10

15

20

25

30

*159159* A three-di mensional imaging apparatus and a
nmet hod of generating a three- dinensional image of an

object Field of this invention 5 This inventi

relates to a three-dimensional (3D) inmaging aagwmmlmnmumm
and a nethod of generating a 3P i mage of an U
Background of the invention Miltiple-perspective *B39%

[ [ d for reconstructing a 3D nodel of
;T%Lﬁ“g%t{lgﬁng?%?% ésmeggigglﬂ@gara;usa@q gmq.%@od of ggneratin_g a three-
mul ti pl e- perspect i virmehgional if&ge'8fan Bbﬁecﬁet ting up

as many caneras as the nunber of nultiple-perspective

i mages required; (ii) using two caneras to capture a

p&ield of thisdnwéntiensi onal (2D) i mages from different

lL.ve and relying on.a software algorithmto
SEIRRHL el 4 Bt DB DS ot bAoA T metno
| gererptiigas BDrimageof dradbjecspect i ve points of the 3D
nodel are determ ned based on correspondi ng epi pol ar

lines in the images captured by the two canmeras. In
oBaekgnoundof thérninvientige pl anes of the inages are

D B agdind i oy (S 2T nion Rl of an object

i Romgaixapiples|of athievieg mﬂltplelr-edrzsbéﬁwgeﬁmg@h _include:d GiD)
. - . t hods, (i) an i)
&5 onst At bRl PeIEs e R S o3 e mages
nmeadwded, (i) is that the |arge amount of data captured
k ki Al Lo an erspectjve view _
el T L e e e e——
oflifferamtr perspastives] fod r&htimplpdon(ia) sﬂfﬂ@“rsbltal@arithh{ titoS determine the
' ] .inmpracticable to set u
| ipeBd RO R B TR Bt Perdo moce
i arej gdriemmined hasesi meoﬂr@p@edh@mp’n;bcﬂardfng& he thecmg_lél’sﬁﬁzp%ured by the
d THS sg.adj acent pairs of -
t ﬁ%@%azﬁnir?%gﬁgg%?%éds, gﬂeﬁr‘ﬁggeikbgagn%#iogg]e |{nﬁga%gredpampulated, and
port i ofi® rglingrn enpesas with dauilt-inedepér keys!vaieh ﬂfovi'dbﬁiedpth information
i i ontrast, 0
(et g P Imaar B e B e
hardware. Although nethod (ii) only requires a pair

. i ti t han -
i )  ob =P A TRENA S i 80 bligRoa
ak@bihgdgrogamayet oiriate panliredenalesrisgussiblevieobiatn any perspective view

;w]ﬁiiggﬁﬁ aéseggmt%ﬁgaﬂhiﬁee ﬁo%vé@%eolgf‘gel AfiSoedlof garnqgrras g’\gggedt fr method
(i) means that it is technically and economically impracticable to set up and maintain
such a system. Furthermore, the system is inefficient since large amounts of the

captured data are redundant. This is because adjacent pairs of the cameras capture

almost identical images of portions of the object near the zero-plane of the cameras in

Cartesian space.

By contrast, method (ii) relies on sophisticated software instead of hardware. Although
method (i) only requires a pair of cameras and thus offers a more viable option than
m_ethod (i) in respect of technicality and cost, the accuracy of the intermediate
perspectives is typically compromised by factors like disorder (due to a feature of the

object being seen by one camera and not the other), incorrect matching, and lack of
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obj ect being seen by one canera and not the other),

i ncorrect matching, and |ack of X111111 111 [I111

Freer rerrt 11212 11l ~11~ *@0002* 2 information

due to occlusion (there may be portions of the object

which are not visible to eithg{ canera). O the three

nmet hods above, this is Ieast aie to guarantee perf ect

[ e on.is acti cal y

ARl %Gkl Slom Cisf P B B e cragotion areyrot viile
t tmeeiimesoéruerab rofamitme@ meam,dsm‘bowemd epibhsti abiedfoiaratiee perfect

SR SRR BB T B AL Sl e o
t methaddiii} dise esbiubbre abd aprwatyeofths deith agorattiod PrévidedTiR @ach plxel

vV, ' t rovide a 3D i
ROERE Thandt B Sy Bh el oot SHnPRg 2ue Bepriaa ar mgthod (i too
objselsceptlhhﬂtolprdﬁemeasdh aeddiumiat e t he probl ens
descri bed 10 above, and also to provide the general

public with both an alternative 3D imagi ng apparatus
ahte arrfﬁsamttle\femaom angietiroddef JeinmEging eppatatusragd agnettiod of

a r on_l.n er al terns

¢ PrReRED Bk Bed VbR b Py e PRt e ks Phgproed
a@bQVéaéfﬂd alap to pHvidettise pénaraf public witle betheameitesnatioa G-imaging:

t IR

opaGE ah ah Bl 8 o e £ T Imag BB b Bect
device. The sets of reflective el enents a;le arranged
f be i maged, and the reflective
elggmrg%;?gé Eﬁbg%tggd and/ or positioned such that the

i IReRRECEh BTIS| Wip iavantion peeneses eSD-imaginy dnparatesibaving at least two
t t f I I
t ﬁ%s gf:) léelrflgfllﬁ% re‘ié’?ﬁ’erﬁﬁ ee%gﬁ)-a{%ggléﬁ& rjsg@ct 8 ngﬂ%g*?roﬂgé FdiPective portion
| efcthe imepastewardsranigaghioagtuping wewice. oThEpaets of m‘flen’mtecﬂhemg\ts are

pQr'réHg%d'fé‘cﬁ@%ﬁ%MeWﬁb% I;ngﬁég #HaGnd }éé@eétﬁ/teselé)r%entf@ Ale selected

ective el enents e ‘capt ur
pRdiersPositiened sy tha @dme@@caretuwg; devg:mcwmrea; enkag‘asdmn each of

t{he o RiERt ﬁ\}oeéﬁsnéf r@fleéhb@ e%pﬂu%fr’?é durlr{gn e oggét ibh 8ftn8 ot ln%bmg

el enent can dentifie of sSuch
eRRATEFES, B)t'ﬁeaftﬁlatﬂetaq@f m@tﬁhlﬂg@ow @cpalrsnofmatslpag @oiotsrin cases

bﬁhéi@ttﬁér@a'ﬁ@@vo gats §Pt%¢lbétiv%%lér¥ent§) ih 'tﬁeséap?l?rgg %a&rs ti&tis, points

i nvention proposes a 3D-1magi ng appa
gWHIER MeThBrodHC g Hﬁht gmiiedire e samtreelsDentofgha gbject — the

aPGERIcAL A $hat @Bt 88n b idendified. $3GHh a d'hWQIItZ%F §u<9\f Iements the outline
reflective elenments; (il) an inage-capt r|ng

apfdhe ppiest '53Pr~°<9@é%§6’f' ¢ §etermévetor mi ng t he cal cuI atl on
descri bed above.

Specifically, a first aspect of the invention proposes a 3D-imaging apparatus for
generating an image of a 3D object. The 3D-imaging apparatus comprises: (i) at least
two sets of reflective elements; (i) an image-capturing device; and (iii) a processor for
performing the calculation described above.

By providing at least two sets of reflective elements — each set having a plurality of
reflective elements — corresponding reflective elements from the at least two sets
reflect various perspective views of the object, which are then captured by the image-

capturing device. Note that preferred embodiments of the method are performed
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30 By providing at |least two sets of reflective

el ements - each set having a plurality of reflective
el ements - corresponding reflective elenments fromthe
at least two sets reflect various perspective views
of the object, which are then gaptured by the inmage-
capturing device. Note that pré&ferred enbodi nents of

P CSosfia Rl B fo miied O eSRPYA g Bfore. unike

umletHoel (iiiyrittidn ndt required t0|dap’|u8e deyth irdormiatied at eacafdrsettive, thus

th J1.nfor a erspecti.ve hus Vi n

ST ST = el ek 28 %Hﬁ%‘ﬁ isgia Pshetegadsycate
sulbsa:ﬁlr@'t(m@lat a processing tine. Furt hernore, the
sets of reflective elenments can be positioned so that
collectively they cover a greater area than the
| Burtresmofe, tHeesetswof eflediva slamsards tan beepbsittbredisp t(léthﬂtlectwely they
[ o M ekdh

éoveé élagér/aé%rn d’l%?ﬁﬁdn tﬁ!a}’en%@&etﬂgt % rgger%glta% usgﬁ rgmsgwgd H Wat is,
ofhem icaltactiesly awkiend glomAteTand@ofEngle3Rrowrihe @biEsh asathas: is much
”%Es R& RBIALL Ve SchQlopel i se the captured images to
ta I nto account possible distortions in the inages
caused by different d| stances which different ones of
t t
ng? E?Mrﬁab gg\éﬁkar%ms\{lﬁgﬂﬁéo pﬁl%r?f?w‘segttg noﬂﬂghster}ﬁe c%ﬁgleed images to take
r et mmgntmﬂsalmdlstbrt@ne Irothetlmegesa;auaed:dy diffecpd dstanﬂ:és which
t GRbrehhEAd J??ﬁ& stSvEIRFHRNE B iegﬁartbet'hg% @é capturmg device.
correspondi ng ums of t ot he respec
Thie n@rmahb@tw@dnéy be dere by fee‘fzmgeq%énmﬁa@‘emem the Qam:red gnages so
a t
o e S S SR RO TBfic'd?he other

ptsishedive imegre Théssean hredenedisingr a feé%ren@baaﬁegmpnhaigs a shape which
PRI krﬁbwhsana Wbﬁi}ﬂ:troxu'ngtels'ﬂ%‘&h Yo tHthfe @FFEEEISH?I%E)‘%{EE $ampling

it in al directions, two suc rays MD ere ‘
f P@iﬁﬁsroé‘stb@é??rﬁv'@eaﬁ%éemdolﬁa@m@nﬂnlmgmomt$ sisb diad, iGkahs rays were

Of mftlcTRA ﬁm élpdlféi‘:ﬁgﬁ§ W ?l?cﬁﬂﬁ?é ﬂleulﬁ@e%ﬁ’e&éd £ réddetfive ones

and second |na es. hese et cal

t Athefigt én%ﬁ%@ SeiR @f thmeraéttg é@rm@y@Sp@mﬁlmq paintsyof thedirst and
Og’éc%‘ﬁﬁ nﬁQgSjesW'ThEgb G@H%Qtléaﬁ)eraﬁeel'ﬂgfe%rb%pgxuﬁé}@ t da“?:ﬁ@aﬁ Tays

03|t|ons of 0|n S an
r ewt%ethw@e ghigpleand %%Fal{sﬁé tfpeewr@é@tlomeof dhecimages,, Using the

mﬁos‘?ﬁbﬁ%‘o@kﬁ% $npPiRh Pelrd Sn& t'Pn@ r@ﬂ&H% %l%fpe%'egopfhte' QF%%:g\ée elements,

i ch woul have occurred I f act ual rays
bt &nPesiible tafalpuiate hesampnt ﬁ@dls@rtwwhl%{hwowlﬁ &ave occurred if the

Na&IA rhpPhddPBedrSemitted at the sampling points, and the normalisation is
performed to correct this distortion.

Normalisation of the captured images may be necessary for epipolar matching —
which an epipolar line in one of the captured images is compared against a

corresponding epipolar line in the other respective image — to locate the plurality of

_ matching points in the respective captured images. Consequently, corresponding pixels

along respective rows of the captured images may have a common epipolar line.
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performed to correct this distortion. Normalisation of
the captured i nages nay be necessary for epipolar
matching - in which an epipolar line in one of the
captured i mages i s conpared agai nst a 30 correspondi ng
epi polar line in the other resgective image - to

| ocate the plurality of matching points in the

I RRABEHIHEL 1iafd. %gg ABSRStus FRSRMERR LY epipolar line in one of the
cor r esporidi ng along respective rows of the
cﬁiﬁtuﬁeédlm%%%@%a"?@é? PhaoBy & %raﬁ%rn“r@ﬁ.lrpmea}th% regpeciive image.

Abb%éb%bhﬁ)ﬁ |p}$<elst51&193r@sbé6%gé F&N@ﬂﬂfﬂeaﬁ e CHBYUrEQTRade’ Ady be

epl poI ar I'ine in one of the capture I mages a ai nst da
pMatcheragaipet Rixeipaloas 21Rlyialy iohrawsdn thqr@ﬁp?fé%@g'ﬁr ghthe captured

| (R, AGRIMSRIHHY | this rﬁ’é%ﬁ‘x‘p’?’o@' tﬂ@@oﬂ@ﬁ%@gbf e erpﬁiﬁﬁar'nﬂhtchmg by
one of the captured i mages mat ched agai

pPYRYIRg 8PBR GiTtereNcas i ﬁhﬁyha@%ﬁgca of Tin@aiche Bpeis, Such diferences

OH%‘?FbleauEé'@b\ﬁé%elé& QEvibtidBIARS refédHe bAGHAG Fb thé Bbjct outline.
may i nprove the robustness of the epipolar matching by

allowi ng sone differences in the characteristics of

t Ferth@t faatlo Ritsadf Sefletidd eléinERRIMBALIES arrafdedim éié’dlﬁmdn BMrface,

excess devi ati on of _t he refer%Hce baseline fro ?
oB}ELES BEGPTMEE. p‘arl‘—euFP?]&?mmPﬂé fio° Y&y eé’r’“ﬁ“@'rtl"é%? [elgence
elbawmtasmrmy chse, ak¢ am@ﬂdgm a@p@@mmysmﬁ@e:@mbré&sssmh as

as gonmon e. conmon urfac
C GRS eice g BoiepALEINe Y fas (e ondas Esne e Tefcive clements
SBt hifirafd|8 ghaa psundtantallymormeaciociee febhenBasliod as
occl usion, since the object outline may cast rays on
the respective reflective elements at an angle that

i $n §M’ﬁ6b&fbbbmién&’s therfirglset of réﬂ&t;ﬂ@él@ﬁféﬁ&%rb@ﬁc&lpied ¢ogeliter, spaced
set of refle

f

o PeRd o TR ettt of Elaivh Heridlis Mt s He §Fupad trgetner.
second set of reflective elenments, which are al so
O 4RI g GBI R B v Bl o s
haise ad&mt@“ﬁaﬂ; e@ﬁparlaatq a caxrmlarvﬁuicrt (?)raespamzeng eiembgtshare

t 20 .

C areafy SR R N 8 iR o R et e ST RRED o
p_(lje_nf;lsee thére%lhﬁeffév{m;rpfelnm Whlcberét @vible qngwrgi ﬁ_thdfnmz-i'gearbet occluded

. on_o 0 e u ude in
oihise Sy FRBTsrReie. Gk A Eroantsal A S ros ik, gl of e
viodjgchghitengliosving thehst leastijnectetabfirefiectilé eleimentst thdeatccupy the same
| east. two _sets of reflective elenents to be occupy the

S S'C?Jﬁ%?ecal space. 25 Optionally, each of the
reflective el enents nay be a hol ographi c opti cal

el n ﬂh e .
| TR SRR o TR pypo vment
holographic optlcal elements are light- welght they may be easily set up. Moreover,

since the holographic optical elements may be configured to have different reflection

angles, the fabrication of the 3D-imaging apparatus may have design flexibility.

A second aspect of the invention proposes a method of generating a 3D image of an
object. The method comprises the steps of: (i) arranging at least two sets of reflective
elements relative to the object; (ii) arranging an image-capturing device relative to the

at least two sets of reflective elements; (iii) using the image-capturing device to capture

A
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since the hol ographic optical elenents may be
configured to have different reflection angles, the
fabrication of the 3D-imagi ng apparatus may have
design flexibility. 30 A second aspect of the
invention proposes a method of ggenerating a 3D i mage
of an object. The nmethod conprises the steps of : (i)
?éf‘ﬂﬁ %fl@ét?f{%ﬁeﬁteatc%f ﬁw%tasc I&{asrt Evgcf Le‘%g H reﬁectlve e'iTEmen s, (iv) locating
i Awdiraldypt sats nfgna’remng @oindd mrttheeesx:ectiwee:apmred eagfest eaxh set of the
S N ' t_he :

; et s Reuhi Bof GEFRRbR th ol eRER®y o kipgle corresponing
r éfew edthe pbmbéwwsmg tag eluaahty efeasts ofpatshking poifits to determine the

T ke bf"aecd?'Le%EEﬁﬁl e|éh1\é)1t 5ﬂﬁ@'bbfegt aﬁ? R}\);ﬁe%le@%? Qf B0 image of the

. sets of matc

o nts 1nt respe

i PRigetkysingibR dgetrmmedtlcrc@tlomnaofdhe yraiy Wta&emems nftheedect.
generated by rays emtted by a single correspondi ng

el enment of the object; (v) using the plurality of sets
oiB'WBf’Eﬁ‘F’H&'%‘PfrFPS dryvigSer ni ne the 5. |ocation of a

C EhiR I RRHE Gﬂhﬁllﬁ\@ﬁ%n il r{ob\?bé’ggﬁflbed el{y]dm! Vdf)examples only, with
generating a 3D i mage of ect u dl

d ERfRIERre Ethe GeeaMiATYingfdrawiegp) er%h'@fty of el errents of

the object. Brief description of the draw ngs

Enbodi ments of this invention will now be descri bed,

by iakes 1B flugikalpmpr embAtiMenipt the 3Domaginsraprewtusohaving two sets of

a%@@@%ﬂl&'dﬂﬂcﬂ%@é’?ﬁ&ﬁ§an@§n Ymé cadfurgw‘érd:‘evﬂseaboth arran%ed relative to
illTustrates an enbodi nent of the 3D 1 nmagi ng apparaiu

h&VEREECRbageling derivedibassgronp®n ebJefatquaIap neBld seA¢ss and

a'FldUH@ﬁJETIIQ@tPétH§ tHeEntldGiriént cﬂ‘ﬁd&r@ﬁ K/@Wé@qlroh?& ﬁ"éhé’\%r§eod|rectlon
reference basel i ne derived based on an o

oungulre]ga iHsteres heptical dunstign perfared iy QI@tqféHﬁ%?P'ngéphlc optical

GM%WF@H Bhe lFTg%relZMII@g\@Qeé boRBtRod 6FHR¥RIRG the holographic
dlrectlon Figqure 2a illustrates the optical tunction

p&P Qﬂ’ﬁ‘@ﬂ‘%’&o‘c 86123 he hol ogr aphi ¢ optical el enents
ofFidur® 3 |Iﬂ-.|{stré’t€§I aﬁ'a%h@erﬁ@nt'df Iigbrsaises w?plﬁ@%t mﬁ’e ﬁf)lographlc optical

construct| n% hol ographic optical el enent
Fieineategf th ﬁ@um@g@g,qppg@quaquggtgwar rangement of

MFigues 8 |Q§@inb@el|v%ﬁof@° pérh@n Bothe erRRintenP Bt Fi§ a{ andQlustrates a
el ements of the 3Dim apparatus of Figure 1,

FisgiTelencs betwesy) the g GG Haln sgtssrefiestechy @qaee’spondmg
embRdrdpRt optitalfdidmerts ofthe 30- in’»éijirfgaécffp‘éraius &f Fi§ure 1;

di fference between the respective ta sets_ as
r EIJuER Pdlystigtes bis iesprative Aate 365t eRptuh b¥ thepeP-+mpging apparatus of

eIFﬁg“m@ﬂfbeﬂfretah@aﬁ&ddmgngaﬂoﬁppar atus of Figure 1;
ur e illustrates the respective data sets captured

b uies @ﬁn%ﬁgl"HafaéﬁHﬁrfaF@Bmafof cotespogdipg Pixelgdn &@eam@ rows of
aftheehorfiisa] dsakbiodt Figure 5;

Figure 7 illustrates a method of determining a point of the object outline;

Figure 8 illustrates a method of reconstructing the object outiine;

Figure 9 illustrates four 3D-imaging apparatus of Figure 1 arranged to capture an “all-
round” perspective of the object;

Figure 10 is a flow chart showing the steps of generating a 3D image of an object;
Figures 11a and 11b illustrate a top and a side view of another embodime.nt of the 3D-

imaging apparatus;
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Figures 6a and 6b illustrate the matching of
correspondi ng pixels in respective rows of the

.normal i sed data set of Figure 5; Figure 7 illustrates

a method of determning a point of the object outline;
Figure 8 illustrates a nethod %L reconstructing the
object outline; 30 Figure 9 illtustrates four

3B j ng.apparatus of Figure 1 arranged to capture
ariou T2 e BREE Bldha Sbrddiest ot he sBojraeine spgttes. 10

i igareis| Ga andalidb ikistratergtophmrdsd sigs viely @?eﬁérﬂ;uha%n%o%ﬁ)nent of the
| %agp gg é)rggje_ct; Figures 11 a and 11 b illustrate

a§?op na “8PLFHE

a_toj view of another enbodi ment of the 3D
et ipamsos oo fuguess d binid B8R Wit
e - i_mgi ng us. Figu
aﬁ%g%égﬁ?}opﬁsa#rga&ee g‘?gg and a side view of yet
aﬁ'@t’!@eﬂbemetmtroaé-séd’nien EBB- ofrthg maghiag® 8logk WsFigure 14a.
Figure 14a illustrates a perspective view of a

machi ned bl ock used in place of the 5 hol ographic
oBetailgd deseniptinns of thecembodinentdb il | ustrates a

CE; - ' - B . hi,ned bl ock of Figure
Chgaf Ry S em OOl SRR SR adp8 aonaians gen i
12randed4e inagssaraebjestiid dihaeing alhréehgmgﬁlsiblﬁ@@hﬁﬁb (i.e.bthe points on
' j IS o rranged to | na an obj ect
SRR ot ) WY o AL o205 s oo
o1 hass (il twer uoedintensional 412D°) dreaysrt0aa t 183bcti MeMRBH@N@kments 105; (i)

. e | ' t 101 has; n
R e oha o Bs TRALTY EARREGE RS coatiestSiplrldebicp B and
eliig gerecessorHnot shown).an examyple obiheprocegsaranaLbe & PellBimension

| T7400INbRstaflo®S @ charge-coupl ed device 107); and
(1i1) a processor (not shown). An exanple of the

processor may be a Dell D nension 15 T7400 :
Wik sriaksi 198 - ¥ 0, Qsitioned to
{100, 1038 A B fork e o A8 83l 1 g dmagea. The
othapp &f Bisjabiact 111 isiigitiallyi unkabwy, hutktvolbe absumdd inwhé follB@ing
AESUREEnR : ' .S S| that it . :
appr ox| Rgﬁbégggpédgﬁ?}%a%fp nﬁ%‘e&ﬁer #Lgr%ge 8? a greflarcqyfinger having a
dpAiuR derotre by g apd 2dengtl directivevdticrdn Fgure " a dnithealirection into the
I t PhalbviRgd i j I I 2 1 a4 he direction .
el T CLIRe SFRE 1 1ney Hieod ol Bof fipe B e
"HalE| iarichi g @ cregfiseqipe af theaylindeci Farlezainple, Fitguoigect 121 is the
VB Ibf b Defsof! Ped: i f i L. For._exanpl e,

P L B eoh (e b it {19 &ﬁ%@%@"kdgﬂﬁ%ﬁ? 3Kig GArale! S the
Higiaht ditectpp f tenais e Neteiial indeariativrishof dnis ambsdipmnadhedaseline
trhay R&ve a different selected shape. For example, to take a photograph of a human
head it may be better for the baseline to be an elliptic cylinder instead of a circular

cylinder.

The user initially estimates a length direction of the object 111, derives the baseline
109, and positions the arrays 103a, 103b such that they lie in a common plane a
distance d from the baseline 109. The common plane includes (i) the length direction of
the object 111 (i.e. the direction into the page) and (i) a second direction normal to the
length direction of the object (i.e. the left-right direction in Figure 1a). The arrays 103a,
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hei ght direction of the person. Note that in
variations of this enbodi nent the baseline 25 may have
a different sel ected shape. For exanple, to take a
phot ograph of a human head it nay be better for the
baseline to be an elliptic cylﬁnder i nstead of a
circular cylinder. The user initially estimates a

I t f ct.. 11 i ves e
IO PrecPad A Rine SEesBRdERicN e 3RanE b bgSeomppo plane from
sthelcentraiing biethe lbiaseline ‘mgosn‘ﬁmn pl ane a d| stance d
fromthe baseline 109. The common pl ane includes (i)
the length direction of the object 111 (i.e. the
diThe etraym103at $03theagheus)a itk €xtensicn is doodiceation @bich dnleft-right in
n e 4 : . I €. . .
ﬁ gﬂré % %nhg%t A(ﬂ %‘%&. %n'w?ﬁé E{P%lﬁ@é vagl')% i§ %%ﬁé‘rt§) gg/eslongltudmal
198& of the dlresﬁmranw tbp pegel irdpgute an Thatgs sscbfithe arrays 103a, 103b is

Cerelfwéé ?({br?eo-ﬂgﬁw glﬁﬁ}-ebasel gﬁj H?%BW%&&%%E&Q& O‘F f?)gklng in the

1dection gdishda tit-tighy imFighig tae Itbiseyiew glsoi thetateays 103a 103b are

d\/?é%ﬁ'ea eWRich is left-right in 5 Figure 1 a, and

also an extension in the direction which is parall el

to the longitudinal axis of the direction into the

p%@%eéﬁ‘m&@%@ 13 a%d 1BN#He rbﬁectﬁé‘él%n%fntg h@é ﬁéJe%Mé g%rg)%al function of
viewed "edge on' FI gure .

S rﬁflﬁgtmgwltshé eaeeivag ;fmrrahha@bmu 1 b@kd ﬁgectmgtlh@watnsﬂb@ chayge-

V"'Ebt‘.?pned eV &f {07r 'I-Q)W thb? pEi G ﬁ"us]fﬁnctlog i€ Bk;ﬁalﬁécg}’r‘( rﬁ!)r%cbetall below.

the arrays are viewed

i Faph gtﬁ\é@rr@y%ﬂ %%I 1Q3b mayrhe g Byg- @lmelne@n@ll r@ﬁem@arm@y of reflective

h@kendrihe1 L FTRLAL, éé&'ﬂ%ia%()@& 163%fr{1§y%é E&héldé?g'cﬁ elthera gt of

recei ved fromthe object recting 1t towar

t ﬁeluawap@eeileeta@;ﬂi@rae@rwpéewmérrea%wt@mwn;sr@ lpBgtmdigFtion of the

f upeki PN, bPasy ele%fnsws oNreABERe W rRbdts R85 Afich e%eﬁ Bxtehds in the
the arrays 103a, 103b may be a two-di mensi onal

r &eficrghy direstionof Kigues 7 riigie iapad 16 lyjstraterthe cagmsthatingach of the

i %rra?s’iq?d%aaﬁb@ty tﬂé}%aare 16310 BAYCNE cfePfistits! ¢®§th§ha;h§1rn tAe Jength
colums of reflective elenments , each

eﬁtreﬁ@@ of they ¢Rieqt dA ¢ m vellrasdp thenelbrigbtirectios efdtigure fa, byt in other

agnibodftents th%Fé’\ﬁlaQBe loBidr fEibYRs SlremRaies elé%nm BN iR tase, the
extends in the left-right direction of Figure 1.

F.ngmbééoflcowrm’ﬁdofflwwtﬁ &@Mtaératyn%d%%@r@t%aﬁ " ke-gaet9), and we

Ofust R indéx 2y D, 1032, nt0Ribel thBOT Qidhis diF¥flétiilebleRfehntsy
el enents 105 extending in the length 20 direction of

the object 111 as well as in the left-right direction

OfThEicBHfgR- c%uéled@é(ncéﬂO@ﬁJ‘ﬁFan%%Hb@IGh\F%ttﬁe Mkegas Pf@ya h@ab of
ot her nunbers of reflective enment s

In
t heflechymplements 19s1ta fARtUET vidvd ipaess ‘Pfﬁh%ﬁelﬁc"awﬂ%? rp@ected by the
desicdned 8Emafhts 105. TRe taysheflctted B he\MRements 105 towards the charge-

coupled device 107 converge at a perpendicular distance ‘e’ from the common plane of
the reflective elements 105 and at an offset distance from the rightmost reflective
-element 105, as seen from Figure 1a. The charge-coupled device 107 has sufficient

resolution to capture all the rays of light.

The relative arrangement of the reflective elements 105, the charge-coupled device

107 and the cylindrical baseline 109 is measured by a level gauge (not shown).
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use the index i=1,2,..., n-1, n to |abel the n colums
of reflective elenents. 25 The charge-coupl ed devi ce
107 is arranged relative to the two sets 103a, 103b of
reflective elenents 105 to capture virtual inages of
the object 111 as reflected bygthe reflective
elenents 105. The rays reflected by the el ements 105

war ds t.he char e 107 converge at a
EPREIER, Sl ROaT e RoRk Seh B bifhet MieaS B ENE R pfby also be
tl:mdrefl ective elenents 105 and at an of fset distance
fromthe rightnost reflective 30 - el enent 105, as
seen fromFigure 1 a. The charge-coupl ed device 107
hingthe fifst embediment de® raflective elemeantst1i@barahdlographic aplcadelements.

I t
e‘ll'gﬂ nﬁttgﬁ%gg b? tjhg r%? glz ﬁﬁgddb%per{?ho? éﬁe ﬁ%%&r%h})c(fg oRtlcaI elements
c$03 isdiiustratedb@be Ieien@nm@S hass awataragdoringl dir¢atior indicaterbby the
( Q%eﬁhiﬂ he ﬁ(ﬂo%@pmwgf(&r eleﬂ‘ié?m?ﬁo@}‘éac%g@g%gbm& %R!e ?‘e’ﬂection‘

as a laser asurenent net
| refleplingra raytln@wmm’e%elemnme%wh@hus ineidenteomghe glemmt 105 in one
ggrf%dtgﬁtrﬂgﬁﬁg{]'}egthd?ﬂta{ 5@% n@é %ﬁﬂ‘hé noﬁ‘FJ . r@&tﬁﬁl %&Fga %H (f:;?’ so as to
optodueg ae beﬁgemgsray mqtfserlplrwﬁserrram@ldlrefch@ @t enrengleimm the

' hﬁém?al BP&&’(BH%%&Q{]H? g fiThesd Wdl!r&qf;ﬁéalfeeiq tfpé/pl%gg 0}‘ tshe paper in

dashed I ne ographi c optical el enent
chigars d.of only one reflection: reflecting a ray
incident on the elenment 105 which is incident on the

el ement 105 in one predetermned direction (at an
aRgverting ¥nfigue Trotatals cansiden Ravs ofraekesPORINg grtjcat glegents 105 in

t helfRoRirRYY 4834 M BB1HI0NY $hd 8dméb ThaRRPIHNE Exaﬂﬁﬁgeérﬁsr SUCR§Air is the

direction’(at an angle fromthe normal direction
migftriagt elogrgpiic optess elamgntslil P2 it the Fespeetive;sgts Hiap [l @tefor both of

ofynidAg=PaRREabh palFblgé’d'ti%aI]eI@meﬁg\ﬂggtthQ& it 9 cgt‘rgé’d&d%g%th sampling

| et us consider pairs of correspondi

n
PO RIS SN ES! barelind0s, ra oo 0as pecsy arigelsemens, the

t E@rré@&di‘n@@%ﬁwp‘lm E&ﬁt PIFAT e d?r'%@tloﬁﬂ‘étéhp@fd thb%pﬁ@eﬁ element 105
| ef t nDst ptical el ements

r SE8ds pe@ot%gsm f@%e 1§d‘$<tieftmt ﬂbjéﬁﬂg‘éﬂs dlﬁﬁieeihfor eqch ¢ ke pairs of
epfcdPBiemdnts 8. 'S‘b@hlfl@él@r@l@tlﬁh Q'Qrﬁpllnﬁl;l]ﬁ)‘frﬁ LK) |35Ehe point on the

corresponding i-th oi Nt
C)'i’l%ﬂ@?l‘]@glsu@ég@t fﬁreeaf@@f t%’rthé’é’&gfiﬁh'q %'Cﬁlﬁl?@e’ﬁﬁ 105, angle by is
Oﬁgbr‘iﬁima%lg%ﬂéﬁo tﬂé"@orré&ﬁérﬁcﬁﬁé’@ﬁ@é RéhrieRa Pnﬁh HGuret2a. Hence,

is in direction relative to the o

eleapiAt the dlogoarhin eMicakeleraarie d@Sirom ‘?ﬁqbuoémeéeis 403a\dpab reflects

“&%ffér@htﬁ'a?egil tinfto fHef daFdeiolpid ®ARR 1@ the pairs of
optical elenents 105. Specifically, the |-th sanpl i ng

point 113 is the point on the
In other words, if two rays of light were emitted by the i-th sampling point 113 towards

the respective i-th pair of optical elements, those rays would be reflected by the
respective optical elements 105, and would be transmitted to the charge-coupled
device 107 in the respective directions marked as “q” in Figure 2a. Accordingly, the
leftmost holographic optical element 105 in each set 103a, 103b reflects the ray
emanating from the leftmost sampling point 113 towards the charge-coupled device
107; the second leftmost holbgraphic optical element 105 in each set 103a, 103b
reflects the ray emanating from the second leftmost sampling point 113 towards the
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basel i ne 109 such that, for each of thei-th

hol ographi c optical elenents 105, angle b; is

approxi mately equal to the correspondi ng angl e narked
as "p" in Figure 2a. Hence, each of the hol ographic
optical elements 105 from eachqof the sets 103a, 103b
reflects 25 a different ray of Tight into the

CHRIBEESUR) S5 0 s Nl e 5§ ren

t fondvedisth pahl@f Dpweeltameetsl andhaeaalso differept fioc differdne melites /. That is,

LE' 'Ii‘gh‘#' <8¢ Eslftg/q%%r ebft %ﬁ%g?a&és B{]'%gﬁérﬁgep Cl %Ic{eﬁ%ct&oH Sf the
chalpgepbiowplical emn&i&wﬂ@&oﬂtﬁé’ arrays hesar arsiptSbirespectively, then pjsen

direct | rke n cordingl :
¢ It oo Bl fnd Beevfie, ozt sfiefeiiont B rhy Hedhagive values
setpiLO3ee dlife@mt f@fdlf@cerﬂ; indiresrigand smiatiyt resgedtivevatuee of q;sen are
I stbm"rerﬁ%mmé?gntﬁﬁdl ;113 towards the charge-coupl ed
device 107; e second | ef t nost hol ogr aphi ¢ opti cal
el ement 105 in each set 103a, 103b reflects the ray
e j t I
eTRIho G ddeRidh ﬁ%esﬁﬁggﬁha & paRSn. tﬁ@%éiélﬂg 188! kierlotdd a, The
f tryshieflagtadbyt thatresnestivenigh @airobholagr@phig optigad emnfefr@r &0f are
f [ I
d?*fén%rﬁlgﬁéti d tlgre%bggfeg{ogﬁlt% |d%91:0?; gg? %?E‘ﬁramgzlélﬂgn@cég P? kSbhich is
pHiffegant fqueag*@pf therpairppf kelearaphic optical elepreatse ard whish for each of
a
Oggsgglo%répmnf@a%geua@&té Eé; égﬁg@gtege&é}agtﬁ Jng ggﬁégﬂahaﬂg value
r e&9ech fwherg/h ig pedenpiedsiatriowei2g).di f ferent from p;
,Set2, and likew se, q;,set, is different fromaq;
Set2. Also, respective values of p;,set, are
diThesreagh celymng theheegraphigioptical plements {5ris respoygsible for the
r %ﬁé’rﬁﬁfcbé{&ed{ akuies 167 ré?cbnv?n%tén fHage ofth %erré’é;foﬁgmg o stm%f the object
feérent Indices 1. The angul ar position o
séﬁi) whig ipappioxipiateina SBQ§E'1 |i"l¢eeX1QI§"rlgspa§@kat0etbe @X'S 01" HLﬁ baseline
1408 2% foeEA SR smb 6f|'t1?e étﬁéﬁeﬁﬁ 'tN@cHar%é‘c&ﬁiléd @éwce 107 wil
hol ographi c_optical el ements 105 are ransmtted
t ﬁ@%ﬁéwgélff%ﬁpill@ag@ﬁewe EeSPEPtive Coétﬁ“%ﬁw@flt@e tRSREsVE a@gays 103a,
K:10%6 i nb§essgf’n§lffr%ﬁ?56tlcglcglerﬁ@ﬁtg 1@?3 hﬁhﬁ%% §a$né3\f/alue of i).
hol ographi c optical elenents, and for each of
t hose hol ographic optical elenments is approxi mately

e%‘é@érdtn@lyt iR re86ILESPEINE Glﬁjeé’ta1|1l4 s rBéordfubted Wﬂ@Bﬂ?—lm%mg
as denoted in Figure 2a). Thus, each col um of

h&PB#RtHSHIX vwkbtﬂﬁra%nd ey %ﬁ@@orfcfﬁ {ithe @gm@ﬁrs@fﬂfe%eqﬂw elements 105

t feeadhnat @@3& olsh ¢st éi%ﬂaﬁﬁe?&@nde%é%bwdé‘ an@n. Itm@g&eesgeaof the
corressjon ing a strip of the object [

agpiesk! Helnd S%?@tf?raﬁ efttain T‘W@b@)&fé@f@ich\@ ?i%mﬁmﬁéq‘ 2?‘3‘ set 103a,
t h939>ﬂdo‘? e%m[:)léetrl%@ﬁﬂm&fnaréﬁb%fat@@ dof Rlay %@Q:Bn%ﬁ@d & fekbBnstruct an

of the ob 111 the e coupl ed dévice
object outllne within a specified angle range, so that the rays emanating from the
reference baseline 109 represent the corresponding ray emanating from the object 111
at that specified angle range. This may ensure that the resolution of the object is not

compromised by a limited number of reflective elements, for example.

Figure 2b shows how one of the holographic optical elements 105, made up of

photopolymer material, is constructed using a laser source 201 or any coherent light
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20 receive two different images fromrespective
columms of the respective arrays 103a, 103b (not
necessarily fromoptical elenments 105 having the sane
value of i). Accordingly, the resolution of the
object 111 as reconstructed by dhe 3D-i magi ng
apparatus 101 will depend on chh factors as: (i) the

flective el ene each, set
18%% Srea %edre?amﬁm?%?é’reg' C{e rt?ies%f 'Pﬂ%encgrtﬁa’(q ??et't?@' angle of
creflectoge;. QNbEtdnESpllﬁb[ 223 sdlitsl a iaseBhranpac® fromrtha |43erf §&iree 201 into

Eﬁgpgrﬁ(dagg 45%@ g%aa?p'&sé?ﬁ% 28€%r1§1€3|§stiet 103%5@m]2%5a intersects

ctmefhogmrmtuq epticelbalersentus aithe dld!}alredtangxlutdf In&&ieWbé bj whik the
fﬁ%fo'n %e r gu%lég ré 22?@13 rt%q%cgg@é%% Ergg?]r BRALLIEL & Rolographic
c@mticelsq:igmdnm@&aiyh&emu|amglefof oefiection qszrm’eflécl@n %ﬁar&t:terustlcs of
tr@gg ut | %dhﬁd icﬁlnéaé ergtg{b% s?n-r%tC%aH%é/d gnsurcgjatstfg@ldlgn by varying the
| apgle ettha lafse pearn 2|9§ﬂm eatationdo Hleephwtarolynfasmataratpl e.

Fi gure 2b shows how one of the hol ographic optical

el enents 105, nade up of photopolynmer material, is
ceesantighy the hpéqmaptac petical elsognt OB the samy reftiotiore characteristics
| 49

angEtflatlrQwrloﬁ gtéhg ﬁ%aé A ity dé? BR gggfé% gbﬁ]é\ﬂ-igthg aggt?‘éé Sr(t'gle of incidence
r BRNG ¢ nglgof rAflwaquﬁqu diegly 20® typs oftrelrrar-htaserﬂed:mareiement

2 a nd

I gagel?é gﬁ@glhggﬁé%ﬂhﬁ%ﬁgg%ﬁg %z?]t'icgi Qemgh thé)gr pgsjru%%ﬁwg)le Figure 3
ojusirates e sEangementef fal mgrpmowbas)qbeur@fsactm elaments] Dthis case,
ag I i

S oA Sl b SRR M ol g o
2t5Pegiiye ik pagls de ashieyrathr srrgstapiecion. J;ttemfane ehlenehlt angles of the
194 natrofsBd 148 K/ffs@éﬁlyaa?ﬁ)la?en@fo&fnltrﬁ&t hrocﬁe era;@éﬁent of Figure 1a, the

reflection characteéristics ographi c opti
eheperaphis opticaaplementshtiydainetieradp Wonst ruct i on by
varying the angle of the |aser beam 205 in relation
to the photopol ymer material. 10 Essentially, the

hei6g F@p@ﬂg@ @‘p’t‘@@%ﬂceé?tu angine angis ofaeflectien ksdebveen comresponding
r ﬁélb@@bhl@ B{)ﬁéﬁé%ﬁ{e‘ﬁ@ £d5 |F| %acﬁge@ OfBE Aodp ik gfffselpérrg,gﬁls means that

t hat IStI | ed at an ang achi eve the
algIvEtugf images deritada Sﬁshwtqrn@ by it ehaege-eafplastddving 1§7 have

Agifibredlt 18- sedWighddde viHicHBHOWR! & ﬂ)drﬁzﬁw ﬁquwé @ﬁﬁ)bﬁlﬁtent of Fig. 1.

elenment can be used in place of
opEGEANT bl BAERRIIrEAIMaTEY a‘@("ﬁr?ﬁlf‘@rmﬁiingﬁé ge matchmg of captured

| hath sbisaa88d bh%p@Bfa@@Q&HEtP} taRbs pladd. A¥hEMS e?%%ﬁ?ﬁﬁs%tween

eflectlve el enent s. this case, 15 eac
rﬁ PF@P%‘r%‘iatﬁéﬁ'lsd""haQﬁé“@téh be i ndividual |y positioned
with its own respective tilt angle to achieve the

correct reflection. Therefore, uni gue tilt angl es of
t Fieecificplly. the Fariyred Sote sateans namPlspd by pesicing plxsycolumns of one of

ChBidatSiets by at RGNS ARIASIROT, tﬁseg H4Stid ofthe tp@fgpendlc%llar

hol ogr aphi ¢’ optical elenents o0 not need
distances — refative to the straight piane in wh|ch the holographic optical elements are

arranged - between the charge-coupled device 107 and the corresponding pixels of
the data sets. Since the relative arrangement of the holographic elements 105, the
cylindrical baseline 113 and the charge-coupled device 107 is known, the normalisation

factor can be derived by standard trigonometric caiculations, as shown in Figure 4.



20 Since the angle of incidence b; and the angl e of
reflection k; between correspondi ng hol ographic
optical elements 105 in each set 103a, 103b are
different, this neans that the virtual inmges (or
data sets) captured by the ch ﬁe-coupled devi ce 107
have different sizes - see F?L re 4, which shows a
portion of the enbodinment of Fig. 1. Accordingly, the
captured i mages have to be nornmalised before matching
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0 iR BonckilB ety fhoen Lo oo e PRl Py origs. The

capparred shawstheaive capiratinTagks shd Iéﬁy n’ra@sl('aara@epizmﬁ captured from
9B B A S A R e .

divbeas #e rght @hade (dath eett tas sbptaregh‘tom treenieft iset 1@Biaaif holographic

tbg)?t\il\clégélgr?lr th a%%év&eacj frora%n%\% i & Sfol} ls:%%ear}ﬁo(gn Figure 5 that, due to

arge-couple
C ther diffgyematisrig the amlsofohmdedw b ahd thecdrgle 61 reftextibh & between

. . ¢
t Boeny e PP Rl s Re T PR B BB Ja cotumns
def/det@ se07 drs higfwmmenttmecmmspahailsgibolomnsfoatdatasem ah Abeordingly,
d 4b ' l.at :
Sratd S ISl S AIRRRETS ARG L 3PSty Rata sets based
sbnwplpblaegd@matrssstwswapt lmrradtm&art the nomaglsatiapofithe dgta sets is
d 7 t
nBFedk et el chERRE dalfst®h Byt HbmaiioR ey,
t mentioredoaiover Bk lighideage eththellewer rowedy &gwejétsaowsememo)mahsed
a?a‘f‘ tqélei‘b n\&ﬁ@ﬂb?&f&@&&%b%ﬁ&ﬁ%ﬁpé%%@ o%fta E& %Wlﬁ%%g same
t helght afhthe icpargepqnidingtceluset of1Yataset2pt ur ed f romthe
| eft set 103a of hol ographic optical elenents 105 as
viewed fromFigure 1 also. It is seen fromFigure 5
t Ader theideta sets ateenatingfigadethearotessohie opatsibée toflocate matching

A7y L L LA 088 g o
séhe cia)aaets_agab!st 2 n@rrmoudrng epipolapfine ithe other data sat dore
h'sggﬁf a‘l)h ame bltb%ggé?fr HERRRNAL Eglr§9f] i@sc‘régﬁ)ect[j@é/ ﬁ%tl?f? and right

Accor ata set 1 as t be no
t lrmamla thenlgwgf parhef frigeedovhior cerrespopd tathesame paim on the object

eﬂ'ﬂl’%&é tr%?%woypltecls ﬁﬁ 'cg"rSSpqan % eél\}e%%o"f}‘g ’oBttH@obJect 111 will

normal i sat1 on of ata sets Is
r &ispaiyrig inthersams omofdie twodmagsein tme Igyyertriag of Flgure 5. This is

nﬂfugﬁétbﬁfht Figl 69acér9f \Wlﬁl@ﬁ %g&\ﬁ%hg\p%\é p&gﬁofrti'\egﬂh }owqhe left

r oW I n gure nor mal i
' daage dhe | lmlage corrﬁsmdmg teslgta %aﬁHMrm@tphedwlﬂmercnuessp@edmg pixel of

d %@7 #F Wgﬁ@ ﬁﬁhttlnﬁgé ﬂﬂ%mggeq%' c?ﬁtesgénéi toCdthtd 93% Ng¢hddixel

colum o at a” set ) ata sets ar
naratelingean be perfgymededsing anys kopwn giten mgthlod@achsas dynamic

MR SfthMfhing, window-based, or graph-cut.

Alternatively, the matching of the data sets may be done by the processor by
comparing an epipolar line in one of the data sets against a plurality of epipolar lines in
the other data set. That is, each pixel in a given a particular row of one of the images

may be matched against with a respective pixel from any of multiple rows in the other
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colums in these data sets. This nmay be done by
conparing an epipolar line in one of 20 the data sets
agai nst a correspondi ng epipolar line in the other
data set. Mre specifically, the processor derives the
pairs of pixels respectively in the left and right
inages in the | ower part of Fig%re 5 whi ch correspond
% same point on_the object 111. Note that the
t (ﬁépﬁ? W& |reag FHHUTEEr MBS SMIMRSOVE e vebusisisatof the apirslar matching,

obihesit addonmbddtes ssiHaktryrslih @ pipdidr REnsiAifks [I&VH &U‘rlng;qg pixel
tvvoumges in the | ower part of Figure 5. %

MRiNGat ed in Fi gure 6a and 6b which shovvs how each
plxel of the 7-th row of the left imge (the imge
ndi ng to data IS matched with a

PR RN AR Sp datgrmingy, T eprcsporing feynere identiied, as

i ttnagleie(tkb’&on m@tﬁaf@tﬁs@%@ﬁ%@ Ol??eédnqodﬁ’ch J h%%uéi)#g \?ﬁhﬁn%s% ace of
n a usi

Pl Reiecln L e AlarE B s e Painnabele a0 Banater s found
gatatpenrtcmect@g of-\tltegremaﬂi ofehey datiatvet ﬂfBérfd’lhégayolfﬂ bheata%bﬁz By
s one r aring
egelilgpué% qbq%h\gardﬁ usﬁngtt b%x; jﬁg tg ¥rge g7pe‘ﬁ\§|lonal location of the
pintercantivy point LR p'mtcrmf' cdam be found, a$ Bieoviat lhe’ﬁgLﬁéWaRéﬁéatlng this
oo REA M gl Bl bR s Pl pos o

r ebjpeioutline 1pn )nelhefatbspme)canfbergﬂofnemicﬁlly sBrrhifed B@the processor.
other 12 respective imge captured. This nay inprove
t he robustness of the epipolar matching, since it

aigorerbshaivess1 Gpaims of pixelssnatohep bgtalean tw’sﬂolwaidﬁtrfe déﬁ&@ets

d

eeng P and bltens o MU Oy 18 mESEeiam Arirts al g the ravs, to

[ @ﬁiﬁrmlm &0 poiats oftanepuitline e trepobject 1pd>l|mthe(3‘D §paes eelbﬂ\&é to the
R bR ety T Biheld B B SRRl cnec 114
papartial 3 ehagecof tiEPobjedtdn cas beoaathstrattet be the 3D- lmagln%apparatus

18k ARl o Bl P e B R v o

tthe dotesssits, rae3[1 D93get diehe bjeet ‘dilrieasdoodiagly raattratedby the 3D-
tﬂ%ﬁﬁ‘% ér?rbégtgsepd on point "DP match" can be found, as

|gure Repeating this process for
successi ve mat ched pi xel s of the respective inages

Vig gﬁr‘%@ill@&te Aol ln%tgﬁce cﬁjtﬁé: chﬁl%t | ||H§§pé§1)%{ui§go1 arranged to capture

ce can geonetri ca
p?l*fb @dgaeid” mtﬁill@ezrpersse@hemwns(bfml abjectf Agiaeet instariced efithe 3D-

Pﬁ{ea\éﬁggbggggaég {VEM{ %’r\é’sa Jg 9&?&0%@& e[S & irg é’% ﬁ‘gﬁgza%g rﬂa{ o%lt offsets of
Pl degreds intesderdg sapture arda!t—murrd nmltfpme -perispective iviednof the Object The

Oigrl]lé &ﬁm%tst Qsehé\@ t?ecexw d&'&rlﬂe‘?j ébl?ave app )Pt%F reeccrar?st%tchng the aII round

3D model of the object.
Method of generating a 3D image of an object
Figure 10 is a flow chart showing a method of generating a 3D image of an object,

which comprises the steps of:

(i) deriving 1001 a reference baseline in 3D space based on an object outline;
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cylindrical baseline 109. By connecting these 10
points of the outline of the object 111, a partial 3D
i mage of the object 111 can be reconstructed by the
3D-i magi ng apparatus 101. By reconstructing different
object outlines in relation to éhe correspondi ng rows
of 20 the data sets, a 3D inagé of the object 111 is

a r di ngl onstructed by the 3D i i.ng_appar at us
157 8eferiling 35 RS cE Somblro hoids ande Huptop aLbaseline
30H)iamepiing 1@pP at RhsitwdGhtsadsfrrafigptide tlemeafdl rdlative ®Nthe plurality of
"al l o ound” multipl e-perspective views of an object.
Aﬁ?’HB&%pﬁ'ﬂé’t ances of the 3D 25 imgi ng apparatus 101

afie aanging ¢ 00 aam inmab et dupturdvgt dezicefrelatine toasebi IB&st 10O sats of
degrees in order to capture an all-round

of f.sets of 90

nmfégweee?%@F%B’ect ive view of the object. The sane

c Ginosptgs1008shd mvag ebeapiturihg siavick ed cagioneayirtad phageksdor data sets) of
reco ' | |- : | . of the object.
Sgﬁl\ﬁ%%ggg%f%gtghg?a%chSeg&g'%ﬂ?cr%r'g%g}% g%ng’n obj ect Figure

10v)ilecaiing [16M1 evdurality hbpairsgofanatehihg doiofs iy Evecneapeatige airtdd images

[ f ' i ' st.e f (i
e o e e b AEBE R 5 e e 1 -
onorsespobfiing elemeant phtbe obfect; @@nd) det er mi ni ng 1003 a

Obr Al it . . ¢ he _

DU GPing 1012 e TR BRA 5B Hfeck € G4 R0518 8,3 oge of the
r objeelcti ve el ements relative to the plurality of '
sanpling points; (ii) arranging 1007 an

i mage-capturing device relative to the at |east two

s &pscifigally 3he efelpenf idcating: [ @tethepiurglity of) pairsi of natgoey pdiets in the
[ = ML ' ; virtual inmages (or
dg%g@gtg't%?)wﬁ Pﬁatg%g\egﬁ]%é%% t:'llagpstrt({':,t:*lsleoé'ct ed by each set of

r &9 Inesnaiaingel Wite thescagtingy dadacsats;rapd1011 a plurality of
PA\, At eh DA bt ' iJ tual

B G iR Bt ol e GRS B Sl s

being for determining the |ocation of a 10 _

O o2 1 bl SR rineB ety YRS
geprapages the sepptige of the object. Specifically, the

S ' i Hal of
n&?@e@rmkrﬁ’r@i?%@%_ nﬁ%#eb&%@n%@ bbje¥t Shirkahhd®

ching points i . respective virtual inmages _
c dhpesansyueting 19x18b theopbiegt pptling iminei 3N snpce dagedion the determined
Capity ed data sets; and

Further, the method may comprise the further step of reconstructing a 3D mode! of the

object based on different object outlines determined by the steps above.
Variations of the 3D- imaging apparatus

It should be appreciated that many variations of the 3D-imaging apparatus can be
envisaged without departing from the scope and spirit of the claimed invention.

For example, Figures 11a and 11b show respective top and side views of another

embodiment of the 3D-imaging apparatus 1101, whereby holographic optical elements
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(b) performng 1011 b epipolar matching of the
captured data sets. Al so, the step of using 1012 the
plurality of determ ned | ocations of the object 20
conprises the steps of: (c) determ ning 1012a vari ous
poi nts on the object outline; z d (d) reconstructing
1012b t he obj ect outline in the 3D space based on the

d ' Qi Nt th
RERR D TR X T A—
otievitee1 10:?b'p caa‘an@ex‘selnbvrarthei hbtbgraphic opli¢a @tentaritd it TS instead of at an

| g B p ot 8 TR SR iRt s b relfad T

nanyngmermmayrrsowcﬂe b lcemPBeti stgiung ofatpe 8Datnagingaipphmatus 1101.

envi saged wi thout departing fromthe scope and spirit

of the clained invention. For exanple, Figures 11 a
ahdrtigrmores rigure 4 3 phows adurtites eartddanahe of/ ihev@D-ohagimpapparatus 1201.

' . 1101
SRS i lnh Sofeuls Tt Mo PR A Wiy S ctemens
di1£$%fr@rntth%@v05dlf_f.qn©sasets_ 1253, 4265h arealdacintepidaved]. Slolikethe 3D-

- 7
e e 11 0R K EBub O nbdefl APIEE R98YT1 4088 of e
ohplogtapbicsiptier) @ldments 1 Ae3 aregdrtamged nbiCiH asomsohiptanedston a
Bty it drocChea SURROETRE I B 01081 B o e
Fualtalﬂelramngemsmgqut@e hologrlaphis oati¢al etehwentset@Qidietating tocthe cylindrical

t 'B§se'$.Pé'1EBﬂ'1§gs SRBALEBYES ﬁ]:t:hg%%mpklj{é bﬁ {5*’!%05?’ {HZB R, aphjic optical

ara 1 shown in ure 0 rap IcC op
gnmc@ 20820 @nfangie narenat mdhan dyfirsiriealtbasetine 1205 Advantageously,

1%9?% rr@dd%%ébie grrgbgnk 8@3/0%%f|0” klb*éethathﬁ tlﬂ?’em‘bpﬁimfggtee charged

appar at us ure wever
1205 e detides( nZQOSHﬂIWrDlg rFag Hi2¢ capbeé plaked bethe nestrd 80tBe aylmdrical

3{9??&%@ qZB tlf t?]gtf Beite Hot%c% V\ﬁ {eﬁ %{/ on%@\??tﬁ% Enggaged. In this case,

rical' surface coaxrla
b #wedrranget @0V of thedatacsetsie sypanaddidablin aymmag&a’eemmfimemte, the

h?}})&% @Bﬂiq stg;gasrﬁﬁlnegés%gg)% r?ce]tag %afr %&5 \é&l&e% f{‘cﬂ‘i each point of the

r| ca rays’ emana rom
s@hplci todepoiaged trags) the sammélstanbeg:rmp lchergemouplall device.

el ements 1203 at an angle normal to that cylindrical

basel i ne 1207. Advantageously, 15 this nmay reduce the
pFiguiresi 3 arsc t3huiusirate tettep ahdside niewhofyebamatbemmmtodirhent of the

CSLASE0 YL PR SRl LByl i e dbbaus 1101

12061, Hologrépttc dpticat ¢élements 1368 obtt‘e@ﬂ-mging apparatbs €301 of the two

t %ifg?eﬂlt @8&‘%‘&05&,% éO'?)lbsarg Q&ﬁn interleaved. However, each of the holographic
optical elements 1303 from the set 1305b is laterally offset at a distance towards the
right compared to its corresponding optical element 1303 from the set 1305a, and this
distance is greater than the spacing between neighbouring optical elements 1303 in

either of the sets 1305a, 1305b.

Other variations of the 3D-imaging apparatus are aiso possible. For example, reference
baselines of different geometries may also be used so long as they roughiy resemble
the object outlines in the 3D space.
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the arrangenent of the data sets is symmetrical. In
symmetrical enbodi nents, the normalisation step is
not necessary since the pair of rays emtted from each
poi nt of the 20 object to be inmaged travel the sane
di stance to the charge coupl ed151|eV| ce. Figures 13a and
13b illustrate the top and side view of yet another

3D ratus, 1301, t h

MBS AR RS tnd wraig o MR SRRRRHe dffies i he'So
holodgls aiphemdsapt hheaﬂunéaleenfsatlsctwe@ﬁarménw meea8Bsetrttgirenay be tens of
a

THOBERE ordeHS 1Poach bt T 28 B e g Bnghé Afeven thousanas.
hol ographic optical elements 1303 fromthe set 1305b
[ I t
cop B eb¥Ed bEfle 17 AafbS RO Ayl the charge-
f pmnletmd;evmt1017305ﬁbe armglttamlegledmaraﬂe@ (DSLRY@mtera. t han
t he spaci ng between nei ghbouring optical elenments 1303
in either of the sets 1305a, 1305b. 30 O her
v pitharmerss ths reflaetive@lemenis maydgfareadiby aprlyirg Brecision machining

e

BB oBE TR e AL R echn Ll B3 8l g 491 o
r whighlpjedisiyemisriningias dsprappliedt Notecthat the mh@be@fsmvm
1 e

o S T e B R A e BB et ERBFRRE et Face 1403
na@htbesolisi blpelf 14&t hasea enigwetit angle aeé@hmsret for tefflectingraifjerent
b%eltss&?nvgfwemf &fd %} ur@ qﬁBﬁlﬁJSth&%@?’O@é ctIQﬁ B! ér of Fhe solid

range o even thousan
chbﬁe@ é%b%imwum(f@w@é‘ladvcam@e prenthpt Wrﬁﬂt%ofdafiﬁ@tl@ elements are

Airdi&iagbd etiyurelas, ﬁl?ﬁfr@%ﬁrﬁb'ﬁln?&h%\ﬂ' KfFadd 740%06rR8péhding to

dlgltal single-lens reflect (DSLR) camera.

lﬁﬁtfﬁétrfﬁﬂﬁcéwe eleganéf P biei (e 1bpidhe atray ABga; ke sasone teftyost
fi\prracwlneg sONEE ROBLoFREPI Yo t iRt l%?labtg/ekéllelfl’ﬁéﬁg 165 @uer €= 1) of

[ustrates a E}ers pective view o sol

14eiargy goiiedhirgiedeios| machirrchutiasy 11638 cqrmoaqbpg tQaH.me second
’\@éffaecwéaélehgﬁt fH57be r/l"’é) o?’ﬁﬁ"ér%ﬂmﬁu%@&?%%n%é\@ﬁgnt pitch (i.e.

been reduced to si ustration. Each
s the saparatigp glistayice) h@tv‘@@ﬂ the eargsrondivd reflgstivg algineqnie 105 of the

tighrby QN6 1856is. 5 hinh, Qﬁhllgﬂhe %?é‘nh@rﬁtpit&ng%EﬁE@éUesswe reflective

perspective view of an object. Figure 14b illustrates
aetﬁw&sé%%@ﬁmhar@wasatw&b@ﬂmn bl ock 1401 shown in
Figure 14a. It can be seen that two sets of reflective

el ements are 15 interleaved in Figure 14b, wth the

| SHRCRERE ARG arsHrasy of ared reflestive @%ﬁ@%mmpﬁgarttothetaﬁ@lracy (i.e.

f 't6l§%n£§§ﬂ:&ﬁkbﬂ@ns§ beiR Hrecldidh Hacﬁne 'shcul&)oe %@alh&l@d 4 éfdlre the
103a; the second leftnost nmachined surface 14

c@f*?c@éﬂjb'ﬁa?m@e meetsibe requiremeatst ect i ve el enent 105

(1. i =1) of
For example, computer-mechanical-control (CNC) méchines and profile grinders are
some options that may meet these requirements. For CNC machining, mirror-coating
may be necessary for the machined surfaces to reflect the various perspective views of
an object. For profile grinders, the ground surfaces may however be sufficiently smooth
to reflect the various perspective views of an object such that the additional mirror-

coating is typically not required.
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the array 103b; the third | eftmost machined surface
1403 corresponding to the second reflective el enent

2105 (i.e. i = 2) of the array 103a, and so forth. The

el ement pitch (i.e. 20 the separation distance)

bet ween the corresponding reflgective el enents 105 of

the arrays 103a, 103b is 0.5 whi |l st the el enent

pé@ﬁp B&tMﬁen succeSS|Ye reflective elenents 105 of

Ugh g nalpaiaphis 9BTical leinents may qffer 3 lRkotdieyliliay in terms of design

a@rﬁdJifme)méﬁtaﬁﬂC\hhlbﬁb}e%Fsingrﬂaéﬂlﬁﬁg B the SolidTRIBER ﬁ‘a‘% ’nof &fer, the use
urac ol.erance specifications) of

p? &W@F%H&?ﬂ@ﬁk Wﬁ%‘ﬁ*o?fl%e BRlogrpRNiG APHcR! elsmeandmay Pﬁ%r a more
ppraciicl mﬁpla’aéhtkaﬂ@w seepared Retheadior ﬁféﬂfﬁld@ra;ﬁﬁ’é o&?&%r@bﬁlents This

chani I-contro es and pro
SRR SB35 B SH0rse! tareusiph reeh e as g dranteed by the
r p:rtqmsroerrmrﬂme Ewacﬁbﬁcmcmt ahdlgs ofﬂ’eﬁpie%ﬁvé«‘méﬁ:lhlﬁgd fsm?r@bctes of the
sur s to refl ec

Rl o T BEP R VAT B SR R Rowever, fsues
pIII@fth¢ dlffgaqtlpd @ffESJenbh ef the polythes beingdess thay uligvendethe Beee colours

flgi to reflect e various .
L6 SRR 0B B e Bt s ARG Bt woarave o e
aai@uresasdaAssunmngathese mnean gre ajfmqremtlg abbryésm:t tﬁee@sé sfaek

1 e el ement

ciogtabhp Splied SRR RS bfer@Red fidh i HEER R mashining of the
i siidéhamit at i on mhlch preC|S|on machi ni ng of the solid
bl ock may not offer, the use of a machined block in
pl ace of the hol ographic optical elenents nay offer a
nore practical inplenmentation conpared to the use of
the hol ographic optical elenents. This 5 is because so
|l ong as the accuracy of the precision machining is
guaranteed by the precision machine, the accuracy of
tilt angles of respective nachi ned surfaces of the
solid block may be ensured. Wth the hol ographic
optical elenments, however, issues |ike the
diffraction efficiency of the polyner being | ess than
unity and the three colours (i.e. red, green and

bl ue) not being convergent to a comon poi nt woul d
have to be 10 addressed. Assum ng these issues are
sufficiently addressed, the use of the holographic
optical elenments is nore preferred than the precision
machi ning of the solid block. 17 dainms 1. A

t hr ee- di nensi onal i nmagi ng apparatus for generating an
i mage of a three- dinensional object, the apparatus
conpri si ng.
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at least two sets of reflective elements; 5 an

i mage-capturing device for capturing two i nages using
rays emtted fromthe object and reflected fromthe
respective sets of reflective elenents; and a
processor arranged: (i) to idenjify a plurality of
sets of matching points in the'10 respective captured
gﬁa each set of matching points having been

g M5t ed by respective rays emitted by a single

corr eSAQm@bfwn@ﬁmhnagﬁg apbKarals RF bendBnd bh ImdgY of a three-
set of . matchi &ga points in the respective captured
a‘ﬂbeé@'on?lc?bdfé:f PG RPRAraIUS SERPTIYAT'0f t he correspondi ng
eI ement of &fieasttoo ebises teflebi dememssor bei ng

arranged to enerate an | e of the object using the
det ermi ned POERAYSHTRPIHNG é(%ﬁlf‘ﬁfrcélp L{nygéwo EDagasrisinggays emitted

t he obfremtthe 8bjeaffw1dtrbﬂ@ﬁ3edjﬂrém hisd RRBPECtivEBEBIS réRRAVtIESents;
of clai n& in which the processor is 20 operative,

prior step(l) to normalise the inmages to

corrpensat e &oprocdsddraaranged:di st ances of the refl ect ive

elenments fromthe i capt uri ng device.

t hr ee- di mensi onaf” tloﬁE%‘ﬁllf‘yg E{'J‘ ya%@Etsoqf "&"‘?t‘éh'ﬂg EO'PW in the

whi ch t he praspea&ercabmrecama@eg%éch @epﬁfrﬁétbﬁh%BSmts having been
normal i sati on usi et we

a eterm I,
25 the si Zegerbeﬁ%legﬁgég 68 V&G R¥S FWE%Q@\%?'E&‘? CQ"eSp°”d'”9 element
associ at ed uﬁthéloajecefaaﬂence basel i ne approxi mating the
shape of the thr d| nmensi.o bject. 4. The ,
t hr ge- di nensi ona qx}gaf:p]aet 03 %l"lt%p?i?tsd'l‘ HierFegpedtiye captured
whi ch t he pineges stordetemirepe foabtioreof tite carfasabhaifg Eltehent of the
captured i e§ by resizing colums of one of the 30
captured i 2@8 5. The three-dinmensional inmaging
appar at us otheamgcesaer tm‘mg:iaraaﬁgedlo tenetatel an intaige of tHehudject using

et ohi G GourER ke bEipe BB i SPRRBST 1 obiect

conparlng an epi pol ar I|ne in one of the captured

ges [ corr.espondi n Q [ine in
her F@%%&ﬁ 15' Zenls Ir'ma |ng-ﬁ98grtaﬁf§ec§ lﬂ'ﬂéng] Whigh the' processor is
| magi ngpapipe; atlmrsoefepe(r)ytomwmeﬁseahainmek to Qoﬁlpehs’ate for different

\;Vglt ghogéta'hpeg%l ng Eg&%ﬁﬁ e (—?I?]mg rggbtsarlrgagedgggtunr}/g éewce

3. The three-dimensional imaging apparatus of claim 2 in which the processor is

arranged to perform the normalisation using a predetermined mapping between
the sizes and shapes of the images which is associated with a reference

baseline approximating the shape of the three-dimensional object.

4. The three-dimensional imaging apparatus of claim 3, in which the processor is
operative to normalise the captured images by resizing columns of one of the
captured images.

5. The three-dimensional imaging apparatus of any one of claims 1 to 4, in which

the processor is operative to identify the sets of matching points of the captured
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I mges by conparing an epipolar line in one of the
captured i nages against a plurality of epipolar |ines
in the other respective imge. 7. The

t hr ee- di nensi onal i nmagi ng apparatus of any one of the
preceding clains, 10 wherein ﬁge two sets of
reflective elements are arrang on a conmmon pl ane.

8. The three-di mensi onal i nmaging apparatus of claim3,
wher ei F13GRE Y FEMOAES B PBPIRR LTS PONE|CS iafapiipe images against a
ar r angestre’poiding BpBOIas i iAGRe BbAIdsBbctive ihBge. ef erence
baseline. 15 9. T e t hr ee- di nensi onal 1 magi hg
apparatus of any one of clainms 1 to 8 wherein the

tT ﬂlo fﬁTlSe mgeer-emeeetohuﬁnebmg@mrawseoﬂtaht;%rn][e%a&laﬁlns 11%4% in which
e ee-dal nens aratus o an one o
The or BB Saoere0: s CRe et R B CIPR Sebe.of oA iching Po & drescaptured

gf I r ef lhﬁxgms %9 cehmﬁﬁrﬁﬁ Sn epipplar ﬁr% i dh'eltif?{hé dapt@bd images against a
ol ogr od

e
gener a@g é&' eﬁPé’Ea Hp?rse'ngﬁq%ﬂ@?r 7%88‘3"’81‘“3%‘9 obj ect, the

met hod conprising the steps of : 25 arrangl ng two sets

ref |ve el emen rel ative
a?ranghﬁg an 'mf&é'oeglémpinﬁgapaaﬁ Ltse°fraé‘lyé’(’JF\?g NePregeding claims,
two sewgerein thetwe setis\oé refletibressi¢raents srégrradig@d on a common plane.
i mge-capturing device to capture an inmage reflected
from each of the two sets of reflective elenents; 30
| ®cat i Finp thred-dinwnisiopalimagiabspphrates affuiaig :pw'heteﬁh ihe tivb €ets of

respec | es.. each set of nmatc

por it <G ETRATE s EPEREY B o Bon B iair g iogne reference
SI ngl ebasefinespondi ng el enent of the object; using each

set of the matching points in the respective captured

i mages, to determne a |location of the correspondi ng
e$.ementhethrecrdimensieotl imagitg Eppagparscofany nge ah claimegttod, wherein

the Obﬂhg%ogéfsrlg réf'%%tn?eeéigﬁwg}é@gage ‘n(t) r?éta'j{ ns of a

ur al el ement The net hod of
cI aim 11, further conprising: 5 der| ving a reference

basel i g f t: and
eﬂ%l oyﬂﬁeg@ﬁ%e e%‘g%@@%ﬁﬁg%ﬂ?@& o()fnalc%| ?oﬁ@etqji%cedmg claims,
capt urwhereinegpsh of the two sets of refiective elements comprise a plurality of

holographic optical elements.

11. A method of generating a three-dimensional image of an object, the method

comprising the steps of:

arranging two sets of reflective elements relative to the object;

arranging an image-capturing device relative to the two sets of reflective
elements;

using the image-capturing device to capture an image reflected from
each of the two sets of reflective elements:

locating a plurality of sets of matching points in the respective captured
images, each set of matching points having been generated by i'ays_ emitted by
a single corresponding element of the object;

using each set of the matching points in the respective captured images,

to determine a location of the corresponding element of the object; and
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before locating the plurality of matching points. 13.
The nmethod of claim 12, wherein the normalising of the
captured i mages 10 conprises resizing colums of one
of the captured i mages. 14. The net hod of any one of
claims 11 to 13, wherein the Iﬂgating of the plurality
of matching points conprises conparing an epi pol ar
line in one_ of the capture

n
cor r espondt AR LIaee 58 11 A LaP e Farefhung gations of 2
i mage. plutalifycof eldmeente bhibd objecany one of clains 11 to
13, wherein the locating of the plurality of matching
poi nts conprises conparing an epipolar line in the one
of2.t heThe apthodedf daimgd sfuabei erstprasingl ur al i ty of

o eSPOn AR RRL@lenk) BESerhd ablBBAIEh tnd SMREE inECobject; anc
15, wher ei nemplyingdhe eaferenee bagdline ta wmaéaseetinewaetuaercblmages
ar r ang gk 0 ofa YD Biubi @fméhéplpé'é}‘émf?t hod of claim

12, wherein the“two set tive elenents are
25 arranged on a common surface parallel to the

f .
P e R Y iRl B R PyReg imaoes

el enentemarisesirasizing esakaguhs of one of the captured images.

14. The method of any one of claims 11 to 13, wherein the locating of the plurality
of matching points comprises comparing an epipolar line in one of the captured
images against a corresponding epipolar line in the other respective image.

15. The method of any one of claims 11 to 13, wherein the locating of the plurality
of matching points comprises comparing an epipolar line in the one of the
captured images against a plurality of corresponding epipolar lines in the other

respective image.

16. The method of any one of claims 11 to 15, wherein the two sets of reflective

elements are arranged on a common plane.

17. The method of claim 12, wherein the two sets of reflective elements are

arranged on a common surface parallel to the reference baseline.

18. The method of any one of claims 13 to 17, wherein the two sets of reflective

elements are interieaved.



