evaluations it has the lowest deviation, which seems to go up again
as the evaluations increase. Since we are using an increasing hitting probability, this could
happen due to overfitting.

5.0

4.5

4.0

Deviation from Ground truth (%)
w
o

3.0 o

0 250 500 750 1000
Number of Evaluations

FIGURE 5.16: Performance on different number of evaluations.
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5.2.2 Time Benchmarks

In this section we are going to present some time benchmarks of the the automatic segmen-
tation process. Time plays an important role in the overall efficiency of the plugin and it is
also a significant factor for the users. In table 5.7 we can see the time measurements from
the 14 tests that we performed to get the results of the previous section. Concerning the
symbols of the table: 7 is the number of frames, k is the number of key-frames, ncpy4 is
the maximum number of evaluations for CMA-ES and np¢ is the number of evaluations
for Lp-Adaptation. The overall time for the tests varies from 41 minutes up to 9 hours
and 58 minutes. This variation in time happens because of differences either in the data
or the algorithmic options used. Concerning the data, two important parameters are the
size and the number of frames that they include. The size affects the Squassh segmentation
time in all the stages of the process while the number of frames only affects the last step of
computing the final result. For the algorithmic options, important factors are the number
of key-frames, the maximum number of evaluations for CMA-ES and the the number of
evaluations for Lp-Adaptation. The number of key-frames basically shows us how many
design centers are computed and so its increase multiplies the tuning time. The evaluation
numbers show us how many times we run a single segmentation. Overall, the number of
all segmentation runs can be calculated like this:

n = k(ncma +npc) + nyg (5.1)

where n is the number of segmentation runs.

Input Data Algorithmic Options Time
Label ny | SizeMB) | k | nema npc CMA-ES(min) | Design Center(min) | Overall(min) | Overall/n (s)

droskc167s1 10 2.5 1| 120 300 6.7 33.1 41.3 5.8
droskc167s2 10 2.5 1| 120 300 8.0 41.0 51.2 7.1
droskc167s3 10 2.5 1| 120 300 11.4 38.3 52.2 7.3
droskc167s4 10 2.5 1| 120 300 17.2 46.5 66.4 9.3
droskc167s5 10 2.5 1] 120 300 9.7 52.3 65.0 9.1
humanht29bbbc001 6 1.5 1| 120 300 11.7 71.1 86.9 12.2
humanht29bbbc008stainl | 6 3.0 1] 120 300 375 50.5 90.6 12.8
humanht29bbbc008stain3 | 6 3.3 1| 120 300 44.5 54.1 100.9 14.2
3dhl60 98 32.8 4| 120 300 221.3 334.8 596.7 20.1

simhl60 150 31.9 4| 120 300 167.4 251.8 455.6 149
ncbigold 5 1.34 1| 120 300 33.75 74.6 111.1 15.7
mcbalb3t3 10 2.5 1 50 200 21.5 249 49.7 11.5
mfcl0afib 30 9.86 1] 50 200 16.6 24.6 46.0 9.9
helaklmna 31 5.32 3 50 200 27.1 413 73.49 57

TABLE 5.7: Time benchmarks for the automatic tuning segmentation of differ-
ent images.

Now, the time for a single segmentation of an image is not fixed for Squassh as it depends
on the parameters. From experience we found that for Squassh, the lower the parameters
are the more time it takes. But one question that comes up from seeing these time mea-
surements is what part of the design centering estimation process is because of Squassh. In
order to find that we run again Squassh for all the sampled points of three of the tests and
found the results that can be seen in table 5.8. We can see that the percentage of the Squassh
time in the whole process varies from 85%-98%. This means that Squassh is the bottleneck
of our method and so the time performance of the segmentation algorithm affects signifi-
cantly the running time of the tuning process.
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Label Squassh Time(min) | Design Center(min) | Percentage of Squassh
droskc167s1 32.5 33.1 98%
humanht29bbbc001 61.6 71.1 87%
humanht29bbbc008stain1 43.0 50.5 85%

TABLE 5.8: Comparing the time of Squassh to the time of the whole Lp-
Adaptation run.
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5.3 Usability Study

5.3.1 Process

In the context of testing the Apeba segmentation plugin we also wanted to get some feed-
back on its usability and the opinion of real users about its efficiency and difference from
the manual tuning process. That’s why we organised a usability test. The steps of the test
were the following:

1. Pre-Questionnaire.
2. Manual parameter tuning for three image sets using the original Squassh Fiji plugin.

3. Automatic parameter tuning for the same three image sets using the Apeba segmen-
tation plugin.

4. Observation of the segmentation results for both methods of tuning.
5. Post-Questionnaire.

The time given for the manual tuning was 10 minutes for each image and the time of using
the Apeba plugin was always lower than 10 minutes. The first three steps took an average
time of 50 minutes. After that, the results were analyzed and sent to the participants who
had to subjectively evaluate them and answer the post-questionnaire. The test was done
with 7 participants; all of them are researchers at MPI-CBG, coming from various scientific
backgrounds.

In the following sections we are going to present and analyze the answers to the two ques-
tionnaires.

5.3.2 Pre-Questionnaire

The Pre-Questionnaire consisted of two parts. In the first part the users were asked some
general background questions about their prior experiences in related tasks while the sec-
ond part had some opinion questions concerning the bioimage analysis process and the
parameter tuning.

In Figure 5.17 we can see the results from the background questions. The first question
shows that we had participants from various levels of experience in bioimage analysis.
This is good because the aim of our plugin is to be used both by beginners and expert
users so every feedback was valuable. From the rest of the questions we can see that the
experience of the participants in manual tuning in average was close to the middle while
almost all participants had no experience with automatic parameter tuning.

In Figure 5.18 we can see the results of the opinion questions. It is interesting to observe
that the participants tented to feel comfortable to use an automatic system for parameter
tuning, even though, as we saw, they had no relevant experience. Also, most participants
would prefer the automatic tuning over the manual one, which is an indication of reliance
upon the modern Al technologies in biology.
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How experienced are you in Biolmage
Analysis?

Have you used the Squassh
Segmentation algorithm before?

How experienced are you in manual
parameter tuning for Biolmage
analysis algorithms?

Have you used an automatic
parameter tuning tool for Biolmage
analysis algorithms previously?

Not at all

Numberof * 1 @ 3 @ 5 @ 7
responses @ 2 @ 4 ‘ 6

FIGURE 5.17: First part of the Pre-Questionnaire: Background Questions

How important is it for you to have
absolute control of the Biolmage
analysis process?

How often do you encounter problems
with the manual parameter tuning of
Biolmage analysis algorithms?

Do you think that the presumable
problems of manual parameter tuning
would be solved by an automatic
tuning system?

Would you feel comfortable to use
an automatic system to tune the
parameters of Biolmage analysis
algorithms?

How likely would you trust a black-
box statistical method to tune the
parameters of Biolmage Analysis

algorithms?

@ ?

Numberof * 1 @ 3 @ 5
responses @ 2 @ 4 . 6

FIGURE 5.18: Second part of the Pre-Questionnaire: Opinion Questions

Very much

Very much
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5.3.3 Post-Questionnaire
Usability

The first part of the Post-Questionnaire contained questions about the usability of the plu-
gin. Most participants found the plugin easy to use and didn’t feel "stuck". Also, many
participants found the "Help’ tips of the plugin useful. These tips came in the form of an
already filled image example for each sub-oracle (as it can be seen in Appendix A) and
some tips concerning their use and effect on the final result (mostly the things that were
presented in chapter 4). Finally, most participants found the plugin easy to use for users
with no experience.

How easy-to-use did you find the
plugin? 1 ® ‘
How often did you feel "stuck"? @ ‘
Did you find the 'Help' tips
helpful? 1 D

How easy do you think it would it

be for someone with no experience )\ . ‘
in Biolmage Analysis to use the
plugin?

Do you think that by performing the
same automatic tuning task again

(given that you already had a first ° ‘ ° °
glance of the plugin) you could
achieve better results?

Not at all Very much

Numberof . | @ 2‘3.4‘5
responses

FIGURE 5.19: Usability Questions.

5.3.4 Comparing the segmentation results

In this section we are going to present the results from the users’ manual and automatic
tuning on three different image sets. All image sets are time-series. After seeing the seg-
mentation results for each method, the users had to decide which method had better re-
sults.
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Image Sequence 1: MC:BALB/c 3T3 Fibroblast cell

The first image set comes from the Cell Image Library with CIL:8049. The images in this
time sequence show a mouse fibroblast cell line stably expressing MeCP2-GFP. We can see
how the images look in Figure 5.21. The segmentation task in this case was to segment the
nuclear chromatin of the 3T3 fibroblast cells. The time sequence consisted of 10 frames and
the training was done on the first frame.

In Figure 5.20 we can see the answers from the participants of the usability test when asked
to compare the manual with the automatic tuning method. Automatic tuning had on aver-
age slightly better results.

In Figure 5.21 (A) we can see one example from the segmentation results of the first frame,
with the manual tuning on the left and the automatic one on the right. The segmentation
outlines look very similar, but manual tuning had two more small objects segmented that
are probably noise or out-of-focus structures. In 5.21 (B) we can see all the result images
layered into one. Here it is even more clear to see the small objects that are segmented by
the manual tuning, probably due to low lambda regularization.

Concerning the Image Sequence 1
which parameter tuning method do ® . .
you think had the best results?

Manual Automatic

Numberof . 10 @ 15 @ 20 @ 25 @ 3.0
responses

FIGURE 5.20: Comparing the segmentation results for the MC:BALB/c 3T3
Fibroblast cell
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(A) Frame: 1

(B) All frames overlayed

FIGURE 5.21: Segmentation final results for the MC:BALB/c 3T3 Fibroblast

with one of the bigger improvements from manual to automatic tuning, from

an experienced participant in bioimage analysis. On the left there is the manual
tuning whereas on the right there is the automatic one.
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Image Sequence 2: Epithilial Cells MFC 10A

Again the image set was taken from the Image Cell Library with CIL 12287. In these images
we can see three epithelial cells that are attached to each other and moving over time.
The task in this case was to segment the whole area covered by the three cells. The time
sequence consisted of 30 frames and the training was done on the first frame.

In Figure 5.22 we can see the answers from the participants of the usability test when asked
to compare the manual with the automatic tuning method. In this case the automatic tuning
had better results than before. One explanation to that would be that the second image set
has more variation and so it is benefits more from the design centering parameters.

In Figure 5.23 we can see different frames from the image set with their segmentation out-
line. In the images on top we can see the manual tuning results and on the bottom the
automatic tuning results. Finding a good segmentation for these images was basically to
achieve the biggest area. So design centering seems to have two advantages: 1) less noisy
segmentation, 2) better fit to the area covered.

Concerning the Image Sequence 2
which parameter tuning method do . ® . .
you think had the best results?

Manual Automatic

Numberof . 10 ® 15 @ 20 @ 25 @ 3.0
responses

FIGURE 5.22: Comparing the segmentation results for the Epithilial Cells MFC
10A image set
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(A) Frame: 1 (B) Frame: 5 (C) Frame: 8

(D) Frame: 17 (E) Frame: 20 (F) Frame: 30

FIGURE 5.23: Segmentation final results for the Epithilial Cells MFC 10A with

one of the bigger improvements from manual to automatic tuning, from a par-

ticipant with little experience in bioimage analysis. On top are the manual
tuning results and on bottom the automatic ones.
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Image Sequence 3: HeLa K cells expressing LMNA-GFP

For the third test we used an image set that shows HeLa K cells expressing LMNA-GFP
[41], courtesy of Magdalena Gonciarz from the Mansfeld Lab of TU Dresden. The time
sequence consisted of 31 frames and training was done on 3 key-frames (1,14,31).

In Figure 5.24 we can see that the average performance of the automatic tuning was much
better than the manual. Also, there was no case in which the manual tuning was judged to
have better results.

In Figure 5.25 we can see different frames from the image set with their segmentation out-
lines. The difference between the automatic and the manual tuning is clear, as the latter fails
to segment a large number of cells. One other thing to observe is that there is much more
movement in this case, we have cells that divide, increasing cell number. If we consider this
an increase in the data variation, then it could explain the much better performance com-
paring to the other image sets. Another reason might be that this is in general a "tricky"
image to segment as it has very big variation in brightness, and so finding good parameters
with manual tuning can be difficult.

Concerning the Image Sequence 3
which parameter tuning method do . <5 S
you think had the best results?

Manual Automatic

Numberof . 10 @ 15 @ 20 @ 25 @ 3.0
responses

FIGURE 5.24: Comparing the segmentation results for the HelLa K cells ex-
pressing LMNA-GFP
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(A) Frame: 1 (B) Frame: 4 (C) Frame: 8

(D) Frame: 13 (E) Frame: 17 (F) Frame: 31

FIGURE 5.25: Segmentation final results for the HelLa K cells expressing

LMNA-GFP from the participant with the biggest improvement from manual

to automatic tuning. On top are the manual tuning results and on bottom are
the automatic ones.
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5.3.5 Comparing Manual and Automatic Parameter Tuning

The next part of the Post-Questionnaire had some questions for comparing the two parame-
ter tuning methods. In Figure 5.26 we can see these questions and their answers. In general,
in all questions the automatic tuning method had an advantage. For example, on average
the participants were more satisfied by the automatic tuning in terms of time and accuracy.
Also, most participants said that the automatic tuning makes the segmentation procedure
simpler and more accessible to non-expert users. Finally, there was one additional question
in this section about the difficulty of manual tuning, and it was not surprising to see that
most participants found it difficult.

Comparing the two ways of parameter
tuning how satisfied are you by the ‘ °
automatic one?

In terms of accuracy are you

more satisfied with the automatic ° °
tuning's final results than with

your manual ones?

Do you think that using the
automatic tuning instead of the ] ‘
manual one would help save time?

Do you think that there are cases
where the automatic tuning could
find an acceptable segmentation

whereas the manual one could not?
Do you think that the automatic
tuning makes the segmentation
procedure simpler and more open to
non-expert image analysts?

How well would this automatic
tuning procedure fit the typical ‘
workflow in your lab?

By letting the algorithm tune the
parameters automatically you learn

less about what they mean. How much ‘ ‘ ‘ ¢
of a problem is this for you?

How likely would you trust
segmentation results obtained using ° ‘ ‘
the automatically tuned parameters?

Do you think that for an expert
image analyst with good insight on

the Biolmage analysis algorithms ‘ ‘ ‘ )
an automatic tuning tool would be
unnecessary?
How difficult did you find the ‘ °
manual parameter tuning in Squassh?
Not at all Very much

Number of ) . .
o
responses ! 2 ‘ 8 4 5

FIGURE 5.26: Comparing Manual and Automatic Parameter Tuning.
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5.3.6 Before and after Questions

In the last part of the Post-Questionnaire we asked three questions concerning the Apeba
plugin that were also asked in the Pre-Questionnaire, and one last question about using the
plugin overall. The questions and their answers can be seen in Figure 5.27. In Figure 5.28
we can see the comparison of the before and after questions. Apparently, the experience
from the usability test and the Apeba plugin made the users feel more comfortable to use

an automatic tuning tool and more likely to trust its results.

Now that you had a hands on
experience of a black—box
statistical method for parameter
tuning how likely would you trust
it for finding the parameters of
Biolmage analysis algorithms?

Would you feel comfortable to use
this automatic system to tune the
parameters of Biolmage analysis

algorithms?

Do you think that the presumable
problems of manual parameter tuning
would be solved by this automatic
tuning system?

Would you use the Apeba
Segmentation plugin again for
future Biolmage analysis tasks?

FIGURE 5.27: The last part of the Post-Questionnaire.

Number of 1.2‘3‘4

responses

Very much
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Very much
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o
73
) Before
= Neutral
%’, After
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Not at all
ComfortableToUse SolvesManualProblems Trust
Questions

FIGURE 5.28: Before and after Questions. ComfortableToUse: "Would you feel

comfortable to use this automatic system to tune the parameters of Biolmage

analysis algorithms?", SolvesManualProblems: "Do you think that the presum-

able problems of manual parameter tuning would be solved by this automatic

tuning system?", Trust: "Now that you had a hands on experience of a black-

box statistical method for parameter tuning how likely would you trust it for
finding the parameters of Biolmage analysis algorithms?"
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6 Conclusion

6.1 Summary

The increasing volume and variation of data in modern biological experiments has cre-
ated new needs for more automatic and robust software. As an effort to cope with these
needs, we have presented an automatic parameter tuning software for bioimage analysis
algorithms that focuses on giving robust solutions to the biological data variations based
on user input. This software comes in the form of a Fiji plugin called Apeba, tuning the
parameters of the Squassh segmentation algorithm. The plugin can be used for the tuning
of any kind of image or sequence that is compatible with Squassh, while its training can
be based on various types of information about the image or combinations of them (image
count, object outlines, object markers etc). To our knowledge, this is the first time that the
design centering problem is introduced in the bioimage analysis process for the tuning of
a segmentation algorithm.

6.2 Main Results

We tested our automatic parameter tuning method in several examples and we made the
following observations:

e Design centering has shown promising results in the automatic tuning of bioimage
algorithms for image collections and different kinds of variations. From our tests
we saw, that design centering outperformed the manual tuning 12 out of 15 times,
while it outperformed the optimization tuning 11 out of 15 times. The improvement
from the manual tuning was up to 45% and from CMAES up to 8% in the cases of
foreground /background ground truth. For the cell counts, the maximum decrease of
deviation from the ground truth was 72% for manual tuning and 41% for CMAES.
Concerning the different variations, design centering has mainly shown better results
for different fields of view, time series and z-stack, and mixed performance for differ-
ent stains.

e The performance of the design centering tuning compared to the other two methods
increases with more variation and complexity in the data. One example for this came
from the "Drosophila Kc167 cells" image set where we saw that the increased num-
ber of cells in the samples resulted in bigger improvements for the design centering
method. Furthermore, it was observed that decreasing the number of key-frames,
which increases data variation, leads to better results for design centering compared
to CMA-ES, indicating that indeed design centering finds more robust parameters.
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e With regards to the manual tuning, we have seen that it is not considered an easy
process by the users even for images of moderate difficulty. Additionally, there were
many examples indicating that finding the best parameters for one frame of an image,
can easily lead to bad results for the whole set.

e Approaching the parameter tuning task as an optimization problem has also shown
good results. But we have seen that the more variation is added to the data, the more
the accuracy falls. Another observation is that CMA-ES most of the times managed to
find a better solution for the very key-frame than the design centering, as we would
expect since it is an optimization algorithm. Therefore, the use of CMA-ES in data
with little or no variation might be a better fit and a way to save time.

e Concerning the usability test, on average the participants preferred the results of the
automatic tuning over the manual one. We observed that the plugin bridges the gap
between the users with no experience and the experts, as their results using the plugin
were equally good, contrary to the manual tuning. Furthermore, the before and after
questions suggest that the experience with the Apeba plugin made the participants
feel more comportable to use an automatic tuning tool and more likely to trust its
results.

e The feedback about the user interface and experience with our plugin was very pos-
itive. It was nice to see that many participants commented the sub-oracle defini-
tion process as easy and "fun", while they found it also accessible to non-experienced
users. However, we have to note that there are image cases where this process has
limitations. For example, it is hard to give a drawing for very big or complex shapes,
or give the object count of an image with hundreds of cells. Finally, giving outlines of
objects with the use of a mouse can be inaccurate.

e Concerning the running time, we found out that the bottleneck of the process is the
image analysis algorithm that is used. This means that the overall time can vary a
lot depending on the algorithm that we choose to tune. Also, we should note the
plugin has a lot of calls and data transfer between Java and MATLAB, which could
be a reason for extra delay. For Squassh, the time for our tests varied from 40min to
10h. This is slow compared to other bioimage analysis methods, but it is important
to keep in mind that the engagement of the user in the total process was usually not
more than 10min.

In the end, we can say that the use of the plugin is a trade-off between performance,
manual tuning difficulty, and user experience in bioimage analysis on the one hand
and time on the other hand.

6.3 Future Work

To conclude, we would like to highlight some thoughts and suggestions for future works.
In this project, we implemented and tested the automatic tuning process only for the seg-
mentation algorithm Squassh. Consequently, it would be interesting to extend the Apeba
plugin to more bioimage analysis algorithms and run new tests for them. In this way, we
could reach more firm conclusions for the design centering tuning method and also expand
the cases that it can be handled. One idea would be to choose fast algorithms, e.g. pixel
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classification methods, which would accelerate significantly the tuning process. By doing
so, we could achieve a fully interactive software were the user can give information on an
image, see right away the segmentation results updated, and repeat by improving the input
for the training. Another suggestion for future work would be to test the design centering
tuning method on larger image collections and benchmark over the size and variation of
the data. Furthermore, keeping in mind that Squassh has only two parameters, we expect
the benefit of automatic vs. manual tuning to grow for high-dimensional spaces. Also, in
our tests we used fixed parameters for the Lp-Adaptation algorithm. Therefore, it is recom-
mended to run more tests for various values of probability P (fixed or adapting), different
population sizes, and different p-norms. To conclude, we consider that the results of our
work in automatic parameter tuning are promising and believe that further development
in this direction is worthwhile.
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A User Interface

The following figures in this section are snapshots from the Ul of the Apeba plugin for Fiji.
Each Ul page has the same structure containing the following areas:

e window description

e image area

e short description of the current task for the user
e 'Next’ button

e 'Help’ button

In figure A.1 we can see the wireframe of the UI and the position of these areas. The tools
area has a different field for each page according to the current task. The image area has
the original Fiji image dialog embedded, which enables to use the tools from the main Fiji
UI (figure A.2). Normally, it is not needed to use the additional Fiji window because every
tool is pre-selected for each page of the plugin.
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Window title

Tools Image

Image slide bar

Help button Short Description Next button

FIGURE A.1: Wireframe of the UL

4 Imagel — O X
File Edit Image Process Analyze Plugins Window Help

nojc|o|A«BH N Al ||| el so]|#| 4] |»
Imaged 2.0.0-rc-61/1.51n / Java 1.6.0_201 (64-bit)

FIGURE A.2: Fiji main UI and toolbar.
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3 Apeba Segmentation - | X
1287 204 31x204.31um : i

Frames to process:
1,15,41,208, 287

Less More

Help Please give the image indices for the design centers. Next

FIGURE A.3: UI for choosing the key-frames of an image sequence. The user
can navigate through the stack with the help of the slide bar below the image.
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4 Apeba Segmentation
1/5: 300x300 pixels: 16-Rit 873

Object Markers
Object Count
Drawable Solution
Lowest Brightness
II Sizes

Help

Please choose the ways you want to provide input.

Next

FIGURE A .4: The sub-oracles checklist UL
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3 Apeba Segmentation - O ol

Q0300 pixe b-bit o ule

| Add
Paoints 1 (Slice 1

Delete

Help Please put a marker on each object of the image. Next

FIGURE A.5: The markers sub-oracle UL
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4 Apeba Segmentation - O Pt
1/5: 300%300 pixels: 16-pjt 879K

Object Count:
19

OK

Help Please give the object count.

FIGURE A.6: The object number sub-oracle UL
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4 Apeba Segmentation - O X

00300 pixe E-bit o ake

Ié Add |

Cutline 1 (Slice 1)
Qutline 2 (Slice 1)
Qutline 3 (Slice 1)

Delete

Help Please draw the desired segmentation or part of it. Next

FIGURE A.7: The outline drawing sub-oracle.



80 Appendix A. User Interface

4 Apeba Segmentation - a >

Q0300 pixe G-bit 870K

Add

Delete

< >

Help Please indicate the areas of the segmentation with the lowest brighthess. Next

FIGURE A.8: The brightness sub-oracle.
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[ Add

Line 1 {Slic
Line 2 (Slic

gl
g 1)

Delete

Help

4 Apeba Segmentation

Please give an outline of the smallest and the biggest object.

Next

FIGURE A.9: The sizes sub-oracle
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3 Apeba Segmentation

Q0300 plxe G-bit 5 G

Add |

Delete

Help Please draw lines to seperate the touching objects.

Next

FIGURE A.10: The watershed sub-oracle.
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Appendix B. Usability Test Questions

Apeba Segmentation - Usability Test Pre-
Questionnaire

This questionnaire was made for the purpose of a usability test for the Apeba Segmentation Fiji
plugin (Automatic Parameter Estimation for Biolamge Analysis). The plugin is being developed at the
MOSAIC Group (MPI-CBG) as part of the master thesis of Sotirios Piliouras with title "Automatic
Parameter Learning for Biolmage Analysis".

*Required

About you

1. How experienced are you in Biolmage Analysis? *
Mark only one oval.

Not at all Very Experienced

2. Have you used the Squassh Segmentation algorithm before? *
Mark only one oval.

Yes

No

3. How experienced are you in manual parameter tuning for Biolmage analysis algorithms? *
Mark only one oval.

Not at all Very experienced

4. Have you used an automatic parameter tuning tool for Biolmage analysis algorithms
previously? *
Mark only one oval.

Yes

No

Pre-Questionnaire
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5. How important is it for you to have absolute control of the Biolmage analysis process? *

Mark only one oval.

Not at all Very important

. How often do you encounter problems with the manual parameter tuning of Biolmage
analysis algorithms? *

Mark only one oval.

Never Very often

. Do you think that the presumable problems of manual parameter tuning would be solved
by an automatic tuning system? *

Mark only one oval.

Completely disagree Completely agree

8. Would you feel comfortable to use an automatic system to tune the parameters of

Biolmage analysis algorithms? *
Mark only one oval.

Not at all Very comfortable

. How likely would you trust a black-box statistical method to tune the parameters of
Biolmage Analysis algorithms? *

Mark only one oval.

Not at all Very likely

Powered by
B Google Forms
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Appendix B. Usability Test Questions

Apeba Segmentation - Usability Test Questionnaire

This questionnaire was made for the purpose of a usability test for the Apeba Segmentation Fiji
plugin (Automatic Parameter Estimation for Biolamge Analysis). The plugin is being developed at the
MOSAIC Group (MPI-CBG) as part of the master thesis of Sotirios Piliouras with title "Automatic
Parameter Learning for Biolmage Analysis".

*Required

Usability

1. How easy-to-use did you find the plugin? *
Mark only one oval.

Not at all Very easy

2. How often did you feel "stuck"? *
Mark only one oval.

Never All the time

3. Did you find the 'Help' tips helpful? *
Mark only one oval.

Not at all Very helpful

4. How easy do you think it would it be for someone with no experience in Biolmage Analysis
to use the plugin? *
Mark only one oval.

Not at all Very easy

5. Do you think that by performing the same automatic tuning task again (given that you
already had a first glance of the plugin), you could achieve better results? *

Mark only one oval.

Completely Disagree Completely Agree
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Image Sequence 1: MC:BALB/c 3T3 Fibroblast

6. Concerning the Image Sequence 1, which parameter tuning method do you think had the
best results? *

Mark only one oval.

Manual Classic Automatic

7. Concerning the Image Sequence 1, which parameter tuning method do you think had the
best results? *

Mark only one oval.

Manual Stochastic Automatic

8. Concerning the Image Sequence 1, which design centering method do you think had the
best results? *

Mark only one oval.

Classic Automatic Stochastic Automatic

Image Sequence 2: Epithilial Cells MFC 10A

9. Concerning the Image Sequence 2, which parameter tuning method do you think had the
best results? *

Mark only one oval.

Manual Classic Automatic

10. Concerning the Image Sequence 2, which parameter tuning method do you think had the
best results? *

Mark only one oval.

Manual Stochastic Automatic
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11. Concerning the Image Sequence 2, which design centering method do you think had the
best results? *

Mark only one oval.

Classic Automatic Stochastic Automatic

Image Sequence 3: HelLa K cells expressing LMNA-GFP

12. Concerning the Image Sequence 3, which parameter tuning method do you think had the
best results? *

Mark only one oval.

Manual Classic Automatic

13. Concerning the Image Sequence 3, which parameter tuning method do you think had the
best results? *

Mark only one oval.

Manual Stochastic Automatic

14. Concerning the Image Sequence 3, which design centering method do you think had the
best results? *

Mark only one oval.

Classic Automatic Stochastic Automatic

Comparing Automatic and Manual Parameter Tuning
15. Comparing the two ways of parameter tuning, how satisfied are you by the automatic one?

Mark only one oval.

Not at all Very satisfied
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16.

17.

18.

19.

20.

21.

In terms of accuracy, are you more satisfied with the automatic tuning's final results than
with your manual ones? *

Mark only one oval.

Completely disagree Completely agree

Do you think that using the automatic tuning instead of the manual one would help save
time? *
Mark only one oval.

Completely disagree Completely agree

Do you think that there are cases where the automatic tuning could find an acceptable
segmentation whereas the manual one (due to time or other limitations) could not? *

Mark only one oval.

Completely disagree Completely agree

Do you think that the automatic tuning makes the segmentation procedure simpler and
more open to non-expert image analysts? *

Mark only one oval.

Completely disagree Completely agree

How well would this automatic tuning procedure fit the typical workflow in your lab? *
Mark only one oval.

Not at all Very well

By letting the algorithm tune the parameters automatically you learn less about what they
mean. How much of a problem is this for you? *

Mark only one oval.

Not at all Very much



90

Appendix B. Usability Test Questions

22.

23.

24,

25.

26.

27.

How likely would you trust segmentation results obtained using the automatically tuned
parameters? *

Mark only one oval.

Not at all Very likely

Do you think that for an expert image analyst with good insight on the Biolmage analysis
algorithms an automatic tuning tool would be unnecessary? *

Mark only one oval.

Completely disagree Completely agree

How difficult did you find the manual parameter tuning in Squassh? *
Mark only one oval.

Not at all Very much

Do you think that there are image sequences for which manual tuning would be more
efficient in time or accuracy? *

Mark only one oval.
Yes
No
Maybe

If yes, could you tell us more about these cases?

Do you have an idea of other image analysis algorithms that would be a good fit to the
plugin? (for example algorithms that have difficult manual tuning, a lot of parameters,
unpredictable behaviour etc) *

Mark only one oval.

Yes

No
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28. If yes, please write what comes to your mind.

29. Now that you had a hands on experience of a black-box statistical method for parameter
tuning, how likely would you trust it for finding the parameters of Biolmage analysis
algorithms? *

Mark only one oval.

Not at all Very likely

30. Would you feel comfortable to use this automatic system to tune the parameters of
Biolmage analysis algorithms? *

Mark only one oval.

Not at all Very comfortable

31. Do you think that the presumable problems of manual parameter tuning would be solved
by this automatic tuning system? *

Mark only one oval.

Completely disagree Completely agree

32. Would you use the Apeba Segmentation plugin again for future Biolmage analysis tasks? *
Mark only one oval.

Definitely not Definitely

Powered by
B Google Forms
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