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*159159* Method and Apparatus for Imaging a Sanple
Technical Field This invention relates_generally to a
nmet hod and apparatus for imaging a sanple and 5
rel ates nore particularly, though not excl \Kimnes
such a nethod and apparatus for inmaging amWMWMHmmmmmW
sanpl e. Background Dark field illum nation is, .
conmonl y used when i magi ng | ow contrast objects
agai nst a MkfhodahdAppaeatosbddinmaginl a Bamipledark fiel d
illumnation, light is provided directionally in such
a way that only light that is scattered by features of
interest is recorded by an inmage recorder such as a
iéuFWhgle light interacting with other regions is
transmtted or deflected away. 15 In sone cases,

S RRB kB30 meR S P G R e an
field of view exanpl e i s high-contrast i mgi ng of
tedates mew&rté‘éﬂé\x@? m%gﬂ?ek%«ﬁﬁaswe rtPé'y&.‘ a mt@ﬁaﬂa appargtyg for
cell sanple 10 of Fig. 1, cells 12 are relatively
meagingneell soplopi c in their reflection (scattering) of

i ncident |ight when conpared to the mcrowell walls

14 which reflect significantly nore strongly and 20
directionally. Artifacts such as a bright ring 16
Batigfon@ to reflection fromthe corner where the

wal |~ nmeets the base in the mcrowell. Such strongly

D&l ﬁéé{le El}ﬁgmg%nulg %&nhﬁ)rﬁg' 44 v&%mlﬁgélﬁ%:léw aélnﬂfalggﬂlfj ?ct§ %gamst a

recor ynam C range, !’mkl ng_ It-v
RO LG b ELENE LY QY IREERSIY 1R Srol 1ol SRecd Mty in

such a way that only light that is scattered by features of interest is recorded by an

image recorder such as a camera, while light interacting with other regions is

transmitted or deflected away.

In some cases, anisotropically reflective or emissive features and isotropic features are
both found within the same field of view. An example is high-contrast imaging of cell
samples within microwell arrays. As shown in the cell sample 10 of Fig. 1, cells 12 are
relatively weak and isotropic in their reflection (scattering) of incident light when
compared to the microwell walls 14 which reflect significantly more strongly and
directionally . Artifacts such as a bright ring 16 arise due to reflection from the corner
where the wall meets the base in the microwell. Such strongly reflective features tend to
dominate the image recorder’s dynamic range, making it very difficult to image the

relatively low intensity cells 18 near the microwell walls 14.

*G00002*
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*000002* 2 The mcrowell walls 14 and nmeni scus of the
[iquid mediumin which the cells are immersed al so
have circularly synmetrical surfaces at |east some of
which will reflect any given direction of incident
light into the i mage recorder. These surfaces al so
back- reflect a proportion of the illum nation onto
cell areas in their proximty218, resulting in 5 poor
uniformty of intensity and contrast in the recorded
Thegerowes svatl§ 14and orenistys ofahebqud hediine th whigheine adlisare
of images difficult. This is because cells in the

eahéked alseBavertirtQladlly semidictri @Mhrfacas 8t 1b2% SorRé bAWhicH Willtreflect
than cells 18 near the mcrowell walls 14 which in

. _ : "y L il Luninati ¢

S G CF LR, R il PRl AR, ThE st also back
Ll.s 14 and corneys. . a resul,t _using a decisi .

rsret i ST SnsRel o o ir PelrtREr DR preagtine i

géﬁcegjs,fro. regi ons, not aqccupied q%_cells in the
UpHprmigypigRtepsithndcopfrastanhe regRsdediinmagsd to poor

segnentation of the cells 18 near the microwell walls

14 if it were applied globally. Calibration nmethods

m ght be used to select a spatially variant threshold,

bess of nnifemyitylmhakass@tondiedsdgmentitioplofrhagea ldi ffialt. tThis is because

variability in factors such as well construction,

SlB PP He ceh@MFESioH NI RF a tk1€rowRl1/aPe 1e¥PbikHRyARdhdrYdefls 8 near the
liquid covering the cells. It is preferable in terns

Alcrowéll @911%1 'g} Whitddn 56 Uk afiple tr@ceﬂ%@dﬁﬁioﬁ@l lgﬁfﬁ%ﬁgﬂ rfrrl%ranr r;:ﬂected

approach t can generate uniform I nage

Accor di ng,.t ne . .aspect her e be proyvided net.hod , ..

FhiPaes SRR aRORER LRSI IR R s euifae decision
%g%ﬁotr pic light scattering characteristijics. The

O chpTFBIP SeTectlySeEHER; TRG08S paupPiedibyyrells frgmggeigns not

iIlum nations of the sanple according to a pattern of
easypied by icellyimi thee¢nsral ragianr 2] ¢ fermivyowelt watlddeadeto poor as
to specify an optical path for 1ight
segmentation of the cells 18 near the microwell walls 14 if it were applied globally.

Calibration methods might be used to select a spatially variant threshold, but in many
cases this is not practical due to variability in factors such as well construction, support
layers under the cells, volume and type of liquid covering the cells. It is preferable in
terms of reliability and accuracy to derive an imaging approach that can generate

uniform images.

Summary

According to one aspect, there may be provided method of imaging a stationary sample
having features with anisotropic light scattering characteristics. The method comprises
performing a plurality of angular illuminations of the sample according to a pattern of
angular illumination controlled by a controller so as to specify an optical path for light

scattered by the sample; recording images of the sample corresponding to the plurality
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25 scattered by the sanple; recording i mages of the

sanpl e corresponding to the plurality 3 of angular

illum nations of the sanple; and processing the

recorded i mages to forma conputed inmage. The optica
path may be selected fromthe group consisting of.

direct, back scattered 5 and secondarily reflected.

At |east one of the features day be selectively
elimnated fromat l[east a portion of the conputed

ofremgelar ithienipatiane ofi thefsamplyy had pioctssivigrthe rawnsledimagdsao form a
controlled such that light secondarily reflected by at
DUYYCHHREST the features may be sel ectively

elimnated fromat least a portion of the conputed

I mage. 10 The processing nmay conprise processing

Ty m@pbmh mgy |bn§glectp¢1 frerrsthargm@ qonsistingefo dited, back geatered

06 R Bl tRha, N JeRE G TRl AEY of BB R minated

frbriafat wastamlfr@dﬁ Bﬂh@ c@tﬁgﬁté@ ifBhged Tha ptt&n b ar illuminations may
supportlng the sa efore the step of

Hedhgpch that bighy secondsrilyredlgrtad by af lm@‘tmfe ob the fegturenanay be
&ﬁmbax efiRGnd&! fr&h'& nzgstaa rH&?{@f fhd c8ﬂ‘npﬁ1!38 Whake
I TTum e applyirng i

ations nmay M nati on
angul ar |ntervals around the sanple, such as by

totatlng a mask at an%ulan i nterval 20 Accarding t
ORTREFSSIAE By COMPRiSE & ?%esmewa%%aoa%a&fla@ww &5 among the

ﬂee&ﬂé@gngge%?tahg@@[.lmanpl e wth features having
ani sotropic Tight” scattering characteristics. The

apparatus rmay conprise an angular illum nator for

ngul ar | natln t.he.sa
e Be faa et onSs AatEER o BEp R0 aumige HRinator
Wit bR bpgryxigfat@dt@tie dF a shinplMolRk k@iporiig thb SaripldPefire the step of
controller for controlling the pattern of angular 25

perfogmingza pluvaditsef angulapiliyapatians of thepempls. path for
light to travel fromthe angular illumnator to the
i mge recorder when scattered by the sanple; and a

Preqeefosmingf aoplurafityocfemgiilag iltuneinatésms migctompaige applginiallvinination

a conputed inma
at angurfgr intervals argund the sample, such as by rotating a mask at angular intervals.

According to another aspect, there is provided apparatus for imaging a stationary
sample with features having anisotropic light scattering characteristics. The apparatus
may comprise an angular illuminator for angularly illuminating the sample; an image
recorder for recording images of the sample corresponding to a plurality of angular
illuminations of the sample; a controller for controlling the pattern of angular
illuminations so as to specify an optical path for light to travel from the angular
illuminator to the image recorder when scattered by the sample; and a processor for

processing the recorded images to form a computed image.

The image recorder may be an image sensor array with a lens.
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The i mage recorder may be an i nmage sensor array with a
lens. 30 4 The pattern of angular illum nations may
be controlled such that |ight secondarily reflected
by at | east one of the features may be sel ectively
elimnated fromat |least a portion of the conputed
i mage. 5 The processor may form a conputed i nmage such
that at |east one of the featdres nmay be selectively
elimnated fromat |east a portion of the conmputed
Thegternbifarige kit utlﬁnlﬂﬁyonsbﬁay&)almintrobéd suchitiedt digll decondarily
|ng |nag els fromthe

array.. The corres
w@ee}%én at leasi 9as OE&? 6%”‘6?6@@! éa eghivelnelanipatediiipm ptleast a
ﬁ&@OEBPQ@%ggﬁawanzeg angul ar illum nator may include

sk may b

a mask e between the |ight source and
the sanple. The mask may be controlled by the
ontroller.

St dmay B Heusnd e s uth B Sl e BAPS may be

é@%’é’ﬁ%’ly%ﬁﬁﬁﬁaﬁé@ﬂoﬁl%‘lé&%@a Bortibhef ﬁl@@@inguteahﬂa%@mk €eatre may
be a cell sanple. The apparatus may further

my
bompell oéa ancnomaetnwoﬂees@mgpordpm image povelsdirom the recorded
n s recorded by the
(R REL bk Bipc QU b AR Fh R D{ IR P Y o

angular illumnation may range within a three
dlnenS|onaI . space surrounding _the sanple and var |n§h
The weulas illypinatopmayincipden mask: dhewask sy ks betseadhe light source

{ K ol it Ezﬁlgplg OrﬂehﬁaﬁaﬂPy Fe DAY ed @g thd Jon% etb?g(?] §4a99¥n%9 beofa

om t group consi‘sting o
smyMEmnmﬁmahgahmmguMhﬁzsanple The pattern of angul ar
illumnation may further be automatically optim sed
based on analysis of specularly reflective regions of

TREInSAMY BaPbl 8f £96hst 5N EakP $Qfter28 FhturdDf HtSample. The sample
al gorithm may include an anal ysis operator for

Ry bep eell samplaglecapparatts mas@themcomptise an amegonRToegsying
a}ﬁp Fitf’ 0 CPQPZY cog&?uta'tfgr C(Irglgmﬂl"é‘%% H‘lé/geg geco%eatby\{ﬁe image recorder.

For all aspects, the pattern of angular illumination may range within a three dimensional
space surrounding the sample and varying in one or more of azimuth and elevation
angles relative to the sample plane, and it may be selected from the group consisting of:
symmetrical and asymmetrical about the sample. The pattern of angular illumination
may further be automatically optimised based on analysis of specularly reflective

regions of the sample obtained from a prior scan.

The algorithm may include an analysis operator for differentiating features based on
their anisotropy, an isotropy operator for quantifying relative amplitude and
directionality of feature anisotropy, or a combining operator for producing a combined
computed image. The combining operator may be a non-linear operator for combining
the features with anisotropic light scattering characteristics in a single computed image
independent of their orientation. The non-linear operator may be selected from the

group consisting of: minimum and maximum.
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directionality of feature anisotropy, or a conbining
operator for producing a conbined conputed imge. The
combi ni ng operator may be a non-linear operator for
conbining the features wth anisotropic |ight
scattering characteristics in a single conputed inmage
30 i ndependent of their orientation. The non-linear
operator may be selected fronPthe group consisting
of : mnimumand maxi mum 5 The angul ar intervals my

Diee Argubdr iritervals thastse équahtoan les ghinain aﬁigﬂl&r size bhhe MK to form
to form an overlap regi on of |na? . The mask nmay be
IRErien r%%@u? lgﬁlgs& J&letmﬁék maybege ateﬂeqbsehm 2 that rtnay be

X Gk t
é?ﬁm t udi na ax Eac lsp%y%ﬁle&r e%%“lrﬁ ahog%tudmal axis. Each

diathe rezorded émbhggs maggham aniolvbrlgdjegoantith adjaceterkcorntad érmages.
5 The angular illum nator may conprise a |light source
sel ected fromthe group consisting of. aring light,

ﬂﬁhda@maaﬁmmn@tfor hiagRbmpriksd & h@ﬁk s%ﬁ&é%élecﬂsa qfroa{ He@rddpconsisting

angu ar | um nati ons may perrorne

@t‘pp rioglight @n@' alaertrax/af lighy embtwtmg drosies)ff herréurahtygqf apgular
éﬁatlogmnt bg %}cg‘og%edsbr}i aé)p TORT eabee% i \{aﬁl p&ﬁleo?l] ¢ Hh%%rray of light

cdhiftl(ﬁ(g dhod)@l Th@ arrhy offfi ghdeinitfing dfbdeenag Ge ofl Mgl @avthands that
by spectral lﬁ sel ective channels in the i

N éaﬁ-%mal igyi[lemimaiep pngsnsed @fiemqmée@%w w@trglw legdive channels

tion may be fully understood and readily
&QR‘;F%%%%%\:@% cal effect 15 there shall now be

descri bed by way of non-limtative exanple only
exenpl ary enbodi nents, the description being with

?ﬂgﬁ)@ﬁgﬁ,ﬂog Jf iRe B«;me%@_nyi ng | [ lustrative draw ngs.
n the drawi ngs: Fig is an imge of a cell sanple
Inbrderth& RNV Entfin Yy bEKAR UhALREoAARY Sadi19 PRt intPpiactical effect
there shall now be described by way of non-limitative example only exemplary
embodiments, the description being with reference to the accompanying illustrative
drawings.

In the drawings:

Fig. 1 is an image of a cell sample in a microwell array taken using conventional dark
field illumination (prior art);

Fig. 2 is a schematic representation of an exemplary embodiment of an apparatus for
partial directional illumination and imaging;

Fig. 3 is an image of the cell sample of Fig. 1 taken using directional illumination of a
portion of the cell sample using the exemplary embodiment of Fig. 2;

Fig. 4 is an image of the cell sample of Fig. 1 taken using directional illumination of

another portion of the cell sample using the exemplary embodiment of Fig. 2;
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20 field illumnnation (prior art); Fig. 2is a
schematic representati on of an exenplary enbodi nent of

an apparatus for partial directional illum nation and
imaging; Fig. 3 is an imge of the cell sanple of Fig.
1 taken using directional illumnation of a portion

of the cell sanple using the exenplary enbodi nent of

Fig. 2; 25 Fig. 4 is an imgebof the cell sanple of

Fig. 1 taken using directional illumnation of

Bigos$ vt camapuitedimage of b ellshmprmyiiRg. usfonged bie caxbirjrigad plurality
enbodi nent of Fig. 2, 6 Fi.g. 5is a conputed i mage of
$tithag&d ihcﬁamgtﬁos@fofﬁg 3 dndfRRg.ed by conbining a

plurality of inmages including those of Fig. 3 and

ﬁi]!g.%a é’afl lli_'f.ngge e "{e‘;lks%ﬂlpilmgaem&ﬁ‘o@elpﬁjr%'na dl.lls?rllg &fn?lg?tg)nal dark

cr onwe ray en-usi ng conventl a

LI lum natjon (prigr art); 5 Fig. 6b is an inmage
%ﬂggﬁhgﬂawg}g’°5ﬁ8£xenplary enbodi ment; Fig. 6¢c is a
cpnguted_inage of the difference between the inmages of
FFiiggob BandmasEplfaingg using ap exgraplary emhagiment; | onwchart of

an exenpl ary enbodi mrent of the nethod. 10 Detail ed

Figseq isptdoomputeld ifbagenf the differbmati bebnten the ooagds nfjFigo6oamd Fig. 6b;
aspect, there is provided a nethod for inmaging a

gm@npl e 10, for exanple, a cell sanple. In this

nmet hod, |ight passes froman angular illum nator 30

f;i?!r g Wi o Bkt &%mxgmgf%rﬂf BhBodthehf®dRe MigiRer such

digital canmera 32, as shown 1in Fig. 2. 15 1In a

preferred enbodi nent, the angular illum nator may
conprise a mask 34 between a |light source 31 and the

el | I 0. The light _squrce 31 is preferably a

F'ﬁ&e‘i %nﬁqr_?pt%on of xemplgry Em od(i:ments P y
According to one aspect, there is provided a method for imaging a sample 10, for
example, a cell sample. In this method, light passes from an angular illuminator 30

through the cell sample 10 into an image recorder such as a digital camera 32, as shown

in Fig. 2.

In a preferred embodiment, the angular illuminator may comprise a mask 34 between a
light source 31 and the cell sample 10. The light source 31 is preferably a ring light.

Alternatively, it may be a ring of light emitting diodes, or a spatial light modulator.

The mask 34 is preferably of a sector shape and rotatable about an axis that may be
perpendicular to the sample 10 and which preferably is coincident with the longitudinal
axis 36. The longitudinal axis 36 may pass through the centre of the angular illuminator
30. Alternatively, the axis of rotation may be spaced from but parallel to the

longitudinal axis 36. Angular size of a sector-shaped mask typically depends on how
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Alternatively, it may be a ring of light emtting

di odes, or a spatial light nodul ator. 20 The nmask 34

is preferably of a sector shape and rotatabl e about an
axis that may be perpendicular to the sanple 10 and

whi ch preferably is coincident with the |ongitudina

axis 36. The longitudinal axis 36 nay pass through the
centre of the angular illumndtor 30. Alternatively,

the axis of rotation nmay be spaced from but parall el

moch aregulayniamhindtioals idedl $o SainAhebibshimager cHoWewer, it may be in the
sector-shaped mask typically depends on how 7 nuch

1BAGEILAT0°0 tb 00 Axadhioti it & G0ele AllteinatiOdly AdthertsiRable Skhapes may be
I mges. However, it may be in the range of 10 to 90.

lﬁ%d?&ocﬁ@ rﬂatsk 'Iﬁst@zgi ﬁ‘#aﬁﬁ ahb Kﬁggma?trm{e appid #}ﬂmeqranslatlonal

sh apes rray be used ’he mas nst ea rot at

te translational novenents
%18‘/ rﬁ@é n%g? %?ﬂﬁ%?gf:tﬁ C?:lgfq MRlEmie. 5 As part of an
exenpl ary nmethod, angular illum nations of the sanple
10 are perforned according to a pattern of angul ar
illumnation controlled by a controller 38 so as to
Appart plamexeomlany anethed, angwar illuginatioosof the samplyg 10mee performed
sanpl e. Depending on the light scattering
alearday tera ttenso fainghleaillundaation dongoBadipy & cortiudlep P8 ke ad to
path may be direct, back 10 scattered, or secondarily

dpetifpad 6pticad Hg’oﬂié]ﬁ kcadRfedl 3l the SRhpI6 A ealiiig onl tHe fi
tho Petyn

preferred e di ment, the cel'l sanple i s angul ar

AR ME RS oA SR R .
BRSBTS B oR SBpRY (102
(indicated by white dotted lines) is shaded by the
nask 34. Cells in the portion 22 therefore do not
erience unwanted illum nation from back-reflection

I@d prgfarred embiodimoens] the well fampla 10 Asangutasiyillumirtatesl Wit the mask
of portion 22 is mainly of only light scattered by

Isshadeg b poitiontdfehes eatidaenpld)( 100N EigpDy. Aindmag® of the fcelhdarhile 10
identified by the absence of the

under such angular illumination is recorded (102, Fig. 7). As shown in Fig. 3, a portion
22 (indicated by white dotted lines) is shaded by the mask 34. Cells in the portion 22
therefore do not experience unwanted illumination from back-reflection due to the
microwell walls 14. As a result, the image of portion 22 is mainly of only light scattered
by the cells in the sample 10. The portion 22 is readily identified by the absence of the
bright ring 16 due to reflection from the corner between the wall 14 and base of the well
which is visible in the rest of the image . Imaging of cells 18 near the microwell walls

14 in the portion 22 is improved, since direct reflection to the image recorder 32 and

back-reflection of light by the microwell walls 14 is eliminated.
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bright ring 16 due to reflection fromthe corner
between the wall 14 and base of the well 20 which is
visible in the rest of the inage. Inmaging of cells 18
near the mcrowell walls 14 in the portion 22 is

I mproved, since direct reflection to the inmge
recorder 32 and back-reflection of |ight by the
mcrowell walls 14 is elimnaBed. 8 The mask 34 is
then rotated by an angul ar interval so that another
Py inaskn3Dis thdrerotantdlsyoaeddgul s istbadbsb thaOdhotHer gortidh.of the
Anot her image is then recorded (106, Fig. 7), as

SQU¥Rell 13 shhdbd 04, g 3! AAGHE: ihh@e Y BER B ordel®106, Fig. 7), as
controller 38 controls the rotation of the nask and

sct%%hfl%nné ?:le?o a&to‘ﬁ?}a'i@thteﬁ?%cregsc ‘ﬁ{edé groﬁ%r 09‘%%%3](5' tf@f‘otat on dof the

I mage Sacond por
ot t.ed rate ul ar | atl

#ﬁmndt%%8?1??5&5%@%%@&?@111 RRgfn 1 I HB%e‘B%C hows 2

portion 24 is readily i denti fied by the absence of
fteﬁ@n%mrgﬁ@ 24 {indicatgd byprhite detted haes) |abﬁ sepgrate prgudasilpcation from
sanpl e 10 have been shaded and i naged (108, Fig. 7) at
thé poeamt22andeg. 3t Againy thesssonidportape2d saedalylyridenified dpytthee
mask 34 at angul ar intervals around the cell sanple

dfdemoedbfrigcight figgap. i mage of the cell sanple 10 at
each angular interval. 1In this way, each of the

recorded i mages has a separate shaded portion, and al
the recorded i nages together include shaded portions

CHBPIPRER) M o ol TBPR) B P gt 7 o
than th ular size of the. nmask ﬁg :

?%P@Fea@? ‘Efﬁ‘é ISR by W{taéln&éﬁe ask 34 ‘ﬂgeléﬁff}tﬁf" plg ggound
than t he an ular size of the mnmask so each of the ]
the gelhpareRle dP andegrerdingan tppes\d thegsllrafiphnl Aptteacieanglar interval.
adj acent imge. For exanple, if the angular size is
Bohistwey, eanhudtshe ienorded thagea habhe sep@rat@shaded portion, and all the

recorded images together include shaded portions encompassing the entire cell sample

10.

Preferably, the angular interval is equal to or less than the angular size of the mask 34.
More preferably, the angular interval is significantly less than the angular size of the
mask so each of the plurality of images has an overlap region with each adjacent image.

For example, if the angular size is 60°, the angular interval may be 50°.

A processor 39 processes corresponding image pixels among the recorded images by an
algorithm. In this embodiment, the algorithm includes a non-linear operator used to

combine corresponding image pixels using a per-pixel mathematical minimum function
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A processor 39 processes correspondi ng i mage pi xels
anong the recorded i mages by an algorithm In this
enbodi ment, the algorithmincludes a non-Ilinear

operator used to conbine correspondi ng i mage pi xels
using a per-pixel mathematical m ninum function 9

over the entirety of each image (110, Fig. 7) to form

a conbi ned conputed image. ThPs is preferably
performed using an i nage-processing application on the
ovnth entiret§ of Eanh iegepl 10, Fa. 7) todormiaxembiedromphited smage. This
image is conpared to a second pixel froma 5 second
ispR&ferabikhserformed uflhX &h iram%-;sx’a@esﬁ@g QPBlidatise bn ERY CoRFRAEGA0.
to a single location on the cell sanple. The | ower
value of the two pixels is taken. The sanme conpari son
is done between each image for all the recorded

. mages, , for. all e pixels on .each i e, so that, .the
FOARaR Pl B phiel dorbs N BpgehiS BSmphie B silnd Bl oS
sanple 10 is eventually obtained. This is nmade .

yv694d pnagepfhesppingl andehe sreandipixel sasrasperdde azngle losation on the
cell sanple 10 and the 10 canera 32 stationary during
telfegmple dbe dowey, vabis aftilze twopixele csorkiknd Thersgyes corapartsonps done

with each other. Only the angular illumnation is
aweaedel imagafor al) thdwecordsdk inddpeb,ofor slfithe pixel®@eeach image, so that
Simlar angular illumnation nay al so be achi eved by

Bk Wes’ﬂ?tx‘ép%ﬁu@fb@ e AtibR of Widcellampte f(ﬁl‘é!e(}&ltﬁﬁ? %btained.

control fer 38 appropriately activating portions o

L T L SRR

mask 34. .Wen .the angular illum nator 30
GG 2 AP e TR PRt oL PR GE tReBs
Iight emtting diodes nmay be sequentially illum nated
eAsH ofier t QM dhorreuby SUHBINaERN isivaged by ratafingdheiask pé forpach
to provide the sane effect of reduced illum nation as
igkegdi ng by the 20 mask 34. By performing the m ninmum
function between all images, a conputed i nage as shown
in Fig. 5is forned. This allows weak isotropic
reflectors of the cell sanple 10 to be

Similar angular illumination may also be achieved by other methods and apparatus such

é ir%?gf‘é match up with

as having the controller 38 appropriately activating portions of a programmable array of
light emitting diodes. This may be in addition, or as an alternative, to use of the mask 34.
When the angular illuminator 30 is a programmable series of light emitting diodes, the
light emitting diodes may be sequentially illuminated and switched off around the ring
by the controller 38 to provide the same effect of reduced illumination as shading by the

mask 34.

By performing the minimum function between all images, a computed image as shown
in Fig. 5 is formed. This allows weak isotropic reflectors of the cell sample 10 to be

imaged independently of directionally reflecting features. As can be seen, the bright ring
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i maged i ndependently of directionally reflecting
features. As can be seen, the bright ring 10 16

visible in Figs. 1, 3 and 4 has been entirely

elimnated in Fig. 5. Cells 18 near the m crowell

walls 14 and cells 20 in the central region have
relatively uniform illum nation w thout

back-reflection effects. 5 WiHre directional defects
such as, for exanple, surface scratches, are to be
tetsiblen, Fighd, 3 andgtas bédnadnfiesdy shyidaeedciarfg. rfe Celly 181a€ar the
of another non-linear operator, e.g., a nmathenatica

Rt WEIMWaH S ¢4 b IR 200h Mdcctrdl fRgloR HaQ8RiARR1Y iRERm
conprising all defect |ocations i ndependent “of

RbERLRN bl phGABlRR drechl s al o Teatures with
anisotropi ¢ 1'ight scattering characteristics to be

conmbined in a single conputed i mage of 10 the sanple.

The recorded i mages may be processed by yet other

operators depending on imagi ng requirenents for
&Hﬁffb‘ihé%flogfdﬁiﬁfeé@. sugly ps, dxrgrample, suriagesriptahes, gpeiodiegietected, the
may be used to differentiate between features based

omageh ebtaingd grayeeafonmbmesidtyr usp pf bactbel rom-lowapapdraton elg, a

of a pixel's brightness when shaded to that when it is
matheadechl nfdshhtunaiiadtion tk pewheS giggledonipheedrifiagé t@fprising all
angl e of the shade and the brightness of a feature at

gaeh 15(_91%@5% &Heﬁwgﬁe{)f oriefdtibPo AR AkFelH. ?ﬁ‘i‘%‘ allows featurgs with

directionality and relative anplitude of a teature

ORI e AR 8% PR BPash g s of

ring pr
gﬁpend'ng on imaging requirenents, the pattern of
ga"81° i | | uni nation can al so be varied by the
controller 38. The pattern of angular illum nation may

have a range within a three dinensional space

surroundi ng the sanple, varying in azinuth angle o
Hheltevorded anagds omny terpybecssesl it yai ethtep opératossdgperdipg andmaging
and it may be either symetrical or asymetrical 11
requirements for different samples. For example, an analysis operator may be used to
differentiate between features based on their degree of anisotropy based on comparison
of a pixel’s brightness when shaded to that when it is unshaded. Additionally knowledge
of the rotation angle of the shade and the brightness of a feature at each rotation may be

used to quantify the directionality and relative amplitude of a feature’s anisotropy in the

sample.

In combination with varying operators in the algorithm during processing, depending on
imaging requirements, the pattern of angular illumination can also be varied by the
controller 38. The pattern of angular illumination may have a range within a three
dimensional space surrounding the sample, varying in azimuth angle and/or elevation

angle relative to the sample plane, and it may be either symmetrical or asymmetrical
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about the sanple as the inmagi ng outconme nmay require.
In addition, the pattern of angular illum nation may
be automatically optim sed based on anal ysis of
specularly reflective regions of the sanple obtained
froma prior scan. 5 By conbining various operators in
the processing algorithmwth various patterns of
angul ar illum nations, speciflilc features or |ight
secondarily reflected by specific features may be
sholuetkisyapl ae thenintgingtbut¢come mapg raguiradnedditionthe pattern of
recorded i mages. Both isotropic and anisotropic

i tab (IR AniABYorPRayp 8O itd@Hcdly phinAY¥dHREEIGH aﬂamm?smaﬂy
i maging as desired. 10 Alternatively or additionally,

L.ahl e -di ] PRI | used. This may
I%QE&@Gr%ﬂghﬁggﬁ%gﬂwgkgppIgﬁ&gﬁgggﬁégggﬁat are
directional in illum nation and sensed independently
by spectrally selective channels in the image
recorder. This covers  variations in which, for
Ry sopbiaingavagigns operatariap hprosessing &l gosithm yyideyarions pateges of
15 responsive pixels could collect data on three
atiguke illwmisatanspspeei ficifeatuteh er Bghtrsecandarky refi¢ated oy spcEifis features
of different colours each pointing in a different
@by BE bdledtivellinviamed Goot dhe orésdro 08 theGtcdrial ihtasgkslBagh isotropic
shoul d be consistent for the colours used. This may be

t PR AN, ) I LRl ol in
B R D T el maping o
& 1s.rie(?gl e instant and may be faster. This nmay be of
a&vantage for sanples that 20 nove or vary over tine.
Fig. 6c shows a conputed i nage of the difference
bet ween an i mage obtai ned using conventiona
full-angle illum nation (F[g.,6ﬁh and an i mage )
dlherantively osaddifionally.csesiable sisgetipn Hymiqatiog magiPe usgd: Fhigmay be
6¢c shows, the nmethod elimnates the effect of 12
yaidie ab¢ 9t mnltipbawavehamdsabatsirey dir¢dtionaliin diunsinatiématidcsensed
by the white arrow) due to back-
independently by spectrally selective channels in the image recorder. This covers

variations in which, for example, a colour camera which has red, green and blue
responsive pixels could collect data on three directions at once when there are three sets
of LEDs of different colours each pointing in a different direction. The wavelength

response of the features should be consistent for the colours used. This may be extended

to ‘n’ wavelengths and multiple digital cameras. This allows the information to be
recordd in a single instant and may be faster. This may be of advantage for samples that

move or vary over time.

Fig. 6¢ shows a computed image of the difference between an image obtained using
conventional full-angle illumination (Fig. 6a) and an image obtained using an

exemplary method (Fig. 6b). As Fig. 6¢ shows, the method eliminates the effect of



reflection by the mcrowell walls 14 as well as

unwanted reflections that lead to a bright ring at

the well boundary and so reduce image contrast.

Conpared to Fig. 6a, a conplete imge having inproved
cell to background contrast and uniformty is obtained
5in Fig. 6b. Wilst there has been described in the

f oregoi ng description exenpl a2y enbodi nents of the
present invention, it wll be understood by those
radiallyeakcreasirtgexcessdleriblimination (indicated bytthathitamyow) due to back-
variations in details of design, construction and/or

reREdtRn BNhE BN cro® elTReifls 19 avhieN A9 undanRa réMetibALMut 1884 to a bright
present invention. 13 The Clains 1. A nethod of

tﬂ@w@ll %B?rlﬁ aﬁ}??ﬁdf so%ﬁpéeemﬂgc\! h&gcrzf(s? @o%sﬁ? dVY'och% 6a, a

otroplc scattering-characteri

nrrrrﬁ%? R sl T B Pkt %0 B obtainea

of an ular illumnation controlled by a controller so
specify an optical path for |ight scattered by

the sanple; recordi ng i mages of the sanple

corresponding to the plurality of angul ar

illum nations of the sanple; processing the recorded

Wiitigtiethere ba$ béai deseribedui et foragging dedétiplion ERemprihatlbédiments of

claim1, wherein the optical path is selected fromthe

tlE 9#H§ent9%'t1§ﬁ '1["9'119f>e uﬂjde'i'ﬁ&gd b}bﬂl%ge 86Ad &R tedRblogy concerned
secondarily reflected. 3. The nmethod of any one of the

qflgrg) \%aﬁl)l?sj rII;Ede a\{\@ %F 853; 5 ohs%?l% dox? Q{?d/&f ?ﬁePﬁlo}lﬁneg be made

€s IS se IVG m na roma

rti n of. tB nEuted.inag . 4. The nethod of any
‘gﬁléo Yt fepaiting, frame g? et arYitiokher ei n t he processing
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conpri ses processing correspondi ng i mage pi xel s anong
the recorded i nages by an algorithmconprising at

| east one operator. 20 5. The method of claim 4,

wherein the operator is an analysis operator for
differentiating features based on their anisotropy. 6.
The nmethod of claim4, wherein the operator is an

i sotropy operator for 25 qual®ifying relative
anplitude and directionality of feature anisotropy. 7.
The Olainisod of claim 4, wherein the operator is a
conbi ni ng operator for producing a conbi ned conputed

L megeA niéhoBof ilM@idged figsbrafy GhiiehAin@neéswith8nisotropic light
conmbi ning operator 1s a non-1linear operator for

conbi sratigringhafastarigries the methedcemprispg:c | i ght
scattering.characteristics i.n a.  sinagle co t ed

| ndepkriraniie PRFTY ofutetfy ifirinetbit the iipl; Asardpeto a
cl ai npiternbfdngunar ilhenination donedlledPEh dbMikolles s6 8 BPEEl fy an
fromthe group ponsistin% of . m ni mum and maxi mum

10. TeRticabpab Eordighhsaatteisd dyfthe samieiecedi ng cl ai ns,

furth Y [eTall

angul S EREIaREL S L LGS0l Epon Bl B Py U fifolr
sanpl glufrindtinsief thesmpplet i Ng t he sanpl e before the step

of perfornming a plurality of _angular i|]um nations of
t he s%rﬁﬁ?sé‘.“g%l‘? re?wgieﬁgw%a t fOrmy A CQIMRIESF IMAE- pr ecedi ng
clainms, wherein the pattern of angular illum nation
ranges within a three di nmensional space surroundi ng
2he sthgpinethadof clafn awhénatn the bpti¢al pathas selectedafrpinghe group

I i n. . f. ' d '
ot e af il Rk ssrn Ml BB Bhedai ng

clainms, wherein the pattern of angul ar

3. The method of any one of the preceding claims, wherein at least one of the

features is selectively eliminated from at least a portion of the computed image.

4. The method of any one of the preceding claims, wherein the processing
comprises processing corresponding image pixels among the recorded images by

an algorithm comprising at least one operator.

5. The method of claim 4, wherein the operator is an analysis operator for

differentiating features based on their anisotropy.

6. The method of claim 4, wherein the operator is an isotropy operator for

quantifying relative amplitude and directionality of feature anisotropy.

7. The method of claim 4, wherein the operator is a combining operator for

producing a combined computed image.
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illTumnation is selected fromthe group consisting of.
symmetrical and 20 asymmetrical about the sanple. 13.

The net hod of any one of the preceding clains, wherein

the pattern of angular illumnation is automatically
opti m sed based on anal ysis of specularly reflective
regions of the sanple obtained froma prior scan. 25

14. The nmethod of any one of ke preceding clains,

wherein the performng a plurality of angul ar

gllu rﬂ‘h\ainieﬂnﬂ of emm i7s eheimpthy co@bining wpenftdr 9@ ndh-linear operator

angul terv | s, around. the sanp

met ho GF’m feptures with 2BisadPRig hghfa-“icﬁﬁée“‘WﬁLf“@lcF?r%@ mna
pl ur aélh%né ce{r]lga{ge e 1nHEﬂéﬁH&ﬁ%tf't}f€"xSor'ie%taQi%ﬁf ornmed by
rotatin ngular 1ntervals. 15 16. The

nmet hod of cI a| m 15, wherein the angular intervals are

ual 3 t hgn . an. ul ar. size e )

g b dlong t ety o P igPBafley TPl from the
vvher egr'auﬁ%ﬁhlsﬁ!fn ofami@emded maxilimoes has an overl ap
region wth adj acent recorded i mages. 18. The nethod
of any one of clains 15 to 8, wherein the mask is
L(g :T{E)llt 'gﬁie &fg o? 81)1% (?c’tht %:é:e%i gglrapngn%r%l lr%&rg%%gngghgmng the

wher epdlait deatrar an arsglﬂann@mﬁﬁmr with dh @pprdxdmgictdeflireiaf a sample
axi s. 20 The nmet hod of any one of the precedi ng

cl ai neQldSHrEPRATHIE Hie SAApIA %ﬁforeﬂh%mmaf RRTTOTRNHER plgéa},ltbaof angular

l'i ght 15 Jomthe group consisting of. a
ring 1 [ g{ﬁ%}%gggk&%g%gﬁf array of light enmtting diodes.

21. The nmethod of claim20, wherein the plurality of

ul illu ations . . :
ﬁﬂg ’?ﬁe methoH] ort] any one ofl tﬁe preceding claims, wherein the pattern of angular
illumination ranges within a three dimensional space surrounding the sample and
varying relative to the sample plane in one or more of: azimuth and elevation

angles.

12.  The method of any one of the preceding claims, wherein the pattern of angular
illumination is selected from the group consisting of: symmetrical and

asymmetrical about the sample.

13.  The method of any one of the preceding claims, wherein the pattern of angular
illumination is automatically optimised based on analysis of specularly reflective

regions of the sample obtained from a prior scan.

14.  The method of any one of the preceding claims, wherein the performing a
plurality of angular illuminations comprises applying illumination at angular

intervals around the sample.

15.  The method of any one of the preceding claims, wherein the plurality of angular

illuminations is performed by rotating a mask at angular intervals.
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performed by appropriately activating portions of the
array of light emtting diodes. 20 22. The nethod of
claim20 or claim?2l, wherein the array of |ight

emtting diodes are of multiple wavebands that are
directional in illum nation and sensed independently

by spectrally selective channels in the inmage

recorder. 25 23. Apparatus fok>imaging a stationary
sanmple with features having anisotropic |ight

bcat t €En¢ mgtholi af alairerl b svhersin thé eng@fpantatwads are eypual $o oigless than
an angul ar il]Jum.nator for angularly illumnating the
sanpl ,a%lqrﬁﬁﬁé’fﬂ@%?séfer for recording i mages of the
sanpl e corresponding to a plurality of angul ar

illum nations of the sanple; 30 a controller for

tbnt r the inathotl o€ apnoneeiithe presedjng alaims, whereimeaahneS thoreasrded

to specif an optical .path, for |ight .travel from
e aitsebpas T SR RERa b e nepdns Sord bR when
scattered by the sanple; 16 and a processor for

rocessing the recorded images to forma conputed
F&mge.Thezm.ethvﬁ@f apparcefidaigs 18taBnwherein jhe mask is netated about an

proce%agﬁlgfggg&egdﬁggpkgﬁﬁs'@gg such 5 that at |east

one o ures I's selecttvely elimnated from at
| east a portion of the conputed i mage. 25. The
apparatus of clajm 23 or 24 erein the pattern of,
hﬁﬁgm Lhe methodias slapmgrsing C%ambf(ﬁag&@rql% CHINS CRREIdERgFith a
secongﬂglin]lld{mn%;dsect ed by at |east one of the features
is 10 Selectively elimnated fromat |east a portion
of the conputed i mage. 26. The apparatus of claim 25,

rei he f re i - wal | .of a.mcrowell array.. .
Me e rtnet%od %?tarlily &né 5t the \Il)vfrjlecedlgg cl%.lms, Whetein the angualyar illuminator
comprises a light source selected from the group consisting of: a ring light, and

an array of light emitting diodes.

21.  The method of claim 20, wherein the plurality of angular illuminations is
performed by appropriately activating portions of the array of light emitting

diodes.

22.  The method of claim 20 or claim 21, wherein the array of light emitting diodes
are of multiple wavebands that are directional in illumination and sensed

independently by spectrally selective channels in the image recorder.

23. Apparatus for imaging a stationary sample with features having anisotropic light
scattering characteristics, the apparatus comprising:
an angular illuminator for angularly illuminating the sample;
an image recorder for recording images of the sample corresponding to a
plurality of angular illuminations of the sample;
a controller for controlling the pattern of angular illuminations so as to specify
an optical path for light to travel from the angular illuminator to the image

recorder when scattered by the sample;
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27. The apparatus of any one of clainms 23 to 26,
wherei n correspondi ng i mage 15 pixels fromthe
recorded i mages are processed by an algorithmin the
processor, the algorithmconprising at |east one
operator. 28. The apparatus of claim 27, wherein the
operator is an analysis operator for differentiating
features based on their anisadltfropy. 20 29. The
apparatus of claim 27, wherein the operator is an

I sotrgfdy operator for quantifying relative'anplitude
and directionality of feature anisotropy. 30. The
appar &PPsePr or risessme i scerdedimasesge rf%‘inb? comgputed image.
conbi ni ng operator for 25 producing a conbi ned
conmput ed i mage. 31. The apparatus of claim 30, wherein
2he cOnbapparagusofelamadl3, Whea:imthn-plrcbqem forupercmnmutéddmage such

conbi ni ng .t he S, W th gni.so

ontt Bt Ageastone b fputtl stRiebf Aot Hin wdesshagarion of
i ndepgpdsmbutel lﬁlggé r orientation. 30 32. The

apparatus of claim 31, wherein the non-linear operator

i's seI ect ed fromt he gr oup consi sting of: mnimum and

17 33 p s of one.of ¢lajns.?2 .
PO R ety orslE AP et nf bR s Rl Riratons is
I angegonitiollBd Such thatpht SHcoRMSilprdlecen azat Fed§troRig @ tHedFeatures is
the sanple and varying relative to the sanple plane

i n ontelestivehyeliminatefrpmmat feastripastien af ﬁmﬁowpawgll@gge 34.
The apparatus of any one of clains 23 to 33, wherein

the pattern of angular illumnation is selected from
26e gThegppacinss cftalaign 25, wheteinmhe featade 91 ovallad ymmietowetladrray.
about the sanple.

27. The apparatus of any one of claims 23 to 26, wherein corresponding image

pixels from the recorded images are processed by an algorithm in the processor,

the algorithm comprising at least one operator.

28.  The apparatus of claim 27, wherein the operator is an analysis operator for

differentiating features based on their anisotropy.

29. The apparatus of claim 27, wherein the operator is an isotropy operator for

quantifying relative amplitude and directionality of feature anisotropy.

30.  The apparatus of claim 27, wherein the operator is a combining operator for

producing a combined computed image.

31. The apparatus of claim 30, wherein the combining operator is a non-linear
operator for combining the features with anisotropic light scattering

characteristics in a single computed image independent of their orientation.

32.  The apparatus of claim 31, wherein the non-linear operator is selected from the

group consisting of: minimum and maximum.
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10 35. The apparatus of any one of clainms 23 to 34,
wherein the pattern of angular illumnation is
automatically optimnm sed based on anal ysis of
specularly reflective regions of the sanple obtained
froma prior scan. 15 36. The apparatus of any one of
clains 23 to 35, wherein the inmage recorder is an

i mmge sensor array with a |enk/, 37. The apparatus of
any one of clainms 23 to 36, wherein the angul ar
illumnator includes a |ight source selected fromthe

oup..consisting. of. aring light, an 20 array of
# ght TREARREFARY 490 55° RhEAINSERR! 12 e thegativaeS angular
38.  TiManARRRh@hties YHithéd Qtlﬁé@gime‘ﬁﬁ%ﬁﬁ'sgaéetk%n%ﬁﬁ(ﬁﬂg e sample and
light emtting diodes is controlled by the contfoller
t o apyirpipgirelaeyetodhe sample plaoe in onrsorafioretod: amimuath apfl elevation
lightan erritti ng di odes. 25 39. The apparatus of claim
37 or™&%i m 38, wherein the light emitting diodes of

the array of light emtting diodes are of multiple
wavebands that are directional in illum nation and

bl e The apparabisaf@ny pae pEeldisnt 23/to33, wherein thelpgttern of angular

o : : >cor der 40, Th
o pparEnRRINCEed Bo e LIRH Tof FENESY ymiPefti afd®

angul aymndttical abdwthe fampldier i ncl udes a mask. 18 41.
The apparatus of clains 40, wherein the mask is
between the Iight source and the sanple. 5 42. The

PPParpdippafants! dHaly 8 OF cidilns 291078 Whbidc MR DKttdrA of angul
cont rolelLipg t?y theaH%on%rof?ers. P of angiiat
illumination is automatically optimised based on analysis of specularly reflective

regions of the sample obtained from a prior scan.

36. The apparatus of any one of claims 23 to 35, wherein the image recorder is an

image sensor array with a lens.

37.  The apparatus of any one of claims 23 to 36, wherein the angular illuminator
includes a light source selected from the group consisting of: a ring light, an

array of light emitting diodes and a spatial light modulator.

38. The apparatus of claim 37, wherein the array of light emitting diodes is
controlled by the controller to appropriately activate portions of the array of light

emitting diodes.

39. The apparatus of claim 37 or claim 38, wherein the light emitting diodes of the
array of light emitting diodes are of multiple wavebands that are directional in
illumination and able to be sensed independently by spectrally selective channels

in the image recorder.

40.  The apparatus of any one of claims 37 to 39, wherein the angular illuminator

further includes a mask.
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43. The apparatus of any one of clains 40 to 42,
wherein the mask is rotatable at a plurality of
angul ar intervals about an axis perpendicular to the
sanple. 10 44. The apparatus as clainmed in claim43,
wherein the axis passes through a centre of the
angul ar illumnnator. 45. The apparatus as clained in
claim43 or claim44, wherein8he axis is coincident
with a longitudinal axis. 15 46. The apparatus of any
one of clains 40 to 45, wherein the mask is of a

ecto shape havin n qul af size, 47. The .
3 par Feapratatis ofilaide A ehetere s msk s s tiseaiths light source and
wher ejnd sififleangul ar 20 interval is equal to or less
than the angular size to forman overlap regi on of

i mges. 48. The apparatus of any one of clainms 23 to

7, erein the i [ i§ of at |east. .one a
ot DR Gt e T ' e in 8 Wi iRy e pontrotter.
of any one of clains 23 to 48, wherein the sanple is a

cell sanple. 50. The apparatus of any one of clains

43t olrapppiatusiasiany onp et dpims Hhioi42ayberejsy e eansk ingrotatable at a
appl i @gltc?ll ig{jof?eﬁ gﬁlag 81'{'%}%1@ rab&ﬁ an %gg?pl.epﬂeﬂgic{lﬂ? td the %gr%ple.

recor mage recor

44.  The apparatus as claimed in claim 43, wherein the axis passes through a centre

of the angular illuminator.

45.  The apparatus as claimed in claim 43 or claim 44, wherein the axis is coincident

with a longitudinal axis.

46. The apparatus of any one of claims 40 to 45, wherein the mask is of a sector

shape having an angular size.

47.  The apparatus of claim 46 when dependent on claim 43, wherein the angular
interval is equal to or less than the angular size to form an overlap region of

images.

48.  The apparatus of any one of claims 23 to 47, wherein the imaging is of at least

one weakly scattered feature of the sample.
49.  The apparatus of any one of claims 23 to 48, wherein the sample is a cell sample.
50.  The apparatus of any one of claims 23 to 49, further comprising an image

processing application on a computer for combining the images recorded by the

image recorder.



