10

15

20

1 --~ Method and Apparatus for Imaging a Sanple _
Technical Field This invention relates generally to a
nmet hod and apparatus for inmaging a sanple and
relates nore particularly, though not excl usi v\mmmw\\‘\“\“““\\“\
such a nmethod and apparatus for inmaging a cel ,

sanpl e. Background Dark fiel i || um nation is ——-
commonl y used when inmaging | ow contrast objects
against a _10 reflective background. Wth dark field

i 11 uni nat i ¥l¢thed @?ffﬁpgamts%g%rgﬁ“%g%e agRIE Iy in such

a way that only light that is scattered by features of
interest is recorded by an inmage recorder such as a
canera, while light interacting with other regions is
Teadndeal®iedd or defl ected away. 15 In sone cases,

ani sotropically reflective or em ssive features and
THRUARRAti6n f@atdsSrall8o aBRithod dndppwdablyi for frhais@iBample and
field of view. An exanple is high-contrast imaging of
e R R e
weak andlisotropic in their reflection (scattering) of
REYHT 20 when  conpared to the microwel | walls

14 which reflect significantly nore strongly and 20
directionally. Artifacts such as a bright ring 16

arise due to reflection fromthe corner where the
Batkgroueds the base in the microwell. Such strongly
reflective features tend to dom nate the inmage

Darkofiglé i1l enidytianis comarngéy usedkheg imagingriyw dbhtrast objects @gainst a
image the relatively lowintensity cells 18 near the

rafle @ ack ¥Rlh@® Wi#h dark field illumination, light is provided directionally in

A

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 ¢missive 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
reia—tively weak and iso.tropic in their reflection (scattering) of incident light when
compared to the microwell walls. 14 which reflect significantly more strongly aﬁd
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.
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The mcrowell walls 14 and neniscus of the liquid
mediumin which the cells are imersed al so have
circularly symmetrical surfaces at |east sonme of which
will reflect any given direction of incident |ight
into the image recorder. These surfaces al so back-
reflect a proportion of the ilLlum nation onto cel
areas in their proximty 18, fesulting in 5 poor

iformty of intensity an optrgst in the record
e iatrOy e walys 8 el e SrufeBolil Fisran i Sl &Far
of images difficult. This is because cells in the
wenesed alpehavsrirzolagy summesi eahaynfacgs at leess sorpe phwhich wijlreflect
than cells 18 near the mcrowell walls 14 which in
arhyi @ vexdngetien oéoeideet laghdiintodhaimagelrequrdeat iThasef suofares also back-
reflected 10 and scattered |ight fromthe m crowell
wllettsa Prép@tion 0O theeNSminAfo@ ohRSdelitardss i thet pa&GSiyar8, resulting in
t hreshol d chosen to correctly segnent regi ons occupi ed
Bor &l thanity OMnfeRGinPaR ddAfrastdf ieB6dBY ik&el S TN the
central region 20 of a mcrowell would | ead to poor
segnentation of the cells 18 near the mcrowell walls
14 if it were applied globally. Calibration nmethods

1 ght. be used to sel ect spatial ly.variant_.threshol q,
o Sty St s eaionitis Lol nbop DAL eeA A Gy s 1s Docause
variahility in factors such as well construction,
eqlispo the cené@lépgom ABlef a mHeropeal] ase legpbrighilyditdhan gedls 3B near the
liquid covering the cells. It is preferable in terns
wicroetll akll$ i 4 whiohdn sius exawpyletrecetierdddaionnl illmegnatign from reflected
approach that can generate uniformimges. 20 Sunmary

Heeudiredlifif fedie tiashredwell Wale14ad frndts.ovd deduiatingd decision
of imaging a stationary sanple having features with

- ARSRO BB th icgmct@cseg%@ﬁﬂ Bgiohl BE DIy Hell§ Fromf28ions not

nmet hod conprises performng a plurality of angular

illum.nations .of the, sample. according,to attern_of

acutitl BT e TR e ednifh RS ) FEARAGONSL b BpRUPRLESRr 0

to specify_.an optical path for light 25 scattered. by
i%@egaﬂﬁv af thesely Eﬁcﬁ@&r iﬂffar@égowlll m%ﬁs é‘iﬁ%ﬂ were applied &lbbally.
corresponding to the plurality 3

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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of angular illumnations of the sanple; and processing
the recorded inmages to forma conputed i nage. The
optical path may be selected fromthe group consisting
of . direct, back scattered 5 and secondarily
reflected. At |east one of the features may be

sel ectively elimnated fronrgt | east a portion of the
conmput ed i mage. The pattern of angular illum nations

be.. control |l ed such fhat ht . secondar
et WERA B PEUESHale Bhd phECHisif Beosy pazes to form a
RelpReddiiMpby. el imnated fromat |east a portion of the
conputed image. 10  The processing may conprise
processing corresponding inage pi xel s anong t he

cord b n m_ The net
AR el e e Pg e ot PR S tlppek scatered
a’ihﬂ@bl&c&ﬂahlyl refiediat. it least ére AMthafRnA¥d faYy Be s€lBétH Rl ydliminated
anpl e hol der s pﬁortrng t he sanple before the step of
flcsn pelers praoRdgeao{ghe camputyd snagg ik aAttern |of angiaer il pingfions may

tlyeﬁ%nﬁ@m $irch e 7}?{ Je%lmaﬁ Peﬂ%}:tléﬁ B iaIE ha&fon@ro?%eaf'éatu{es may be

um nati1ons m onprrs applyin um nation
salegtivay elimirexedafream at leastch golreors afhk eompuet imagdy
rotating a mask at angular intervals. 20 According to
anot her aspect, there is provided apparatus for

THERAbOGsiAg fia ?tdoﬁ{ﬂﬁrsé’ P& g WbirEspbR&HY 'irﬁ§04"1§1¥é1§‘ Qmong the

ani sotropic light scattering characteFistics.
rappdedimeages bpgn elgnpithnse an angul ar il 1 um nat or for
angularly illumnating the sanple; an inmage recorder
for recording i mages of the sanple corresponding to a

Hethéthbd shagffudigebbrisd Al g etleipons coritrd SRanSAERlagilldninator
controller for controIIrng the pattern of angul ar 25

with gneppaexiBnte watrgof tléarspléérorl@ﬁr SvPropting e spraple begare the step of
ek @Rhink% 1{1%1’1§Joffar Sca dArgoft ééa é‘ator to the

na e recor and a
processor for processrng the recorded |nages to form

conput ed i e recorder may be an
’@@r@ namg&,pqaﬁ%fl;y %\th hg@mat?ons may co¥npr?se applying 1ﬁummat1or1

at angular intervals around 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 angolar
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 alens.



10

15

20

25

30

4 The pattern of angular illum nations nmay be
controll ed such that light secondarily reflected by
at | east one of the features nay be sel ectively
elimnated fromat |least a portion of the conputed

i mage. 5 The processor may form a conputed i nage such
that at |east one of the featyres may be selectively
elimnated fromat |east a portion of the conputed

iJrage. T featuyre. be wal f,a mcr [ | )
ool nziht HlGuiians Havbst Dot SR ki B secondarily
ﬁeﬁ@&écﬂ@ﬁat ILAROES oY fhRurRs 2299 %Qle&Yve%nelﬁhﬁQfeH_tffHﬁ hileast a
the processor. 10 The angul ar illum nator may include

reriies ki thysempwied imege. be bet ween the |ight source and

the sanple. The mask may be controlled by the

controller. The nmask may be of a sector shape having

"Bt BOGHsb@ MBS} em aldoehpuriRiginage B@dh thet Dicast odeadshe feARires may be
akly scattereg feature of the éanple. The sa%gl% 15

%ﬂb%y gliganatedsizpm agleastierox e e bG SOMRYLCH ifpsferl e feature may

SOU3ED S TRl RSB 0L LA o

immggemaebo pobeessed bprn algoritispacths prodessopat t ern of
angular illumnation may range within a three
di mensi onal space surroundi ng the sanple and varying

THe 181aPlIUMh&oPMmad Tidielh RRsk. The Yk ihy2@ bRfvdeAhe light source
relative to the sanple plane, and it may be sel ected

gndghe saweplerGepnaskirayshd epgiretled by thesontrplen Thpask may be of a
&?%pg%%@?gahgggggb#&ng(§anple. The pattern of angul ar
FPUMRacT one “hayet urt h

er be automatically optim sed
based on anal ysis of specularly reflective regions of

the sanple obtajned froma_ prior scan. 25 _The
HieErEmRAHRE P IRaleons VoD §2tered geiture of thegyample. The sample

A5 L L B 3 R Bron o U85 g
applititionche awedhputkirfectdndriaingttye pfiages atcarded Ayitsotmageyecorder.

or a conbining operator for producing a conbi ned
conmput ed i mage. The conbi ni ng operator may be a

MR PR tHRAREBAST 2h Q2SI iRARG 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 1t may be selected from the group consisting of:
symmetrical and asymmetrical about the sample. The pattern of arigular 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 operétor 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 scatteririg 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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the features with anisotropic |ight scattering
characteristics in a single conputed i mage 30

i ndependent of their orientation. The non-Iinear
operator may be selected fromthe group consisting
of : m ni mum and maxi mum 5 The angular intervals may
be equal to or less than an a@gular size of the mask
to form an overlap regi on of i mages. The mask may be

_rotated about an axis that may be perpendicular to

h%ars%%lvétewhénw %eqwaywotr lessithari atesnguldr size @f the mask to form

0 i mage

REDEr LS p Bt TR o bt KR! PER bERS Tl be
perpéraliangtb &ie Sahiplﬂﬂmafaﬁfs mBYbE TRt ER vath 4 E)hgln&ﬁhﬁl GRis. Each
ﬁ%ected fromthe group conS|st|ng of. aring (ﬁ
ahthe zeroxjedmages mayhaveanioveriay raguwsh adjseens remoai fiages.
of angular illum nations may be perfornmed by
%ﬁpropriately activating portions of the array of

gingulas Iﬁhtftlinﬁ@r diaorctempriﬂne light sopraf seldcgidtfremittet grogp consisting

de of mu veb nds that 10 ar
gﬁgec H%ﬁgl ﬁnF??%ﬂf Oéﬁ§gﬁs lﬂﬁgﬁgﬁggﬁPkﬁ
anSRRRINE ﬂ{aly)befsﬁf@ﬁﬁéd/@y é‘ﬂﬂﬁ‘%ﬁ.{t@l %/ abflvdting poPREE of the array of light
recorder. Brief Description of the Drawngs In order

FIRAkNg diadssnThe @xir@hofiﬂsght pwittigk djoden dwy Deed thultiple maadpangs that
e;défe&go%gp%ﬂBﬁﬁl% 1}9& %{1)(2 Sﬁns?# ?ngtte{)] %lrélegi\éﬁ% Is%ecg'\’\ﬁl)g/ Selective channels

mnhﬂnhaﬁyeaﬁﬁbodlnents, the description being with
reference to the acconpanying illustrative draw ngs.

In the drawings: Fig. 1 is an imge of a cell sanple

in a mcrowll array taken using conventional dark 20
Brief BesariptienreftthoPrawingsr art); Fig. 2 is a schematic
representati on of an exenpl ary enbodi nent of an
mppderahatghd mvention may be fully understood and readily put into practical 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 ima.ging;

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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partial directional illumination and imaging; Fig. 3
is an image of the cell sanple of Fig. 1 taken using
directional illum nation of a portion of the cel
sanpl e usi ng the exenplary enbodi nent of Fig. 2; 25
Fig. 4 is an image of the cell sanple of Fig. 1 taken
using directional illum natiop of another portion of
the cell sanple using the exenplary enbodi mnent of Fig.

B o Vil e o B s

|nclud|nq t hose of . 3and Fig. 4, Fig. 6ais an
(Pfrrﬁ’@éesdflc Hd@élﬂllo%éﬁﬁlé’e 3igdFiZi%rowel | array taken
usi ng conventional dark field illumnation (prior

Let 6a isBn Engge @l gedl sampiemagemhewelhamayugkemusamg conventional dark
exenpl ary enbodinent; Fig. 6¢c is a conputed i mage of

fidié iltiniiheti@n@eobatyeen the i nages of Fig. 6a and Fig.

6b; and Fig. 7 shows a flowchart of an exenplary

BBhais AR ha oﬂtmecﬂﬁrlhg\ n exfplBBI GhbKEmbgsSCr i ption of
C

Exenpl ary Enbodi nent s cording ‘to one aspect t here

I"1§. é@' ?\é"cg gut%fll tapé)gﬁ tfhgrd}t{féi(?%e%ﬁ\g eizlgg? ?%eg%)f g% g% gnd Fig. 6b;

a ce
fronran angul ar |Ilun1nator 30 through the cel
gnple 10 into an image recorder such as a digital
camera 32, as shown in Fig 15 1n a preferred
Bepbehowes {1 owﬂ@ﬁ&f@ureéﬁmpharwmh%@menmfy eawHiadse a
mask 34 between a i ght source 31 and the cell sanple

10. The light source 31 is preferably a ring |ight.
Alternatively, it may be a ring of light emtting
Detailed Desription B @mplaghEmbodiuhader . 20 The mask 34

is preferably of a sector shape and rotatable about an
RXdoBdih SR oBB%p&E, 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 paraliel to the

longitudinal axis 36. Angular size of a sector-shaped mask typically depends on how
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per pendi cul ar to the sanple 10 and which preferably is

coincident with the longitudinal axis 36. The

| ongi tudi nal axis 36 may pass through the centre of

the angular illumnator 30. Alternatively, the axis

of rotation may be spaced frombut parallel to the

| ongi tudi nal axis 36. Angul ar 5si ze of a sector-shaped

mask typically depends on how 7 nuch angul ar

il lum nati.en is..ideal t bt ai he.best j.nages.. :
oA B et o S5t s b R R Bt g i the

it is 60. Aternatively, other suitable shapes ybe

fregeof B to 98 mastowndkiseRd: é&tefr@fla?lr/nﬁbert%alﬂﬁé Dgggnay be

make appropriate translational novenents to shade '

wdtfpbtgg mspk tihgteadof rotting) the nBislasnayanakegppepriaiedrapslarignal

nmet hod, angular illum nations of the sanple 10 are

perérnemeth shade portiongof the aclpadrhgen of angul ar

illum nation controlled by a controller 38 so as to

specify an optical path for light scattered by the

sanpl e. Depending' on the |light scattering

%g?ﬁﬁ% gﬁ Ex}ﬁﬁ&?%gg{l?tﬁ(g[ggagéﬁgr HRdifRioR8 BPILE saﬁlgﬁ 100k Pe;tlfomed

10 scattered, or secondarl

reflected, among. ot her ..nossi bl e opti.c aths.. | n.the
iselrdiie B nBBOT AR IR Bafor e & vy B Mgt s o1 s o
i1lumnated w the mask 34 sharing a portion of the
eFHTY 88 Rpical paté gor scafteredayy ﬁ%ﬁé@BPIGf Depradingiqn tgghghlte
10 under such angular illum nation is recordéd (102,
sajering chapgstesistoiof fratpreg in the sampbsy, theorptics peth may be direct, back
(indicated by white dotted lines) is shaded by the
soagereddor s€andsrilyrefléeed) amongothiz? possitde eptidat paths.not
experience unwanted illum nation from back-reflection
due to the mcrowell walls 14. As a result, the inmge
of portion 22 is mainly of only light scattered by

B e RO R e

O S RILA TR T, P P50 b b s 1
\t.}\;gfer i§L?<}1%1(‘:’a$1'gullarnﬁl(‘illirrl;lir(“:éatiocfn i(s: ?elclofc’de%ls(l 826, 6}3rig.t7r;.eAsm.slﬁ)rwon\,\il?llFl ig. 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.



14 in the portion 22 is inproved, since direct
reflection to the i mage recorder 32 and
back-reflection of light by the mcrowell walls 14 is
elimnated. 8 The mask 34 is then rotated by an
angul ar interval so that another portion of the
mcrowel | is shaded (104, Figg 7). Another inmge is
then recorded (106, Fig. 7), as shown in Fig. 4. To

utomate the process, the controller..38 controls t
Phi BT isheRebt et i Ak ah Rl P ER bRt
recordi ng of images. The image in Fig. 4 sho
sisconell Bopedosh 1% Tk Aa¢DE° BPSAA G0 Ao (Pdds: e
a separate angular location from the portion 22 in_
friogn i8 FigdaTn autoherts the pnetepd ithd emmtler 38 eanauglly the rotation of the
identified by the absence of the bright ring 16.
etk dndadyhcliponisésinsvithfthd feeorciehd o Siatgk<e The itnageind@ed shows a
shaded and i naged (108, Fig. 7) at 10 |east once, the

RICOEESSHibS 24 eRERLRM HYYwHiRt tied dinkd)ut BBEHard4 affulangtdtRdh from
intervals around the cell sanple 10 and recordi ng an

. af~~t-hecel | .ar: 4
DR D 7 T2 o leech s 4 RIGUIH bR the
epar ate, shaded. partion, and all the recorded inmges
%ﬁ%@?ﬁg‘hq?Qgﬁagggﬁaded portions enconpassing the
entire cell sanple 10. 15 Preferably, the angul ar
interval is equal to or less than the angul ar size of
the mask 34. Mre preferably, the angular interval is
nghalf partiond of thesd! sanapie { hbawnbrenshadsdaad amagede(1 0RelSR. 7) at
so each of the plurality of inmages has an overl ap
le@@ionbe, Whd proeas s geaetby rdtatmgethe nfask 3dxaandudar intervaksearound
angul ar size is 60, the angular interval may be 50. 20

AeREPSATSIRMN 03AIREQR@AS 88 i GSROBEl Snp18RYQt ick@hgular interval.
anong the recorded images by an algorithm 1n this

odi [t i i 11 th
gngégx}sav{/%? g%%he%ﬂﬁ% ?écglcﬂeh nggéésr}ﬁk ﬁ@@ﬁarﬁe REREl poftdn, 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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conbi ne correspondi ng i mage pi xel s using a per-pixe

mat hematical mninmum function 9 over the entirety of
each i mge (110, Fig. 7) to forma conbi ned conput ed
image. This is preferably perfornmed using an

i mage- processi ng application on the conputer 40. For
exanple, a first pixel froma first inage is conpared
to a second pixel froma 5 sedond i mage. The first

pi xel and the second pixel correspond to. a S|nl

e dlhg enfirefy of pech igeEe (]slé)nﬁl& 7) tenerm @\ gembing L@“mutqdﬁglage This
two pixels is taken. The sane conparison is done
Batrefesb] epe forinedigeing an imbge-ploeessagmpghchtionmgdbe cgroputer 40.
all the pixels on each inmage, so that the |owest

pi xel value for every location on the cell sanple 10

is eventually obtained. This is nade possible by

k@reegéaﬁ'%lé R&iraakd Fonl 4 FETiRAEOK 3fpated®o & 8bdond PRI @oDa
canera 32 stationary dufing i mage

ﬁ(ﬁ %PE% Tﬁ%q%slg s{th !1}% t'hg &{0‘38 ;&JTB&%{%PHRI & HHOI\Q"I('&QBon on the

e ang U Um natton I's var

at i nask 3 r each m | ar _angu
) ShRa oWy iy Beode R xsvé%f?a%v J?ﬁéﬁmﬁ&)wg%@sogﬁadm
apparatus such 15 as having the controller 38
heipieom pachtimage faraflvhe Teqprdss rlmagﬁssfoesﬁﬂ ahapixels Qmeath ignage, so that
array of light emitting diodes. This nay be in
debdbwespixedrvalas farevearytiecatiani onghe tdl saseplof 0 isevenmely ghtained.
When the angular illumnator 30 is a progranmabl e

T81sii€fa@é pbdsM b Rédpingfe dh gdasilluiniveatod 30y e cettishmplegl 0 and the
di odes may be sequentially illunminated and switched

9&561%@9%%05&? duking 1m?é b AN S Hat @k r&Brded iR1a8¥ MBtch up with

he sane effeCt of ed il I7Um nation as shadlng by

Baéc?\ﬁeé?{ ga f' l&hg gncru%}{' Ut o?%ﬁg%l rLQVa}Qﬁ bgr&agy%}he%&k'ﬂgoa e.:ach

ed 1 nma
5 is forned. ThIS alloms weak isotropic reflectors of
t'"A&*<el | sanple 10 to be imaged independently of
directionally reflecting features. As can be seen, the
bright ring 10

Similar angular illumination may also be achieved by other methods and apparatus such
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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16 visible in Figs. 1, 3 and 4 has been entirely
elimnated in Fig. 5. Cells 18 near the m crowell
wall's 14 and cells 20 in the central region have
relatively uniform illumnation w thout
back-reflection effects. 5 Where directional defects
such as, for exanple, surface scratches, are to be
detected, the inmges obtalnéﬁ)nay be conbined by use

of another non- | i near operat.or, mat_hemat j
Wavisibleinfigre {i Dand Hhesphesn sngrely ﬁlgmélaeeé*rﬁa fied: ﬁﬁ%@@ Sear the
conprising all defect |ocations independent of

roidrentlawakbnl bind dells A8fie dtes-enthl rsgmh hews relasavelrarsonnt h
ani sotropic light scattering characteristics to be
itomixatied withoat SicRgtegionpticed. i mage of 10 the sanple.
The recorded images may be processed by yet other
operators dependi ng on inmagi ng requirenments for
dlfferent sanpl es. For exanpl e, an anal ysis operator
e et
byt éhnésg% RafioRE SRS AR AR QTR coted e
of a er s bri esy mhen hadﬁd to that when it
SRR ANCh T P ﬂa DY GISF SR RGP AL PR g ¢ 8- 2
a %je of the shade and the brightness of a feature_at
RMAHEaA Mag HIBRFURRION 1@ abtaima Faglstcompuieddmage comprising all
directionality and relative anplitude of a feature's
dafect ddaatipys indefendent od opkmati @0of the defebisnBhis eHows fdatures with
varying operators in the algorithmduring processing,
ﬂ'ﬁflﬁﬂ&)@id’l%}x@ BeatteRE titGadtEMRtick enBatEmbinbeindasihgle Bomputed image of
angular illum nation can also be varied by the
ﬁ@@&ﬁg}!er 38. The pattern of angular illum nation may
ave range within a three dinensional space
surroundi ng the sanple, varying in azinmuth angle
and/ or el evation angle relative to the sanple plane

and it be eit mret.rical or as
BBrseorAe s reayi RRGeSTontl g OO CBTRRgeRERdaE P imaging
In addition, the pattern of angular illum nation may

t@guamqurciaﬂfmntcspmiﬁss@u axanwiE, 6n analusiy gpesater may be used to
specul arly
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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reflective regions of the sanple obtained froma prior
scan. 5 By conbining various operators in the
processing algorithmw th various patterns of angul ar
illum nations, specific features or |ight secondarily
reflected by specific features may be selectively
elimnated fromone or nore of,the recorded inmages.

Bot h isotropic and ani sotropic features nay be

e arated | ow opti nal independen&} £
o“am!? RelPRET S SHEPBE TR dPTH N ?‘{}T*a‘ %?ffea‘iﬂttém °

di rection |Ilun1nat|on may be used. This may be
anmlayddurpmatien miap be awigrab srésontipisehbased pp apaly g af sneﬁularly
illum nation and sensed independently by spectrally
séleetivd regionhafithelsample obteenddniagre arpemoscer . This covers
variations in which, for exanple, a col our canera
whi ch has red, green and blue 15 responsive pixels
could collect data on three directions at once when

BE}%&bﬁﬁxﬁ% (MR8 0p&hrs Rl thé B e QinLibSARRNitE QEI%Hsspattems of

each poi |ng ina different direction. The wavel ength

5&5 R arrfﬁl?mf?l %(t)&,rﬂ;e%fﬁc%&%ré I?)? Y gﬁ . ego&cgjpﬁy fse,tﬂ%&ted fb& rsgécbﬁc features

ours use e ext

and I tal .caneras

PR P s Bl obBh SRR B St a2 Bipecs othigprropi
be faster. This may be of advantage for_ sanples that

ol grispdropic feafiies sasrberseparateritg allgw opHmakinderepdpritimgeing as

i mage of the difference between an i nage obtai ned

dssimmd. conventional full-angle illumnation (Fig. 6a)

and an i mage obtai ned using an exenplary nmethod (Fig.

6b). As Fig. 6¢c shows, the nethod elimnates the

effect of 12 radially-increasing excessive

ht't:ﬂth@? bpéhdlﬂlé}gaﬂl‘&a&fﬁbmdlf'&ﬁoﬂ\?itﬁﬁn%c{rﬂ%y g ﬁSCIdOThIS may be

I'ection by the m crowel I's 14 as wel
E}{lﬁ?c\é?gf %121 t1 gcgva\%’i) (tls t%tatr aere zégg&?on%l lk%lrlhgminatIO{l 194 ?énsed
1c1:1(()1rprPcianrdgr(iit1}E l:?y spe%tral?y selectlve 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
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conpl ete i mage having i nproved cell to background
contrast and uniformty is obtained 5 in Fig. 6b.
Wi | st there has been described in the foregoing
description exenplary enbodi nents of the present
invention, it will be understood by those skilled in
the technol ogy concerned that, many variations in
detail s of design, constructioh and/ or operation nay

be. e 10.w t hou a ti.n romthe present
AR PRSI ver §DtRation AT AE0 by the P agpw) due 0 back-
I magi ng a stationary sanple having features with

ﬁgtmnrgb)ptihé nipighvell vedlatlthes MRl ashamaotedirpBeatiens thehlead to a bright
met hod conprising: performng a plurality of angul ar
fihg atrthesvell dosndadfy tidnbssdpdecineage eopnlirasg Canaredbtofagtter a
of angular illumnnation controlled by a controller so
&simpleteSRASE hvidim d;ﬁéwédc@u tf dabk drotind dcabrhstaBatubhFs @ty obtained
t he sanple recordi ng i mages of the sanple
faficeponding to the plurality of angul ar
iI'1um nations of the sanple; processing the recorded
i mages to forma conputed inmage. 10 2. The nethod of
claim1, wherein the optical path is selected fromthe

Sti .direct, back scattered and .
%&%ﬁ%ﬁﬁaﬁ For et 10 9 Forgones EFIRHOTIFMBHEY GRbpgigments of
precedi ng clains, wherein at |east one of the 15
thearesertsnyention) i wili bengdasstped hnthege siriled i the éxghrolagy concerned
portion of the conputed imge. 4. The nmethod of any
thaemery vér@atipnemedtiaily of ldesi g, conterctibn ahdver ppoatessnagbe made
conpri ses processing correspondi ng i nage pi xel s anong
whtBoutlepareiag flofR@e préd¥nt invention.
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an algorithm conprising at | east one operator. 20 5.

The nmethod of claim4, wherein the operator is an

anal ysis operator for differentiating features based MCSLLP

on their anisotropy. 6. The nmethod of claim4, wherein

the operator is an isotropy operator for 25

guantifying relative anplitu and directionality of

feature anisotropy. 7. The nethod of claim4, wherein

tge ?zﬁerator is a conbining operator for producing a
$61HB computed i mage. MCSLLP 14 8. The nethod of

claim?7, wherein the conbining operator is a

hon- | Aegthodifdmagme a S IonaBHIRTH] Iphating ferBreY B anisetFopic light

ani so SE At istics in a

S gl SR el B ORI 2l

or i enpeafarming Hplbralithef zmguhm dilwhinatiensnf8he vdneple aecordiag to a

non-|inear operat i.s selecte omt he rou

consi RAEHYC ﬁf ﬁ[‘%‘i‘ﬂﬁﬁ“&ﬁ’o“’r?é%‘?ﬂﬁ%h aggntref ?H’oﬂ’%‘fy an
any Owlcﬂfp&}b%r@{gﬁgﬁtt&gd %&Qhé%’amﬁlé” ther conprising
aligning the polar centre’of an angul ar i |l uni nator

Wit h @norépgnmgmféhcmple cofresposdimg|te the(plimalityesf angular

supportl t he nple efore the step of performng a
pl ura Fﬁé “%ﬂ‘é@‘Fé? Pi% | uni nations of the sanple. 11.

The nEobadingfiheRyordb@irbiges b6 fares esthpged iraddes, wherein
the pattern of angular 1llumnation ranges within a

t hree di nensi onal space surrounding the sanple and 15

2’ aryi pge ({Q@& o¥ Elalr 11 Dfcr3AMRLS R&a%%tﬁx 15‘3@9&@&8&2&8 group

azi muth and el evati on ang
any otumsifing bf dpeeacedkrsgatodrad ami seabedagilnrdflRetefat t er n
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 MCSLLP
the pattern of angular illumnation is automatically
opti m sed based on anal ysis of specularly reflective

regi ons of the sanple obtaine? froma prior scan. 25

14. The method of any one of fie precedi ng cl ai s,

wherein the performng a plurality of angul ar _

81 | umIhammethind fstaim; s ddersip e aghifing 9peratar éng Bgn-linear operator
angu| i A t ) o .. .

ot hod o T et AL AR TRER gy g Sncterigis ins
pl ur akingle @mparglmage irdepemientof tbass orisntpewrf. or med by '
rotating a mask at angular intervals. MCSLLP 15 16.

The nmethod of claim 15, wherein the angular intervals

8l e eqiaimdifddf dBSSN, WiRfein A MMM AF ofdrd®r RfselebRd from the
mask. 17. The nethod of any one of the preceding

cl ai merountrepsibtingRc mimmunhend Besiyey 5 i nages has an
overlap region with adjacent recorded i mages. 18. The

nmet hod of any one of clains 15 to 8, wherein the mask

i19. r otTak @tktigdicdftanfdne 8Rihe précdingscldis pRifteCedngrising dlizaing the
sanple. 10 19. The nethgod as clainmed in c|aim18,

wher ePalaf pantepgfanjaggelas Wamde#er With An gpPIoYeAE erntisaf 2 sample

axi s. pof} ARG o1 8BY R0 Yepldtp eRbAGRH a Mhurality of angul

cl ai ns, ﬁﬁ%&@?n %he %ndﬁ?ar(?{ﬁﬁn%ﬁatgf conﬁ??%gglgo anguiar

I i ght ilbwuninegorself ¢tot chplle.om t he group consisting of. a

ring light, and 15 an array of light emtting diodes.

11.  The method of any one of the preceding claims, wherein the pattemn 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.  Thé 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.



10

15

20

25

30

21. The nmethod of claim 20, wherein the plurality of
angular illumnations is perforned by appropriately
activating portions of the array of light emtting MCSLLP
di odes. 20 22. The nethod of claim 20 or claim?21,

wherein the array of light emtting diodes are of
mul ti pl e wavebands that are directional in

illum nation and sensed |nde6éndently by spectrally

sel ective channels in the inmage recorder. 25 23.

Appar dhasmetind dfreeginnlg, whetean therragylas mbqlds wietdqual to or less than

features hav sotr,opic light scattering
Charagaapg@%r%%nﬁﬂh%mg aratus conpri sing: an angul ar

illum nator for angularly illumnating the sanple an

i mage recorder for recording imges of the sanp
d6rredpe mﬂthﬂgi efany ong pfithgIprespdiseg daigs) wherpin e@ﬁh ﬁfathp deporded

of the g a? an ﬁ@erﬂp??%%ﬁ Wx{heefdﬁefc% r%&%%&’ n'xAJeEQ t he

pattern 0 spec an
opti cal path for light to travel fromthe angular
[ ] recorder when scattered b

t t th
“Stﬂ%pge? qé?%@egohgg? dams B b cdssan thegpa r%&%%tg%( Aput an

the r eiRkilR ek hXpaRIFul L t6 HeWaphptOmput ed image. 24. The
apparatus of claim 23, wherein the processor fornms a

conput ed i mage such 5 that at | east one of the

atu s | sele tiv ed from.at | eas
357 8RS pietnais SCamp il el e vheii h B S e irol e o
cl ai nn&fgltgamaﬂamg/\her ein the pattern of angul ar
illTumnations is controlled such that |ight

secondarily reflected by at |east one of the features

h. The method of any one of the preceding claims, wherein the angular 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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10 selectively elimnated fromat |east a portion of
the conputed i nage. 26. The apparatus of claim 25,

wherein the feature is a wall of a mcrowell array. MCSLLP

27. The apparatus of any one of clainms 23 to 26,
wherei n correspondi ng i mrage 15 pixels fromthe
recorded i mages are processed $y an algorithmin the
processor, the algorithn1conb ising at | east one
operator. 28. The apparatus of claim 27, wherein the
opera@%i is an anal ysis operator for differentiating

feat UE?ﬁ)cgﬁg?g)lr g?bmc‘égs%xé t&\ﬁ%&?&m age pQ) At a-laaﬁ'lpg}]ed image.

apparatus o erein the“operator is
i sotropy operator for quantifying relative anplitude

nd diyectionali .of . feature _anisotropy. 30. The ..
S ar SHGePRaTatGs ofi iz, SYSTR HRCos B i & pampjited image such

conbi piangt 18RELA Hthé Rlaturddis QEI@Q&‘\@lyﬂ BliRiraRA et least a portion of
conmput ed i mage. 31. The apparatus of claim 30, wherein

t he ctheisompntpdomegator is a non-linear operator for
conbi ning the features with anisotropic |ight
scattering characteristics in a single conmputed inage

phdepengeparats $fdim 13 brexa, alhefin the3fAttdr. of BAGular illuminations is
apparatus of claim31, wherein the ngon-1inear operagﬁgré1 .
Ires 18

i s sefertodgd sychrhatdight sregpdpardy refiestadhy ddcashong thihs

maxi - P ; f

e NS iy B TP 7 el

illumnation ranges within a three di nensional space
rroyundi ng the le and .varying relative.to,the

Janpl Chp RSO GEMS. MiFEEiR e ISBPT i  ViloTa BiFse Y gharray.

5 angl es.

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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34. The apparatus of any one of clainms 23 to 33,

wherein the pattern of angular illumnation is

sel ected fromthe group consisting of. symetrical and MCSLLP
asymmetrical about the sanple. 10 35. The apparatus of

any one of clainms 23 to 34, wherein the pattern of

angular illumnation is autopytically opti m sed based

on anal ysis of specularly reffective regions of the

sanpl e obtained froma prior scan. 15 36. The

apparatus of any one of clainms 23 to 35, wherein the

kfrage ' [ 8 1ot I

9 OTTRE IR O Poc oTPRRRS STRP12 MleRYn eyl TiRenlr
wher eilhiniihgicngugeawiihin athraationensionel ypdessurounding the sample and
source selected fromth oup consi sting. of.: ri.n .

| i ght Yar{ipg rolgting F)atse EﬁmEﬁF %hneéWP? Phigth %d%mﬁﬂlja“éi Sfevation
spati ghglkd ght nodul ator. 38. The apparatus of claim

37, wherein the array of light emtting diodes is
controlled by the controller to appropriately activate

rtiepns_of the array of. 1igh emtiin i 0
36" ' RS s o2 e RE eledy 315 B sl MeliiPen & g
| i ght i|Rmihitidads deledesrom thegrovprdoadistiig dft ghrhmetmichltdndg
di odes are of multiple wavebands that are directiona
in i EyYuERetEERlGRowhe saRlet o be sensed i ndependent |y
by spectrally selective channels in the inage
recorder. 30 40. The apparatus of any one of clains 37
86. 39 Thewhgragitns o fanyamng ol akairnk P8t Batwdrereifi tiret jagtern of angular
' ncl uﬂﬁgnigat%ansilé 'autlglr:n%!filc_aﬁ)ly 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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18 41. The apparatus of clains 40, wherein the mask is
between the |ight source and the sanple. 5 42. The
apparatus of claim40 or 41, wherein the mask is MCSLLP
controlled by the controller. 43. The apparatus of .
any one of clainms 40 to 42, wherein the mask is
rotatable at a plurality of zggular i nterval s about
an axis perpendicular to the nple. 10 44. The
apparatus as clainmed in claimd43, wherein the axis
passes through a centre of the angular illum nator.
V\E. Thfe el blfsclﬁﬁqsqoa i {Be%ﬁh'ﬁ 6T'th95n e ?gm‘ TAb%rce and
erein the axis is coincident a longi tuditha
axi s. thesashple. The appar at us of any one of clalns 40 to
45, wherein the mask is of a sector shape having an
angul ar size. 47. The apparatus of claim46 when -
dependgabyiated 6 dhifk340 YWET, 8iHerdiReheRK @contéfled by the controller.
interval is equal to or less than the angular sizé
forman overlap region of images. 48. The apparatus
an [
3 o eGPl AR ! 40 0% Sk Bog MR ot ata
sanpl glurdby 4Panglig isteparsaibost £f axdnyerpaaliQfiiarab ahdTmdIe.
to 48, wherein the sanple is a cell sanple. 50. The
apparatus of any one of claims 23 to 49, further
npr r i4RQ
Ut o Pty o B 30 RO BB B0 farousiyp cente
I mageof the @angidar. 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.



