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2XU PHWKRG FDQ HDVLO\ EH HIWHQGHG WR LQFOXGH LQWHQVLW\ YDOXHYV
DVZHOO GHSHQGLQJRQWKHGDWDDQG ZKHWKHU KR gj%/]hHQHRXVL WHQ
VLW\YDOXHV DUH WRREHH[G KRWWHBHRH PW $V SRLQWHG s

RXWLQ> @ DSRWHQWLDOO\XVHIXOWUDC‘H—JK; o) PHP?G LQ
WHQVLWLHY DUH LQWHQWDRWH B \U HDIJFLARRXYX J
YROXPHDQG LQWetaD ¥ L @\ WX HDID&MKR UV DSSOLHG
ZDWHUIDOO LGHDV LQ FRPELQDWLRQ ZLW ‘ UHH
067 WRJHQHUDWH UREXVW DQG SDU)IDPHWHMLGQD/EH—Q(VQMDLZ\DMNWWHQWE?)HQWDW

x

WLRQV ZLWKLQ GLIIXVLRQ WHQVRU LM YH®O S Y its WAQRVDLWRR IROG BRIWLR
&RPPRQ IRU PRVW DOJRULWKPV GHERNQY d%ﬁcﬂv\tmfzwﬁbﬁfﬁ%e WIGHBRY L Q
WLRQ LV WKDW WKH\ DUH QRW VLP XO®W HIQRIMO HDSR O \ZHRHCR YEUHID F

SUREOHP RI RVFLOODWRU\ FRQW R XU VQF IR 0@ BANW KR m@\ZBQ\PH@L PHFPDPHEC R
JRULWKP KDV QR QDWXUDO UHJxO0DUMEQIBPIENRSD B THYES PRICENELHEY VX UTD F

RVFLOODWLQJERXQGDULHVDQGWRLPSURYHWKHRYHUDOO VHIPHQWDWLRQ

TXDOLW\ D SUH VPRRWKLQJ RI WKH LO8¥W §0MWDHVY X¥ ¥ DR@d IR Bhed@Rr0 F
IRUEHWWHU UHVXOWV $OWHUQDWLYHHO\x Z4WE MRKHVR P B L EHBHYRSLQJI DQ

LQWHJUDWHG V\VMEH P H RRIHIAVDRPIDRY 2R HBBEHE PRQWULEXWLRQV LQ WKLV Z|
DQLVRWURSLF VP BRRMQWDW QR/@& MR GiHWK P@ RY PHE WRVFULSWLRQ DQG LP¢
SURGXFHD FRPELQHG PRGHO IRU VLPXQWRQWRXYW HEP H ORDREZRQ PREGU SRVL
UHJXODUL]DWLRQ PokRKSVH[R MWD QVWWLHEQIRYGWKPL QWHJIJUDWLRQ RI D UH
FDQ EH UHGXFHG WR D VLQJOH SURFHVY1J \WkibSp dbHRYL RSV RRUNK /W QRW ¢
UHJXODUL]JHG ZDWHUVKHGV KDV VXFFpN Y NHRRN WHRHOHTRE SN ey 8 URH@DWM B
> @ +RZHYHU WKHXVHIXOQHVV RI > @rAP\SRYQAR HGKA L QUKD 0B DRMHERQIRVLR Q
WKHLUPHWKRG ZLOO QRW LQ FRQW U Qi) WRFRDUSER WRYHEIMROED 66 W U W W L |

WKH QXPEHU RI UHJLRQV REWDLQHG {iiphe ¥ W \WIRDW IZPQVR U X HEXWER QY 1IRU W
IRUP > @ LVFRQFHSWALDO LQ WKH VHQWhR] ¥ WA HRXV O\

DWWDFNLQJWKH SUREOHP RIRYHU VHIJPHQWDWLRQ DV ZHOO DV UHJXODU
LIDWLRQ ,W DSSOLHAMKLDFRXFMFIXIRVLWUXFWXUDO D 2/2%<
PHOWWRWKHLQLWLDO LPDJH +RZHYHU WKHYLVFRXV FORVLQJGRHV QRW
HQWLUHO\ VROYH WKH SUREOHP RI R®HWAIE$hephY D85S RQ DQG VRPH RI
WKHGHWHFWHG REHMIF\WR P RIKG W D/NKK ¥ WX BVOHH O WPKH € VGV BV L YLD®V A G4 BA W K iR @D
EHLQJ XVHG 7KH DSSURDFKLQ > @ ZMRPEQR® RQ ZDKWHHIR ¥ 0 FIRDIRXYW R D Q X P
WKHRUHP ZKLFK L VGH-RGMIQOWR 0L H{WH QLP HQYHRQWIMRMUINUDWH WKH JHRPHWU\ R
DUELWUDU\ JUDSKV ,Q WKLV ZRUN Z HOGH IYRIDRS! B OG\E QBIQEILE H Q OUR Q L BHK®PD W F
IRUPDOO\ YDOLG LQ DQ DUELWUD U\ Q X\PKEHH BJARRIRIALPQGHIQ \SLLRRIFRIWY \D DAWVGL@/H © M L R G
2XU SURSRVHG PHWKRG WR UHG XFH RN BI.UHV X PFRENQIRQNELR B L Z 19 W IS0 G HQR
SHQGHQW RQ SUH GH¢QHG PDUNHUV (ECOM UV DO WK R BEDYB\GHRE UIHIXID@IL D Q |
LIDWLRQ DQG PHUJLQJ RIREMHFW YV Z XWK¥ Q7W K H Z DUDHIUI . B IQCARBH B[IHGBDKMGHWS D
JRUPXODWLQJ WKH ZDWHUVKHG D OJRULW KR IS® WM IUPPO/HR U Bl SNUUHD/QIDSARLLQA W K
HTXDWLRQ DV GHVFULEHG LQ > @ > D@: D GURQ Y \U KLIWUIRFW XGIDWQ R QL PDS D U W
WLRQ RI WKH DOJRULWKP E\ WKH LQW{IRGXFWX ZQ RO B H BU Y 6 R W RO G/'W B R M
LQ WKH HTXDWLRQ :H XVH DQ DQLV R WRREDIFVEK H XARRG@LRIH 5 D RVRHNVE/LGWKL Y H Q
SDUDPHWHU VHWWLQJV FKRVHQ VXFK W KW WLKZD QRIWA/IX®! & EN H B FRH WAKLR D D Q |
WHUVKHG IURQW LV QRWDIIHFWHG D Q\GK\HPERIRVDKYLHQV) SWDINAHY @ Bl B LVQKVHKZ-DGALH |
UHFWLRQ SHUSHQGLFXODU WR SUH G REDLMLIQ WKW, DXORV® X R W KAH E CL\QLVD ZR. GVXKFZ
WLRQ RI WKLV D Q LYRWLRRES WH U IR JSXUORDEMORMHW HPURQ B LUMK WZR PDMRU FRPSRQHQW
XODU ZDWHUVKHG FRQWRXUV ZKLFK WK H & H \&MWHU B R DORIGWZK FDED/MARE W X U | T
ELRORJLFDO VWUXFWXUHV 7KH UHV XORHH LHZODEH] B B RW K FRIQRWD\® HR WRICR Q L
ORZLQJ PDLQ IHDWWXUHR S W HHTGXH YH3 VG RPFFD W HNGHKR VL]RQWD® O\ ,W LV WKH
DXWRPDWLFDOO\ U HgXIOHDQW JLLAD W HDUOPA/URR W ZXHUOM IRU VHIPHQWDWLRQ EXW V
$V WKH PRGHO V\VWHP ZH KDYH FKFOWHHQUAXRIUBFVAHYPHVRG WR WUDFN WKH
FURVFRS\ ZKLFKLV D SDUWLFXODUO\KRUYLXOQWIRDD R G KO WHKQWRIMAIKS R RIVQ. 6
VFUHHQLQJ RI FHOOV :H GHPRQVWUDWHFRRM UR 6 X\WKHQUAMW/HD K T HAHHLE K W K H\
VDWLOLW\ RI RXU DOJRULWKP E\ DS S¢QHQ@J JOO LRWJHWVHQ B\ BRVPEGHRW RI1 VSDFH
YDULRXV FHOO W\SHWWDMXLG UM HY B KR IO KHIOIK WHI WKH ZDWHU VXUIDFH UH
PHOQWDWLRQ ZKHUMKWGSHQN G HMHS UW \RIGQ W K HG EDL\QLHY LI YL J JRURXU SXUSRV
IXUWKHU DQDO\VLV RI VLQJOH FHO OVSLFRSH WRH D E RQSHNI B GULW IF K/RIFAVO R |
%\ XVLQJ DXWRPDWHG DSSURDFKHYV HRY XLUPH WK DWTWK M L2DMRHY B &P & B \U \M YO



+2'1(/$1 etal. 3'(%$6(' $/%25,7+06)2560227+ :$7(56+('6

at L P S@Xk))QRTJet :HVKDOO QRZ GHUIZXHWRKEVKRY D W L RUXFHRBEEQY MVARAB\R 2 D W/SKUIL F
JRQWDFVERBHH®" RI WKH ZDWHU IURQW R 3B W\HQVKMIGHE\ LPPHUVLRQ (TXDWLR
FKDLQ UXOH WKURXJK W KKX(¥ O ZUL MQUWFHER B WIGH. @ B'W(HY D& B\H[DFWO\ WKH SRLQW

DW WKH FRQGLWLRQ IJURQW IURP WZR QHDUH VW P DUINHRR/QPYHH'
e ; RYHUG®HWRK 7KXV WKHZDWHUVKHG JLYHG
W:V'f‘.d—f:a, GLVWDQFHLYVY WKHVDPHDV WKH ZDWHU Vk

7TKHDERYHIRUPXODWLRQV FDQ EH H[WHC

7KH WiH/@#RV WKH KRULIRQWDO PRWLRQ RRWK@ AW ABYR 8 RWIHE WIK-D T(2Wik)HLINK Q F\
IURQW 7KH ZDWHU IURQW FRL® F LZGK MEIWKL WKV MY Y B @ KWLRIQ R1I WKH (LNRQ
KDV XQLW QRUPDO WHE WR/|WY|J 1 RM

W
RQO\WKHYHORFLW\FRPSRQH QW DWWWbﬂ%%%o%i&h(ﬁ)Wf(ﬁ’d Vo € my.

FROWULEXWH WR PRWLRQ RI WKH ZD B\L}\A/UL%%%HLKF&VWSWEHSI\)%?\?VKLVERXQG
WKDW WKH QRURDW K @2BWIHMMURQW I-GHYHORSHG E\WKH IDVW PDUFKLQJ PHW

dz N dr Vf a ((WHQGHG DQG IRUPDO GH¢{QLWLRQV RQ

=% T odt |V VAT EHIRXQGLQ > @

TKHDERYMNHV WKHQRUPDO VSHHG R I VCK Walté$h €\ Inkhétsiod Usirty R Trandport Equation
$SSOVLQI GLIITHUHQW YDOX“_mBDVDKHVWMP\@KEe)bD%ngUHSHI%WRWKIWLR[FRPSX
v

JOREDO UDWH RI ZDWHU ¢ 00LQJ EXW LY, 6L} QO CHRH8 WEE W LBREO i

WKH ZDWHU IURQWR XW IORNNRRIH ZQ WKR Q kW h2 b GKRRY B v £ RE G R b B RAQWWHR

a=1 FRUUHVSRQGLQJWR WKH SRV W LY H© Q&O?ﬁHpK\"SII*I@@%hW\QRIGHQVH

1 SDUWLFOHYV ZKHUH HDFK SDUWLFOH FDQ

F:W' FDQ HLWKHU EH H[SUHVVHG XV&@X/DJUD

RUHTXLYDOHQWO\DV D IXQFWLRQIRI (XO

7KH ZDWHUVKHGV DUH WKH GLYLGLQJPEB ¥QA@D-UHLY.+) SRILQMHEE @RU D VXLWDE

FXUYHV LQ 'DQG VXWKIHWFHWKE@& ZDW HhIWHRWY H WP, QH WKH WLPH GHSHQGHQW
GLIIHUHQW EDVLQV PHHW DQG PHUJH ZLWK HDFK RWKHU

O ={2:0(x(t),t) >c}, and Ty=00,

B. Watershed With Topographical Distance Functions
IED&%&WU/I}H%S\SM WWKHGH;QLWLRQ DV

IRU
:DW H UV KtbpBgEaphical distanceL V E D V H G R { RYIR B W T K P RYRL@W X 0 G HU W K F
PHDVXUH ZKHUH WK H WKW &Y RQMGARD HTXDO DQG b L

LPXP GLVWDQFHIURPJLYHQPDUNHUV $ PXFK XVHGy@ltYWDQFHPHD
VXUH IRUWKH ZDWHUVKHG WUDQVIRUP LV WKH WRSRJUDSKLFDO GLVWDQFH

IXQFWLRQGR! >R > @ ‘"HVKDOO KDYH WHKHWR EHQKBRQOWHU IUR
LPPHUVLRQ QRWLQJAKDVR Q VVWDIDWHR/QAX
T(p,q):inf/\wus 7KHPDWHULDO GHUL YV:DIWS. 8 KD Z LMK WHRV S |

v WKH HYROXWLRQ HTXDWLRQ > @

GH¢QLQJWKHLQEPXP SDWKpOOHDWREHWZHHQ SRE:FWd- 2 = 0.

DOO SRV V4 EXKH SIDRVSRI UDSKLFDO GLVWDOEH EHWZHHO B SRLOW. \ oc o o
p» DQG DANHWLY GH ¢ GEGHDY minges T(p, a) 7 Q

,Q WKLV FRQWH[W WKAHLM@GWHJM\/RQQ&E%%IR@%%H IURQW +RZHYHU RQO\WKF

PDUNHUn}HWI EH D VHW RI PDUNHUN IR{ Sﬁg N R Y H G URRADEQRE @ WRHW K

‘H DVVXPH WikOW BSRLQW 7KH FORY FRPHORREDRAQ V IHHE DX QFRFAL BBV R OXW H F

DOVR GHQRWHG DV WKH VHJRHQWD® HR: '@%(V@GQP]S’YJW\IWﬁHQRUPDOGWHFWL
D PoHl

DV WKH SRLQWY WKDW DUHmWWEKFE)QJW%V UYI-FIFbD}égE‘/UR%S%V%:Y(VLII;V\?H{Q%;J&VR?:LVU%
RWKHU RDUNHU HX !

WKHLQLWLDO YDOXH SUREOHP LQ FDC

Jma)+T (x,mi) < f(m)+T (2, m;)} . by + IVSIF = 0.
7KHZDWHUVKHGV RWHWE& R @RLAIWYVROR RN & B WHKERWSEMWM GQHG LQ ,PSOHPHQW

EDVLQ ZKLFKDUHWKH SRLQWYV RI HTXRG LWL @ FHy IREG P WL KRHWA & Bodd Pddy bRA) W R
PDUNHUV 1RWW FMRCDAE([rd) W KHQ ZH KDWHUWKEWDWLRQ &RQGLWIKDY L QUDBELWR
UHODWLRQ WLQXLWx DWRX@E H

fx)= f(m:) +T(x,m;), Yoe CB(m;). ¢ (zT(t),t) =crand ¢ (x~(t),t) = ¢z, c1 # 2
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yLJ 6XUIDFH SORWV IRU ZDWHUVKHG E\ IHA/?Y HHL\GRQH OHQW U ADXAHUWIKHG QB WHO VK HIG W HYWHO %
VXUIDFH LV VPRRWEH U HAUZR MMHHUN EXI@G OHYHO VHW

7$%/( ,, 7$%/(,,,
$9(5$*(685)$&($5($3(5 &// A +1 685)$&($5($ 3$5$0(7(56(77,1%6 )25 7+%{1&+0%$5.,1* $7$6(76)520
86,1*5(*8/$5,=(": $7(56+('/(9(/ 6(7 ,6&/26(5 72 7+(%2%' ,167,78786(' ,16HFWLRQ ,9 &
7+(0%$18%$/6(*0(17%$7,217+%$1 7+(27+(50(7+2'6 +76
5(68/7 ,6 8(72/(6626&,//$7,216 2) 7&(// Y%281'$5,(6 Image set Vimerge Max.cell adth o K To
86,1*5(*8/$5,=(": $7(56+('/(9(/ 6(7 volume (12)  (14)
I BBCOO7v1 100 3.10% 0.1 500 10° 0.01
Observer or method Average sthrface I BBCOI8vI 200 5. 104 0.05 100 10~%  0.02
area (um=/cell)
[ 5359
O2 5018 7$%/(,9
Ws by immersion (i) 5776 5(68/76$33/<,1* 7+852326('0(7+2'6 729%1&+0$5.,1* $7%
Ws level set (ii) 6137 6(76)520 7+(%2%" ,167,78786(' , 16 HFWLRQ+(AeD%(56 $5(
Regularized ws level set (lll) , oy 3169 3(5&(17$*(68&&(6@ = Qutlines of ObJeCtS VHH 6HFWL RQ vy ¢
Cellprofiler 34402 ,1',.&$7(t.§%(673(5)250$1&(O,$*( 6(76,%1' ,, B)(5 72?DEOH
lit. = literature transf. = transform  Dré&g.G regularized
. . Image No. of Ws b Ws Reg. ws Viscous ws Lit.
convexperim = 0.40 convexarea = 0.80 intborder = 1.0 set ¢ images imme}rlsion level set levil set  transf. [16]
minvolfull = 1.0 maxvolfull = 28.0 I 16 61.48 67.13 68.50  60.80 64 [30]
II 55 65.55 70.50 73.57 60.28 NA

C. Benchmarking Image Segmentation

,Q RUGHU WR FRPSDUH RXU PHWKRB8QOMR/ SDWDPBPWW HRU WHWWLOQNY DUH UH
DSSURDFK IRU UHUXRIBG LV HGPHMWH WM IR VZ BHIPHS BKDOOHQJLQJ WR DFFXUDWI
PHQWHG WKH YLVFRXV ZDWHUVKHG VWBWUDRYDRIWPHGYZDWHW YRHEBUWHRHO VHW K
DV GHVFULEHGLQ > @ 7KH YLVFRXVZPRMGIUWKH & WU\ B G IRRHW KFRIGI\D WIQG DO V|
VWURQJRYHU VHIPMIQMWDHVRE A RQG WIRUQWBIY YWW WRH6 & Y
VDPH PHUJLQJDOJRULWKP WKDW ZDV DSSOLHG IRUPHWKRGV L * LLL
$SSO\LQJ ZD\VRIFRQWUROOLQJRYHU VHIPHQWDWLROXBYELDIOLQH ZLWK
> @ 7KHPRWLYDWLRQIRUWKHFXUUHQW VW

‘H XVHG EHQFKPDUNLQJ LPDJH VHWPH W %R G VY R YHXW RRI\RH G VG IR B 8 WQMG
'"URVRSKLOD .F FHOOV VWDLQHG IRVYRSS POHGDFRVLQWKQVQW\ EDVHG VWU
'1$ VWDLQ IRU PDUNHWGE WWBW QR R U S/GLIPHE MRDQAZLHR KD Y R | FDRRAWRIFIDWVKHHGW DIV R -
> @ DV ZHOODV %%%& Y +7 KXPPKORRO R® [FIKQIF\H DRERIDMN RPDOWRRBO/LQJC
OLQH XVLQJ +RHFKVW VWDLQ IRU PDWNRQ B IHWKLFQVLLAROD (RIROGENMQMDABY DKHDG W
VHIPHQWDWLRQ DYDLODEOH IURP WIKROR WIRAOG %Q R L FHOMIHD | YWHRFFM IV IS ® B O LVW\F
PDUN &ROOHFWLRQ > @ )RU WKH GDWDJNWHRD %G & R G UKHUWWLRQWPHQW 2S

-R@Ha&. > @ REWDLQHG D SHUIRUPD @QMHVRIRQ IDVF BRAK®ICQIHQJLQJ WDVN PDLQ
W R VOKH Butlines of object” HYDOXDWLRQ FYIDWHDWIL RQWERWK RQ WKHFHOO ERXQG
%URDG %LRLPDJH %HQFKPDUN &ROOMPWERQODQWRRKHRAW SEVHQRWDEO\ DV
FOHDU IURP WKH SXEOLFDWLRQ ZKHW R B UHW KH WRKQKI\J K VIHBNEHRYQ @D WL IQ DOV
SL[HOV EHWZHHQ DHHVPWF QMU E B A 8 V BHWYIDIHX DMWKDRWEIHQ D ¥ N XEW@WOWILRQ R V
6HFWLRQ ,,,' 3DUDPHWHU VHWWLQJIXHO/® B\DEHOIXMREIQH® FIDEOW ,.H ddgeHU W
JRUFODVVL,FDWLRQRQYDQYW R \FKID® démnede)dets IDWRIEWK WKHVH FKDUDFWHU!
ZH D S Sd@llsépd.classifycells ZLWK WKUKMHD IHDVKDW RQH FDQ GLVWLQJXLVK DOVF
WXUHV PLQLPXPDQGPD[LPXPFHOO YRR XWKH KLY K Q DMDOPEGMERXQGDULHV 7t
SL[HOVLQ WKH 7DEOH DV ZHOO DV W KPH RWWDWHIQRF®! IRV Q RWKHIPANIX FAERMIFAVIRR S 10D U
7KHPLQLPXP FHOO YROXPH PHDVXUHGA IR RN MREZURMSHIPN @WK HEW B QN O VE HNWZ
VHW,WR WKH VDPH SDUDPHWHU DOV RREMHGFMY MDKHEMHBRHB\RD OHVV FRQVWD
WLRQ %LQDU\ QXFOHXV PDUNHUV ZH U H WHUHAKHVEHG XRHQWO&MQLB QHIWP DG HT X
> @ E\ WKH VélBépRXayrhad®H ZLWK WKH BSWWRQ.PXODWHYV GIHWHF WRRG VR EM Q"
DGDSWLYH WiKdhdd/K RdDHG IDQJIG WKUHVKRB&YWD®RQJ WKH ULGJHV RI WKH REMH
adth 7 R B Gutlines of object” HYDOXDWLRQ MWMHUNWHKBIGRVOHDOPHQWDWLRQ KDV PDMRU Ft



