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A METHOD AND SYSTEM FOR GENERATI NG AN ENTI RELY

VEELL- FOCUSED | MAGE OF A LARGE THREE- DI MENSI ONAL SCENE
WO-RERD4OE8 | NVENTI ON The present invention rel aP€BSG2008/000366

broadly to a nmethod and system for generating an

entirely well-focused i mage of a three-dinensiona

scene and to a conputer reddabl e data nedi um havi ng

stored thereon a conputer code means for instructing a

conputer to execute a nethod of generating an entirely

I ; . .
AR AN T STER OIS N A TN A T IRELY
WELTRFOCUSEDNMAGE OF X ¢ARGE JHREE-DIMENSIONAL
automatically acquire images fromthe | arge scene and
produce an alil-focused h NEsol ution i mage of the
whol e scene using many snapshots of portions of the
scene. For exanple, in unattended autonatic optica
i magi ng of a |large three-dinensional scene, a series
of consecutive sections of the scene is to be inmaged

FIELRIOEUNYERTI@NS ocusi ng i s needed to generate entirely
wel | -focused i mages. There are two typical scenarios:

1) In light mcroscopy: aut tic ipmaging of the whole.
or E% BFGENBYRTIER B RERry o & eed 0P ryster Ry Beersting
an rﬂrﬁif&?@%ﬂﬂ@cuséedeimag*ehefl S%f&ﬂdﬂiﬁﬁnbiogm steneughpued a computer
scanni n . ar ol e-slide_ i maaing; . -
rexPREAAmGBE D Fap Ay L Tl G BHIR FRES pEAze frnstucting
a coRfutsr 1B Exatuteta Arkhowolugenegatirg amentretyl Well-idcdeed image of a
caneras, such as in video surveillance, close-up
thrﬁ?]—gfrg

SEE vi si on- gui ded robotics, where focus is
adj usted automatically, repeatedly and dynam cally.In

j idragi ng, two inportant concepts are field of
B%%@H&gmand depth of field (DOF). Consider the
i magi ng systemis described in an X-Y-Z
three:di ' R5isB@tifmgst til 4R6mAtdD#hagng herge three-
opt ggggﬂag@“;éng%y t“%g_qéarrjggi nl_g 8| anle bei nglt he%(% J
dimensional oene sdo EHtomaligalty FpEHET iAges HPRHNE fprep gosgpeand produce
anPhiRREudehatigRResbTREh NBa§d T @R GiHdbles 8€erieNuding many snapshots of

portions of the scene. For example, in unattended automatic optical imaging of a large

three-dimensional scene, a series of consecutive sections of the scene is to be imaged
and automatic focusing is needed to generate entirely well-focused images. There are

two typical scenarios:

1) In light microscopy: automatic imaging of the whole .or a large portion of
specimen slides using light microscopes, i.e., the so-called high throughput scanning

(HTS), or whole-slide imaging;

2) In classical photography: unattended continuous scene capturing and tracking
using normal (stillivideo) cameras, such as in video surveillance, close-up photography
and vision-guided robotics, where focus is adjusted automatically, repeatedly and

dynamically.
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single shot. DOF is the range of distances that the

i magi ng system can maintain focus at certain depth
wab@pg4e optical axis. A singly well-focusedPCTagmo08/000366

only contains a single focus. A focused i mage may have

mul ti ple focuses. In conparison, an entirely

wel | -focused image (also ca&led allfocused i nage

(AlFll)) is an i nage whose every portion is

e .

porlP ogggalﬁrgg m%qu;n?Rﬁ%ﬂ egﬁg E%Z#ierlée ng:Hﬁ QFOW%Ed depth of
field ¢DAE). qanauengwet nmagcmt $ysiem fSo@Qﬁ;@”b il AR X-YHethree-dimensional

. coo%‘ ﬁété’sa\gvlﬂ?fheoz gé Q& IEQ Rls dfRGHS nHégi ifYpiand baipk t1d X-Y plane.

es sl nce ey are acq uire
FOMs wﬁftwerd@mnqm@i are@ne ths &gplﬁ%thﬁ aRirgaging gysiem can see in a

sm@@%hé’c' 98E 19{?% rafdd Sdiiaias e ﬂﬁa‘ ifhagifg sy§tebh dnBnaintain focus at

et erni ned usi ng some sanpling rates along this

certai %ePﬂ'SéIE'Fch@chHPﬂG& are also referred to as extended
focal imaging (EFlI) or focus enhancenent. The
conput ati on cost increases d{aanrati C

|
o RSB N PessrgRans Ay SBERE 08k fouls A eRHaRce mey
ha\}eSmhlﬂpléh‘Scu%éﬂern &mpsariseny dwémrrelgls/ve:unfoam imageiSalbol salled all- -

ol oA b AR AR b Bl e, v
optibtil fazlis oh eacrapatisn, mNgblNgwth differéntgieigteesNlas © ke found.i Binding

the%ﬁ%@lﬁ&gﬁr@éwﬁ %“‘tHg’ ev Oé‘i%ﬂ o? tﬁe @éeg##@é ?fjfoﬁ&?ﬂél@;a @ﬁck Pf mgges
caliel Z-sfach inadgesrsinusi hhey (aEeP)acqumdrai dlﬂf&fe@cmﬁiéiohs a!qgnggtée Z-axis.
These g sdloﬁ%o&g' P%Ilggtr%a%gm&' iff édaefﬁae@t élreedétgﬁv?]ﬁ cf rl‘)yausmg some

h re ative Imted
samplem/ ratbstalmgdpﬁ axis. Sunla@qbgiqyg%ﬁ@wlswma?re@@ éﬁxéﬁended focal

|m§Je1"SfIJ( f ffls %Fﬁéh%@meﬁt Afife d@)ﬁﬁﬁféﬁon R8&tin@Basges Tdhatically if the

e scene, cal atile or a section

numTbers@f nqu]IQa}§ |ﬁ~dygrb n dyrigal gBW sgph ROPHMBRES ip érbﬁg-dorder of a few

hurM?é&s' Gtleveh trdusadR! Figare TGistiatesRRinBeptRINtha aRURBEe plane 100 is
Garci a, Carl os Peces Miteos, Jesus Gonzal ea Garcia and

pammm|lntm%pgnweawed 9’"@(‘? gi 1@ ofdbersame $78 Nar< /5, 1Fach grid

Commerj cal | bl e el tal Sli
SRR on Y b RS b S FaRYP 4 WBllon sauare, ang
theRhizo by sqivart calletl thdlevdluatiop ce8B ()5, 2006] presented
a review of the existing work in this field. They
conpared critically 3 1 cormmercially available rel ated
sysWaeee theatepe & lalgeeit isoin}pessf,ibierim gapthrs the enfingescene in a single

snaﬂo‘&ﬁi éuzeat%irgﬂtl\%l ﬁedSF %9 BF vi EFV &‘QH@ Iosﬁc%l ﬁ'nl\éeq(a@ SR W Hireds

ocu3|ng |n
eveuetﬂouéaovasuéanamtssaresweadee cregh qamea \smaﬂ lregipm @k the large scene,

calgggagtggw £ 8L FRsBERE MR HERANSSHIIbr RN edapped Ve of

Marcial et al [Marcial Garcia Rojo, Gloria Bueno Garcia, Carlos Peces Mateos,
Jesus Gonzalea Garcia and Manuel Carbajo Vicente, “Critical Comparison of 31
Commerically available Digital Slide Systems in Pathology,” International Journal of
Surgical Pathology, Vol. 14, No.4, pp.285-305, 2006] presented a review of the existing
work in this field. They compared critically 31 commercially available related systems
that are able to perform a whole slide digitization or assistance in corhplete slide review
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val ues FV(Jc) , conmputed fromsuch a Z-stack of images

bk , k =1\,..., K, at different depths indexed by k .
w@niovneoms rect search met hods, such as the PCT/SG2008/000366
hill-clinmbing search, the Fibonacci search or the

golden ratio search, are widely used [Dmtry Fedorov,
Bans Sunengen, and B. S. Minjunath, "Muilti-focus
I magi ng Using Local Estimation and Mbsai cking," | EEE

gﬁgoggbfegé%mgcﬂ%%&%ﬁ o@fa.rl.ﬁga%t.@ryowemcngedzo%ages < a

to nunerical |
techgm:ue ewhiehl §ndfoputomativally fbe I?PitafloF'dﬁ?dp‘%%?HT 8mong e §UnyF ! focus

valugglﬂ' SS&%&R?J"?:{;;EO%@& ek Seriagss the pearch hat different

|re on jus ter the conparison of FVs and t

depp,g%delxgmg where the image to be acquired are deC| ded -
onl i ne. Both t he Fi bonacci search nmethod and the

gol den ratio search nethod belong to the so-called

br siirt idt8ctsedreh nféﬂ'toh@d§uchTé‘§i‘y1ef Iiull—sltmlﬂngllsaamb theoFibonacci
focus values at th

of nt
Seatgh| g tB‘T’]Q°'PSEu%t"\/%?%@ age 3’ Yu%%egzl I E%a/qiil!) azlggs'u@%% en.
andl BeBaMaanmam avorMiodust Ierragaig Bsnng a_opairEstmatlolh aﬁp Moggieking,”

ti t t he |
e b S AR A0, Ml 4 U
Octi2006] ti hlimetidaitpisniye dhiarmon|inegah eopfinizeticic ploblegar dhew @ online
seatﬁ:gte %ﬁg&e% th%;ase etﬂ@ %Qarcﬁ“aﬁe apﬁ Jug RRRer 1Y LonidFigén of FVs and

are sunption that the

the pogiticrs wmw&ﬁe\naagﬂe@ bﬁfaqqhkéed/\iirﬁdiéwé@ld pMBge have a shape
that peaks at exactly one point and nonot oni caIIy
decreases away fromthis 400| nt . ul d the val ue

ex Hidh thesTtieenascigmesfsbrastho mthargeldeam@rs'%m EPEAT belAgo to
the %g Qaﬁé&rﬁfgél&ﬁné Qeérar? mefHé8s PaRY fifY etdiuaé hio foclk edlyes/atrtle two

However, FV depends on both the inage content
endsrof ab lideivabljj, Ad dyent @y orkhfocepMalumis qyalualsd Tor eaphcsubsequent
. scene with nultiple |ayered cor_TI_Bonents Al so, ther
r

lteraimnlld absewditewal i ,FePortioRer & orlBe rafip abptween the l?ﬂﬂt?‘@f L,
not be snooth and nmay have nultip Ié Ashial bi
and; B PE T, i Sxest Jénehtsagmm BEoa St R iy hilfcimbing
th ' f
sesl i a5 Sld Sl e Padbecr (o

vari ati ons of the approaches, they basi caI ly find

l OC L mwg%%m%%eg on°& %F\ﬁlibg'aﬁa?su g ?hatt @hd 'aEl‘élal focus

ven | 'ar gest
vahpmei tHeewmaweclh imageehave -a Fharpe th|at; pg@@lg’t exactly one pomt and

monotonically decreases away from this point. Should the values exhibit such a
property, they are rather efficient and can converge to the true peak eventually, likely
very fast. However, FV depends on both the image content and the imaging system. The
content may be from a scene with multiple layered components. Also, there could be
noise in FVs. Therefore, an actual FV curve may not be smooth and may have muitiple
peaks. As a result, these methods may be trapped into a local optimum, which depends
on the initial conditions for the searching starting point. Although there are some
variations of the approaches, they basically find local optimum.
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] is known. It is then partitioned into intervals

separ ated by designed nodes. Typically, the
weouwabkyispaced nodes at position kx,...,KkNr ,PEr/BGUON00366

such that the interval is T = length{T)I{NY-\) . Each

node corresponds to a certajn optical depth and N

i mages are captured at thesJe nodes for this grid.

The optimal focus depth is the one havi ng the maxi mal

FV mingivelsesehiisragrshodkbifind nisd GiobalwptiumoGivee atgrappempose

into | ocal maxi muns and |[Z re ropust to.noise.

mir{ >

the dpragptaeResthle £6A"EN f@9Fol at] BTG5 g o‘F"lT‘Hﬁe" into
inté?v?.a? %eﬁa{%%g g}(' g%%gtpé’coﬁﬁegt P JJFI {h‘étéqﬁtﬁlhj _pacld ﬁo@e!%oétlﬁésmon

Sor & that e sanpling
k,Lger vak Uskdi suchntiat dhe tnhtan/aa lsnAf Alemgthf UEN - TO kﬁew node
such a val ue, one should know the cut-off frequency of
coridaporidsrte e clirtainsptioaladeptipand Merimagesgre: ¢aptupd Athese N-gnodes
and know the influence of the optical

for §s 6B THmeRin RSP Bibs GRS Navnadhe SAYF) TRAgpno these

 imdgBENTRE ntSod it e fpp¥aiRtoRtalONagivamst arel isarore robust to

such as a specinmen). As a result, either over
“°'§%1an ing or under sanpling happens in practice. To
av0| d | oss of i nformati on, the highest sanpling rate

the ?ﬁ?ﬁi&u %otzﬁ\eg hsq%allrs{: ﬂ'luaéat?%ede%g aq,mrgs f ttgr]f]'@éeg may be

inapprdpitiate. eVBéaraﬁcall;FVorai shbuld rfoltes  the rﬁdwaoompstttmqren %Q)éltat the

B RS, 18 g b RN, A M § v, ons

shchlld kna tebéutgff Sequedtyaaidhe tteed:‘-dhmmatooal spepmen along the optlcal
Ll V
amg $ En?%gwe |ﬁ%tgé§§é IStgthgl-E &ca‘?%&h p%fnt C{i i(%n;c%’rg r‘feﬂ H&vever,
it .;én{;;d &t moev theen beforeewe hm.anymwurammqver thepsaeng r{attsb as a
r &GdindEoYRYSiR ehshireprdb
Sponee'ﬁ RQ o cab?'ﬁ‘rggg‘%?tgsﬁpr%%bes é‘Sa. n |Fﬂh’l %Qgipt ﬁeyﬁrﬁeteog
to be retrieved |later. Another issue is to make sure

therachii! 1o é’%fjﬁt?&rn{aﬁ&geché SigHelsh s8mpling dakeivll be IBed. |Given a
To assure t rg_%est depth range al ong the

seatchrdngei 5= msle.m thn@u ﬁaafandeé Nrelsiis teat?fgt%cﬁ"tq‘?é“e has

gl obal \)otl nmum anong t he examn ned .
fo evaluate FV at all nodes, the computation cost 1s proportional to N. it is large and

the whole search process is slow, compared with the hill-climbing search and the
Fibonacci / the golden-ratio search. The amount of memory required to store the images

~is also large. In practice, one may only store the current maximum FV and its depth

index and drop those images captured. However, as a result, one has to capture the

images again in case they need to be retrieved later. Another issue is to make sure the

actual focuses range is within T =[k_ .k, ]. To assure this, the largest depth range

along the Z-axis is chosen.

The exhaustive method can find the global optimum among the examined
images. However it is time-consuming. One way to address this issue is' to enlarge the

sampling interval AI'. However, to avoid down-sampling, prior knowledge is required
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i mages. However it is time-consumng. One way to

address this issue is to enlarge the sanpling interval
W®T009/0Honever, to avoid down-sanpling, prior kronbezige000366

i s requi redabout the spectrum of the scene along the

optical axis before imge acquisition and focus

search. It has al so been proposed to use an estinmation

of focus surface for neighboring tiles. Reference

abétli}lstﬁgn@ééllﬁhpo@%g AeAdi8nk tﬁ%e%?}fcal aﬁgt tuIYRShagh Céca§|§i99t5/ and

rdetection and racterl zation of
foduesedrcmucl eated red bl ood cells on slides,
Pr oceedi ngs of SPIE, Vol. 3260, pp. 180-191, 1998]
i ntroduces m crosco% i magi ng system develgéo

Appltihed alqzrd@eng)rq@(se@ UgPeTb BERAYOR, 9f TogkH SV eefor né/lghbonng
tlle‘éhﬂéﬁ%n%é iRt RVKirPEnd Siimip reheat %tdn%ie@hﬂ@f@s@dﬁw és's@m for

slid -stack i mages _are. acquir %Lo he
deipotian ahd I PRGSO, Of eteh iy 1o é’a o g Sitdes.
Préd&e&h@?fof WPIE“VbI t $EEOWBQ| €80- NS tOd8P nmgdmccegf & melcrassipg gnaging

focus for eac

o5 e B bR e AT Ry Ao
fetSIUﬁft:%ﬁ%dfr@d bibbé célEVMnﬁlldw Zmauktlmageslm B@Eequiey tbievaluate the FV
OVﬁ%QISH s?a?x%é%c{at O%S%ulﬁgtégpt%ttﬁé rr8§|orql6? lrﬁ%e%tﬂ\g uLu Iti\e W‘ho%e image
hehéeetocfimder sisgié focds éorteachmivoagsi (tilg). rfesgconid rq)rdehieqoiynomial function is
furﬂfﬁ) \?e% '58"{0 p‘;éa d i'retefrogﬂlscﬁlrl{agg kdf G RhW §%§§;p%§mon Pml"r%w tile

onat ed Croscop ,
dyﬁamnalasto eertucy thenbredr| dug t@4 ¢fanovnrgr sie@% dqulgg!gaf thenglide and

loE 8‘%&%\@9 sk ?‘Hé;tté rr‘r%up ,¢gc FH%HQM% Sthé&iP %pﬁﬁb‘é’ubﬁ: ahi fefdence

| senstein al so
[\/oiben tisenstein, pi usi e‘\mepttusw\fg &raéémﬁ}?é?dpr"é'ﬁ'@%@yt dmagipg of

FI%QAC@H@ r%gﬁledf Bécﬂaﬁ@ Slirbg‘;%dtr@s egft &Hﬁitlﬁgﬁéﬁelrﬁddﬁg Qdfhputing:

€ varila f ocus pOSI

TagbmngSaanﬁ'sﬁnph@t@%(QJﬁTﬁa?ﬁa@ b T eV bkt Y\Sgnﬁﬁmﬁﬂ nofices the
po%QBIQQIItfd?rsta%@@hdﬁir&b&esfé tihe %&he eddel for ities slidel © dutiate the tilt

di s d h to I
arsh g rapiiE o heofHA RSO e ORRAER LR Sopihrpass 7 Tocaty
oplfaH rarigenr feaeh SiefdIr Althoagh lbxbthc priari diés ihage stat isaussed how to

oo B, e e RS Ll R B S5y, s 1
prédictt:gW&Lscsnﬁa@sfbycmnmhmng(sknﬁulteo‘actter3|lmrﬂ@mag[ng@/stem in other

W%§€ Ctﬁ% %gr{r{l etst l 9e %‘3}’ %Hs%gf‘ed"mE rlfﬂ]UéF\(Eé"S]I féEf%lrs E@rﬁl‘i‘ugrﬁ%m the

or major In ['uence, for exa
scahe teebe Ineaget nteelf dwermgfferrwle ativanipge wheee $twc§éalsfa@tﬁ@ may not

beMHE, n\ﬁg'by hl3br 4 Pcéj'fﬁrt Kt %eécfhgstﬁréehcﬁnéﬁﬁ&?al nature of a

contributes sig |cant to varying depths of fo
largersoene witle vawien edeptir d'ﬁtﬁb'éi'oé #CTq56 é‘ﬂ% acqwnﬁﬁugafﬁwﬁca"ﬂy to

va\Pgt?ﬁd' Seﬁtll?seof focus across the scene, or in a calibrated imaging system where the

imaging geometry has been corrected.

Even in a single AFl in EFI, there are many evaluation tiles at each of which a
local focus needs to be found. Within a single AFI, reference [T. T. E. Yeo, S. H. Ong,
Jayasooriah and R. Sinniah, “Autofocusing for tissue microscopy,” Image and Vision
Computing, Vol. 11, No. 10, December 1993, pp. 629—929101 reviews the basic
techniques to find them on each EP, such as Fibonacci search and the exhaust search.
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I magi ng geonetry has been corrected. Even in a single
AFl in EFlI, there are many evaluation tiles at each of
wovkioeh4@18 ocal focus needs to be found. Wt hi np@r/sGrgs/e00366
AFl, reference [T. T. E. Yeo, S. H Ong, Jayasoori ah
and R Sinniah, "Autofocusing for tissue mcroscopy,"
| mmge and Vi sion Conputing,6Vol. 11, No. 10, Decenber
1993, pp. 629-92910] reviews the basic techniques to
Fo; ﬁcﬁu- {%ﬂlf?&r?ﬁ OEP on %ﬁ,@g@%’teg 'té’89é}8& Eheﬁ'q&{a‘flfbcﬁg%ﬁ&%s A
exhaus earch
recenfggtasensg [DmltweEe@mov HRsiris $um@ngehoeu¢ Bs &r i\/tal:lwathA Multi-focus
|m5§%§gewg-,{}geu_&5ﬁ@§ﬁn£tm b/ MeSdRKRY, IEBE :ﬁteﬁmsnge@?nf@fgﬁce on

nj unat ocus Usi ng Loca

Imagist Progesste A0RP msbc’aq%kw@ta %g@? et Ae8] glisgHsses multi-focus

ma@l@f &r ﬁﬂ&ﬁ"e@n\/ér;ﬂ@ﬂ of BEPGRS Shiltkes20048 deliFhftitbut \,ﬁmoﬁmn%lvmg

di scusses nulti-focus im

a
focys ﬁﬁchﬁlp&ﬂ'%% fsmetghbering crid/tilesi B?"E@@Y%Wﬁ'l%s discuss forming a
sin§I& tAFMBuL 86 nbttbuch dridling AMargeéiseend. ocus sur face
predication for neighboring grids/tiles. Both above
wor ks di scuss fornming a single AFl, but do not touch
on SREPIgNGedsdntd GpticaC enggindSipAntipie, témnﬁa&f@pﬁrb@tﬁiing entirely

el PRt s T Ries P Ao o0 i hPLOSHA. B the

methods fartthbe calpligtiomeftfablsyyalueseanuefirtiogsoptioral tiéygths. More generally,
| .cul S L

auté@ﬁg §a |\7§u°h eégr’ggf a hg%éﬁ?\f%?gbgusslhﬁgé ﬂ'gmqgé mrgé Iwaegl &5 that of
“deptjnftdmfctcedhaﬁoqluﬂa of "shape from focus" as vveII as that

of "depth from focus/defocus.” A need therefore exists

to provide a nethod and system for generating an

ent Arrgeg theraforeoeisiedo ipmeide @f methodr grd system for generating an
entFrQlE:%fe |%c{1@ L:ﬂéovb%'e or%ﬁ?::ag r'ﬁl’é\’gé-‘gri}g%%%ﬁe mogt &SeﬁgWh%Sse@k td Sdtfdss at
'eaaﬁﬁ'@ﬂﬂﬁlﬁc@%mﬁnﬁoﬂqdﬂg?b'%ﬁect of the present

invention there is provided a method of generating an

entirely well-focused i mage of a three-di mensional
SUMMNABY t he net hod conprising the steps of a) |earning

a prediction nodel including at |east a focal depth

propabi | i density functio '%’DQ Qﬁ"k% .for all :

GepPrasradRRe = ¢ fiABreet e peskr ppotion thefd i preyied o
methtel sfcgurerating edﬂnrelyl \mgl-tobasmimédﬂ ef 4 dlrak-dimedsiores scene,

ubse quent Ee of , | vi ng. t he.

theprpg%o 08}9 [Sligfe etf’! Ps¢of ra é%acrﬁ%g B%\égﬁgﬁ n)’(od?agmcm%mg at least
a focal depth probability den5|ty function (PDF), h(k), for all depth values k, from one
or more historical tiles of the scene; b) predicting the possible focal surfaces in a
subsequent tile of the scene by applying the prediction model; c) for each value of k,
examining h(k) such that if h(k) is below a first threshoid, no image is acquired at the
depth k' for said one tile; and if h(k) is above or equal to a first threshold, one or

more images are acquired in a depth range around said value of k for said one tile;

and d) processing the acquired images to generate a pixel focus map for said

subsequent tile.

Step ¢) may comprise examining h(k) such that if h(k) is below the first
threshold, no image is acquired at the depth k' for said one tile; and if h(k) is above
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exam ning h(k) such that if h(k) is below a first

threshold, no image is acquired at the depth k' for
weandoones tile; and if h(k) is above or equal POI/8G2008/000366

first threshold, one or nore inages are acquired in a

depth range around said value of k for said one tile;

and d) processing the acquived images to generate a

pi xel focus map for said subsequent tile. Step c) may

or BRES 1R, ERHIeRh O sl d LR et o P it ave
acfigiredsimi ttheoatepth irdrege amtndfsaic( kaluesofab daresaid emeaﬂlle tusingha first

sa mgruzé rétgrgr?mﬁl k algdab%%g: u%ﬁfoog% %{Hoﬁanme@hol‘angag or more

ges ar ac ulre range arou

lmsgﬂsjareaalcgeweﬁ inghe dﬁptgaadge)ﬁ@umdlseldml@%k fdrseid one tile using

—

a SRBRY 5&?%&@; (ﬁ !gaﬁer tﬂaﬁfﬂ@ﬂr&ﬁsaﬁ‘ﬁﬂ%g e equal to the

secon one or nore I nagés are-acquired in
the depth range around said value of k for said one

til ?hé%&ﬂo@m@?@&ﬂ%r%@%hé@g Béﬂn@ thé ictidhfodd| Before steps
hod urt

first sanpling rate. The mnet her conprise
a) the)A"E 7P °|@r%‘?ﬁt8?'igaﬁoﬁ'ﬁﬁjféﬁ before steps a) to d)

are applied to a next neighboring t|Ie The nethod may
h t i) f fi
 rdb Tathel iy Gpraizedhe SRS bfonia Bish T, Gaung faes at
eqhhl@t @a@ad veldes BRK @nd ppoddssidlgahe laE@llnrefcnmageﬁw fihda phadl docus
marboL s TG B Based o 8 i) s Ryl B i s
tilet; @i) d))plpmg stepsca’):t@dpibr meeonsaecgmbe neighboringtles;aardl far aa(n+1)th
o D S e b (B BB abind BP9 e (Do)

nodel and/or a user defined nodel. The prediction

o0 Rhe R FATRE SR e o AP e84t e

onent acqul ring | mages nmay
conprise capturing inmages or readi ng stored inages.

The et BadiidRY PeoddPPa§d chfpiise " @S GHR¥uPE component and a
phot o?r aphy. The [earning of ‘the prediction nodel may

Pr‘&ﬁ‘?ﬂ'ﬁ IGeoMBPNRGt-spati al contextual information. In
accordance with a second aspect of the present.

i nvention there.is provi ded
he acquiring of images may comprise capturmg images or reading stored

images.
The method may be applied to microseopy or photography.

The learning of the prediction model may comprise using spatial contextual

information.

In accordance with a second aspect of the present invention there is provided
a system for generating an entirely well-focused image of a three-dimensional
scene, the system comprising a learning unit for learning a prediction model
including at least a focal depth probability density function (PDF), h(k), for all depth
values k, from one or more historical tiles of the scene; a prediction unit for

predicting the possible focal surfaces in a subsequent tile of the scene by applying
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a system for generating an entirely well-focused i mage
of a three-di nensional scene, the system conprising a

wo e@piurgg unit for [earning a prediction nodel PCT/SG2008/000366
dincluding at | east a focal depth probability density
function (PDF), h(k), for all depth values k , from
one or nore historical tile® of the scene; a
prediction unit for predicting the possible focal

theS%r:ﬁfd%%§§ mor]je‘?l ﬁ%ﬁ?&%@hm& fc{ efo? a[:lh@alﬁg%?ﬁ QBYamImPg h(k) such

the pre processi ng
thaft afrh(leleis Hpelosy adrspthreshalg,ane Imagg i# @Rf)u'@qi@i th!fhééwthfk e[ R?'d one -

- tile: Sanlaelfqm%)at(af 5{35\% bhr Sﬁgp oda i ;'tl‘i@gﬁola Son?&%‘r”rﬁ@r@ lages are

sai e: k) is above
acwr@hma deph sanderaroundg ﬁé@h@l‘%ﬁ Ofdﬁ@r é?'drﬁﬂeet"? ARGl Pipeessing

) théag&gln"ee %b&(r@to%tepadté Akl %&Jénﬂaé ﬂir @a‘d%u@@ecﬂfanktﬂfeo r

one ti processing the acquired inages .
to generate a pixel focus map for said subsequent

ti | @n abdbra&ic@ Wits enitd hdpet bhihetbrasdt tiveafior er rse;S'eViBed a
i nvention there is EYOVI ded a Qg uter read bIe

coppyias fracaRie gate BrdHM: PRI RLOE e c@'5aY eﬁﬁ%‘ﬂ% megps for
indtiligtifidl &t dorfpAeCRN@ttctte & MEKOE Wf @eheratihd e erftlrely well-focused

™3 b2 A RUP S CENES. TR BTGB T I $1gp3 e learming
a ;&Té&lhﬂorﬁ)fnoﬂ)al |helaﬁ|ngrm lemspadotat diepth probaility dehsityi fugcten (PDF).
h(I%)g%?_r) c{%%lv]ag a'FI Raﬁgﬁﬁé lért Xwopee 'ﬁs!técha Lfifé(‘st bP 'ﬂwe scene' b)

val u
prédistirgy iheeziossibleetocalf surfwesmeassubbmtmfé(ﬁlec@ﬁ thg Sph@e by app‘)’lng

thé gise% (ngﬁ nﬁ(g)oceﬁll c)%F %%?1 ﬂenofsk %&Qﬁﬁrﬂlﬁﬁ k) Egj&fth‘%{ |fthk\ﬁ is below

ene redict’ion
a firat tlmsesh‘old< no lmaam ) uangmfﬁ(d@t toacleptthistfor saithory tiles apglifk) is

ab@vé 'd’rsécg f%hﬂgptqré%dldm&?e b {rﬁi)?g l#né&é’s ake TaB@u%ap.hfb depth

one i's above or ua
rarager arognd lsﬁtdéﬁlﬂﬁ ef k fonsaid ronﬁd&l% Fneh) @@G&P%"aéftﬁﬁ%*aeﬁ Hnages

to eH@r@H’a bRRoRcas Rdpdossdid suBddtRient tilk. for said one
ile; and d) processing the acquired imges to

generate a pixel focus map for said subsequent tile.

BRIRFEDESERARNBN O THIE DRAWIRKGSENGS Enbodi nents of the
invention will be better understood and readily
apparent to one of ordinary skill in the art fromthe
f ol |med$tgm‘ﬂhistdfehb tesatiorpiviloe bbifermgecttomkampteadiy hgparent

o B o B SN BUARS yr By sl By o

examplemglg grdineopmntiian with thet drammgsoinewhicipped gri ds.

Figure 1 is a séhematic drawing illustrating conceptionally an image plane
partition into non-overlapped grids.

Figure 2 shows a schematic drawing illustrating an image formation model in
a simplified microscope with one camera lens.

Figure 3 shows a graph of point spread functions (PSFs) in a camera system.

Figure 4 shows a graph of focus value curves evaluated at three different
windows.

Figure 5 is a graph showing an example of optimal depth distribution over
16x20 grids of an image.
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Figure 2 shows a schematic drawing illustrating an

image formation nodel in a sinplified mcroscope with
woe@onamyes a | ens. Figure 3 shows a graph of poPEI/SG2008/000366

spread functions (PSFs) in a canmera system Figure 4

shows a graph of focus val ue curves evaluated at three

di fferent wi ndows. Figure 59is a graph show ng an

exanpl-e of optimal depth distribution over 16x20 grids

al bR BP 5 T o 8L A e J0F Bl 8o Rting awo

-' focmetr@n‘nl eﬂteﬁdexﬂfociahiaga’gi@ ancouting tvgart exampleﬁmhﬂdenent

hi S?gjgr A (%ér%u(bg§h3\1v (’\%ﬁiggd ég%wg%ﬁhéﬁﬁfﬁ computed

babest o thtefotis densh aapcbiassd asvevaliation points, rﬁ%FDMPaF@)IVPnel (b) is
froﬂp%ﬁomﬁé &Emf hB4t B Jllgp&élsd@mﬂﬁ)l\ﬁr%%%s eRcBaiR to an -

| X€ shows, according to an exanplée
exemmmmem gure 8 shows a graph illustrating a

si' M Rfd 8sHfvs?a fg‘?&éﬁlll@@ﬂtmgn@%uﬁula@or{ 8f g@fo&&'seB@pth map of a
according to an exanpl e enbodi ment. Figure 9 shows a

"arﬂﬁéﬁkﬂﬁaﬁﬁcqrfj'ln%?Pﬁteixﬁ@‘Pien%’“B‘P‘HE’@ﬁE steps for a nethod

of GRJIRE Bt v d BVdHaR! Muddtin ftﬂé%@éeésﬁg’@@scf&r a method of
di

t hr ee-di nensi onal scene, accordip an exa
GeBRRY ABIAPLTY B IoSB g BRES P BretarTonsia BLBrane: Ageording
to an eRh@pPlei nfisbdirhet. et hod of generating an entirely

wel | -focu e- dj. msnS| onal
accEid g 5h8WSe§aﬁ%‘fV§‘aéﬁ‘B@B’ aé?ﬁgﬁni' Erﬁ)\@etgw of
geﬁbmm@ ahtentlﬁellytméﬂ-ﬁiduegd amagd ofcr ihrémfdmieraldmat saethecdccording to
n tirely well-focused i nage of a
a"tg?%? 'Hg?\ E"SHQ scene according to an exanpl e
enthmbunenﬂ shogsr @ flowstreoiis!liustratingy arh aalgorithiu of raatmethod of

geﬂgrgﬂﬁg %ﬂ tireHPWEf- ?Jcluggd fs}ﬁc]ae%]e& 4 flrde MR drsiPorSEdhe angr%ling to

I’mensi ona according to an exa
aneer@umlerembod:megme 13 shows a schematic draw ng

T i uréh b oty s 0 ABW HartSiN St @fh§ & method of generating; an entirely

well-focused image of a three-dimensional scene according to an example

embodiment.

Figure 13 shows a schematic drawing illustrating a computer system for
implementing respective components of a method and system for generating an
entirely well-focused image of a three-dimensional scene according to an example

embodiment.

DETAILED DESCRIPTION

The example embodiments described employ a strategy and consider these
snapshots as information-connected content in a large context. The present work learns
statistical models from historical tiles and utilizes them to predict possible depths in-
focus in the current tile position of the three-dimensional scene for irhage acquisition and
automatic focus adjusting. Such an EFI technique produces very encouraging results.
We can reduce more than over 1/3 time while maintaining good image quality.
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| scansadViSto e seaRnass arc dpangsened

I mpl ementing respective conponents of a nethod and

system for generating an entirely well-focused i mage
wo@Roog/ostee- di nensi onal scene according to an BXESEL088/000366

enbodi nent. DETAI LED DESCRI PTI ON The exanpl e

enbodi nents descri bed enpl oy a strategy and consi der

t hese snapshots as informati®n-connected content in a

| arge context. The present work |l earns statistical

nodel s fromhistorical tiles and utilizes themto

predi ct possible depths infocus in the current tile

posihg opxapiple Hempagireentsli fhsho raaPiat JRk $EMPIGER e Microscopy

appiicdt n§' Uir08 ARTLREHP it she dpstads, U&bltdﬂgmcrﬁﬁ&fpyam/haﬁlshde '
PRec ue produces very encoura%h?)g results. can

?"?Fa‘r‘%‘ﬂga'?‘ﬁf%@mﬁ'ood
i mage quallty The - exanple enbodi nents can be applled '
ications, virtua

i CPoSEa iont st JfBoerah Saret Mediiadrap, ree
dlrﬁéi'@ioﬂalsdcéd@m&ﬁéﬁﬁamge (e%bhinmehls id¢o sutamaticatly acqlire images from
thegﬂqfaq%p %q%bg\ﬁgwlfj?perg%gézat@ga fﬁglgsl Q%gﬁ%—?e&?lﬁgorf ?(%3% &rtﬁlé nge scene
usuhgrrgawyt bnastotaeots patiots st ghree stene Hiheex @ng ltwo typlcal application
sc?r@go? s rbeelssn I@i\é%?crgégoﬁggh% éﬁl ir"f‘rc.lggiéa? gh%{@&gﬁhyf i former
ondji spkoalied vhaleistice inmeging @fhngrh@rcmbplet scaritieg awiPmagtiqainimage the
wh?@agls QOItan fzorﬂgﬁ tdr IRS shlie tsPScu%%ﬁ NRes W3R ﬁ'\l@&&:obé‘@ under high

catl on scenar One IsiIn
magn&patms oy thet lnter onérlaiige CORtintIoys §¢anglis ﬁmﬂre ?a‘bﬁ?ckEﬁnwhefe

foc,tuE% goglﬁ o altfhaticfly, (F@ééa?ééjlm @ynﬁJnic‘aﬁ?y foPB@iwHIedcehé gh

scanni ng automatical’ly image the whole or a
| arge portion of the slide specinmen uses |ight

g‘ng"sggféloggﬁloh@qﬁ{ thei 88sdipEsh fwHich E&IB?S ard bi’(}glcﬂtl;’tlt@'r implicitly

rge continuous sce aptured and tra

pregieated ffbé%r@% of RIPTERBY 2N gﬁ‘ﬁff'i’r@il SY'PE?J@a{%"d?%?“gﬁfahs of

opEaied oAl data fathirt Eecdﬂli]ﬁdt@ SIERI08). 1|$@§E ghgoritiinda deséridtibes and
ows _are explici

SRS AT R S B b B W
préaesting brs toahesembstisffetiivelyfthe petrstdrice mf theim waek & otlerkiskilled in

th§a aﬁ-%?%‘tﬁgf'fh'ar ng r\rj?bSP hggﬁerglryg %ﬂctehgli fo g@ §Cs |f-@%ri1es‘?§?n%nat%§guence

rep senta
of stepslidaying s eleskadl result. The sleps deetthogsy r@qwssq pitysigat ranipulations

of g:ﬁ\ﬁs}{ceé( qsﬂgﬁtftireeggu%ﬁtz{ Veﬂ!eé‘tnééq%ﬁ&kﬁ%or | LOJCJ s hﬁl‘s rca}ﬁﬁ’élg ok Being

he art mls ere, and
stayech draasfeyed, combisied eepmiparesk apd 9ﬁ1ef\~|&€em§n'9wét¢eﬂ sequence

‘Unless specifically stated otherwise, and as apparent from the following, it will be
appreciated that throughout the present specification, discussions utilizing terms such as
“scanning”, ‘“calculating”, “determining”, ‘“replacing”, “generating”, ‘initializing”,
“outputting”, or the like, refer to the action and processes of a computer system, or
similar electronic device, that manipulates and transforms data represented as physical
quantities within the computer system into other data similarly represented as physical
quantities within the computer system or other information storage, transmission or

display devices.
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of steps leading to a desired result. The steps are

those requiring physical manipulations of physica
wa@p@pbiies, such as el ectrical, magnetic or OPCT/8G2008/000366

signal s capabl e of being stored, transferred,

conmbi ned, conpared, and ot herw se mani pul ated. Unl ess

specifically stated ot herwlde, and as apparent from

the following, it will be appreciated that throughout
t
uﬁrlp@ é)iésee?ci: a;?]ér?]:ﬁfr‘tlbﬁd é’lgd @ch %sf‘ér‘]db%%t&g‘g)tr grEifrfr%)ﬁrrlﬁer‘ﬁme dPkEFdtions

of the mpthads. rfyreh ap@@'ﬁ@lfs g@qyﬁ@ specialy gqr’&ﬁrpgpﬁ &w the req%wed purposes,
or maHERHbAdeS’ fgené}él biltodd Ksinput&f & othér Hé\ﬁc@%lé&ﬁel?%ﬂvated or

processes of a conputer systenm or S|n1lar Iec} p
recanigiied, by 9 COMBMPBICHRE SPE Paller SRTHRVER The algorthms and

dispiSRFERRARChersin Fﬁ?&ﬁbﬁﬂher@h&%la‘técﬁﬁ: ayt dsumcmdne;ompnwu oebther
-'systeminto other data simlarly represent
aPRBIRHS, CHPNaYSaAET e SORCER] FAPRESS, TP B9 WA oprograms i
acchdBﬁ‘ée with ﬂfeffaédh&@s:hbﬁy ragm?rrtanm thes smr&truohoncbfsrmraypecnahzed
evi ce resen i ficat
aPPRFANS fgtq;‘g%frgfh '@,Qf"{,‘?qiﬁ%ﬁfglofl 5 epgig@%‘ ?@T' 8 ggﬁa‘i% OfRSstructure of a
conv@itidadigenSiat purppgEaccatputer vall afipeas frewitle Hgscoptinn tvaml ed
for the required purposes, or nay conprise a genera

pur pose conputer or other device selectively activated
or Ineaddifionguthedpieperdt spavification @issyiraplicityodisglopes tahe&omputer

progrrag'p Wt &rat |t-5vtb%loa{>crg9f)ﬂ)§rm Sﬁp 831’5519 RN Y tﬂéed'r‘tt gt helifdiidual

nheren

e/ particul ar conputer
steps otheenethp@aieaer!)@d hesein duayY bReRE

o glieg dWecameRUseHeasle. The

. conqmerﬁf‘ skds be lhteﬂ A?@fo%@hﬁﬁb@t%%%ﬂ%la‘ﬁﬂpwgrérhﬁmg language

nys here ternatively, the construction of
andrimplempatation |tlz¢ar§0fadba\f"btbﬁs apRregjgter othat ah yariety gy Bigaramming

Ianglgglég dnd t6MRg fMRYed? %a@ﬁ:@ﬁﬁ@ﬂ kinfblem&R tisd feehtibigLofahe disclosure
onventi onal genera

contajeed) bayein; Morquebéq\%g\pmmﬁgé&agrl% lﬁtn%{t Hémeﬁegﬂg ﬁ;teahrmlfedqo any
parfiflfi&r donfrait Adw) mkaﬁ@aﬂerfﬁbm;cmbyvaflmﬁ ofstis cnpOtEd wregram, which
co ek Rt S il B b S venvion

met hod described herein may be put into effect by

co er code. The conmy r
ben?ﬁ’ SRS SNEnY BRI | g tlﬁ(g &%é)%é)?ghnén ng 5énrgér%8%%gnrﬁ
penfdrmleeﬁreparanel oathéhtbae séquehtlallm Buctha camphiet pegeam mqytbeastored

on \r:%{yl gotrXpLR pe{a%%l@”ﬁ% m; aﬁﬁgé&ﬁﬁmﬁm’eéﬁ%leﬂ%éﬂw &y include

t eachi ngs of
stoctigectievings esuch rﬂsamgnﬁthefpreﬂmlcall\/é'ﬁ&vf@?motyh@h'EFo rRsuether storage

de\ﬁée%gguﬂgt}lé %r%&ﬁééﬁgﬁ@ﬁ@géﬁér& Suldodk cefhplier g computer readable

ar con here ‘are many ot her vari }
megfunt may calap incéidepa @@fchmreq,\mqgwm such as”exemplified In the niernet

system, or wireless medium such as exemplified in the GSM mobile telephone system.
The computer program when loaded and executed on such a general-purpose computer
effectively results in an apparatus that implements the steps of the preferred method.

The invention rﬁay also be implemented as hardware modules. More particular,
in the hardware sense, a module is a functional hardware unit designed for use with
other components or modules. For example, a module may be implemented using

discrete electronic components, or it can form a portion of an entire electronic circuit
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can use different control flows w thout departing from

the spirit or scope of the invention. Furthernore, one
woronmiwiof the steps of the conputer program PERSGE8/000366

performed in parallel rather than sequentially. Such a

conput er program may be stored on any conputer

readabl e nedium The conput é2 readabl e nedi um may

i ncl ude storage devices such as magnetic or optical

su%; gs fg‘?gﬂ%{lgn %Bé&ﬁ‘%ln?égr&gg' %rlrcﬁﬁ ?A{ﬁgg Hﬁéﬁbﬁ%§ o%r#;%@élﬁhtles
exisb nﬁhnserskﬂledzd‘atb\beamdhammam ma@, thei syéteuuearaalﬁglbé -implemgnted

iedel I nternet system or
asﬁwggm@ﬁﬁggﬁbgé exgnp |F§ed in the GSM nobil e
‘tel ephone system The conputer program when | oaded and
exe%%?éjz%oﬁé‘%h ifhag€ ?@rﬁ%&nbrﬁ)%&@ﬁ@o§9@§ﬁﬁfhf ed microscope with
effectively results™in an apparatus that inplenments
onbtnestaEsa s Uit cpen Fenge 15d1e tindens TEHEh B¢ TayPrincipa
plagulggo % (I)%al s&g{éhweg?{ dd e ?V"aBS aqoo%ﬁcﬁé%mf@ﬁ Q v13|ble surface in

war e sense

thd stahki gnak ItQ ey i?négb@' anddgsbahie Qeté@céd eVBytthe Qﬁi&" detector
conponeﬁts or nodul es. For ‘exanple, a nodule may be

IDj $Geh @8RICCHl Thei dbgacddnstaheé 8 elaad thedmage distgpomant 9, .or  The
f

oo i i s e

lqeid n Fﬁéﬁé g) areNl'éE%rFéBuﬁ) eérfq?rra PRaskRid | LLES I/’etbgztDeno’te the

hose art appreci ate tha
opﬁclaﬁta&m ez  ahe achee sudoenplahe dy ase X caxibiandtthery alis and the

les. Fi 2 sh
R0 e S RIS | T Oh e 2 Soome ™ L

only one camera lens L with a focal Iength / . In the
E)Blt Pca?@;’}%ﬁg% tlctah%sh-:y?f?lspcru]cu&l g}mrﬂétﬂgg ?E tﬁéq%tlcal axis and

usei 3 ipbtagiat gebmetsci aptich enadek fier, mme Uemilat@nf 6@@95@'!19 |tﬁmf9me’mc
image by the inmage detector ID,
Opg%gr\qgg?pgtﬂéé@l%hg: Elrelct di stance is u and the imge
di stance is v . The aperture dianeter D, focal |ength
/ and the distance; befwgen the principal plane and the
detection pl ane sjﬁFe—feferred to canera ;ﬂb)rarreters c
(s,f,D) . Denote the bptical axis by Z , the scene
surface pl ane by the X - axis and the Y'-axis and t he
detection plane by the X- axis and the Y-axis

a5 Ube ORIECORRITIC 41 ISSHFS B PCHS O ThECIFtasipy p@pme@ thimage plane
und t he_ optic axis .an se a araX| I t

o BB SR 4ot T RS Pl S g iy ' dle of he

Iergf%l:é ifrespective of the position of p on the object plane. Let R be the radius

of the blur circle. From Figure 2, we have

2R s-—v
Bt . 2
D v ' @
Therefore,
D1 1 1
R=s>(7-=-2). 3)
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optics, we have the following relation: If the object
point pis not in focus or the detection plane and the

WO pge4phiene do not coincide, the detected i maBEr/8s62088/000366
blurred circle pd with the same shape of the |ens
aperture irrespective of the position of p on the
obj ect plane. Let R be the nadius of the blur ci rcI e
From Fi gure 2 we have 2R s-v (2) D Therefore,
S

i th |
eqRbIaEet frcah B8 in e S b e 14 é)<d30lf"'ura"dhafa
Sublsetad\ TERNCHbiK 28d Arméd Nikezh 8,0 Fbeading JeermiqueedtOptiahl Engineering,

Vo 4ai. . pRrk 2608, Neleiingr 3ogR Pivgrr . 2l peaEE o the

fodAOSd Béé?tﬂ)nuu : m’EVK%; MR bhiBctop) fsder b 6F AREY b tﬂé IéHWlll increase
fromthe lens w I ncrease Assune that the |ight

|R|energy incident on the lens fromthe point p during
one exposure period of the canera is uniformy
distributed in the blur circle. Thus. the circle has a

uni ness gl I n

0t AR RN oD HRREn! BRI of] 5! R0 ying one
ex;ﬁtfsuteh@erlb)ﬂ&ifm bﬁn@rgds {iniformnly, dIBnbutEd in (e BIurT&(;tele Thus the circle

tn t he bl ur cregses [ at

nasya PR FoatLinssd Ssnn o Rl thE ciRanf raps WA e e poin
sprebd aoictiors(PS6) obthasystgmds ci rcl e of constant bri ght ness.

A twodi nensi onal Gaussian PSF with a spread s = R/-j2

is often suggested [ Mir ai _d]hﬁr,]a Se hxlg,agqp Tae Choi,

and Arman Ni kzadg, OEpcR)si Techni ques, " -Offi cal

- Engineering, Vol. 32, No.| 1lg ppmheaais- 2836, Novenber
1993] a@(x, y ;s)=--t exp(-*y ) . (95

- The brightness of the blur circle decreases quadratically as ]RI increases. In

practice, the image of a point object is not exactly a circle of constant brightness. A two-

dimensional Gaussian PSF with a spread o =R/ V2 is often suggested [Muralidhara
Subbarao, Tae Choi, and Arman Nikzad, “Focusing Techniques,” Optical Engineering,
Vol. 32, No. 11, pp. 2824-2836, November 1993]

Collectively, we denote all the PSFs in a camera system as a(x, y; R(c,u)). The
PSF 300 of Gaussian is illustrated in Figure 3 given D, f and s with varying u . Here, _
Z-axis refers to the function value. Since the PSF in the X-Y plane is rotationally
symmetric, we illustrate only the response with respect to the distance (by the X-axis)
away from the biur circle center. Note, the Y-axis refers to the shifted variable u such
that the origin (0,0) in the (X,Y)-plane corresponds to the in-focus status. Such a

response will be very sharp in Y-dimension for high magnification camera systems.
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canera systemas a(x,y;R(c,u)) . The PSF 300 of
w@msssEms is illustrated in Figure 3 given D, PCH{G2098/000366

with varying u. Here, Z-axis refers to the function

value. Since the PSF in the X-Y plane is rotationally

symmetric, we illustrate omM4 the response with

respect to the distance (by the X-axis) away fromthe

bl i h
u@?&h Eaf/g eﬁci'l %ﬁﬁé 8%tl ,\Q{[Iaq {%stor\/ﬁ}gﬁne =T T fﬁf 51‘?&%}%&6% ‘Perrs ﬁhs defined
in qb}ecv;pqgemmweletep cnoicept, deptheof fogup de definedan lmageﬁp@ﬁe &HOF
is 5eq§rﬂﬁr§b%§ thlmé dREanke rf%rr?‘lﬂ'?é' Heér@stY lﬂééﬁﬂé‘\eo fhdfo%l]s P\hﬂhtolerable

magni i on camera sy
dns@ptondalthaemf the faehest @bﬁgt rﬁmalsefsmaﬂtaa@ﬁt@b't'n\f@cq%wﬁ’ tojgrable
dist ﬁloqefk' \@Sgy'l.@e@laht%ﬁén fP 2REracRRShE e H|§ioﬁto$|dd@lﬁcﬂéou5|ng is

ocus defined in i m

thed%ayﬁgh vty whjch indhigj copteiceates dhatt %é“’en\@'éh é%tm%%‘ﬁ@c% diffraction
limiPdcPERtdnh tf\@%bﬁ(lrﬂéltﬂétﬁ giferenbe enal dver bkcﬁa’édta)qilehﬁr vidve length

Iy O aB A B AR AP IBBTAEH o e

1 Ilﬁﬁwu@ﬂ{eeDDEldTgydi&wléﬂmbéé Pr the Qhirdlesurho. Mﬁéﬂl@aistrﬁg:dmputdmen of
' n thi at

I h, | h
oo et ek S BTRH Fn gh il i
lightpassimg thpaigh. Hidober edependraipom éheesceas de bel imagpeda Withr increasing

el GaioF AT srRine PUsneioah aherre NS 2R SPSPATIED SP fo
Fordbigh thagdnific2086 atd hub@lical Tapetterellens,sit 45 weny shoet Gputheoﬁrder of
. icalk lenses in the third colum. Note that, the
m"%:ré({)'%t%%?{ti on of DOF is solely deternined by the
property of the lens, light wavel ength and the medi um

| i o%fe RAS %'f 0widt r(ﬁ@%he'&ptn&’é?%?ﬁeﬁm i€l eRENSH HFP(HQ obb&vable world

scene to be | ITH? I NCr easli ng rragnl i cation and
that iscseen St Agnapshel.iGven thipdensufigortign padh thendize ofdbe dmagegetector.

theXeBV Riztfetdrs %Egreafeo\ﬁntm Inﬁﬂaaﬂ'ﬂﬁ Merlsi reagniflRBtichd TRe! Bﬁfrie@s% of 40x,
aperture |ens, in the order

oqbe ofier RS Areiabort &ba G orb 2GS, ERBCwEl cte fourh

colGiA loB Mabie 1tthiREd soned tybids! RIS giammatdreinveptital niitrascaps.
seen at a snapshot. Gven the lens distortion and the
size of the image detector, the FOV di aneters decrease
vvi th i ncr easi ng | ens magni f i cati ons. The di arret ers of

Ox—ana1Hox—-enses—aLe 2
m“f“?q"m&?*é?“ rg\g"ﬂbeé Avel y. WFWﬂP?ﬁm@ol umh D' abl € g ‘FOV
tlabul at es sorm\pe;tmecal FCV di aneters in opf (mldzhrneter)

im2 0SGOPY- -abt-e 10LJC|J|. b—ef—Fetd—and—+Firetd uf55
\li ewThé*above canmera nmode] is a 17near and '
tir ansi tiognal lly-i nvardsant (LTI) ®pti cal 2.2

20x 0.40 5.8 1.1

40x 0.65 1.0 0.55

60x 0.85 0.40 ‘ 0.37

100x - 0.95 0.19 0.22

Table 1. Depth of Field and Field of View
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I magi ng system For a two-di nensional planar scene

p(x,y;u) positioned at u, given the canera paraneters
w@2000841019) , and the image on the detection pPERBEGL®8/00366
- (x,y;R(c,u)) a(x,y; R(c,u))(r)p(x,y;u) . (6) Here

a(x,y;R(c,u)) is the PSF of the imaging systemand b

(x,y;R(c,u)) is the detecteid i nage on the inmage

detection plane. The synbol (r) denotes the '

t wadi nensi onal convol utiop, Fo -ee-dj . ' .
scel® aye-c"Y3 n’??cgeé i ﬁ%eoaﬁsalrng? géﬁt%ga@éﬂ?éé@hg?\. a‘t!%ioﬁ.t'cal
imaBing sy EteAh jFRE bawpeiinpensitinauplanart stebd e (pt i pbsitiooed at u, given

positioned at u= z zeD . W al so assune .t ha% t hey
the gearetd parameters € 5 (sdi-)dand the IMR8&,op (e %%%%'POB "Eitage

-is the ensenble of all the detected planar scenes,

i.e, b(x,y) =[a(x,y;R(c,z))(r)p(x,y;z)]dz . (7) In

practice, the(aotB&ludept(n r;&ige)&heeeyhe scdfke can

be observed with acceptable blur is constrai ned by

both a(x,y;R(c,u)) and p(x,y;u) . The forner case is

Mai geié GUL 1t R(c MF id thETFSH dfae idagDigFsystent drel Sens; R(khe) is the

canera paraneters as well as the working distance u
detatted ciamge non Hee limege delesiion tplane ohld SYMRP! & dgpetes gthe two-

.t ..and the brightness of the scene content.
d'@%gﬁg%h\?@ﬁt?ﬁhge as [u- Aul2,u+tAu 12] , then the

i mage whi ch can be observed focused is b(x,y,u,Au)=l

_t em{ 2xred dficnsiohii( §denB( We Yoah) Cohsided. #)cokkists log at $eies of thin
Rayl eigh I'rmt used to define the defocus status_of
plahanebigets rerandictlae e they eptipa] gye RISIEPRSY &t ¢6° Zef FHe: Y‘??ea'”

asdUTRIRaf REY SresditidiSie indRidRNY. Nowrthb UbESREd inRf@as te ensemble of
consl dered to have the hi ghest contrast anong its

all thefdstestestplaall §E986r® s t hus has nost hi gh frequency
conponents. Wdely used focus neasures include the
frequency domai n functions, gradient functions,

i nformation genteat| {4 RES)@B(HIeyldevel varance
[T. T. E Yeg:pﬁ%? ILTO%} Jayasoori ah and R Si nni ah,

"Aut of ocusing for tissue mcroscopy,” |Image and Vi sion

Conputing, Vol . .10, cenbe 9 : 24 wi
929" P rﬁgﬁgaﬁ]f‘f‘?iiqﬁpg‘gf?n@ﬁ?ﬂﬁ%g 2 {)Cee)ﬂ/i%n%ht e °sb§%§%d witn
ac&ptdtlé BlubR&BhdtHairidi ybottBui(x,eSsRE@N)) @t yp(trive 1) airgdormaricgse is
neasure is, the hi gher the i mage contrast, and the
mainly due te fhe limitation of DOF of the lens, the camera parameters as well as the

working distance u, whereas in the later case, the constraint is due to the contrast and

the brightness of the scene content. Denote this range as [u —Au/2,u+Au/ 2], then the

image which can be observed focused is

B yiu, by = [ [a(x, y3 R(e, 2) ® plx, y;2)Kz . (8)

2

Unlike the Rayleigh limit used to define the defocus status of a lens property,
there are unique criteria to define the image focus status. Normally, a focused image is
considered to have the highest contrast among its defocused counterparts thus has
most high frequency components. Widely used focus measures include the frequency

domain functions, gradient functions, information content functions and grey level
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i mge focuses. As an exanple, we choose the energy of
i mge gradient function for the exanpl e enbodi nents,

wo Bio4iovk dxdy . (9) where bk (x,y) , call edp@r/sc0a8/b00366
imges, k =1,...,K, is the -th imge captured al ong
the optical axis, corresponding to position u in
Z-axis. The integral is ovet6the entire inmge area.
Alternatively, a smaller wi ndow Wof the imge can be

d- iQn. |, :
B 5,5 Vi TR LS a0 SR S0hoERR 6 e
micog@py,T fmagenasd ‘¢|a||on|quhmxhert\ml| th,Na Uidh DecamberutP3c ap 629-

QZQe C?%Ppr ?@é gﬁé i Q?J‘?Xr nt:%@é‘soe ?rldj &hd F\&)pé Lb@ctwsog‘pe(cﬁ\fétli@n But

esgentiallyltke (a(geryh|§ maagumie\is, :thg loigher t@e mnag? cobtkas(t xandythe befter the

: lm%nfe?&% :Agse?éé)éﬁmﬂar e GoBb & fHRVENYYdySof b I\'Ea%\&adlehhﬁnctlon for the

or this conputation i's ON The focus

exmas@n‘@n@ment&a%fds depend on the inmagi ng system (due
to the PSF), the content of the scene, the imaging

depth, the specific w ndow of a certain size and at a

certain posi YFMD fgg'LVW(ﬁ’Q gt i on. VWhen fi xi @ other
factors, and chan g imagi ng depth, the FV are

one- dlnen3|onal functions of the object depth
positions, called focus value curves. Illustrated in

Fi gwhere4B4re)t halled £ éark imapee kahbvek 49the hgh image captured
eval uated at. three di ent .w ndo %
alopgsthe ogiisal §ﬁ'§fp‘é°”éﬁ?8°'§ l?%ﬁog{.)ﬁsmceu:( \}&-% e %%Eal is guer the
enf/&ﬂé'tlh'agé Greﬁoﬂﬁnat%?r samaﬂérwa%éb@@ ?Sthgnmagd ahn be used to save
ut of ocusing is a te e ich fin aut { I
comA oYL oaf o AR TSI Aeaing® AncaPURT BIP Ao e, afef b entre
imEy4 Kdea, Ircoumericadiniplemeratihasichod memsgrescarkbe leapproximated by a

rent depths indexed by k . Specifically, it
f°cf‘ﬁer8§‘et('f:\QefH%°ﬂ?'Pr i ndex such that .= argmax{FF(fc)} ,

(xj) e W (1 1) k Note that the conputation of all FVs

is wthin th%Vs(%rrzeﬁfi&N%)w t(chﬁ’yggrd_ai n (10)

where G, = B,(x+1,5)— B,(x,y) and G, = fB,(x,y+1)— B, (x,») . Suppose the
size of the window Q is N, xN_, the complexity for this computation is O(Ng'). The

focus measurement values depend on the imaging system (due to the PSF), the content
of the scene, the imaging depth, the specific window of a certain size and at a certain
position for FV computaﬁon. When fixing other factors, and changing imaging depth, the
FV are one-dimensional functions of the object depth positions, called focus value
curves. lliustrated in Figure 4 are three focus value curves 400, 402, 404 evaluated at
three different windows. They have different shape and strength. Curves 400 and 402
have multiple modes, whereas Curve 404 is unimodal.

Autofocusing is a technique which finds automatically the best focused depth

among a curve of focus values FV(k), computed from a stack of images S,
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posi tion and size. The autofocusing mechanismin the

exanpl e enbodi nents i s based on inmagi hg system usi ng
wa@odovmardes The mechani sm can be consi dered as BEI/SG2008/000366

extension of Eq.( 1 1) by reducing the wi ndow size to

a pixel unit: Gven a stack of inmages bk, and the

focus val ue of each pixel F¥ik,] k) ,k=lI,...,K, we
find the depth index k(i,j) at each p| er position
[,/ h that i
( >e>}< S@%J%]ﬁfren?&ﬁgt;a% Iﬁ{c’g@?;dxpy] l{c)z }eSpeCI( gaig if fi r?%th[e deth index such

thé’iﬂ | -focused image i s conposed by assigning the pixel
of the k(i,j)-\h imge b - (/,/) at position (i,j) to
the final imge. In practlce the conputation could be

very time-consum n ar e of siz uch as
- 1024- by- 1280. ns&frg {F[ﬁ(é‘ ng)@é’ n'gl?part it ﬁé into
MKN smal | regions (cal | ed grids). The optinal focused

depth of each region is found. These depth val ues of

t he NghPIngt iHEB@ngutatioR ! df @l VRS TN theQeh® WRBER T8Mth certain
(FDM. Since the map i s obtained based on eval uation

POﬁB‘P’h?@ §$2%), it is called EP-FDM Then each region of
the focused image is found by assigning the grid of
the e _at that timal depth are conbj ned
o BRI IS oS BHE TS TR STRRTeRin s BTl oeirasing
syét@muﬁsu@rﬂwmmmb rhych@histh ¢t Iﬁélbdﬁg;lc[éfed 3s ah.extémsion 9f Eq.(11)
, Jayasoorlah and R _Sinniah, utofocu5|n fo

bw%@ms ' BTGP 0 4 PR Siidven $ %%ckc&; {iBe3on g - 9o the fous

Decenber 1993, pp. 629- %1 In Fi g
Va'é'ﬁ@lﬁ e@‘?h HxﬂyF V@udk)s(jualr e fon Wnfindhtherfie '"b‘é‘ﬂ%x @%Wl)e“‘t |e§°h pixel

pofi {E D gy FSf*s%%é'enﬁ%"e' r%ér%’q”ﬂ?ﬂﬁigiﬂ A assign it
to the center I | eq‘n%lg?’é\{g;\ﬁ:k _f)n poi nt H‘QEF) ) of

the sane grid o The conput ati onal
cost. for the enti re AFl using a linear search has a
conphe:xl-focubedinageNt brhigpsey by assighing thesepikel mf theFk (g u) ¢h Bnage
shows an exanpl e of optiml depth distribution 500

By £laki @)positien (’tsh)etoltBREOa l§PPes (X-Y) of an i mage. The
depths are not constant and vary fromgrid to grid.
The resultant imge of the above nmethod has a

che gk prabicy, theapgputaivhesouiiobe very time-consuming for a large image of
size such as 1024-by-1280. Instead, the image is. partitioned into M x N small regions
(called grids). The optimal focused depth of each region is found. These depth values of
the whole image is called (optimal) focus depth map (FDM). Since the map is obtained
based on evaluation points (EP), it is called EP-FDM. Then each region of the focused
image is found by ass‘igning the grid of the image at that optimal depth and they are
combined to produce a montage as AFl. This algorithm is called focus enhancement by
grid patching [T. T. E. Yeo, S. H. Ong, Jayasooriah and R. Sinniah, “Autofocusing for
tissue microscopy,” Image and Vision Computing, Vol. 11, No. 10, December 1993, pp.

629-929]. In Figure 1, each grid g, is a square on which the focus value is evaluated,

called an evaluation square. We extract the (7, j) -th grid of the l:t(i, j)-th image and

assign it to the center (called the evaluation point (EP)) of the same grid of the montage
image. The computational cost for the entire AFI using a linear search has a complexity
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overcone this problem interpolation is introduced

usi ng the above depths information on EPs. First,
waledopneoiht er pol ati on squares using the four nREF/E6200&ER0366

as corners. At each pixel c,y) within it, the optinal

depth where the maxi mum focus value is found by using

bi -I'inear interpolation. TH& resultant natrix wth

each pixel carrying the opti rral depth information is

< L T S B M i
. LOr,
ol kg TS o Bk O B v

conptantcaisad feome ghiy toogrel.  Suppose we are process| ng two
grids A and B in the sane tine. Based on previous
results, the depth search direction for Gid Ais to
i nd'rteasmltieptnhagel—tfvthwebqvef oethodihgs® checkerbpardprnrpearagee. To
ove Oc% Wplsyb&emr Ln'?&?o@’ué# fsf lhﬁ: SHuc¥d tuQmQEﬂ% dBovhé&iins information

d search next. Thérefore_these
on &P iFitet, definedhterpsiation squares @s@,@tﬂeufawn npafegt SBAgERNeET: At each

plxeq gge ) vﬂ{hmq{ 'tﬁjesoptH%‘F ARREretthe %dxﬁ’ﬁ.:m Mels vall8 issstisslegsing

I magl’'ng, e quite large. Suppose the inage
bi-liféaraintiefpolliddx T8 Besuttdre matrix owtbr éamp rixe! gaimdsg Hiae eptimal depth

e 50 5 e A B8P D PO o

AFinsiodreposetl using ¢hesfotiawibgforroglai red and processed |s huge
For exanple, ProScan Il, a newWy rel eased notorized
stage of Prior Scientific Inc, acquires 16 frames in
i ts coarse 4EHxQN =8A4, L [1én yarfot Néx.»16 i mages i k1Its
fine search for autofocusing based on a single w ndow
of image [IT. Young, R Zagers, L.J. van Miet, J.

\M’ugﬁ Osing onlmdée%l‘cﬂt Zﬂldk'hawfdwpro&é&% bn@fbylﬁﬁét&uppose

Cr oscopy, , Procg

we g@p@pﬁﬁngam/oagmeﬁ gmg 'B H’!q ﬁ%%“ﬂﬁaé?%ﬁ'dson grregwgs) results the
deptPlsvaén dli@8ion fop-GHRBA4EE) . mdréaseE‘démHm yHbwdser Kior Tiid B, it is to

T e

" ThéefH thesk orindisbbrcKmeltifods rare;esseanmwm.sequennal eq:leabf grigts.

20480, much larger than K= 16 . Storing all of these
i mges in the menory is inpossible. However acquiring
20486 humbesofi gridspaf kW ,iin extemtied fecah irsading, roovld behguite large.

b a5 RS i RS e sae o
3288PUdNe tHaVe AOL 3bi, gNt= 40X ppE UT280 brids/urew;taf If hwes prdcess them
secp;glpgaeily,e t)r(mg %ﬂrsntbleny gf .%38«25 trcla bseeaecrcraﬁlreé) an<:|e processeg p§) tluljgceapor example,
ProScan I, a newly released motorized stage of Prior Scientific inc, acquires 16 frames
in its coarse search and then another 16 images in its fine search for autofocusing based

on a single window of image [L.T. Young, R. Zagers, L.J. van Viiet, J. Mullikin, F.

‘Boddeke, and H. Netten, “Depth-of-Focus in Microscopy,” in: SCIA'83, Proc. of the 8"

Scandinavian Conference on image Analysis, Tromso, Norway, 1993, pp.493-498]. If we
only take K =16 images at different depths for each grid and process these grids
sequentially, the number of images to be acquired is M xNx K. In this example, it is
equal to 20480, much larger than K =16. Storing all of these images in the memory is

impossible. However acquiring 20480 images is costly in that one has to move the iens
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since it could capture nuch |less inmages for each grid

as the positions of these images can be desi gned
whedoonetad. It is thus expected to be faster PEESGLI08000366

above net hods. However, when applying sequentia

nmet hods, the grids have to be processed one by one and

eventual ly all of them Thenefore sequentia

processing of grids is not appropriate in this

ntext. .To. speed U C
or SRRl RSB e el Wt RBGIAT et st el ] Betifrace
capthenghepmisienbugh Hmdfod bightt lespesoi® posi ti ons. For
sinmplicity, they are assuned to be equally-spaced by
interval DT so that the maxi mum search range = |
kmain View dfuihisythe haieeczkhapsiive searahheeessHa st e aj@é\?ﬂﬁ here
sin 8 %Scou@@ap%ré%&mlé&fs indhSs flr QQEH bh&nab ?hesﬁém%hé BEthekd i lmages

consi st IN SI X ste first ste
carsbg deﬁlgnﬁ@\@éf@r%\aed dt t?dh\d%éx%ﬁd%da %faSteh @%ﬁ’d&%@bmﬁeméthws

HoWed&t %}hteh%pﬁfm& SEqUBRRI RiRYISddeatheC gitisUidvado ase prﬁ%e@)éne by
movi ng the objective |ens or the ok%]é'ect st

ong pand felvé’@FUa'é’p?H Holbem: ofherefRte SRaYE ﬁaBE"ﬁ’Sgﬁg g gl ot

apprdpAate GYthis datese Of Ilght exposure. It can also be
simul ated by reading images frommenmory. The tine cost
for either of them ta , is around a few hundreds
m | osgredds, aitofoousinge ¥PEFI, ventrtrodateng panallge prozaskimg method

Qgrd%gﬂ’l{)l #ﬁ' gnllpﬁé( §ttgﬂa1l§o%t%:r§ Ig %ﬁ‘t ar{?;gggag%lgonﬁa o Sll’l’&’éfICI , they

aré ats@nhéd\tonMemstamww @tdrdrs Aleas thatfthes mln’i\tgn seédgh range
The focus val ues of the MKNXK gri
I T bl chiapl e S SRMrob G 2D RO RIS FpcaLgoos. THEPBOEM of tis

'alqonﬁgn :L%ngtérﬁ&ggze%l i urg Wué g#ls%n\noélx s’¥8§ n|nStH§ I?irs"{l sgs,rp §T 1, K

i'n t order
imegese araT@nq@red| at Shahp o tf(GSFE9i$S fidere emqﬂsgwn dCOUtdn eneﬁao cRitysical

cagﬁm@ gtlm?ﬁé Bg n]iot&ﬁ Q@i\): \'fehsc' olaﬁ‘:@ do%ée%g stage t@SPified depth

re a
pogmpmsesfpbnhgn ngagshocpttthg/sqgnggo alew ﬁ@@[;g off Bghit g XpRSYre- It can also be

snﬁ;’atemy Pe%%i‘rah(a i g??’roﬁvﬁ"e% o'ﬂ\eoﬂfngtccbst %r'@thgpﬁf e, ¢, is

epIrsTaro nd tens m I seconas 1 n ou

ar6Ufided feWeRiriirddd rlliescohd$, S bl ekﬂ&ln‘féht‘slﬁsn@elﬁfabe edadarCcifom hard
pi xel .of the image is f'ound %y bi |.i near interpolation,

diske othectoti comeutatinnakcomty af(BxX7PDM at pi xel | evel .
The conputation cost for this stepis QCMNcN tbl )
for non-overl apping grids, where tb is the
In Step 2 (ST2), each image is partitioned into M xN non-overlapping grids,

each of size N, xN,_. The focus values of all the M x Nx K grids are computed. The
computational cost is O(KxM x Nxt,), where 7, is the time of a single computation

of FVin such a grid. ¢, is measured in the order of milliseconds in our experiments.

In Step 3 (ST3), for each grid, the focal depth at which the maximum FV is
achieved is found. These depths are assigned to the grid EP correspondingly. It yields
the focus depth map, EP-FDM, based on the evaluation points. Time cost for this step is

around tens milliseconds in our experiments.
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conmputation cost for a single bi-linear interpolation,

measured in the order of mlliseconds in our
wexpeniryent s. For each possible depth k , StepPGI/§&X53/000366

finds the pixel set Uk) from pixels of AFl based on

Px- FDM such that their optimal focus depths are k

The size of the each set LAY Jc)) is also found. The

conmputation for each k is actually the sanme as the

Conpuigd hQaTHf tH?a' r%&@sga@;sm o e&usb.kaalf traéw\agél i§ fcbdhdtw(blhnear

di nensions with 8] xel OSI tions urne For

integieqiatien. ProguGing ther ipes id§Ptf‘rFﬁ%P PxA00, @t P@ﬁ%'eme'r U ﬁ%&em&?m”

er| Of A
AR BRT PR TSR RSP B it s e
corkputat%heEosﬁ {0$T§) siAgI8| Bidfmebhnteporitio®§ neablitel) indittee! Gder of
e to the correspondi ng pi xels of

m"ﬁeFO“d?h%O'ﬂfl%@?"'B@g?tl ons are indexed by Uk) . K The
conputation cost for this step is taSS|gp x L(U

s )s%%;rﬁ?@%g%@ So3P e teb RASTEL R PP ELT G dromypaets o
AFIdHrq oh %XW LQFEH' tH R tﬂel'}eopgﬁ'lg%c&f ddpansds  9fe size of the each

I seco have an exanpl e, suppose K = 66
seti l:(é@le))susmm feuri) Zhe bgmp@giinn fpaeaqht i onédisastugliyihg sRme as the

comp u%\éz@J ﬁgﬁ atlgﬁ'c‘ﬁéeat%glgggf Bstyvée? 'B\'gn%ll\ﬁs él\{lt‘)’(\ S%I o%ﬁlons

I

.ret@h@dtﬁ&uéééhedeptﬁ Ttabiirte ZosSieps, 1, aboanhdeds ewilisatords in our

nost of the tine of the PPM algorlthn1 Al'l these steps
expPifientsDT ite fotareoraputhiit dost ial O Ixh)gr) fof thenkigessialedispthed
i ncreases. Hence one could reduce the tinme by
decreasing this nunber. One way is to down sanple
al opg 4R pHERMIOS, SAESE BT a%‘?r% the 2B@r gﬁi?U%kﬁCpWélsr & the k-
i mmges fromthe same scene buf the sanpling rate of
th inaRe td thes cdrdspendifig pials cHAFCaRe fixel positipns arerin®ded byl U (k) .
the other 5 tinme cost itepns are reduced. The increase
Th%%ma};g’udn cogﬁ) h fs%y is Hiﬁ %g) It\ﬁhéég gzég% hefhe time for a
Method 1 and that in Case 2 to Method 2. The exam
singletsolr FEsigryneNt cOp AY@IBINE PETIgRTERL AP INEFnglR &eeth '? Ht?éFUFed

in e Rtder Bf ipakidk ik dhilkkeasndsy function (PDF) of spati al

nei ghbors of the current tile in the sane scene. The
results can be used to predict the start point and

endirg GaROhM bxari§iBCsupbbse rRRYS, ihgd dige &emzhs:yauzsmmaaﬁtioned
I mges shoul d be acquired. A so for those dept
inte o¥ixtY onRoEN- -overlapping grids, each of size N xN, with M =32, N =40,

N, =32, the time costs for the six steps are tabulated in Table 2. Steps 1, 2 and 5

consume most of the time of the PPM algorithm. All these steps cost more time as the
total number of images acquired increases. Hence one could reduce the time by
decreasing this number. One way is to down sample along the depths. Assuming Case 1
and Case 2 acquire images from the same scene but the sampling rate of Case 1 is
twice of that of Case 2, except for ST8, all the other 5 time cost items are reduced. The
increase for ST6 is relatively small compared to the others. Below, we will refer the
method used in Case 1 to Method 1 and that in Case 2 to Method 2.
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where the probabilities are high, a high sanpling rate
can be set to acquire nore inages in these areas. For

WO bamse4pesi tions with | ow probabilities, | ow sSeapPBGHGs/000366
rates will be applied. As a result, the sanpling rate,
on which the inmage acquisitjion nodes are based to
design, is variable and adaptive to local tiles and
| ocal depths. In one exanple enbodi nent, the first

st mi ?é%rﬁplleeéggﬁgdr:rgéntg oaegb;fbeat bn Eﬂﬁsfdaoﬂ%égﬁlﬁylcﬂufébé‘l depth
updat e oca e
profgRidy SeTHY MOERE () 1P SPEUA CEIRBHoAIdNe CHREREL I hegsame
sce?ubr umeuegﬂi@rcergh U% s tarwlecﬂctah@][aw@u pairsttand emae@l miritoence the
redi cti.on accou or

rangi P iR AT PRy SHaLbh S n irRRo ARt b drtsp aiepin positns
whérhah@ﬁrtoeélblﬁtteswe high dkigh samplingHatecemnte sestorapgtireemore images
. I ctl o { |. .

n Bart e hohd oLET RS MURAP O HAPINES b et Hify les wit be
appliedb Abial resuft, tfe ssagiingl egbe, mmmidetmomag@alcqurslttohewoges:anedoased
ten.. ln. ' , f h depth
to Gefe s \BraglEadd addbip} Bfipca U BERRAL dceln. P 2207, GeP

Thjow, then it will be skipped wi t hout acquiring any

| mage, Iéxa'n{plé émgb&mﬁft e ﬁﬁsth motlgérﬁstn@“dialwﬁdtﬁ ng from

t hen etermne a snal our of p
previeusly trapaessryl tige asddp r@da@p@ Ho%gﬁpﬁhomgd'am mﬁﬁ?jesﬂ'&ﬁ focus

depth %cﬁcﬁl@n 'nﬁbo%l Borekkts 8B |strﬂt§tufea$r§d|¥:ﬁbrﬁﬁoeé 'Hdlﬁbﬁﬁl@ﬂ)rb&@tlon
nodes al ong the depth axis.

SRR RPAIRIG AcPowE ARG SFHES AP A eFSPRLSt Rresiction accounts
for%d?ilén@@h)éra%teﬁ%s' on@iegithagy. | SHéi\%beanu@lﬂg B dpradit®h model,

sukegUars i BB 20 DB g SRR (P PHESINA A Gpbth 1angs and the

prdbé?ﬁt@séfl Mhadiegﬁﬂ Iftdi hb;]m foblkde i ‘F\Ome?gal&gmtc atkpf opathel ifmglsm@: the
W TY ersi ons of, the exa 0

propgBiffsf BARH oA P oL i P PG 000, then
it withrbsd emppedewsrmunmdqmmag anypriinggelsiédt isnhigheg thargianhigh ghrethold

th .
Th mgen?é"iﬂ ﬁet%frﬁinglng e@f §§ gﬁ%{ Fof E@% d%éz)atée\’s {Ilwot;ﬁtg tsl?]ég'mf‘ge gHé '%Bdlng
depth edkitionsoandniowges agyaraniredin ayhlgb@amebhg rek o determine sampling

no@é%pélpr?ffﬂleede 9 NASWERY! Rehe ﬁ&ﬁébn&* 5sel§etwmg &vo ft%sholds

e pr ocedure o OSSI
thenlsémilariia sesqllmmf@gursadpﬂemge% ot 3 lcrmyarawnstratﬁﬁmﬁqdﬁe design

no@d HERLe, RASAS é?@%c&mﬁ‘edtéﬁd%ﬁié%plﬁtté e sralRl ﬂSr@EéssmyH@onthm

situation can 'ed by a second version that
(PRM) fﬁge’iﬁf@’?%d@ﬁﬁ’p‘lnﬁﬁ’ggl n the mdst of the procedure
The dense and equal | y-spaced nodes are used

Two versions of the example embodiment are proposed to implement large scale
scene imaging. In a first version, dense nodes are only used in the beginning of the
whole scanning procedure. For all those subsequent tiles, all the nodes are designed
based on the prediction models dynamically updated. This is applicable to scenes
having fewer tiles. However for more tiles in the procedure of imaging, it is possible that
the estimated sampling nodes may drift from the optimal positions due to accumulation
of errors. This situation can be handled by a second version that is using dense
sampling in the midst of the procedure. The dense and equally-spaced nodes are used

regularly to correct possible drift of estimation due to accumulation of errors.
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- The spedific seanp GomAt s Shgnge e a8t iange ol thendgies

regularly to correct possible drift of estinmation due

to accunul ation of errors.In the follow ng, we focus
wowodiwerissi ons of automatic all-focus i magi NECDEG2008/000366

| ar ge t hree-di nensi onal scene on m croscopy

applications. In mcroscopy, such an application is

cal | ed high throughput scaf@ng (HTS). It is an

emer gi ng techni que whi ch uses nodified m croscopes and

I mage- anal ysi s-based software to scan the whole or a

I f

or 15 e Bl e BB EEUS PUIRAUSS BRI AHMRELS ALforss Pl darae
thréMé@&@nﬁér%QSCéFr% dh Tr&ﬁfsf:di@)/addllcdﬁbhsi dn mnd:ﬂb@&bp‘y'hi@h@ihmpbhcatlon
. Crosco rom | ma
s IR g, ToaneS) RASEIG HT BtoBean Snergg gPIpiauLupigh uses

motifled\fiPoscopés a@%ge@aly&é—’ba@é@]soﬁﬂdre tesaapthe whole or a large

i ments ar on th b t
e e e e
automatﬁcﬂfmtd larggeimabe agashe gsdafiney Heptite, dHighcthreughpihMicroscopy:

cifi R &y ; f
Frop eger . AR o IERE AbroARRL SRR OF eRUABlicH BAREIng! Macro
to Naoh1SH! 2806, p. Wél-ZSQis the focus degree of the entire
i mage. W& have anal yzed the probability density
functions (PDF) of these focused depths based on
i mbsexsoifieembediments @reobared| op thp absrivationthat gisia $GAS. the
det%&taﬁe ’focﬂgcgc?é%ptﬁg ar'éhl?mt‘é@ &8 cerﬂ?ﬁyar@é%ld?'@rtﬁ@ Bd:é?\%ddepth direction.

I stograns shown in Figure 7 ere%gne
%geatﬁs the

spe¥lopihhitRpRPdfHash pikEl-dsiidil 22Re RROE Hedrbe of thefantid@ itnage.
focus depth map based on all pixels, Px-FDM 1n both

panel s, the horizontal axis refers to the index of
node, have Eﬁﬂylg‘eﬂdthéuﬁrﬁaéhﬂltgdQi@hbltypﬁsictlbm$PW1)dot these focused

ool bt et S8 BRI U Jene o

thesasnél mbyl gleenomdiisedAlistagraras @00 efihhotvavre thugshé rwhere panel (a)

rob lities, e S t

= R T IS RhATHS DR of A4 oS, M, an
PaMQb)(lb)‘rpmetherﬁoadle depth rham baseglt oradl| plXﬂﬁ;dﬂ)g-F@M In heth panels, the
ho?ﬁ?ﬁfa@gxn? téés}grosﬁg Qﬁ&ﬁdr@f{a af‘é\fgﬁos%gr éérol‘gl:‘li%g §uﬁ9&r:§ gérétﬁgﬁglﬂoﬁsnand the
veriticﬂi@xism)tbﬁw@ﬁ!bl"mom 15 to 35 in both panel s (a) and

(b). Skipping those index ranges with very |ow

probability will not harmthe final result great

| nsttdmabsaryedphat. papele@ aphibitfemiliiBleemPHey VR Cas cP@Bés(b) has a
sm?@srﬁtgheomshmoﬁweocié%ﬁfs\/lﬁvé Piyhet PRDEXIRTER! RhRNBIAEIsTRIVE Sower ones.

earn the probab

-Notably, some depths such as }n%ex 0—15 and 35—40 in both (a) and (b), even do not

focus at all. Among all the depths, the depths at which focused regions occur in the
corresponding images spread only a range about 20 index positions from 15 to 35 in
both panels (a) and (b). Skipping those index ranges with very low probability will not
harm the final result greatly. instead, it will speed up the whole imaging process.

Based on this observation, the example embodiments learn the probability
density function of focused depths from historical data of processed neighboring tiles by
using spatial contextual information. We assume such a probability distribution is true for
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density function of focused depths from historica

data of processed neighboring tiles by using spatia
w@eobexual i nformation. W assune such a pr obedi/BG2098/000366

distribution is true forboth the current tile and its

spatial neighbors. W apply a threshold to the

probability distribution of2g8he nei ghbors and do not

acquire inmages fromthose depths whose probabilities

r ess .than e th shol d. I
oot B s e N 1 snalsl aeiegors, NUe eh & oo b erpoavilty
distibutist ofrttee nelgtibcps exihdc tio trive deqaives irdagishfromn taoseempths whose
AESEE S besi

pro{)ﬁos 1os afel e%F ag Rl egpoi %?r]% hg C%Rgug?(f é‘agﬁs {eh%rocessed in the
mstdﬁheﬁEldg@ymhen1structure factors may al so influence

the actual result. For exanple, one of such factors in

optical mcroscopy is that the stage carrying the

obj ées weagstivats lang iprédictsharfiecsd deptht inl a gery 1arge scamg using an
oot '"‘éa‘agﬁs%yﬁ'@ﬁt“%%é@%ﬁ%?@i up B Erom HEERen: Fd Ak inrinsic
sySé%m is P%\tt"ecfﬁCtPE? Hex alg@mf@éﬂce theei @t%mérF%%a@PPeéﬂe of such
factPgRtdptial Inmaegéop% ﬁwBﬁth@%ﬁg@%hﬁH% He 68&@‘ ms@be Qﬁgpﬁnv slanted

range I n e scene | gl ng as_those SFTB.

or Wiedn s “h%Yy" b 2 AR BT ey fpaismpll £ReNer 'mamgwsmg a single
snadPsRGEATtr Rgstam! HiipRtien. rIOrcahHrél:ldnhlg X PETER, BRDRGIWETRNhas dlrect

epth pre ontalns two termns

nedRE GTERS BB FERTEIPraTan Mo 2B T3 & BrescesnP gRzaing as
thopé sarll Gt tstovf iiarighe nsdyr b bodendiated @fa:ludmeamd)ﬁﬁamrpreééntmg a
| the tilt of stage and/or the tilt of the slide. pR .
a“éc%gﬁnts for the characteristics of tissue content,

such as the | ayered property Normal 'y ps can be

cha PhLE I \

(155 fﬂ% é%aﬁ%%egég?dlﬂn ? %Eﬁés d%gthr;gr%?lgtgsnl %188% 2 c%nfams two
termeta sffucfuse peedwarh aed aomqabnhsttosprEdl(:t)o)nLy) , i(x) =

..., , ) =1,. .., J, onregular grid points.

Supposed the estimted paraneters are , , 2 and 3 ,

the prediction nodelpdispformul ated as p (#)+ (16) The

focus depth map of a single image tile based on

eval uati on points shown in Figure 5 is a typica

expg ld&%&!rﬁé fof ﬁw%ljsltﬁuctuV&faE{oPéjd&% sneﬁ SL tH&atﬁ o@@fa@g%h%ﬁthe tilt

, and 3 = . Figure 8

of 1he s‘ﬁdél ,B,ybedduﬁﬁ fShQ\WI ﬂ@ra’ttér%ﬁw odﬁﬁéhb oB’ﬁtléntSQchOEs ahe layered
| arge scene. A global trend is seen and is |largely due
property. hélotrnalty p; can be characterized by a plane equation:

pPs=ax+a,y+a,. (15)

It can be estimated by using regression from a set of focus evaluation points

Ei i i(0)=L..,1, j(y)=1,..,J, on regular grid points. Supposed the estimated

parameters are a,, a4, and a,, the prediction model is formulated as

Ps =ax+a,y+a,. (16)
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and/ or slant of the slide. Random noise is also found.

Then we define the actual structure depth in the
We@x@piseas specimen t = z-p s . (17) r is a quarPtT/sg2008/000366

accounting for tissue content. W consider it as a

random variable with probability distribution h t)

The exanpl e enbodi nents ar €4based on stati stical

| earni ng of focal depth PDF of spatial neighbors of

th A5t

el'l'féggél%g ?Hetné o?alsﬂﬁleslmg% %fee@%ed\éﬁ &Sﬂhgﬁér{ pJ;ﬁtQ@hown in

Flgw‘ﬁefn iso qortmmad:temémgﬂtalr tregudi n\fVeaﬁtlij ehali Fﬂgdﬁohﬁ% Parametefs
a he(516892t (ﬁ 53{:]%%3 Q{d She4,ﬂ%§7hsﬁ re%é%&rﬁmﬂ&%‘ﬁ%hﬂ%@ameus

‘ach|ré or’ t hose 'dep positions wher
depm ﬁh;@tadon &fl £%argd ScdHedA, glvBal GRNdSS6eéh Bhds BAJEY Ui to the tilt
§$ Ecgwk s n&;e I.ma ? pg@?ese areas. For those
a“dfﬂf f BHEe Ri9en RPEWPHPEBABIASAPYE. | ow sanpling rates
are applied. Cbnsequently, the sanpling rate, on which
t he_i mage  ac ased to desi. 'S
var e agte esasia] B 0re Bl PREEEmI e ER e pt hs.
Figure 9 sunmaries the main process steps of the
exanpl e enbodi nents. The first step 900 to learn
the focal depth PEF’?rﬁmwpreV|ously proétésed tiles.
The focal depth prediction nodel is updated. For
subsequent new tiles, using the prediction nodel, the
pOSEiiBlaeqRantill acroyntng iafdisSen GoptRaL pV¥baBnsidaryit 86 azKom

varﬂﬁl@t\nnt tp‘?o@a%mépcgé{ﬁﬁgloﬁrlﬁri]ound This is done in the

secon ste e probability of each depth
i's examned at step 904. If it is lower than a

f
t hr'ﬁns h?xa&:&]-ehér%w%cg %teﬁt@ a?g %&eat Qrf rs1ta %Bv\f‘) Iegrlnpus c? ‘f&c%PSthh PDF
of s'magaimelghbans of the glhrrerh rtltwhdhed séﬁhe hﬂ:g‘re (e bpnegi 10)>m théxdgarned
resgfst lﬁrﬁg% g ﬁ@l\ke @grll g&bfﬁenp{o ;Srgéngtltgg @{Jﬂt %lﬁtrhnﬁté?{ng%mt

I ons
herae doe range; wf tae Hegths @élwb!ch mgag@t a;reta@qwli;qde sﬁccmg fon tnsersigpth

pos‘i’(Bﬂ@ %vh@LéJHQ ﬂrgﬁatﬂﬁ% I&réaﬁl'gﬁ \)Na thh Ref Q?\ld?\%é?ﬁﬁﬁﬂ?’ rrat@stB ea@qwre

However , probability bet ween
m°ﬁ1\”%?§ﬁ6l"?j§he(5§taé®399f@)’ tthSRewsglpm o ligw prakaiifiess é?vg §BPINng
ratdsSaféehftligd NEesEhaent] te B:H'hplﬁh | r%ilé mhacﬁgné ahAgd %cqunsmon

used to deS|gn nodes. st eg a‘ #?6 e deF eg)
nodes e baserip acsign: S¥aqa b a8 edye snlosltles T e b

par al l'el processing al gorithm (PPM descri bed above

r_enh ed focal im é é@) b

appraUF A SRS PROVIRPELAS: HEPy Soi Hotph gresdments. The
firstestbp S0nzntb dearn YhalfokciledeptrePBRA diongpreviously processed tiles. The focal
depth prediction model is updated. For subsequent new tiles, using the prediction model,
the possible focal depth range and the probability of each depth to be focused are found.
This is done in the second step 902. Next, the probability of each depth is examined at
step 904. If it is lower than a threshold Th_low (step 906), then it will be skipped without
acquiring any image (step 908). If it is higher than a high threshold Th_high (stép 910),
then determine a small neighbor of this depth with starting and ending depth positions
(step 912) and images are acquired in a high sampliing rate to determine sampling nodes
along the depth axis within the neighbour (step 914). However, if the probability is
between the two thresholds (step 916), then similarly a small neighbor is determined
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specific applications and requirenments. As an exanpl e,
Thj ow may be in a range fromabout 1%to 3% and
wabkgoviogtrisray be in a range from about 6% to 10RPET/862008/000366
ot her. ranges such that the acquired i mages correspond
to a high statistical trust region wth a high
confidence | evel such as e2p. 95% . In the first
enbodi ment, dense nodes are only used in the begi nning

(ste f?1t829bu\(\‘$| Iogl §§rﬁ@m NGt g?é&'”tc? dgg gaseglas %&Qﬁ%@?m\t all the

the ' n s are desi
designedlinotiéss rimapel @res adguitedi (Stepl 9221)m1ﬁt isput 1oj harrarallel sresAEsIng

algcﬁ‘ltlg'h atgr’@f;n hch fbdvaliof '@hFPQ‘nd@@ nftocaIAiFnaﬁhﬁ P(stdp0824)aR will be -

tion processing Is formed uSi ng_dense and
app@ﬂ?éﬂ?q ghatstb\sdéreﬁhﬁ@%usqchm @K@pplfmﬂpodm%%"@&&ﬁeé depgsiing on
spe@iﬁc gSﬁicQﬁbrﬁ%@ rQ@ﬁﬂeHeﬂfbs AE@h éi(aﬁ%fer TRt oyl rjnéij bé3 in a range from

ned accordingly. st
abof i to 5%, i 1. NGia) bR oA (AS18R OFLE DB OFh BF &g ranges

such ith#2- thé’\bc@]n@ﬂ |ﬂqQQ& cotfedBomPE & ingh afidtiv@ttruen rdgion Wirea high
new nei ghbo % is perfornmed, based on the built
CONRERIGE | %§66) At step 1010, image acquisition
at the estlnated node positions for the new

et BT TrecPhoirelrent sdhee pPfecars soly Fedh P ushhe SFinp whote
scaymag ptdeedyreoEersall subsequent diss,aill heapdes ave detaignedtbaaéd on the
pre(é) ogms &ho LS Q Oé?n@éllgcﬁédéa??de dlt-' gﬁregﬁge i?og\%(;a'bgfég?m of the first
emipagiirasnt medd sbd:n aowﬂe@nflomaltzhteon atossssmgalsgmﬁi@rm% using éense and
equgpvj aﬁé@@ Aot € ?%4bﬁﬁ§3e ch?ﬂsﬂf?)n]Q?%sfgﬂrnogé%%ﬁlghg‘%r a

new neil g For nore t
curq@nbwempee’fonﬂed ﬁe@rm@gly i At step 48QG japnasietnesition medel is built based

on S%dug{?'ﬁﬁpfo? PRt HRIRY sHERY10BI f\&def 'Bé?srﬂohr&tlﬂaﬁdm} the new

positions due to accumul ation_of rs.
nelgfrhogn% tileus Pedermedn bﬁ‘%j’Lﬁ"ethflbu"t/@°B?'é§’(—E’theﬁ Wég rﬁéﬁf%'*fmm
mab@%ciﬁ%ﬁu@ﬂ &”@@déﬁmgted’\'{ﬁﬁﬂé fidhs F@rnIHel ﬁGWTﬁegghU_?ﬁng tile is

s are a updat e e

pertsgHes. AtSIeR A0 I Srisransd noLBo e tayeieah priceyoitl, f ves.
the GR6 RS tterpisRed bE s@pi 140 If @6t almtiles dravel weeh processed, the node

ccumul.ati on of. err.aor the requl ar
posiifeRpgh fuselis HoReted s P01 Soaesf S pbliimpe Pty for e
lateatyadightating tilep add B2, precess ops hbtk tt stem 1R0tioe poicespirmgeifs new
nd@%%anFIand equal | y- spaced nodes. sanpllng, and a

AP2HM®i s set to zero. At step 1104, image
acqui sition at the design node positions for a current

Ui T8l SoREHIELTARAE pficedliePotlitBing@ it is possible that the estimated
sampling nodes may drift from the optimal positions due to accumulation of errors. To
handle this situation, in Figure 11, we present a diagram of the second embodiment
where dense sampling rate is regularly. Models are also dynamically updated. The
dense and equally-spaced nodes are used regularly to correct possible drift of estimation
due to accumuiation of errors. In this figure, the fegular period to use dense sampling is
N_p. More particular, again at step 1102, an initialization processing sets a dense and
equally-spaced nodes sampling, and a counter is set to zero. At step 1104, image
acquisition at the design node positions for a current tile is performed. At step 1106, a
model for node position is built based on a focus map. At step 1108, node position
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nodel for node position is built based on a focus map.

At step 1108, node positionprediction for the next
wmedoghbois ng tile is performed. At step 1110, PCEE§E2008/000366

acquisition at the estimted node positions for the

current neighboring tile is perforned. At step 1112,

the counter is increnented26and at step 1114 it is

det erm ned whet her or not the counter has reached the

I [ I e

pref SN BE RS RS W EREEIRRE, Al Siert 1118 o0k Miguisiion a
the @streated notis p@sutrqnh &or toRecustent peightearing tll@ps p@li@me@m étistap 1112,
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the idiRalicatioh&fdp 1420 MRk, RGs furth&r didterdifdy ét]s% 11380wh&Ber all tiles
process | oops back to step 1108. It wll

be
* havReB ATaReEEEY. h it Yephlbe fupesa t?rmmtewbatem 1d8arfpnet. the node

posﬂi@’ﬁQﬁédﬁl&hﬁnW :jsdj;fd&téﬁ bAese Bﬁla%c@mﬁpwl thé @urrent nelghbonng
and requirene

| on ts le, t
tie 3EGep 720, 303 i piatee dhaps Baeh ostert BB FRATE: SoerolSiafpie the
periddf kNDVp)Cbeéd leé)&mdlé Lw%ﬂodtm% anayétdlﬁad ﬂég@ﬂ!‘r@r aini Bpecific
use a_three-di nens
aprlfRIRE: SRS GRS K RIS o MALEE 1 AR bout 2
to 51202, a prediction nodel including at |east a focal
depth probability density function (PDF), h(k), is
| earned fromone or nore historical tiles of the
scefigureAl2 shews B2 0dw dhhg 1100sillbsteatingcalmatbed of generating an

TSR S P £ty 8B i

emhodlmlt?(lk)Aﬁ stepx 328 el pseemlonh@pde*f mﬁ(ud)nq st frasb\@ #pocal depth
pro%él&ﬁtg/ o‘ehélﬁzsﬁllﬂ&%n (F’@F‘ 'W(g)e id l%al?’f‘eﬁLan? dn&or hidfe ﬂ%&lrl&akﬂles of

i's above or eq
thefscpRe. Atﬁﬁe@s,w‘ldtheo%s@le fﬁﬁ@'éuﬁﬁa@ee@ BFUDsEaYRN Hioithe aoene

are%ﬁaaﬁteeaﬁgg gpaymﬁ nee %?édﬂ:t%ﬂ' H8d&f Ak sfepr 18l %roé&ht wél@e of k,
At ste e _ac red |rmlgsgs are (grocessed

h(kyt %edas'b‘f&t%‘latff & és H‘B'B"Vf%f Hhrastqldnayinage 'Fﬁcgu"ed at
them@tﬁ ECfbm,aweae itire; bhe .fexlen@baowbpé&mém Slﬁadteh@bﬁﬁld one or
a eto a n unatte e . .
mop ARadS cguid Brotah M 2 PHnd s aire. g for spicane tie
At $thp 1f208,u$1edze:nt|*‘edmd!§esla$e bemessst for gemepate\a pinsl focus map for
saig%tfjg%n i fJRge ti | es and the possible focus surface

cur'rent adj acent image tile is predicted. The
probabilistic nodel is also applicable. Although the

str tt@[:ﬁwlcg;%gﬁﬁ) g'n%rgxaﬁ'nﬂel Amt?c?&krﬁérﬁs au‘e al@%éﬁ@aﬁl@ﬂ) autofocusing

conplicate
in unattended large continuous scene photography. In such an application, the focus

depth model is learned from previous obtained image tiles and the possible focus
surface for the current adjacent image tile is predicted. The probabilistic model is also
applicable. Although the structure component still exists, it may be too complicated to be
modelied in a general sense. The whole focus depthé may thus be treated as random

instances issued applications.

Furthermore, pre-learned image acquisition node positions can be prepared as
options and embedded into the imaging system. Users can choose a special package
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nodel led in a general sense. The whol e focus depths
may thus be treated as random i nstances issued
wappbieats ons. Furthernore, pre-|earned inmage PCT/SG2008/000366
acqui sition node positions can be prepared as options
and enbedded into the i mgi ng system Users can choose
a speci al packagefromthem27Al ternatively, the user
can al so define a package of such positions such that

frorh lﬂf‘etn?y%ﬁtﬁecuse d)l lind Qé‘él’%aﬁ)é?s%tdéﬁnﬁta &a)&ﬁég% 6?%99'? P@{'t%nts Rich that

image reflects the user int
the systen w%ufO%H@m)qa@th/t atothgse noderand itheemyltlvfmqsed inpagedeeflects the
useH8#idggtded microscopi ¢ i magi ng systens, high
t hroughput screeni ng systens, high content screening
systems, intelligent (still/video/novie) caneras,

vi srbcslentgawaagm:ah@ﬁotdf Gh& Y SurRiie @&kV\ﬁblludé‘S uﬁéﬁeﬂﬂ@d | tRiicroscopic

vj deo/ hoto stenms.. In al eriments for
magya, e NER AT BMGHRUE HEIREENS FYSAMe il FoM B SERRER eSS
mteblgeght(stflllv&led/nhdvgi)lt cﬁmgﬁa@? ﬁn‘myn éﬁhydlmsbot@(@%teﬁs abewell as

ce is e e imaging object is a tissue

aUt%rF’mtg: %ﬁ?@r%ﬁyﬁy%'f’ar i zed stage (Prior Pro Scan)

with two stepper notors for stage novenent in the

hor

Ihzaﬂ %&8«% ?%n?sni%i g&%lhﬁﬂ%ﬁ] grg%rﬁ%%gé: éF $rﬁ n-tnn?e gmﬁo€ment a

bﬂgbte’éeid h@htmmrasmy (Qlynhipy$ 83151 xastbe imaging deviceds eslect dhe fneaging
objﬁ ‘?soé ﬁ%s%&%&dé H@@%& \ eso&gtﬁ.lno%&j fgg@ﬂgﬁbryrg Sgérg thZt@/Q stepper
motoes flor slage mvemem i thephyorizonig plese 6% and X)aamzomg/stsrzper motor for
focﬁgﬂq‘@%xnéyvﬁ{el ARrdseb H@f)ef sd {P\‘érstégeol%ésﬂegg 'Cﬁl @ ed. %0 |tél§:aﬁ‘\era

tainin t1ss
is CPRRGRA tosye ﬁb‘?ﬂ'??@ Qfﬁee ml%rg@@?@s\ﬁn imageseane) digilized mtwé 024-by-

128@&@&@4&&@ Ega{ Infpeqs ﬁnﬁba@&.mmﬂ@wo Yrid8 el §i§e \afztdp 32 without
i nterval 5 microneters alon Z-axi s.

oveR3p & |f'|*fﬁ1?( rocgzsing, Jhe scene s %%Ff@@sv wlide (*@Eyﬁﬁ'ug,‘gbw&'h eftpick
tissd€ Wsiied By (Manghy fheCaddedBepdRe VIRIcAING Wa cagtiraTi Serfdsadt Ghbtack

maBP, PRI SV B RIS R0 ML Epgments. we
havBotidedaB r okfetives: IOIameustR}ahcas 4001@65 | (oragniBektian X40) NAi(B65),
vt e S0 BERLATFISIE o WG BHGPCAR (bR Brarcn
100%/1.25 odr(nagmitidatiors X108t NAd1.25)aBdthVeit laod off)arauset @spmmedsion
me%\'é nbwggﬁhr}gﬁ?&ﬁ %th.ﬁ%@&%leﬁe d %ﬂrH'@Erobpang{éggi%gﬂsecompiled in a

) capture
PC with 3.6GHz CPU and 2GB RAM.

Two prior art methods (Method 1 and Method 2) are compared with a method
(Method 3) according to an example embodiment. Methods 1 and 2 capture a stack of
image sections at equally-spaced depth positions along the optical axis for each tile:
Method 1 uses the full Z position range and the highest sampling rate. The resultant
enhanced focal images are treated as the ground truth for accuracy analysis later.
Method 2 doubles the sampling interval of that of Method 1. It is a method often used for
multi-scale autofocusing. In Method 3 according to an example embodiment, Th_low and
Th_high are set to the same 1% and N_p is 2.
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i mage sections at equally-spaced depth positions al ong
the optical axis for each tile: Method 1 uses the full
wQ@2@omiion range and the hi ghest sanpling ratBCT/SGE08/000366
resul tant enhanced focal inmages are treated-as the
ground truth for accuracy analysis later. Method 2
doubl es the sanpling interv8l of that of Method 1. It
is a nethod often used for nulti-scal e autof ocusing.
In rgg%f ﬁxp%ﬁfn%ﬁg'vﬁge EanﬁJ&te%XﬁEﬁbg P@fﬁ‘)&qﬁgﬁ%sed-r&apﬁ'}é’ was
and are set to the same 1% and
anab’éﬁ dswas Wefh%ﬂ?ﬂ% W%a@o%m‘@ﬂ@'@%meﬁ r@emmaﬁentrates
aroﬁrrbethg%gﬁ eldords%%ﬁl%éfmoﬁrﬁba Mésegnd kiles\Wagchl PORSl ard Y& similar.

hese PDFs are uni nodal an hei r enengy concentr at es
S“%r@é%aq%‘é copfifred gt %‘ﬁ&aﬂd{t"'%tfﬁ’ﬁﬁgﬂ R neighlafigg context
to eblirh&E that Ufthe Rlirsnt BleCinvEmEthdH Bebdtbing BYEM e RANSRE Bbbaient.
confirmed that one can utilise those PDFs from
nei ghboring context to estimate that of the current
tilie,wdsn fcmnHEtHaoobmaesddita gMeethodn 1eX&Abe 2 ndamdisawnta~20%

+ compglBGa 36 Wik aIORE T B! O o ehee L o 08 cpereas

Method 3l ao@xEvldmgrtecb,rC exkriyyie &n&&d@neﬂr%camd‘aaweal§~8@1’ohmnb get with the

ol 000 ) PR B9 BB i8R 84380 8 v
no significadidifferendescapdegiedeived. accept abl e as visually no

significant difference can be perceived. In an
exenpl ar experinment, a histol ogical specinmen was
pr de@s sxempisi wg:earmeaﬁ rihisielpair@ IsPepnes viaseProeasgedsing an air-

imnfP2fo P oﬁj%ct(\)galgﬂé fc:‘f %5(1’(%‘5 éﬁ;@ nn*\%tlgn @@O NAU 0%5%, olﬁpér‘tcb&gutlng

environment wt Ther'e

envigenment s'ﬂfac%@GHéd-‘é%U ﬁaﬁ! 29& ROM. Thefre ﬁ@eBQLGQWJTSPMﬁt%WeS for

Metabd 1T(ﬁer%rmaﬁ ReBdaAll Té gendtaehard AFEfor Msémﬂesméthaash &nd 2
and 31.73 seconds, respectivel %/% The %ua |t(¥0Wn

useqie. &epqmdr %1( 7339988 JeSRSEEValo e yalsy PhoE! goes
by @w;tar qlnémc%d@aﬁdﬁrﬁx@mfoéreeﬂmdt A Lembaalmeﬁeasésrtae sa:gie ttnlen& that
(0] . 0] range 11 e. a n
of Miginash T tor B3 T H4TGE e vty B bl seod Ta Torvhe rSirash e, Ypptnoo
3 haw ar aldrall ey e@rar of 000%0 ThB%enTdristratis it pdteatiat of tHeeexample
emigiriet S ube deafeE Bl S e T - say e d B pegyramoe
embddu‘mmtawqﬂl depentioch rtieentperiod | crobeer rfdr cperfbm;ng)dhe ddll range tile
pro§él8r%§ b Fe‘auce:’grrrfwuﬂ{n%é“&cbmﬁaftéé' ér{ciré‘”ge tile processing

mnimse accunu ed errors. The nethod
and system of the exanpl e enbodi nent can be
i mpl enent ed on

The method and system of the example embodiment can be implemented on
a computer system 1300, schematically shown in Figure 13. It may be implemented
as software, such as a computer program being executed within the computer
system 1300, and instructing the computer system 1300 to conduct the method of
the example embodiment.

The computer system 1300 comprises a computer module 1302, input
modules such as a keyboard 1304 and mouse 1306 and a plurality of output
devices such as a display 1308, and printer 1310.
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a conputer system 1300, schematically shown in Figure
13. It may be inplenented as software, such as a
W@ 0vps 18 pr ogr am bei ng executed within the coP@s&2008/000366
. system 1300, and instructing the computer system 1300
to conduct the nethod of the exanple enbodi nent. The
conput er system 1300 conpri%¥es a conputer nodul e 1302,
i nput nodul es such as a keyboard 1304 and nouse 1306
and a plurality of output devices such as a display
1308, and printer 1310. The conputer nodule 1302 is
conthecsaseryter moguliepl e is HepReFiRd 13 aamipyte] ngiwek,| 2 via a

sultbblén@&%béﬁér eevlbée 1334410 bRaIBaddcesAEE eSS th Istethet tdnether

e etk SR R B Wl e e

nDduIe 1302 in the exanpl e i ncl udes a processor 1318,

nd A 1320 d
" R ATEe HA Il (S AR RSl 1. o
Rardoeh Adeassa\nemut;e(rRmﬁ) 1 3q0uandatRrad Qhly QJemory dROAEE322. The

f or, exa i .
corle HAFRL b IV ESERS 180 0 O Py e,
exaumkpdmamterfarﬁe 11384 donthet élsplamdﬁi% EB02l/@yiptecfare y1326 to the
|@W885gW@ gate via an interconnected bus 1328 and in a
manner knomn to the person skilled in the rel evant

art. The application programis typically supplied to

th eTHéSc%mﬁgnetr\@oﬁtﬂ%éﬁﬁfutéMﬁém i?@@ tﬁﬂéﬂ&’ @omAlinkattalia an

storage nedi um such as a nmemnory
inteseannegied byg 1888 @ndtin BimaaHgr gn%'a F%@smqvgskd'&fian the relevant
art.storage nmediumdrive of a data storage device 1330.

The application programis read and controlled inits

execution by the processor 1318. Internedi ate storage

of W@Eb@mad@ﬁ ProGERe is2 6/ istpsiibdut tl@ AV 3r3(A8. cdnputer

ted b ki II t
syolim 1300 SRHES At B OB BRARH LA B DMy flash
meﬁﬁdﬁg&rﬂet hed pesd atilising s exotresporaiing Hatarstorage meediye drive ©f a

e t S e
oo §TRTS R B S R0 SR I L5 Bt v
exeentiod ibynahe SJrace,&SOt Henaf omtgrrrtedlabe stwags ob peczrgram @ath maybe
accofti&dSudify RAM 1320.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to
be illustrative and not restrictive.
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be illustrative and not restrictive. CLAIMS 1. A nethod
of generating an entirely well-focused i nage of a
wo booesdionensi onal scene, the method conpri si ngpe18G2008/000366
steps of: a) learning a prediction nodel including at
| east a focal depth probability density function
(PDF), h(k), for all depth 3alues k , fromone or nore
historical tiles of the scene; b) predicting the.
cLRARS! bl e focal surfaces in a subsequent tile of the
scene by applying the prediction nodel; c) for each
val ie ofA kmethes afigenatptingkgn entitelyt medl- fb¢use(ikiyna'g§ tfed dhyee-
nﬁenéioharsaehéeme%éih?&eom&g% tre %:&ybf ed at the depth

for said one IS above or equal to

a @) lsarning @ pwdistiop eods Inféirlémgn@tg@gstaaefoa@qqﬁnﬂéd»r@babmty

der?snk?@@ﬁcﬂnoﬁﬂpgb? ), SH(RLRSH atieddhtY Ihies & frBrrT 8he SR hrORARtorical tiles
processing the acquired i mages to

Of@@ﬁé?%%e a pixel focus map for said subsequent tile.

2. Phsredrtify thedSoselohd fiREl dutfaeediiimalsubsbqicdk fleSdfaRe €tene by
s .exam ni,ng h(k) such that if h(k) is bel ow

ap@ﬂgg]ﬂ?ergr@dpﬂ?%gpgﬁld no image is acquired at the depth

K'  ¢)dor emihdvalureofti, bﬁammm@; (k) &db)theas above or equal to
the flrs a second. t hresh

or ¢ 11 S SR s B VEH T 14 EF e AERTEE Pt ¢

sal for sait waedife; lanfior said one tile using a first

sanpl | n%ﬁ“@ého? &% J)lj %‘a‘f)(o asfrgpfﬁygsh%fd %ﬂga(ir r{ﬁgre dn'%ﬁes are

second one" gés are acq
acquired drepdeptharagge arcood aasiamuevaﬂ luie?r eéidlonedile; saadd one '
til LnaL.: C . ' f . :
1 15 Bk B 5RG RB0 b HebeR T bkl Rt Map for said
subsgguett tiche precedi ng cl ai ns, further conprising
updating the prediction nodel before steps a) to d)

are _applied to a next ) )
2. The method as claimed in claim 1, wherein step ¢) comprises

examining h(k) such that

if h(k) is below the first threshold, no image is acquired at the dépth k' for said

one tile; and

if h(k) is above or equal to the first threshold and below a second threshold,
one or more images are acquired in the depth range around said value of k for said
one tile using a first sampiing rate; and _

if h(k) is above or equal to the second threshold, one or more images are
acquired in the depth range around said value of k for said one tile using a second

sampling rate higher than the first sampling rate.

3. The method as claimed in any one of the preceding claims, further
comprising updating the prediction model before steps a) to d) are applled fo a next
neighboring tile.

4. The method as claimed in any one of the preceding claims,

comprising the steps of
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nei ghboring tile. 4. The nethod as clained in any one

of the preceding clains, conprising the steps ofi) for
w@2Goens18 i | e, acquiring i mages at equal |y spap€rSG2008/000366

val ues of k and processing the acquired inmages to find

a pixel focus map for said first tile; ii) building
t he PDF based on said pixel3focus map for said first
tile; iii) appl ying steps a) to d) for n consecutive

h |
05 aB"B0"q Mt filk %o LiHacBs f Baldl) bhdcks VELEL bR and
proSessngathaaohumecamageaitqﬁdd apixaahfocos enapffocsand fiest filet 0 4,
e o PP s o B Sl ke sk Padlgrertidcer
t heiifparpidny aigPe Rhtod), fonn epriacutiveengigriog tis. ﬁmﬂel
CONY LSS )ﬁh fik [ S @BWHFB%%F% +ﬁﬁi?iiiéb$§bthle'f?§t lt'%he

component . The et od as c any one of
precedi ng clains wherein the ach|ring of images

CONpI i SepneL ARG AIcIbIRIEH My driRast crwmghoirow vi/riB?&ﬁSthe PDF
8. The nethod as clainmed in any one of the preceding

is acwfsr'ﬁ%mee\ﬁ&d@i aAnd/aea HeenAsdned Magsl i ed to nicroscopy or
photography 9. The nethod as clained in any one of
t he_precedi ng, cl ai ns rein the Learning of the ,
or St ct 1 DIF U SORBISLL 88 AES Shits Beckdng alas wherein
thel predictitini anodel OcorAprigest em staictge nesaporikgt aan@nai pedbabilistic
wel | -focused i mage of a threedi nensional scene, the

°°@9% éﬁiconpr|3|ng a learning unit for learning a
predi ction nodel including at |east a focal depth

gfab" e/ ol 49 RS |08y BRE ks ol fokrodifh lidhs, wherein

h val ues 'k rom one or °nore rrca eS’ 0
theta'waursmgwéim@qupmlsesnaMnnmg immgep oe diadiinggjoteldemages.
possi bl e focal surfaces in a subsequent tile of the
scene by applying the prediction nodel; a processing
uni 8 f orThe methaslces elainoed ot any cex gikhe nr@cwelng ciaimp, wherein

thetrRéthod fs dHgfidd &&nﬁb%pgo‘i’ bh&tbgidphgshol d, no inmage is

acquired at the de

9. The method as claimed in any one of the preceding claims, wherein
the learning of the prediction model comprises using spatial contextual information.

10. A system for generating an entirely well-focused image of a three-
dimensional scene, the system comprising:

a learning unit for learning a prediction model including at least a focal depth
probability density function (PDF), h(k), for all depth values k, from one or more
historical tiles of the scene;

a prediction unit for predicting the possible focal surfaces in a subsequent tile
of the scene by applying the prediction model;

a processing unit for, for each value of k, examining h(k) such that

if h(k) is below a first threshold, no image is acquired at the depth k'
for said one tile; and
if h(k) is above or equal to a first threshold, one or more images are
acquired in a depth range around said value of k for said one tile; and



for said one tile; and if h(k) is above or equal to a
first threshold, one or nore inmages are acquired in a
walepbl4vghge around said value of k for said oPET/8G:2088/000366
andd) processing the acquired inmages to generate a
pi xel focus map for said subsequent tile. 11. A
conput er readabl e data nedi3zm having stored thereon a
corrputer code-neans for instructing a corrputer to
ecut e a FEthOd(pu ggnerating an _enti |¥If map._for said
neld A 3erely | frage 6P dMeHre &2 @ERBiRYY Sl SCERR MAET S8
subsequenditieonpri sing the steps of: a) learning a
predi ction nodel including at |east a focal depth
probability density function (PDF), h(k), for al
depitlh va& cempiter rfadghleciata orediwmdhavingt sfelieddheneph esscashputer
5 codzer?ﬁea%% ﬁnstmctﬂbeadv%&ﬁbq{g tfﬁ@eegt%sé ﬁ'nofd lenér%ﬁnﬁ@%ﬁ%ntirely
In a su sequent tiTe'o e scene app I'ng t
welbiogdsast imagera dethree-Jlimessionat Roang ﬂ@e grethod campriging g steps
of: N(k) such that if h(k) is below a flrst threshold no
e is acquired at the depth k' for said onetlle

andg Ipanqing) aj rredishion: nmdeéqnbrewd% 34 lpastsa feqal slemt) @robability

den@E fdctio® [PDF RGO Sfor i RpEHVAIBEs kNfrémdsiet & harOKistorical tiles
around said value of k for said one tile; and d)

10 oft 'b?%‘teé@& ng the acquired i nages to generate a pi xel
f oy predgtingothe Sk sibrUDEAIGUERAEeS il & subsequent tile of the scene by

applying the prediction modef;
c) for each value of k, examining h(k) such that ‘
if h(k) is below a first threshold, no image is acquired at the depth k'
15 for said one tile; and
if h(k) is above or equal to a first threshold, one or more images are
acquired in a depth range around said value of k for said one tile; and
d) processing the acquired images to generate a pixel focus map for said
subsequent tile.
20



