1 MODI FI ED APPARATUS AND METHOD FOR ASSESSMENT, EVALUATI ON  AND GRADI NG OF
GEMSTONES TECHNI CAL FI ELD 5The present invention relates to apparatus and
nmet hods for assessnent, eval uation and gradi ng of genstones (i ncluding

i norgani ¢ and organi ¢ genstones) and mnerals, such as opals, pearls and
di anonds, as well as mneral specinens. In particular, the present
invention relates to a digital analyser for_ such genstones and m neral s
whi ch i ncorporates both hardware 10 and sof tware. Al t hough t he background
of the invention and the preferred enbodi nents of the invention will be
herei nafter described with reference to the assessnment, evaluation and
gradi ng of opal s naohFRth AP AR OIS ANSPIBORRS FOR ASSESSREEIFPPEY ANUATON
persons skilled inthe art that 1t IS the intent of this 1bSpecifticatlon

that the invention described hep@iMGPADING OFGEMETOMNTXt 0, but have w der
application to all genstones and m nerals. For ease of understanding in

this specification, the term"genstones(s)" wll be used when referring to
all genmstones and mnperals that fall within the scope of the invention. The
present inventi E to apparatus and nethod for 20 assessnent,
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such genstones ar ol ouf ed”gefrst ones”.
25 BACKGROUND ARJem&tdhé9HndRIALrAS $881S B8 BbaldNskfMairdadihaBn @ asiyaess are

hi ghly subjective as they are based on a conbi nation of human observed
factors, such asmineral specimens. In particular, the present invention relates to a digital
analyser for such gemstones and minerals which incorporates both hardware
10  and software.

Although the background of the invention and the preferred
embodiments of the invention will be hereinafter described with reference to the
assessment, evaluation and grading of opals and ather coloured gemstones, it
will be apparent to persons skilled in the art that it is the intent of this

15  specification that the invention described herein be not limited thereto, but have
wider application to all gemstones and minerals. For ease of understanding in
this specification, the term “gemstones(s)” will be used when referring to all
gemstones and minerals that fall within the scope of the invention.

The present invention also relates to apparatus and method for

20 assessment, evaluation and grading of certain gemstones that have both
faceted and/or cabochon surfaces, such as opals, diamonds, sapphires, rubies,
emeralds, aquamarine and alexandrite. For ease of reference in this
specification, such gemstones are to be hereinafter referred fo as “coloured

gemstones”.

25 BACKGROUND ART

Current opal assessment and evaluation practices are highly subjective

as they are based on a combination of human observed factors, such as



2 scoring the flashes of colour as the opal is noved, the body tone,

col our, brightness and pattern. The fact that Australia contributes 95% of
the world's opals is both a blessing and a curse. Overseas buyers often do
not have the training to assess the value of opals being supplied (l|eading
to difficult 5 negotiations between buyer and seller), nor can they
describe a particular type of opal in suffigiently concise and objective
terms for the suppliers to be able to provide the appropriate opals. Most
genst one assessnent is nade using a nmagnification 10x | oupe. The
genstone is observed by holding it in a pair of genstone tweezers and
10turning it (ussoginpittefasheslof calodr yaihk dpal isbs@rede the lgddy toné,ebtj on wi t h
t he genstone and external and internal characteristics. The subjective
nature of currenbrigpegssasdassternt Thmtackihat Hastralia qontitbuiasce¥P% Péﬁtee‘éorld s
difficulty in negotlatlons nd, substanti al dlStOFthﬂS i.n t

trade between th balp 5 baih adlessiganda cy§everseas gy%rsmegt%dﬂq{%ﬁg@}h%f key

Corour (hue) Eﬁdﬁapﬁg'ta%?as?%ﬁﬁg%@%?ﬁa@sb%‘?ﬁds&fp% EIET Tt Sy

e en) otcar 611 [e0Bien bsybon KGR ki e s ee  pulnaypee

40% wei ghting, fegf ééﬁl‘@ﬂs@ﬂcxently concise and objective terms for the suppliers to be able to
provide the appropriate opals.

Most gemstone assessment is made using a magnification 10x loupe.
The gemstone is observed by holding it in a pair of gemstone tweezers and

10 turning it (using pitch, roll and yaw) to observe light interaction with the
gemstone and external and internal characteristics.

The subjective nature of current opal assessment and evaluation
practices creates difficulty in negotiations and substantial distortions in the
terms of trade between the opal miners and the buyers.

15 There exist a number of key characteristics on which an opal can be
graded for its value, such as: -
« Colour (hue) and area of flash
¢ Brightness
» Body tone
20 ¢ Pattern
» Shape
¢ Other characteristics

In terms of relative importance to the overall gemmological value of an

opal, colour and body tone combined have about a 40% weighting, followed by
25 brightness and pattern, each at about 30%, with the remaining characteristics
being of much less significant weighting. In terms of seeking an objective

assessment by a human observer, colour appears to be the most difficult,



25 brightness and pattern, each at about 30% w th the remaining
characteristics being of nuch less significant weighting. In terns of
seeki ng an objective assessnent by a human observer, col our appears to be
the nost difficult, 3 followed by brightness, which seens easier to assess
and quantify manually, as is the pattern, of which there are 28 main types.
Colour is difficult for a human observer to_assess because of the
followi ng: 5(1) The contribution of each coPour changes with view ng angl e,
that is, with pitch, roll and yaw. All orientations are to be integrated in
a colour estimation, which is difficult due to the limted perception and
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field, it is difficult accurately assign a shade according to 1 col our
reference chart bexahseattdrd, conisich s afe2s waWiypgs.are highly variabl e.

To conmpound the problem synthetic or man-made replicas of opals and ot her
genst ones are i nprovi®gpurHadifficulisona humse obseryedicaamsads pecauseios text renel y

difficult to detect the natural genstone fromthe synthetic. Verifying 15

t he aut henti ci tyoclJPW't“He genstones i s anot her problemthat nay be resol ved

b dopt b t) d aut t.ed t {. h t
o ovi 46 an obf ect 1 v aX‘ihéﬁ% R e e
devi f th di | 39, 867
("the Patent"). “Al t hougRAPLa ral ad Fafl PRoRRECILA oie GeTRballieaA doi i e
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opals and is poorly suited to other genstones, even dianonds. The i nage

capture device and net hegbjditbel remrdryiof huhanPaine theitoysstght altiable$.or genst one
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To compound the problem, synthetic or man-made replicas of opals and
other gemstones are improving, and in some cases (eg diamonds), it is
extremely difficult to detect the natural gemstone from the synthetic. Verifying

15  the authenticity of the gemstones is another problem that may be resolved by
adoption of objective and automated analytical methods.

One approach to provide an objective and automated analytical method
and image capture device for the grading of diamonds is disclosed in US
Patent No. 6,239,867 (“the Patent”). Although also referring to use of the

20  method and device for the grading of opals and other gemstones, that
approach is unsuited to opals and is poorly suited to other gemstones, even
diamonds. The image capture device and method disclosed in the Patent do
not allow for gemstone movements of pitch, roll and yaw during the capture of
images so as to display the “play of colours” of the gemstone, as the gemstone

25 stage is not tiltable. Nor does the Patent disclose the assessment of all
segments of the face of a gemstone for each of colour, brightness, body tone

and other characteristics, many of which are especially important for opals,



4 before grading the genstone for each characteristic. Rather, the Patent

di scl oses a nethod of sanpling a snmall area of a dianond by noving a canera
through a controlled arc and averaging the total illumnation data in that
area to assess the colour of the dianmond. 5Such a limted sanpling is not
suited to opals as it wll not display the "play of colours”, body tone and
bri ghtness of an opal over all segnents. In,particular, the Patent states

t hat genstone col our analysis is done by obtaining average red, green and
blue (RGB) values for colour images in the inmage pixel region delineated by
the girdle and the table facets, and that by sanpling the 10col our of a

smal | er region apéferegratiagiticd gbhsiondtoranetcAbicenistelr Raad) thg Fassrbt ai ned.
These procedures are not suited to the assessnent of opals, where it is the

entire face of tdieclope a triefttodrafgaimplisg ecnmliraras ska diasmnd by movingar ¢emesraor e,
the image capture device disclosed in the Patent filters the |ight between
t he genstone andifeughcaseimlledats an avaraging Hedgtal dluginationtdatain tgéf ansate
anal ysis of col ours. ﬁlqat devi e é‘l SO Léses hi gh viscosity i mrersion oil
either between tRAFGEME M EGMEE: pl ate upon which' it is centrally

R e e

transm ssion of |ight ougd one for t etec

col our incl usi 0n%laﬁ@@@o%Jr@’%b’cﬁ%n@fanHgﬁighﬂ?@g@oﬁﬁ%%ﬁl%v@ﬁéﬂi §&%rﬁ§tﬂsﬂﬁi hod

di sclosed 20 in the Patent are ‘unsuited fo opals and are poorly suited to

ot her genstones. Farticular,ﬂi@Pbi@aUQt)atssfthaldemmb geomt andsidiepiend byattainieby on
their effect on light. Factors attributing to the assessnent of a genstone
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Furthermore, the image capture device disclosed in the Patent filters the
light between the gemstone and its camera, and this is stated to be critical to
15  the analysis of colours. That device also uses high viscosity immersion oil
either between the gemstone and a glass plate upon which it is centrally placed
or to immerse the gemstone so as to remove glint and assist in the
transmission of light though the gemstone for the detection of flaws or colour
inclusions. These features of the image capture device and method disclosed
20  in the Patent are unsuited to opals and are poorly suited fo other gemstones.
The beauty of coloured gemstones depends entirely on their effect on
light. Factors attributing to the assessment of a gemstone will include colour,
changing colour patterns, transparency, lustre and brilliance, dispersion and
“fire”.
25 Coloured gemstones are separated into crystal systems defined by their

atomic structure, geometric form as an expression of the atomic structure, and

the relationship between the structure and physical properties.



5split into two rays which take different paths and proceed with different
vel ocities, the nmedium having nore than one refractive index doubly
refractive uniaxial - where such a nmedi um possesses one direction parall el
to which the two split rays appear to be isotrophic 10- the optic axis
doubly refractive biaxial - where such a nedi um possesses two directions
parallel to which the two split rays appear. to be isotrophic. The
following Table identifies the various geoﬁ%tric forms that different 15
crystal systens take:- Crystal System Exanples Optical Character Cubic

di anond, garnet, spinel |sotrophic Tetragonal zircon, scapolite

Ani sot rophi ¢ Uni axi aEgkle¥a@einaystemeiaalddfinaPaptideproperties. They can be:-
*  singly refractive — (isotrophic) where a refracted ray travels in a
single new direction at a constant new velocity
e doubly refractive — (anisotrophic) where a light ray is refracted and
5 split into two rays which take different paths and proceed with
different velocities, the medium having more than one refractive
index
o doubly refractive uniaxial - where such a medium possesses one
direction parallel to which the two split rays appear to be isotrophic
10 — the optic axis
e  doubly refractive biaxial — where such a medium possesses two
directions parallel to which the two split rays appear to be
isofrophic.
The following Table identifies the various geometric forms that different

15  crystal systems take:-

Crystal System Examples Optical Character
Cubic diamond, garnet, spinel Isotrophic

Tetragonal zircon, scapolite

Hexagonal emerald, apatite Anisotrophic Uniaxial
Trigonal Sapphire, ruby, tourmaline

Orthorhombic Topaz, peridot

Monaoclinic Kunzite, moonstone Anisotrophic Biaxial
Triclinic Sunstone

Coloured gemstones are further defined by their chemical compasition

and trace elements which affect colours produced and the behaviour of light,



Trigonal Sapphire, ruby, tournmaline Othorhonbic Topaz, peridot

Ani sotrophi ¢ Bi axi al Mnoclinic Kunzite, noonstone Triclinic Sunstone 6
both reflected and refracted, and are identified by their optical
properties, specific gravity, hardness, inclusions and col our using various
known instruments. Such instrunents include: - 10x hand | ens used for
routi ne observation of genstones 5Refractoq?ter - neasures the refractive

i ndex of light emtted through the stone

both reflected and refracted, and are identified by their optical properties,
specific gravity, hardness, inclusions and colour using various known
instruments. Such instruments include:-
. 10x hand lens ~ used for routine observation of gemstones
5 . Refractometer — measures the refractive index of light emitted
through the stone
» Dichroscope — shows two colours present in a doubly refractive
stone
o Polariscope — determines the optical character of the stone -
10 doubly or singly refractive, and assists to find the various crystal
axis of the stone
. Microscope - analysis of internal characteristics by extended
magnification
° Specific gravity - displacement measurement in water
15 ° Chelsea filter - allows transmission of both deep red wavelengths
around 690 nm and yellow-green wavelengths, around 570 nm,
that matches emerald’s emission and absorption characteristics,
recommended to assist the discrimination between natural emerald
and its simulants such as green glass, tourmaline and peridot.
20 o Specitroscope — measures the spectral emission and interference
wavelengths
»  SW/LW UV light box — measures the stone’s reaction to UV light -
fluorescence and phosphorescence.
Coloured gemstones are assessed on the quality of light refracted and
25 reflected — brightness and saturation of colour, inclusions present, quality of cut
and carat weight; the four “C"s as noted by the diamond industry - colour, cut,

clarity and carat weight.



Di chroscope - shows two colours -present in a doubly refractive stone-

Pol ari scope - determ nes the optical character of the stone - 10doubly or
singly refractive, and assists to find the various crystal axis of the
stone Mcroscope - analysis of internal characteristics by extended

magni fi cation Specific gravity - displacement measurenent in
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5 Almost any colour can be found among gemstones, and the uncut

minerals from which they are derived. Some species show a wide range of
colour whereas others are constant.

Gemstones are coloured by the selective absorption of light — the
interaction between light waves and electrons and/or structural colouring. For

10 idiochromatic (self coloured) minerals, their colour is a fundamental property,
constant and characteristic of that mineral and the colour is due to thg major
chemical composition of the mineral. When the colour arises from a trace
impurity in the basic chemical campasition, the mineral is called allochromatic
(other coloured).

15 Pleachroism or dichroism is the change in colour evident as the mineral
is rotated under plane-polarized light. The primary cause of dichroism or
pleochroism in minerals is due to adsorption of particular wavelengths of light.
This selective adsorption of certain wavelengths of light causes the transmitted
light to appear coloured. This colour is a function of the thickness and the

20 particular chemical and crystallographic nature of the mineral. If the adsorption
of particular wavelengths of light differs according to the optical path, the
phenomena of pleochroism is evident. This is observable in plane-polarized
light when the polarizers select the light exiting from the mineral. This colour
depends on which optical path is viewed. Pleochroic colours are observed and

25  recorded in the mineral data and are generally diagnostic of the particular

mineral.



7 Col oured genstones have faceted surfaces in various shapes - round,
rectangl e, square, pear, heart, triangular being nore common (virtually any
shape is now possible particularly with [aser cutting), cut and polished en
cabochon - oval or round, beads or tunbled, carved and freeform shapes.

5Al nost any col our can be found anong genstones, and the uncut mnerals
fromwhich they are derived. Some species show a w de range of col our
whereas others are constant. Genstones are col oured by the selective
absorption of light - the interaction between |ight waves and el ectrons
and/ or structural colouring. For 10idiochromatic (self col oured) m nerals,
their colour is a funGawarddalenstoper dxpjbittanistiadeg@ed of trangetrendys theseof t hat
m neral and the colour is due to the major chemi cal conposition of the

m neral . \Wen th&eE@l-our arises froma trace inpurity in the basic cheni cal

conposition, the mneral is called allochromatic (other coloured). .
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10 is purely an external surface effect and depends on the amount and quality of
reflected light from the surface of the gemstone.

The various types of lustre are described in the following Table:-

Lustre Description Example

Adamantine Hard and brilliant Diamond

Vitreous Like broken glass Emerald, ruby

Resinous As resin Amber, opal, some
garnets

Waxy Seems covered with a thin layer | Turquoise

of gil. Can result from the
scattering of light by a
microscopically rough surface

Pearly Overlapping parallel lamellae Moonstone
Sitky Finely fibrous structure Gypsum
Metallic The brilliant appearance of metal. | Gold, pyrites
15 Sheen is due to reflection of light from below the surface of the coloured

gemstone. It is caused by the internal structure of the gemstone and there are

several distinctive types, as described in the following Table:-



8 Col oured genstones exhibit various degrees of transparency, these
an object viewed through the stone shows outlines
- sone |ight passes through but no
no |ight passes through
character of cut and polished genstones.
Lustre inparts |life and brilliance and has much to do with their
Lustre 10 is purely an external

being:- transparent -

clearly and distinctly 5transl ucent
obj ect can be seen through the stone

Lustre is a basic essenti al

opaque -

beauty.

surface efPect and depends on the anount

and quality of reflected Iight fromthe surface of the genstone. The
various types of lustre are described in the follow ng Table:- Lustre
Description Exanple Adamantine Hard and brilliant D anond Vitreous
Sheen Description Example
Iridescence Rainbow effect often observed | Quartz, calcite, iris agate,
in cracks and flaws in a stone | labradorite, orient of pearl
Labradorescence | Diffraction at alternating layers | Spectrolite, labradorite

Adularescence

Sheen of silvery light crossing
the gemstone caused by
alternating layers of different
feldspars

moonstone

Opalescence

Scattering of light from small
particles in the stone, milky
translucent effect

Common opal/opal glass

Play of Colour

Used to describe the colours
seen in precious opal

Opal

Chatoyancy

Reflection effect due to parallel
fibres, tubes or needles of
included substances on a
cabochon cut stone

Quartz, tigers-eye,
chrysoberyl

Asterism

Mobile star effect from parallel
fibrous inclusions aligned with
specific crystal directions

Ruby, sapphire,
almandine garnet,
chrysoberyl, diopside

Aventurescence

Specular reflections or
spangles of light reflected from
plate like inclusions

Aventurine quartz,
sunstone

Inclusions which interfere with the fransfer of light through the coloured

gemstone may reduce its value, whilst other inclusions prove its authenticity,

5 yst otherinclusions provide a welcome effect such as the layered rutile needles

present in star sapphire and ruby which if present, cause a pleasing star effect

to appear on a cabochon cut corundum (sapphire and ruby) or the chatoyancy

of cats eye chrysoberyl.




Li ke broken gl ass Emerald, ruby Resinous As resin Anber, opal, some ganete
Waxy Seens covered with a thin layer of oil. Can result fromthe scattering
of light by a mcroscopically rough surface Turquoise Pearly Overlapping
parall el |anmellae Moonstone Silky Finely fibrous structure Gypsum Metallic
The brilliant appearance of netal. Cold, pyrites

10

Traditionally, colour grading at gemological laboratories is carried out by
the human eye. For instance, when colour grading a diamond, a gemologist
will line up a master-set of diamonds (featuring a D to Z colour) to which the
diamond’s colour is compared. The master-set of stones and the diamond are

5 placed on a dull white countertop. The master-set is lined up with lightest (the
top colour) first, becoming progressively darker. The diamond’s colour is then
compared to the colour of each stone of the master-set until the grader
perceives its colour to be the same.

Several problems arise when a human observer grades a diamond:

10 every eye has a different "colour deficiency”. This means that every grader has
deficiencies for certain colours. Further, the colour and intensity of illumination
influences the eye’s perception. This results in deviations in colour grading of
large diamonds (a few carats) and small diamonds (a few tens of points) as
most master-sets feature diamonds of around one carat in size. Finally, larger

15  labs will use two different master-sets with inevitably slightly different colours.
As such, colour grading within the same lab or between its branches may vary.

There have been numerous attempts to provide standardised reporting
systems for the colour grading of gemstones. One prominent system is
provided by the Gemological Institute of America (GIA). lts report provides

20  detailed information about the dimensions, carat weight, shape and cut of a
gemstone. GIA reports also cover any treatments or enhancements that have
been done and of course, whether the stone is natural or synthetic. A GIA
report utilizes a standardised "coloured stone grading system" chart to graph
the hue, tone, and saturation of a stone. Gemstone colour grading is broken

25 into three quantifiable categories: intensity (saturation), hue (colour), and tone

(lightness/darkness).



15Sheen is due to reflection of light frombelow the surface of the

col oured genstone. It is caused by the internal structure of the genstone
and there are several distinctive types, as described in the foll ow ng
Tabl e:- 9 Sheen Description Exanple Iridescence Rai nbow effect often
observed in cracks and flaws in a stone Quartz, calcite, iris agate,

| abradorite, orient of pearl Labradorescenﬁi Diffraction at alternating

| ayers Spectrolite, |abradorite Adul arescence Sheen of silvery |ight
crossing the genstone caused by alternating |layers of different feldspars
noonst one (Opal escence Scattering of light fromsmall particles in the

stone, nilky transl uteatiafhegties and labels up to thirty one gemstone hues according
to the gemstone hue chart. The "hue" is the actual "colour" of the material
(blue, green, red, stc.).
The GIA nomenclature also specifies six levels of saturation ranging
5 from "grayish” (neutral grey) to "moderately strong" to "vivid" according to a
gemstone saturation chart. The term "intensity" is also used to describe a
stone's saturation.

To describe the darkness or lightness of a coloured stone, the GIA
system has nine levels of tone ranging from "very very light" to "very very dark”

10 according to a gemstone tone chart. A numerical value is assigned to each
label for use in a grading report.

With the exception of hue, each of these parameters by themselves are
relatively meaningless and they must be used together to meaningfully reveal a
gemstone’s colour quality. Taken together, these three parameters will provide

15  a simple numeric code that can quickly and accurately quantify gemstone
colour.

Reports are also provided by the American Gem Trade Association and
by American Gemological Laboratories. All of these reporting systems,
however, use different criteria and standards of colour grading and so can be

20 confusing when considered together.

Alongside colour quality as a criteria for grading gemstones, brilliancy is
the amount of flash the gem returns to your eyes. Most diamonds are 100%
brilliant. An average brilliancy of 50% means half of the stone returns flash.

The Glibelin Gem Laboratory in Lucerne, Switzerland (GGL) is one of the

25 leading testing laboratories in Europe, testing coloured stones, fancy coloured
diamonds, colourless diamonds, and pearls. They also test diamonds for any

sign of (HTHP) enhancement. Coloured stones are tested for the usual



Common opal /opal gl ass Play of Col our Used to describe the colours seen in
preci ous opal Opal Chatoyancy Reflection effect due to parallel fibres,

t ubes or needl es of included substances on a cabochon cut stone Quartz,
tigers-eye, chrysoberyl Asterism Mbile star effect fromparallel fibrous
inclusions aligned with specific crystal directions Ruby, sapphire,

al mandi ne garnet, chrysoberyl, diopside Awfgturescence Specul ar reflections
or spangles of light reflected fromplate ke inclusions Aventurine
quartz, sunstone Inclusions which interfere with the transfer of |ight

t hrough the col oured genstone may reduce its val ue, whilst other inclusions

prove its aut heplaramdtyrs of clarity, colour, cut, and enhancements as well as place of origin.
Diamonds are tested for clarity, colour, fluorescence, cut, and symmetry.
Generally, the grading criteria for coloured gemstones, in order of
decreasing importance, can be summarised as comprising the following:-
5 Colour

s Hue
s  Saturation
s Brightness
Cut

10 e Shape
s Proportion
e  Symmetry
Clarity
s Inclusions mapped

15 e Verification of type as pertaining fo gemstone variety
o Degree of transparency of the gemstone
Carat Weight
o As perindustry standard
Scintillation

20 = Surface reflection/refraction from smaller facets — “twinkling” effect as the

stone is moved
Brilliance
o Return of light from the gemstone which has been internally reflected and
hence has colour produced by filtering through the coloured material of the

25 gemstone



5 yet other inclusions provide a wel cone effect such as the |ayered rutile
needl es present in star sapphire and ruby which if present, cause a

pl easi ng star effect to appear on a cabochon cut corundum (sapphire and
ruby) or the chatoyancy of cats eye chrysoberyl. 10 Traditionally,
col our grading at genol ogical |aboratories is carried out by the human eye.
For instance, when col our grading a dianond, a genologist will line up a
mast er-set of dianonds (featuring a Dto Z180l our) to which the dianond's
colour is conpared. The naster-set of stones and the dianond are 5pl aced on
a dull white countertop. The master-set is lined up with lightest (the top
colour) first, hege@ ng progressively darker, The dianond' s colour is then
conpared to the col our of each stone of the master-set until the grader
perceives its col o8urfhce heatdrbef BRGoMSEOWE! ahalBFRU t6 e Midre8s W BHIidh; Rigran
observer grades a dianond: 10 every eye has a different "col our
deficiency". This Hstiapredusesshemedpedderfabaseideions vhilkiles [ikre predteds
colours. Further, the colour and intensity of illum nation influences the
eye' s perception. THY 8" ggypdded srigsoiraltaciors i n col our grading of |arge

di anonds (a fewdzgrgrts and smal |l dianonds (a few tens of points) as nost
mast er - sets featUr®'dl nds of around one carat in size. Finally, |arger

15| abs wi | | . T . Lt b i Dy i ght |
Qi rerent col ours ReouhaRERENERR KA o idP NG hE Sher k9Bbotenszen
its branches may vaidre characteri$hesRiiiayeidaan oﬁsgf%b%uﬁeog%sérﬁ%ﬁés,tcﬁldaﬁ | de

st andardi sed reporting systens for the col our gradi ng genst ones. e
prom nent system i gepsahbddowhijspehgorCenol ogi cal Institute of Anerica (CA).
Its report provides 20 detailed information about the dinensions, carat
wei ght, shape arthegtit of a gemstone. CIA reports al so cover any treatnents

or enhancenents th have been done and of course, whether the stone is
1@ I?’ y(%\fi@h g 7 i

natural or syntHeti ¢ idyesiashe nep) desacieldstish QbGP " col oured st one
gradi ng systent [ﬁgé bdi ki R] Ne, tone, and saturation of a stone.
Genst one col our to three quantifiable categories:

intensity (saturatioplis ahd8jebCH tAE hleseRiAVERRS tolVERbRRY HBEIERESR) - 11
ameliorate the aforementioned shortcomings and problems of the prior art, or to
at least provide a useful alternative.

15 It is another object of the present invention to provide apparatus and
methods for assessment, evaluation and grading of gemstones in an objective,
consistent and automated manner so as to allow standardisation of opal and
other gemstone quality analysis and grades, thereby improving the confidence
to trade of the sellers and also the buyers and adding certainty to the prices

20  they may be prepared to accept or pay for a gemstone.

The disclosure in International Patent Application No.
PCT/AU2008/000459 is incorparated herein by reference. The apparatus and
methods disclosed therein may, to the extent that would be readily appreciated
by a person skilled in the art, be useful for the purposes of the present

25  invention. This applies to both the hardware and software, and particularly to

colour calibration and segmentation and histogram analysis.



The G A specifies and labels up to thirty one genstone hues according to

t he genstone hue chart. The "hue" is the actual 'colour” of the materi al
(blue, green, red, etc.). The A A nonenclature al so specifies six |evels of
saturation ranging 5from"grayish" (neutral grey) to "noderately strong'’
to "vivid" according to a genstone saturation chart. The term"intensity"
is also used to describe a stone's saturati n. To describe the darkness or
i ghtness of a coloured stone, the G A system has nine | evels of tone
ranging from"very very light" to "very very dark” 10 according to a
genstone tone chart. A nunerical value is assigned to each |abel for use in
a grading report. Accordihy o tHeaneetfieR! there i8fordided aRePp&AatUsitese paranmeters
by thensel ves are relatively neaningl ess and they nust be used together to
meani ngf ul |y r eaesdssmené revhlmeors aco fmdingefagjenisfoneBakemptisigg tirstage tese
three paranmeters will provide 15 a sinple nuneric code that can quickly and
accur at el y quantwhigh geemssione ney musupported, thresietheing enciosas! iprrolausi® by t he

AT of these 1 eAgs RPaEyersiioth et At Ol ovee e L hETPe g
dard f | i ) 0 i i d

Cogether . Al Sngdaeeyr ok Mg GRUREy B A SRR Rl o

brilliancy is t*ﬁﬁmggﬁg;gfag@fsofés%K}aﬁg{xﬁe%ﬁah@wmetg@n&we B18E inddsk

di anonds are 100% nt. An avérage brilliancy of 50% nmeans half of the

stone returns fliigat)a didiel sdrelal |8c4ed Liabebatiag djatehineg o @actPigtitzeutand
(GA) is one of the 25 leading testing | aboratories in Europe, testing

col our ed st ones,anflat@ptecidb takedthadeanbiidgyentdd roubdsssordied sotatsanddmd pear | s.
They al so test dianonds for any sign of (HTHP) enhancenent. Col oured stones
are tested for trAEactionsf fheﬂBCiﬁaﬁﬁi@gir@ﬂ'@ igfprrpdtipn Arocessidonpang oy califyating
enhancerent S‘l ()aS avr\l%le!ma?y%m%l tﬁg lemgées?%girerllh the information processing means is
programmed with instruction sets for assessing one or more of colour, cut,
clarity, scintillation, brilliance, lustre, dispersion and sheen, and wherein the
gemstone is supported upon the stage by securing means engaging the
gemstone at its bottom surface.
15 It is preferred that the stage is rotatable around 360° and tiltable around
90°, and may be part of a goniometer.
It is important that the camera and the or each light source be positioned
as close as possible together so as to mimic human opal grading, wherein the
or each light source is as near co-incident as possible to the camera axis.
20 Preferably, colour assessment of the gemstone is with an instruction set
for colour calibrating the images and then analysing the colour calibrated
images by segmentation and histogram measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is an isometric side view of a gemstone assessment, evaluation
25 and grading apparatus according to a first embodiment of the invention.
Fig. 2 is a view of the camera and lighting arrangements of the

apparatus of Fig. 1.



D anonds are tested for clarity, colour, fluorescence, cut, and synmetry.
Cenerally, the grading criteria for coloured genstones, in order of
decreasi ng i nportance, can be summarised as conprising the following:- 5
Col our Hue Saturation Brightness Cut 10 Shape Proportion Symetry
Clarity Inclusions mapped 15 Verification of type as pertaining to
genstone variety Degree of transparency ?f t he genstone Carat Weight As
per industry standard Scintillation 20 Su Pace reflection/refraction from
smal ler facets - "twi nkling" effect as the stone is noved

Fig. 3 is a view of the rotatable and tiltable stage arrangement of the

apparatus of Fig. 1.

Fig. 4 is a view of the apparatus of Fig. 1 with its housing removed to

show internal features.
5 Fig. 5 is a isometric view of the apparatus of Fig. 1 with the door of the
housing open.
Fig. 6 is a view of the stage arrangement shown in Fig. 3 in a tilted
position.
Fig. 7 shows a 3D array cube structure identifying the unique
10  characteristics of a gemstone derived from the use of the apparatus (including
software) of Figs. 1 to 6.
Fig. 8 is a 3D graphical representation of the colours present in a
gemstone derived from use of the apparatus (including software) of Figs. 1 to 6.
Fig. 9 is a 2D histogram summarizing the gemmological characteristic of
16 a gemstone derived from the use of the apparatus (including software} of Figs.
110 6.
MODES FOR CARRYING OQUT THE INVENTION

Referring to the apparatus 10 shown in Fig. 1, an opal is able to be
placed on the stage 11 or platform of a goniometer 12, with the stage 11 being
20 tiltable and rotatable by movement of the goniometer as shown in Fig. 6. The
opal may have a maximum size of 5 x 5 x 2cm for the stage 11. In this
specification, the tilt and rotation angles will be referred to by the symbols @
and 0, respectively. A level or horizontal position of the stage corresponds to a
reading of @ = 80° when a calibrated electronic digital camera 16 and one or
25 more calibrated artificial light sources 14 (see Fig. 2) are directly overhead.
From the level position, tilting the stage 11 away from the one or more light

sources 14 resulted in a reading decreasing from & = 90° to 0°.



Brilliance Return of light fromthe genstone which has been internally
reflected and hence has col our produced by filtering through the col oured
material of the 25genstone 13 Lustre Surface feature of the genstone -
anal ogous to the fineness of polish; high lustre produces sharp edged
surface reflections while low |lustre produces dull or fuzzy edged surface
reflections 5 Dispersion Resulting fromthe breaking up of white Iight
into its spectral conponents - nore charadferistic of dianmonds than ot her
col oured genstones, col oured gens show | ow di spersion Sheen 10 Pl ay of
light due to the internal characteristics of the stone DI SCLOSURE OF

| NVENTI ON I't The pPaRisBRtILOES § h@wtﬁﬁﬁé%usiﬁi%giﬂ %f‘ahtgtkge\r/rge{l){rtﬂge of

I
substantially aneliorate the aforenentioned shortcom figs’a ens of

the prior art, positibos af theeaaterpn opmhdéigiat desedds 14adridehb dlohMenetdPl 2 withinanot her
obj ect of the present invention to provide apparatus and nethods for

assessment, evadl®heusing aredshpmandnrip. df Tenxtstiivasf the light ebjirees idewhichrse st ent
and aut omat ed ma{m r so as to allow standardi sation of opal and other
genst one qual i tYIEERAY (PoLEiednig alpngsisis the gamery 16 mycd that ghavnarecsifdistenice t o

20"t hey may be YLk aae B8 Redift ShLiEES 1 Bie 4 frwheanegen sopospigie o ©1
di scl in | j opal: Pat b cati \e} 0 0459 i
i noor por at ed nererR By Py Lroaid heRRRILEE. 160 S8 PRt AN ocey °

t herei n may, tQ;ohbmoﬁg(ggégfoyhgﬁqamglapgrgg,n@'eadi |y appreciated by a person
skilled in the art, be useful for the purposes of the present 25 invention.

This applies to botAhteheusiagdédrme amutcssd tymr s forkddipgrihé 6palainty tHeo col our
calibration and segnentation and hi stogram anal ysi s.
centre of the stage 11. The door 18 has a solenoid lock 19 so that it can be
10 opened only when safe to do so, such as when the stage 11 has ceased any
movement. When opened, the stage 11 will not be able toc move.

Light proof, cooling fans with vents 20 are provided at the top and lower
sides of the housing 15 to allow for convection cooling of the apparatus. On
opposite sides of the light sources 14 and the camera 16 are a cooling fan with

15 vent 20a and a vent grille 20b.

There is a motor control unit 21 located within a section of the housing
15 that is separated by a wall 22 from the camera 18, light sources 14 and the
goniometer 12. The unit 21 has an on/off switch 24 and indicator lamp, and
includes servomotor driver cards, contactors of lamps, safety circuitry and a

20  main isolator connected to a personal computer (not shown) at which image
calibration and image analysis will be controlled by software. A shaft and
gearing assembly 23 driven by the motor control unit 21 controls the rotation
and tilting of the goniometer 12 and its stage 11 in cooperation with a
maovement limit switch assembly. There is a homing inductive sensor or switch

25 40 mounted to wall 22 and a homing metal spigot 42 mounted to a crank arm

44 of the motor control unit 21. The limit switch assembly is positioned so as to

safely control or preset the limits in the range of movement of the stage 11.



14 According to the invention, there is provided an apparatus for
assessnent, evaluation and gradi ng of genstones, conprising a stage upon
whi ch a genstone nay be supported, the stage being enclosed in a housing
that is inpervious to light, at |east one |light source located in the
housi ng and 5adapted to project incident |ight onto the genstone, neans for
rotating and tilting the stage so as to vary the orientation of the
genstone to the incident light, a digital é%nera | ocated in the housing

adj acent the or each |light source and adapted to take images of the

genst one based on reflection and/or refraction of the incident |ight, and

i nformation processi mgowwq&ﬁﬂfmlei&[ﬁkﬂ&s&%&%&mﬁﬁ%ﬂ/\%ﬁw%wg I mages,

wherein the information processing neans is 1 N ThsSTT ucti on
sets for assessidigraneisics BPIRhYr “ﬁlﬁk@%@]oﬁtﬂbnd Sbay tdnk arecifitdl! | ation,
brilliance, lustre, dispersion and sheen, and wherein the genstone is

supported upon the stlageamersd6whing inBaosatealiggynchrohiecd etk ton Mogbmichs
bottom surface. 15|t is preferred that the stage is rotatable around 3600
and tiltable ar e sGoe. capiraap sedepaf images at gokivmanaes in order tol quangfy
inmportant that the .canmera and the or_each |ight source be positioned as
cl ose as poss bItgetﬂgg}éf’}ﬂ%'rtﬁ§g‘”é@“@%c’fﬁ'ﬁ’i‘@gi‘.’&‘ - NPTy ARG eAPtWIRer ei n t he

or each light so i k. CQ- 1 NC] as_pessible t.he ner g axis.
20Preferably, co ooﬁj]?etgéss@ rrgg1 [eog uélﬂéé g'gﬁé#@nr@%%gﬁ\ﬂ?qgﬁ Lﬁh?la@gﬁﬁ%f’i)%n set
for colour cali bg@td R@plidaht CBSE i ' Lpr at ed
| mages by segnentati onpzﬁr%ld hi stogargﬁn?h H&S’E?@?}gm@d%gln@ﬁﬁégggéhﬁ%%h%: THE
DRAW NGS light solfcgs whild Becbing $ertittdngie Sitherothim Shgd igeITel @HRe
assessnent, evaluation 25 and gradi ng apparatus according to a first

enmbodi ment of t heombivaionidthestig. 2 is a view of the canera and |ighting

arrangenents, of the %E)Palr at us of Fié;: 1. ‘
10 itially the camera 16 is positioned directly above the rotation stage 11

containing the opal, wherein the stage is positioned at a tilt angle of 90°.

With back lighting, one image is captured to determine if the opal is
translucent (i.e. crystal) and also to determine the region of interest (ROI) within
the image that contains the opal.

15 With forward lighting, thirty-six images are captured at 10° intervals for
0° to 360° of rotation, although 5° intervals may be better suited to some opals.
This series of images is repeated for 10° steps of tilt angle of the stage until a
side view of the opal is achieved. Some opals may be better suited to 5°
intervals of tilt angle. Although not shown, the camera 16, rather than the stage
20 11, may be adapted to tilt.

The opal is held tightly to the stage 11 by a flexible, silicon based suction
cup 17 using suction from beneath the opal. By making the suction cup and
the tubing from the suction cup to the vacuum pump of translucent material,
this system does not occlude the opal in either forward or back lit views. It is

25  capable of holding the opal firmly enough that the stage 11 can be tilted from
90° (overhead view) to 0° (side view) without the opal falling off. This means

that a user or developer of the apparatus can choose the implementation which



15 Fig. 3is aviewof the rotatable and tiltable stage arrangenent
of the apparatus of Fig. 1. Fig. 4 is a view of the apparatus of Fig.
1 with its housing renoved to show internal features. 5Fig. 5is a
isonetric view of the apparatus of Fig. 1 with the door of the housing
open. Fig. 6 is a view of the stage arrangenent shown in Fig. 3 in a
tilted position. Fig. 7 shows a 3D array cube structure identifying the

uni que l1lOcharacteristics of a genstone deri®ed fromthe use of the
apparatus (including software) of Figs. 1 to 6. Fig. 8 is a 3D graphi cal
representation of the colours present in a genstone derived fromuse of the

apparatus (incl udéma?@ﬁﬂt PRGN cAh8%: mdvdierd: I@i%wa&hk%dﬁa&ggébﬁt ogr am

sumari zi ng the gemmol ogi cal characteristic o genst one rived from

the use of the hpyag atsuslléf footpuidt thaindied iAein@liofrtias mdvies tke cARBES FOR
CARRYI NG QUT THE I NVENTION Referring to the apparatus 10 shown in Fig. 1,

an opal is able to beofpyaiedsiugst toramalysadeestimageptadtiercta elimmagnt tieet er
12, with the stﬁ%%nll bqeﬁi ng 20 tiltable and rotatable by novenent of the
goni ometer as s and baelyfong champetegplifs angyio giaptaythpes Meamvrss ieanfeasilk 5 x

2cmfor the sta In this specification, the tilt and_rotation _angles
will be ref eér eggq‘éﬂeﬁ?ﬁ”?%‘%mlé‘é%’& H%]el,cnp%(')n of each step !n the software controlled d

analysis is provided later in the specification.

It will be apparent that the apparatus and methods described herein can
be readily adapted for assessment, evaluation and grading of all coloured
gemstones (including diamond, sapphire, ruby, and emerald).

10 Colour images were acquired using the camera 16 (Micropublisher RTV
5.0 manufactured by Qimaging). This camera has a dynamic range of 10 bits,
corresponding to 1024 pixel intensity levels for each red, green and blue (RGB)
channel (corresponding to a total of roughly one billion colours that the camera
can discriminate). The number of pixels is 2560 x 1920. The lens attached to

15 the camera was a Randd Electronics macro lens. The focal length was 25 mm
and the aperture was set to /8.

As a light source 14, an incandescent light bulb was used. The glowing
filament of an incandescent light bulb produces light with a broad spectrum.
S0, in terms of the breadth of its spectrum, it is more similar to daylight than

20  other light sources, such as fluorescent tubes or light emitting diodes (LEDs)
which have narrow spikes in their spectral distribution. The potential exists for
the application of a light source in a “diffused” manner or oblique manner, so as
to remove glint.

Seen from the position of the opal, the light bulb is a directional light

25  source, covering an angle of approximately 9.1°. A disadvantage of directional
illumination is that specular reflections from the surface of the opal, also called

glints, can reflect the bright light of the light bulb directly into the camera. For



and 0, respectively. A level or horizontal position of the stage
corresponds to a reading of 41= 900 when a calibrated electronic digital
canmera 16 and one or 25 nore calibrated artificial |ight sources 14 (see
Fig. 2) are directly overhead. Fromthe | evel position, tilting the stage
11 away fromthe one or nore |light sources 14 resulted in a reading
decreasing fromcil) =900 to 00 . 16 The apparatus includes a |ight
i npervious housing 15, and the relative pd§itions of the canera 16, the

| i ght sources 14 and the gonionmeter 12 within the housing are shown in Fig.
4. The position of the light sources 14, which are rotatably nounted, is

al ongsi de the capgy : 8 e . distant 5 fromthe stage
and the |ight Sourggga%HO%H%%@égr&%[.%%f%ﬂﬁ s(%\sgrolgsgagir teH]danBHp camer a

axis (i.e overinidigativaldietie clbirandbrigulcRBLF Rdbel B5n bh OBk, condi Li ons

used for human opal grading. Th ousi ng as an access door 18 for

| oadi ng t he opalherafoos, taheascefmflinehaie thihe dutad®) ihlthe Thegstoarg &&IRRS fom
solenoid lock 19 so that it can be 10 opened only when safe to do so, such

as when the st dyghananslisis eadescriney later eribaspetbetionpened, the stage 11
will not be able to mve Li ght proof, cooling fans with vents 20 are
provi ded at % he t op “afiBPlesRereldprrdlaining fe praudienee obflasheslis vassome

14 and the camda ires iR RRBRR AR SnRR RSB afrtos a tntioieu by 11 0
20Db. Th i ' i t: b [ f th
housi ng 15 1 hat 1 A RATE R b A e A Sheh AR icte MM oo SR8 O cos

14 and the gonigimisthe bdme HaahtNidwirdlaffte, rOr #BAehTigRMN b, e ek afli cat or

| anp, and includes servonotor driver cards, contactors of |anps, safety
circuitry and aar2e ofrfiash will thartfore deperetdrethetsolid apgiesonateddnnputight (not
shown) at which inmage_calibration and i nage analysis will be controlled by
sof tware. A%shafauregdThfesipaliey thessddmngleotedineveeremijrectienatthelight saurce), uni t

21 controls the, rotation and tiltin f the gonigneter 12 and its stage 11
in cooperati onet\'ﬂvl‘etsﬂ1 e%@éﬁ%?‘!’ﬁ#g g%@%@%@@?@%ﬁﬁ/?o‘fﬁ% 'F'%'SaCQYSH'i‘gg

i nducti ve sensao j t || and a honm n al

spi got 42 mJunt%ﬁé%égdc%k%%gﬁmégﬁeWB? I%%ﬁ[ ?rf)'qa ‘ifﬁ'?‘? O%%: r@&ﬁe limt
swi tch assenbl yinksfoP @R 4rbQBEfhsH o dBchReSR t%id?ctﬁé"&ﬁ{eﬂlbn ®r %’s@é&ﬁg e limts

f
in the range of novenent of the stage 11. n order to quantify
t he col our char@atierofsniapal,dfie dineqipablity bhigetlight shacacileiawtitoes of flash or

"play of colour"” and body tone are critical. The canera 16, which is
aut omati cal 1y ssiaRdardiseded with the novenent of the stage, captures a
series of inmages at F[B'f’lLtﬁca! i la%e%r(]: lui%i 'oin,n eé)crhdoe;;al \t/vgs %}Ja%g}j iofnyﬂfwe suction cup 17
at the centre of the stage 11 of the goniometer 12 and secured with suction to
prevent it from sliding off the stage at large tilt angles.
For all opals, the tilt angle ® was varied over a range of 90° in steps of
20 10°
The rotation angle © was also varied from 0° to 360° in steps of 10°.
A controlled switching application of the light sources 14 was used to
measure the “play of colour”.
As will be described in more detail later in the specification, the images
25  taken at two different exposure times were combined into a single image with

extended dynamic range. For this, the image taken at the long exposure time



5 the flash over the full range of view ng angles. Several inage capture
geonetries are possible, such as tilting the rotation stage 11 hol ding the
opal while keeping the canera arid |light sources fixed, or noving the
canera and |ight sources while keeping the tilt angle of the rotation stage
fixed, or sonme conbination of these. 10Initially the canera 16 is
positioned directly above the rotation stage 11 containing the opal,
wherein the stage is positioned at a tilt lee of 900 . Wth back

i ghting, one image is captured to determne if the opal is translucent
(i.e. crystal) and also to determne the region of interest (RO) within

the image that epBhaig\kad heedRPh badBVbhid ﬁ%%@%%gh@?@th%&zd WBid Fg}é[a%%égh .

i mges are captured at 100 intervals for O rotation,

intervals may bevithéhé pixelsfidnethd imagetskenatiosms.This series of inmges is
repeated for 10 steps of tilt angle of the stage until a side view of the
opal is achieved. Sohke ependedieangbdmbets ebtaipad étth the cBmerd €6 wad sotof tilt
angl e. Although not shown, the canera 16, rather than the str;gé 2011, may

be adapted to tisHiable for calcylating fag coleurasddrighiiiess yalugs ohthesy Aitstby a

flexible, sili d tiQ 7 i i f b th th | .

By ki g he < doen Bt B ER SR B i Se ek N ST TSI AIS he vacaum
ft | i i . de t. i

B Ther  orwar d of Uice Rt i sy SR A a0 REE i b REaBRGads,

firmy enough tIRGB ey eStiaaR téJsec‘c@nb@%dttblat%@ié&iﬁ&é@&d&ﬂvmw%‘ém\éin?% to 0

(side view) without the opal falling off. This neans that a user or

devel oper of theompparfisis neasarentdn o eolbivendetiglie be rpatdppiatend GBscribfhgusies
stage tilt rather than camera novenment. This has the advantage of having a
smal | er foot pri §eloURghAraeteristiasicé fiesht atd bedy teae imtsvies thate paraer will

Software is_ ysed to anal yse these imges to extract a summary of the fl ash
and body toﬂ ngﬁg@fa@?i stics and to display these neasures in an easily 5

R ST LT E i R R
A N o T s
di anond, sapphi pertionufyactaimbgnesradidihg the coloured gemstone. These steps for all
coloured gemstones will be substantially the same as for opals as described in
15 International Patent Application No. PCT/AU2008/000459 and incorporated
herein by reference.
All coloured gemstones have a number of attributes or characteristics
that may be measured by these steps. These are as follows:-
ATTRIBUTE MEASUREMENTS
20 Colour
o Hue
e Saturation
» Brightness
Unlike opals which display different flash colours at different viewing
25  angles, other coloured gemstones will generally have the same internal colours

present when at all viewing angles. We will call it the body colour to distinguish

it from the colour due to surface refiections. Most coloured gemstones are not



10Col our images were acquired using the canera 16 (M cropublisher RTV 5.0
manuf actured by Q naging). This canera has a dynam c range of 10 bits,
corresponding to 1024 pixel intensity levels for each red, green and bl ue
(RGB) channel (corresponding to a total of roughly one billion colours that
the canera can discrimnate). The nunber of pixels is 2560 x 1920. The | ens
attached to 15 the canera was a Randd El ectronics macro | ens. The focal

| ength was 25 mm and the aperture was set % /8. As a |light source
14, an incandescent |ight bulb was used. The glowing filanent of an

i ncandescent |ight bulb produces Iight wwth a broad spectrum So, in terns

of the breadth ofinidrslysRRCEdIN ﬁhteybﬁgﬁfﬁéé‘e ﬁrfd%r‘rﬂéretﬁbtdg?:ﬁgd%%aéesgﬂ{]L ot her

| i ght sources, such as fluorescent tubes or [i1ght em )

whi ch have nar r ovarspseigie Histograai i5inSing otdcabugl §dsctibet indnterddiRnBPb &b al
exists for the application of a light source in a "diffused" manner or

obl i que manner, ApplivationNoeRETAWYRA0BI000862 0 fnantify thespbsdy caousf t he opal ,
the light bulb ié a directional Eight 25 source, covering an angle of
approxi mately 9. Yt A di sadvant age of directional illumnnation is that
specul ar reflgcti on hfromthe surface of the opal, also called glints, can
reflect the b igﬁt ia(ﬁ?‘t of the Iight bulb directly into the canera. For

19 surface posi tj,on,smpﬁﬁirbﬁ glints occur, the camera sensor is saturated and
no i nformation about e colour and brightness of the opal can be obtained.
Therefore, areaseofgghingtryhave to be detected in the inmages and excl uded
fromfurther analysis, as described Eater in the specification. 5A sinple

nmodel for expl ai ni ng Rdrepatss thereisow 9fecfd aslhesr sgnifioamssadse clafat wiaeet S

within the opal act like small coloured mrrors. The viewer (or the canera)

will therefore oo the sfoaeh Sattberetwas rmnglitemated ingthpdiforcarddysingthet he opal
i iven |ight source, the observed

area of 11 ash)wi POTHEPGPORE BEBLRR oF o HEOCHIPUoA sgmEiTsoehed b tine | | ght
L0source. | The_ TobLGTe 8 SRRl BB cbls By of o BELS Sy S5Hfafabed ek o
Brea of the opal " et Eet ey byeqEe el s Bt PR s B0
criterion for assdsshogahderiqoedsity of an opal, the directionality of the
i ght source will have to be 15standardi sed.
Consequently there is a need to automatically identify the cut class and
16 to measure the shape parameters specific to that class. To do this we require
multiple views of the stone:
» with the stone held at its base, a top view of the stone - showing the
shape of the table; from the stone segmentation, the orientation of
the best fit ellipse will indicate if the stone is circular or elongated;
20 from this, we can determine the stage rotation angles aligned with
the long axis and short axis of the stone,
« with the stone held at its top, two side-on views of the stone at the
stage rotation angles of the long and short axes— showing the side
profile of the pavilion and the table along the long and short axes.
25 After segmenting the stone in each of these views, we need to classify

the cut. There is a variety of standard shape matching techniques which could

be used for this — template matching (using correlation with templates of each



For the inmage acquisition, each opal was placed on the suction cup 17 at
the centre of the stage 11 of the gonioneter 12 and secured with suction to
prevent it fromsliding off the stage at large tilt angles. For all opals,

the tilt angle cl) was varied over a range of 90 in steps of 2010. The
rotation angle 8 was also varied fromO0O to 360 in steps of 10. A
controlled switching application of the |jght sources 14 was used to
nmeasure the "play of colour”. As will be scribed in nore detail later in

the specification, the imges 25 taken at two different exposure tinmes were
conbined into a single image with extended dynam c range. For this, the

i mge taken at ckRe) drafgsEsaasuieotatioR and 8cé invariast éf@ﬁe@ﬁﬁﬂut@@, gucha s.
Pi xel s that were fully saturated were replaced with the pixels fromthe

i mage taken at Z2rnieke ndracetstoe Fdederdasgapiors(gsiag clisairnled derivdd frtve canera 16
are not suitable for calculating the colour and brightness val ues of the
opal s. First, Bringidatgfoieachsiasslmiti es need to be corrected. Then,

b h |ight h lightly diff t
charactertsticsot noovag FedMb BRgime est edoen Hethls F65ke e p08 ed 1o a
devi ce-i nd . .. Thi : d
to be appropr | ArErareabebTER! vl ol sty SR St IR Rl ok and
body tone in tegrRedthadtndd REHTAKOM éési&pbﬁ}g%ﬁr%surementlq?@éeo‘%ﬂrés foypes of

col oured genstones, it Is necessary to colour calibrate all the inages
prior to analyshdlgckbebf cltoRdrasxampld, forsa BaR@ttaeat sisamnimansewiesitg t he

portion of each image containing the col oured genstone. These steps for all
col oured genst oeesngle bf thessegumesteairtop alewwill tgivestamberiggh hod wigshilof thesgitiecr i bed
in 15l nternational Patent Application No. PCT/ AU2008/ 000459 and
i ncorporat ed héireling ¢ widew pelé &1 the segmepjed '%'Eﬂ'éﬁﬁéﬂjeg‘é%t"‘@hélg't g lengr
number of 3htT L, GhrEIRETRASHRR MBI BB R e
width of these regions will yield the dimensions and angles of the long-axis of
the stone. A similar process on the segmented short-axis side view will give the
remainder of the parameters to characterise the baguette cut. The other cuts
can be quantified in an analogous manner.
15  Clarity
¢ Inclusions mapped
» Verification of type as pertaining to gemstone variety
s Degree of transparency of the gemstone
The transparency of the gemstone can be assessed using the backlit
20  view in the same way that opals are tested if they are crystal. Similarly
macroscopic inclusions can be detected by thresholding this image in the same
way that crystals are tested for opaque veins of potch. Microscopic inclusions
can only be detected in a separate instrument which has the equivalent of a
microscope objective to produce x20 or x40 magnification of the stone.
25 Carat Weight
s As perindustry standard

This is not a feature which can be assessed visually.



20 Col our Hue Saturation Brightness Unlike opals which display different
flash colours at different viewing 25 angles, other col oured genstones
will generally have the sane internal colours present when at all view ng
angles. W will call it the body colour to distinguish it fromthe col our
due to surface reflections. Mdst col oured genstones are not 21 uniformy
one colour. They often have two or nore bo?% colours present. W can use

t he hi st ogram bi nni ng procedure descri bed I nt ernati onal Patent
Application No. PCT/ AU2008/ 000459 to quantify these body colours. Cut 5
Shape Proportion Symretry For opals, there is no special value or
significance asSuintHtagibnM th the shape of the stone. So there was no

aut omat ed net hod for anal ysing the 10 segnented shape of an opal. For other
col our ed genst ores Reflheicnirefragtionfiroroamiatiarfatdte -Sivgmilit afiee sanbe tRAESs t 0 be
one of several formal shapes, such as antique cushion, baguette, enerald,
briolette, pear, nﬁKWGﬂse step, trilliant, cabochon and princess.
Consequently there i tical the cut class and 15

: n
to neasur eI t heI shapeﬁb%‘?az?‘rgg%tﬁ@f%%&g t'@”tcé‘h%/%éf“?g %fsénwz*a}ea@h@ﬂ@rﬁew

{
o vi ow of  Phe oy s iRl Afen bP I nurkbdd iR ol dhekhd crone
segmentation, thgeRUiAERS bPBocgf toh88r B&sH. 1f bihePEAIbRRA gihidion A ikPl frdch the

stone is C|rcular or el ongated
reflections from the many facets of the gemstone produce scintillation. This can

be quantified by measuring the variation in amplitude of glint with changes in
rotation angle in the top view of the stone.
10  Brilliance
» Return of light from the gemstone which has been internally reflected and
hence has colour produced by filtering through the coloured material of the
gemstone
Brilliance in other coloured gemstones is analogous to flash in opals. We
15 can quantify brilliance in the same way as we quantify flash in opals.
Lustre
+ Surface feature of the gemstone - analogous to the fineness of polish; high
lustre produces sharp edged surface reflections while low lustre praduces
dull or fuzzy edged surface reflections
20 This attribute is of most importance for pearls. it can be quantified by
reporting the sharpness of the edges of surface reflections, or glint. The
method for detecting glint will be the same as that used for opals. This will give
a mask of the glint region within the stone mask. The difference between a
dilated and eroded version of the glint mask will give a mask of the region
25  containing the glint edge. The amplitude of an edge filter, such as a sobel filter,
within this glint edge mask will give a numerical measure of the sharpness of

the edge, and hence of the lustre. High edge filter values (sharp edges) will



20fromthis, we can determne the stage rotation angles aligned with the

|l ong axis and short axis of the stone, wth the stone held at its top, two
side-on views of the stone at the stage rotation angles of the |ong and
short axes- showing the side profile of the pavilion and the table al ong
the long and short axes. 25 After segnenting the stone in each of these
views, we need to classify the cut There ga a variety of standard shape

mat chi ng techni ques whi ch could be used f this -tenplate matchi ng (using
correlation with tenplates of each 22 class) or classification of rotation
and scal e invariant shape attributes, such as Zernicke nonents or Fourier

descriptors (ush#igaelfgslustié and ReY bygshifer 9aMES FLRNNEdEERY dilfidiceRABwC! ass) .
Having identified the class of cut, we then need to nmeasure the shape

S5par anet ers spdoblfé.c to this cut. There are several techniques for this.
The sinplest nmethod i.s to custom design paraneter neasurenent procedures
for each class B@pergion For exanpl e, for a baguette cut, the m ni num

| osi I : d rew will qi he | h_and
it of “the orF ISR ARG FEIECH e 66 SN Ttk de B ren e PLbRYOA <
idth of the gitdl HECAELL f 1t _
andthe pavid i on' rigeohoreRaReRbARindt {aReRlr b BbBrEE AT | °)l o'

t he di nensi ons anqi]e@q%@sqgmgﬁd;%@xi s of the stone. A simlar process
on the segnented short-axis side vieww || give the renai nder of the

paranmeters to char addigsdrsion réfersxagimeddtiealqibperfyne geiisnaUlisereBy flfshes
quantified in an anal ogous manner. 15C arity |nclusions mapped
Verification ofandpepeistsméispedtril nglotis ajenispbryed warthestpne is turned in the
light. The dispersive colours we see are not really there in the gemstone,
10  instead they are created by the behaviour of white light in the stone.
Dispersion results when light passes through a transparent material with
inclined surfaces (like a prism or a faceted gemstone). Although the term “fire”
is gemmologically equivalent to dispersion, “fire” is so frequently misused to
mean either brilliance (total light return) or scintiliation (twinkling), that the term
15  “dispersion” will be used in this description for the sake of clarity.

White light is, of course, made up of a spectrum of wavelengths from
relatively long (red) to relatively short (blue and violet). Each of these
wavelengths is bent to a different degree (red less, blue more) when passing
from air into a denser medium like a gemstone. When the bent light waves exit

20  through an inclined surface (like a facet), depending on the degree of bend (or
refraction), they may show as distinct spectral colours. The ability of a gem
species to show dispersion is, therefore, roughly correlated with the density and
refractive index of the gem material itself.

This property is a distinctive characteristic of each gem species and can

25  be usedin the process of identifying a gemstone.

Dispersion can be measured with a refractometer and the apparatus of

the invention includes such refractometer means. Dispersion is usually



Degree of transparency of the genstone The transparency of the genstone can
be assessed using the backlit 20 view in the sanme way that opals are tested
if they are crystal. Simlarly nmacroscopic inclusions can be detected by
thresholding this inage in the same way that crystals are tested for opaque
veins of potch. Mcroscopic inclusions can only be detected in a separate

i nstrunment which has the equivalent of a m croscope objective to produce
x20 or x40 magnification of the stone. 25 {3r at Weight As per industry
standard This is not a feature which can be assessed visually. 23
Scintillation Reflection/refraction fromsnaller facets - "tw nkling"

ef fect as the skesgsial fMGTall) Bs SRAlferchBE nsWIdAe Faf hRLlibRIrGRIdiod ol i nt

i s an unwant ed phenonenon 5 and Is detected solely for € purposes o
maski ng it out wikgeshaki ng neasurenents of body tone or flash. In other
col oured genstones, the surface reflections fromthe many facets of the
genst one produce scintillation. This can be quantified by neasuring the
variation in anmplitude of glint with changes in rotation angle in the top
vi ew of the stofeenoBPlay phGelurRet urn of 1ight fromthe genstone which

hrough the. Sol dur BV RERIE B RETGateaeenstcs o h8SEHE Y ance Tn -
other ool oured genst gnes L HAIALAIPUPALAbLASI, JORELT, Wiy dAGR aHant ! {Y

brilliance in the sane Way as we quah I'nopal s. urface

feature of the ggER! WREa ARALMAMEEN iPthR@nfd §\f1g§$vleuaﬂﬂfyi‘§IBy ohk@But uptre
produces sharp edged surface reflections while 1ow | ustre produces dull or

fuzzy edged surfopal. refl ections 20This attribute is of nost inportance for
pearls. It can be quantified by reporting the sharpness of the edges of
surface reflections, ‘Ray gf ¢aheur” Teaarsis flaghiof aepemicedlouighgnes pegition, s ift he
same as hat1 Ous%dsge%irﬁc?gg%r? of fT:arlsihSchgnlglges gt;k\all.?r, as the viewing angle is changed.
Flash histograms will not necessarily detect this as they do not take into
account the spatial location of the flash. To measure this attribute, we need to
compare images taken with different (say, two) lighting angles for a serious of
rotation and tilt angles.
15 Geometric distortion of the stone will be present if we attempt to
compare images from different stage tilt angles. Therefore, it is preferable to
compare images taken at different stage rotation angles, or different lighting
angles for a 90° stage filt angle. Images taken at different stage rotation angles
must be rotated back in software in order to align them before they can be
20 compared. This step is not necessary if different lighting angles are used.
However, if different lighting angles are used, then each separate light source
must have its own set of colour calibration files.
A “play of colour’ measure must detect both presentations of "play of
colour”, i.e. change of colour or change of position. There are several ways of
25  doing this. One simple method is to take the average of the absolute difference

of the two co-registered views for a series of rotation angles, say every 10

degrees. At a single rotation angle, the “difference” score is defined as the sum



a mask of the glint region within the stone nmask. The difference between a
dil ated and eroded version of the glint mask will give a mask of the region
25contai ning the glint edge. The anplitude of an edge filter, such as a
sobel filter, within this glint edge mask will give a nunerical neasure of

t he sharpness of the edge, and hence of the lustre. H gh edge filter values
(sharp edges) will 24 indicate high lustre and | ow edge filter val ues
(fuzzy edges) will indicate low lustre. D @ﬁersion Resulting fromthe
breaking up of white light into its spectral conponents - 5nore
characteristic of dianonds than col oured genstones, col oured genstones show

| ow di spersion [ifsmebdrafe B8Sdt % dffféréﬁbe%mlﬁrr{e QEOPRIER (Rt &agghg%g he

wher eby flashes and pinpoi nts of spectral ours are d

stone is turned glint naekd)iof e twbhe-1duBREES VeHsGOY BB S Vﬁeéﬁﬁn@b%eﬂﬁn&%@' ly
there in the genstone, 10instead they are created by the behavi our of white

light in the stdhesRGlepeagsson resul ts when light passes through a
transparent material with inclined surfaces (like a prismor a faceted
gemstone). Although fieflastyrggionichangg wm@sltwogmwwmemheto

di spersi on, "f| I
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wavel engths is bent to a fferent degree (red 1ess, blue nore

passi ng from ai rthisntTheascdenserbaaeilathiol Have e&aggésfolf@fl pWaiendihg ey et | i ght
waves exit 20 through an inclined surface (like a facet), depending on the

degree of bend (‘@iffer@tceastarenhetmaiensigne ity tias grtiaast tgay shegoural col ours.
ecies to show dispersion is, therefore, rou
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Itself. indicating little play of colour and scores close to 100 indicating much play of

colour.
IMAGE CALIBRATION
Extended Exposure
15 The brightness of opals covers a very wide dynamic range, from very
dark areas of body tone to flash regions that are typically orders of magnitude
brighter. This range of brightness exceeds the dynamic range that a standard
camera can capture in a single image. To capture the full range of brightness
encountered in apals without losing information due to over- or under-exposure,
20  apair of images is captured at different exposure times. The chosen camera
has a 10-bit dynamic range for each red (R), green (G) and blue (B) channel
image giving pixels in the range of 0 to 1023. Images lshort and liong are captured
at two exposures, 2ms and 32ms respectively, and combined to give an image
of extended dynamic range, lex, as shown in Eqn 1 below. This gives a
25  brightness range of 0 to >10,000.
Ean 1

le)(t = I[Qng if Ilong < thr



This property is a distinctive characteristic of each gem species and can
25be used in the process of identifying a genstone. Di spersion can be
measured with a refractoneter and the apparatus of the invention includes
such refractoneter neans. Dispersion is usually 25 expressed nunerically
as the difference between the red and violet refractive indices. Sheen or
Play of Colour 5 Play of light due to the internal characteristics of the
st one Sheen in other coloured genst8hes is anal ogous to 'play of
colour' in opals. W can quantify sheen in the same way as we quantify
"play of colour' in opals. "Play of colour occurs if flash of a specific

col our changes position, ]sﬁr *ié‘xgg,gﬁ,leggﬁWi C Efq,g{q,%[—l-tﬂlf fl ash changes col our,
ed. as | gr

. h . ort .
as the viewi ng angle is chang sto wll not necessarily

detect this as theywherdk st Sdtearidthe cxp6a1BchE i§ BRehdy thoFai Fhef the

flash. To neasure this attribute, we need to comnmpare 1 nmages taken with

di fferent (say,means)ofllighticniprangdmtard dodak hiteaasd.of rotation and tilt
angl es. 15Ceonetric distortion of the stone will be present if we attenpt
to compare inages frofxaMpfaisdnevidechigdia.i of henghdscorfratesloteenational s

G 1101 ont i ghit TG gl Gy b C2plkBbEAeR waies Berq (geen alieh ks
di f fer ent - ; ted back in software in ord
Lo ali gn tem e or VAR Eh SR Eh BUbRH® Sl G e MR St i cosary 1 1
different |1 ohtdaladiobRe BAightusiaoiohOUPYRI (1.6 Bbib e 80K ol d Al dgapnal es

are used, then each separate |ight source nust e’its own se ol our

calibration filas, atright, LAwitPiyh@izof@l PafsechBRSHAG tHE e SREAGID BRidMic
presentations of "play of colour”, i.e. change of colour or change of

posi tion. Ther gaageramnves dhe satysation othedsishg this. One sinple nethod is to
take the average of the absolute difference of the two co-registered views
for a series of-9BYad Cofrestignes, say every 10 degrees. At a single rotation

angle, the fydifferepge”, gi%&reefigh? sS15LL 1R Iigﬁ’)%ntgr?se ofteh hot uniform across the
field of view of the camera. 1t will tend to be brighter in the centre of the lighting
field. To correct for these lighting non-uniformities, two lighting field images are
acquired, lwnie and lgrey, of standard Kodak White card and Kodak Grey card
respectively. The Kodak White card has 80% reflectance across the visible

15 spectrum and the Kodak Grey card has 18% reflectance. Assuming the CCD

sensors in the camera are linear, these lighting field images can be used to
correct the extended range image lex consisting of channels Reyx, Gext, and Beg.

The lighting corrected image l.oris derived as shown in Eqn 2 below.

Egnh 2
Lmax = max( mean(Rex), mean(Gey), mean(Bex))
leor = (lext - lgrey) * Linax*(90-18)/90 ! (lwhite - Igrey) + Lmax"18/90

20 where Lyaxis the scalar maximum of the means of the channel images.
Colour Calibration
Because the CCD sensors in colour cameras can have different
sensitivities and because the spectral characteristics of the light source can

vary with time, the lighting corrected image, lcor is specific to the hardware set-



26 of the average absolute difference within the stone mask (but excl uding
the glint masks) of the two co-registered views for the red, green and bl ue
bands of the sRGB images. If a flash regi on changes col our between the two
views, then the 5"difference"” score will detect it. Larger col our changes

will give a higher "difference" score, as will larger areas of col our
change. If a specific flash region noves position but not colour, then the
"di fference" score will also detect this.<2%he score can be scaled to have a

range of 0 to 1 by dividing by the "difference" score of the marker stone
with the greatest "play of colour”. 10 Alternatively, the score can be

scaled fromO t ] CRY : i.pdi i I | of

col our and scor@sé@ﬁ%ggbétrgtu%b(ﬁ)}] c|ﬁﬁei c@??ﬂggnag% Jﬂ%{ i‘%""é‘? grégol'éo[%ﬁi‘ﬁe rﬁﬁ/ﬁ

CALI BRATI ON Extcﬁrmdl@dr.Exmﬁué@sb'i’éb@véﬁﬁﬂggﬂ%%ﬁge&fa@@abé-i p@h&eﬁ:}, very wide
dynam c range, fromvery dark areas of body tone to flas egions that are
typi cal | y or derabsofutemgasuradé colougistealied dhiosr datibggionf bri ght ness exceeds
the dynam c range that a standard canera can capture in a single imge. To
capture the fullfevegrgeeeifichiGR e devisedndependadd(YiZn opal s wi t hout | osing

i nformation 5due to ?ver-ﬁgg under - exposure, 20 a pair of imges is captured
at different’® exposuleOfehEsconyRE opbdRMicesraTc REE Valups e Heviggmani ¢ range

range of 0 to. T0SHER 0 aNs 86 i BRAE calfifud IETaBb M deures
Symanms Toneo! TTESHURAD A MAORSTNI, D 51 My B RE Ry IBR
range of 0 to xblyub@Aeckepbarli such GsiaSiiondd! ENIHetEesa HHidHOhds Sdvaga>= thr
colour swatches of known device-independent XYZ values. By capturing an
10 image of this card and extracting the mean RGB values for each colour swatch,
the transformation matrix, RGB2XYZ, can be determined by linear regression
between the measured RGB values and the supplied XYZ values. Thus the
RGB values in the .o image can be converted to XYZ values in the Ixyzimage
using this matrix.
15 Device-independent XYZ to gamma’d device-independent sRGB
Although the device-independent XYZ measure of colour is an
internationaily recognised standard for colour representation, it is linear (unlike
the human visual system} and not easily understood by non-experts, so it has
been converted to a standard RGB representation, called sRGB. The D65
20 illuminant of this standard is designed to match noon daylight which is typical of
home and office viewing conditions. The non-linear transfer function (gamma
curve) closely matches that of the human visual system. If sSRGB images of
opals are viewed on sRGB calibrated monitors, they will closely match the
actual opal appearance if viewed under natural daylight (D65 lighting
25  conditions). So the Ixyzimage is converted to the sRGB calibrated image, lsras,

using the standard transformation matrix, XYZ2sRGB, shown in Eqn 3 below.

Eagn 3



where thr is 900 and the exposure.scaling is given by the ratio of the
nmeans of !beg / Ishartfor a standard Kodak Wite card. An exanple is
provided in Fig. 7 of herein incorporated International Patent Application
No. PCT/ AU2008/ 000459, where there is shown, at left, "long 5 wth a

hori zontal transect taken through the centre of t he i mage show ng
saturation of the brightest regions of flaég .e. clipping of the G & Rat
1023) arid, at right, 1,4 with the horizonfal transect show ng that the
ext ended dynam c range renoves the saturation of the flash. Lighting
Correction 10Wth a single light source, the lighting is often not uniform
across the field of view of the camexa. It wiyl tendzto be brighter in the
centre of the lighting field. To correct for these lighting
non-uniformities, tw |ighting fRe}.B40470ds53N60 aE4e8333d, | nite and [grey,
of standard KodaWARRGBzard and Kodak G ey card respectively. The Kodak
Wite card has 90%reflectance aer®9§92%f W37%599Re0.04156ect rum and t he Kodak
G ey card has 18%refl ectance. g‘@%ﬁ%t e CCD sensors in the canera are
linear, these lighting field i mﬁ% 858-2048%3 t'00%Y ect t he ext ended
range i mage | ext consisting of channels Rext, Gext, and B. The lighting
corrected inmage |1",-is derived as shown in Eqn 2 bel ow Eqn 2 Lmax . =max(

nean( Rext), Meaideainald sHEANGRHL Iledh Lock-Op Tabjdi SXciaihe X (90-18)/ 90 /

@wite - | grey) +1-nmax*18/90 20 where Lax e scal ar maxi mum of the

neans of the channel The8BES stéidaryis d@lidritioabi @8play of imBREeMIFBe CCD
sensors in colour caneras can have different sensitivities and because the

spectral char actefcing objecit suhie ak itlphbodyoone ef tharopadBecwisditHd feh is he
lighting corrected inmage, leaf is specific to the hardware set- 28 up of
t he appar at us. ISHe‘Ei{|WerPﬂ%h06§r on Hﬂeuieteaﬁaﬂéms@su@@@wrﬁlﬂe opell hrcewdeneasur e

RO o M ALY R R R TES S
ROB to device-i pdaRefdent 30 of both the body tone and the flash. For this reason, a
Lock-Up Table (LUT) has been used to compress the dynamic range of the
flash so that a realistic view of the body tone can co-exist with an approximate
10  representation of the flash. This LUT is designed to be linear in the brightness
range of the body tone, 0-Bflash (where Bflash ~700) and to compress flash
brightness >Bflash as shown in Fig. 8 of herein incorporated International
Patent Application No. PCT/AU2008/000459. Applying this LUT to IsRGB
gives the image lsrepiu, @s shown in Fig. 9 of herein incorporated International
15 Patent Application No. PCT/AU2008/000459, where there is shown, at left,
Isrep indicating the true colour of the bright flashes but the body tone is
relatively dark and, at right, Isreaiut giving a true representation of body tone
colour but the bright orange flash regions appear more yellow because of
saturation.
20  Colour transformation from sRGB to sHSB
The RGB representation of colour is commonly used in image capture
and display devices, but it is not designed for describing human perceptions of

colour. For this, transformation to an alternative representation of colour called



5In order to convert from device-specific RG values to device- independent
XYZ val ues as defined by the CIE (Comm ssion Internationale de |'Eclairage,
or International Comm ssion on Illumnation), we need a calibrated col our
checker card such as a Munsell or Macbeth card which has several col our
swat ches of known devi ce-i ndependent XYZ val ues. By capturing an 10 i nage
of this card and extracting the nean ROB vgbues for each col our swatch, the
transformation matrix, RGB2XYZ, can be det®rm ned by |inear regression

bet ween the neasured RGB val ues and the supplied XYZ values. Thus the ROB
values in the Icor inmge can be converted to XYZ values in the | xyz inmage
using this matrinsB ldr i€ eeduivde PEBHendX Ydr HGe aalRti6h BaY Brighinede passient
sRGB Al t hough the devi ce-i ndependent XYZ measure of colour is an

i nt ernati onal | y kneawogsi\&auk)sHae taa theloureatitioaiwavapngtb efitablioun and s giseh i near
(unl'ike the human visual system) and not easily understood by non-experts,
so it has been cBrafeiidieibelyegnrandiRi]. ReBirakigtisseneasureof theapurdo6RGB. The

o e A Sk T R Rl "
et on (9o B SR AR Bl TR

| | tch t i 24 i ; hght
cl osely matc hﬁw@??Hé'Br@l)@l%%g%Rﬂﬁgeﬂﬁ)?ia'n{ea‘éh?é’ﬁ%é‘ﬂﬂ&ﬁsﬁ??é%@édﬂgygg&

(D65 lighting 25conditions). t Z inmage i s conver to t

cal i brat ed i mageprightd3¢ soloursiil hatd @ 08Yanidhtribst I Rarsfearamingoral e ¢fi X,
XYZ2sREB, shown in Eqn 3 below. Egn 3 29 XYZ2sRE = X R 3. 240479

-1.537150 - 0. 4985®Htr@ss0the panseolaurs? seesashadaditsal Bith beskolaghe ezenodd
1.057311 exposure images provided herein, the brightest colour Bmax (100%) has been
10  scaled to 3000.

Because HSB is a simple transformation of the RGB values in an image,
it is defined relative to the standards of the RGB values. Transforming sRGB
values will give standardised “sHSB" values, relative ta the D65 white point.
Applying the RGB2HSB transformation (defined in Eqn 4 below) to the lsras

15 image, gives the image lsyss.
Ean 4
H= 0 if max = min
60° x (g-b)/(max-min) + 0° fmax=r&g>=>b
60° x (g-b)/{max-min} + 360° ifmax=r&g<b
60° x (b-r)/(max-min) + 120° fmax=g
60° x (r-g)/(max-min) + 240° ifmax=>b

S= 0 if max=0
1 —min/ max otherwise
B= max*Bmax

wherer, g, b are the R, G, and B values, respectively, of a pixel scaled
to the range from 0 — 1; max is the maximum of r, g, and b, and min is the

minimum.



Gamma' d sRGB to non-linear Look-Up Table'd sRGBlut The sRGB standard is
desi gned for display of inmages of diffuse reflecting objects such as the
body tone of the opal. Because the flash is 5specular reflection fromthe
internal crystal structure of the opal, it can be orders of nagnitude
brighter. No single imge display will be able to accurately represent the
col our of both the body tone and the flash. For this reason, a Look-Up
Tabl e (LUT) has been used to conpress theSaynanic range of the flash so
that a realistic view of the body tone can co-exist with an approxi nate
10representation of the flash. This LUT is designed to be linear in the

bri ght ness 1 anafABEIARADYSISIBYSEGMEN PATIONSND IHSTOBRARO) and o

conpress flash brightness >Bfl ash as shown In Fig erein incorporated
I nternational AMEASURBENEN®ti on No. PCT/ AU2008/ 000459 Applying this LUT
to ISRGB gives the image IsRcsrut. as shown in Fig. 9 of herein

i ncorporated Inter na'ta\/majdcﬂw‘s chétiretet! allgipé incagdsarapiioed RANEAUZD08 MOOASI,
where there is shown, at left, IsRcs indicati n? the true colour of the
bright flashes 6519!885 ﬁé% Wswﬁ@qe@tn‘ryéheppv@n@ gasikimase, coa\italwngwp,eclﬁe RGBi ut

giving a tr rese n_of bo one c but th t orange
flash regi o 5'88?0 e%e?‘i'q;\ﬁ‘ tg%zf 'tﬁ]‘rs A PTS '%68 our
transformati on HO8liiB to sHSB The RGB representation of colour is

comonl y used |%ﬂerg| mage capture and di splay devices, but it is not designed

for describing dagentagbaepti ons of col our. For t hi s, transformation to an
alternative representation of colour called 30 HSB (or HSV) is required.
El SA stands f orSttbe segatutativh trbawhdit Biagght ness (al so known as Val ue). Hue
is a nmeasure of the wavelength of a colour and is given as an angl e between
0 and 3600. Satur at |hmnrcie§ttarewgemeeamuntwét:wrtak@n @fca@mreme ol anmount

of white added. ur ol our OfV saturatiq
‘ﬂ) lmaggs wﬁh(%orward hgﬂtmg, itis use%u ocatet ereglon of interest, RO,

within the image that contains the opal. This is most easily derived from a back
lit image rather than a forward lit image because the back litimage has greater
contrast between the background and the stone. Therefore the first image to be
captured is a back lit view with the stage tilt angle at 90°. This is easily

15  segmented by simple thresholding of the average brightness of the three
channels as shown in Fig. 10 of herein incorporated infernational Patent
Application No. PCT/AU2008/000459. The ROI so derived can be used to
restrict the area of the image to be captured and processed for all the forward
lit images. This can greatly reduce the time to measure each opal.

20 In the case of translucent, crystal opals, an additional threshold is used
to locate any opaque veins of potch running through the crystal. A mask of
these opaque regions is required later when determining the body tone of the
stone.

Stone segmentation of forward lif images

25 Unlike the back lit image, segmenting the forward lit images is a much

more challenging task for several reasons. The opal can be both brighter than

the background (in the case of white opals) and darker than the background (in



S5For decreasing values of saturation, the pure colour is increasingly
diluted with white. The Brightness (or Value) is a neasure of the intensity
of the colour. The brightest colour will have 100% bri ght ness. For
decreasi ng val ues of bri ghtness, the pure colour is increasingly diluted
with black. In the extended exposure images provided herein, the brightest
col our Bmax (100% has been 1l0scaled to 3092. Because HSB is a
sinple transformation of the RG values invan inage, it is defined relative
to the standards of the RGB values. Transform ng eRGB values will give
standardi sed "sHSB" val ues, relative to the 1D65 white point. Applying the

RGB2HSB t r ansf orthaichedol sl cﬁb%ﬂb)l Rlsgodi'eﬁ’enBﬁ‘JgQWthé%n?ié%f%ﬁ@tﬁe%tﬂ%%eme9' ves

the image IsHss. Eon 4 H=0if max = mn 600 X (max-m n)
r & g >= b 600 mr(g@ttmﬁémﬁﬁherhamkgmaﬁﬁwanés mmeﬁswf&rgnébrl;ﬁ%ltex(when viewed

(b- r)/(nax mn) + 1200 if max = g 600 x (r-g)/(max-mn)+ 240 if max = b S
=0i f max = 0 1 -fram Hre teakistnearlyidiaskginthe sideranvieme Se a simple thrasteld bRt G
DRI N N T R A C T
BY SEGMENTATIZON éﬂé@ &H%Tmawgt%%%lﬁeasures of the uniformity of colour and

brightness of the background cannot be used to segment the opal.

The segmentation is performed on the LUT-compressed lsreaiut image

(see Fig. 11 of herein incorperated International Patent Application No.

PCT/AU2008/000459) since it gives more weight to the part of the dynamic

10 range containing the transition between background and stone. The
segmentation algorithm is a sequence of operations, roughly as follows:
transform the image into a form that enhances non-uniformities such as the
edges of the opal, colour texture and the edges of flash (the transform used is
the maximum of the local pixel-wise variance of the R, G and B channels);

15 threshold this image to get seeds within the opal (high variance); generate
background seeds that are an empirically determined distance from the opal
seeds; and find the watershed boundary between the two sets of seeds in the
gradient of the variance image.

Glint segmentation of forward lit images

20 Having defined the mask of the opal, the portion of the opal containing
glint needs to be excluded. This is easily segmented by using the fact that glint
is both bright (high Brightness or Value) and white (low Saturation). It is
simplest to take the logical AND of the results of thresholding S<Sgfint (40%)
and B>Bglint (1200) of the lsuss image (see Fig. 12 of herein incorporated

25 International Patent Application No. PCT/AU2008/000459).

Body tone segmentation of forward it images



Havi ng col our calibrated all the inmges captured at the nultiple view ng
angles, it is necessary to identify the portion of each inmge containing
specific 5regions of interest, such as the stone or glint. This process is
cal l ed segnentation. Segnentation Stone segnentation in back lit inmages In
order to reduce the anount of tine taken to capture the nultiple 10i mages
with forward lighting, it is useful to |locate the region of interest, RO,
within the image that contains the opal. PRis i s nost easily derived froma
back lit imge rather than a forward lit inage because the back [it inmge
has greater contrast between the background and the stone. Therefore the
first image to be captddseshd a ! i itk & i b gl e at
00. This is easily 15 segﬁérf%%vgyﬁ?i%%kedft@edg&?gﬁ ér‘%‘e %%rﬁ%ﬁgbgvnieyr@%e
bri ghtness of tdpal hiss beerchietomshsd B9 exbloging ithe §iin® rediOnLand) @F BlecdsBGRr por at ed
I nt ernati onal Patent F&Dpl i cation No. PCT/ AU2008/000459. The RO so derived
can be used to dggelrdnets, biiexduding die inkenalmpgque cedienssiptainede aibinpriressed
lit imges. This can greatly reduce the tine to neasure

f Il the f
eg(r:haopaf . ezom\'\\"ﬁ{m@%&%@um entoh aukadyttong plibe srvsbplalNew the regiens wWaishl
threshol d i | acat i f pat i hrough th
crystar. A meonof re8EBhE s B ERot et pafite P Colap e det 87 i ni ng
ysie ! fren:

25Nt ke he. badft T b Ean B AEeRRATSNNE R iy hEY YR L oo B8 e .

more chal | engi nghdyaske FedfiorBaMR baIthdRABIUIS thelMBHABMurtRINoiR Sinklkdl Wbraght er
than the background (in the case of white opals) and darker than the

background (i n wiZetitie notdsiblefirdmh &ek viepddgang & Besedegiensliviidbothetdzekangl e
of tilt of the stage, the brightness of the background varies in intensity
from near |y whiRat ¢ithe stonee kistvenebitis sinnle gpfinitometbady thnacdaiqn is note
o1 e on V1o i S R R0 RS P AP R RS
which causes flash) or boulder (the rock in which the opal is embedded)
present in the face, then the darkest part of the stone may well belong to these
“non-cpal” regions rather than to the body tone of the opal present in the face.
To distinguish between opal and “non-opal” regions of the stone, use is
15 made of the fact that "non-opal” regions remain the same when viewed from
different angles. Geometric distortion of the stone will be present if a
comparison is made of images from a stage tilt angle other than 90°. This
means that a comparison must be made of images taken at different stage
rotation angles (or different lighting angles) for a 90° stage tilt angle. Images
20 taken at different stage rotation angles must be rotated back in software in
order to align them before they can be compared. This step is not necessary if
different lighting angles are used. If different lighting angles are used, then
each separate light source must have its own set of colour calibration files. The

Ill

“non-opal” regions are those which do not change their appearance in these

25  multiple view images.



5 edge of the opal nean that sinple neasures of the uniformty of col our
and brightness of the background cannot be used to segnent the opal.

The segnmentation is perforned on the LUT-conpressed |seosiut image (see
Fig. 11 of herein incorporated International Patent Application No.

PCT/ AU2008/ 000459) since it gives nore weight to the part of the dynamc 10
range containing the transition between bagkground and stone. The
segnentation algorithmis a sequence of op ﬁations, roughly as foll ows:
transformthe image into a formthat enhances non-uniformties such as the
edges of the opal, colour texture and the edges of flash (the transform

used i s the maxipadn gfstbﬁ@nl\mlsummgﬂ\fw se variance of the R G and B
channel s); 15threshold this inmage to get seeds within the opal (high

vari ance); generate hatkgbodindne et it hriv-ange aniependdrt ctak fysidet &1 opaled

di stance fromthe opal seeds; and find the watershed boundary between the
two sets of seedbanges fiemgeaadviemingpanglddn ke hadverd seigw. ofthe apparatyiseiit at i on
of forward it images 20Hayi ng defined the mask of the opal, the portion of
t he opal contai meﬁ%e&nieﬁ%a ggthale pameling rereignoraf 10° i Nesessa)Y Bdipint ed by

wni te (1ow St uraeyeRphd i asgidameld Hes ke Fruc R0 Shar iy SnESS
results of Lhreshokabiif STPddils oEUEInARY PoRel i rli R oielig | Shi ss

i mage (see Fig. cor pora nt er nat i onal” Pat ent

Appl i cation No. diglek/dhlid0 8R4 BAYhnBOL¥ndRARIEE BTEIH A THisChalléHovy & |1

i mges 33 As described above, the mask or RO of the inage containing only
t he opal has beancaeireand reeh byrexetaudbplgy rhe waly whichr egiveps aaadtmarp of he
case of crystal opals, by excluding the internal opaque regions since these
will interfere We$e FRasYeRSOSerrent of the body tone of the crystal. Now

L 1 o900 L ol B Y Ak et L0, e determned before the
o el L0 ! aeeiro g HEG AU R SR 60, I REE R L
view ng angle. ThHR&ErduAHIRA0YIM rebiohs. Nbatteapkest been made to exclude “non-opal”
regions or bady tone regions because these are only established at one tilt
angle. A summary of the stone colour characteristics is created by taking a
15  histogram of sHSB values present within the mask. Each histogramis a 3D
array of the counts of pixels falling within bins of Hue, Saturation and
Brightness value. There are 30 Hue bins linearly spaced in the range of 0 to
360°. Saturation has 10 bins between 0 and 100%. Brightness has 30 bins
piece-wise linearly spaced to give 10 bins in the range containing body tone (0-
20  Bflash) and 30 bins in the range containing flash (Bffash - Bmax).
if the pixel count in each bin is divided by the number of pixels in the
stone (including glint regions), then the bin value gives the proportion of the
stone having the HSB values of that bin.
This is a very compact summary of the colour information. For example,
25  the opal image may be 800x800 pixels. This requires 640,000 HSB values to
store and display the colour information. By discarding the spatial context, the

3D histogram requires only 9,000 bins (30 H bins x 10 S bins x 30 B bins) to



part of the stone. However, this sinple definition of body tone region is
not 10valid in all cases. lithe stone has either potch (opal w thout the
crystal structure which causes flash) or boulder (the rock in which the
opal is enbedded) present in the face, then the darkest part of the stone
may well belong to these "non-opal"” regions rather than to the body tone of
the opal present in the face. To distinguish between opal and "non-opal"
regions of the stone, use is 15 made of tﬁg fact that "non-opal" regions
remai n the same when viewed fromdifferent angles. Geonetric distortion of
the stone will be present if a conparison is made of inmages froma stage

tilt angle ot heftolchai iM8rmdtiinS AlBARScAURB s SAEPEEHIS haBlbdlen R AR, Of
i mges taken at different stage rotation angles (or different li1ghting

angl es) for a Ystegeyes frorhimuiige elewsregas: Afdctiak got the Mefdgerpoporibager
rotation angles nust be rotated back in software in order to align them
before they canhBstwsipaingdspeTiic ISR egues not necessary if different

lighting angles are ed. If different lighting angles are used, then each
separate |ight sour Cééjﬁ ROSthenwos tF‘? §'X§IAPP‘§'8€OQW e3)d)f 6aeh salpHplsaxPared Intes.

The ''non-opal " _ reg ho, ich do not an hei r appearance in
t hese 25mul ![%? pl %ﬁ%gembgsfhe %ﬁowg]él?r Weso[r%%qng Vﬁg)iéhrcé’l?é‘ﬁsf fites), 3 Unl i ke
body tone which i | £, ] j nges
From each vi e T e o e oL s Y s BRI
been est abl i sheghdlfiatheeRB@bidadof HiREIUDNAYoTAach @BIoLS, IO BERSRRMYad 1 both
Srotation and tilt angles to ensure that no flash regions are mssed. This
requi res the captroestagedf thedbdipbareaof ttedd&o4dl aad e daiadaverchtdpecifiobin isange of

viewi ng angles and full range of brightness encountered in opals. This is
chal | engi ng to fRi@dated agd derated indiereseeetyedinspl ay in a way which conveys a

f ts...10 3D, hi st f_ st HS I
For cach i e, a ot DI RER VAR SiBBE AN AT FPRAeRIPGHD % e eLer FheD
back d and ' ' _ Ny de_t .
" ﬁgn%ggp" ?ggi @Efgﬁharrﬁ,g%g;ﬁ 5‘0@&%&%@@ ecétﬁggﬁ{ah@gﬁ%r%tgﬁféﬁ@g?%%q i shed
at one tilt anghg. PATAUDTREI00H5H) NS NnEdiRdEiN 8L ForktAh ASSIERhE bb&ptdne Created

by taking a

redians of the stone. These can be separated out by using the knowledge that
flash is both bright B>Bflash (700) and quite highly saturated S>Sflash (50%).

15 (Note that these flash Brightness and Saturation thresholds may be lowered if
the Saturation values of the body tone and "non-opal” regions are known). The
result is a 3D histogram of flash HSB values.
Summary histograms of flash H & B and H & S values

The 3D flash histogram can be stored but it is difficult to display for easy

20  human interpretation. Consequently, all the Saturation bins are first combined
and a 2D summary histogram of Hue and Brightness values is created (a
“Summary H&B Histogram”). Also, all the Brightness bins are combined and a
2D summary histogram of Hue and Saturation values is created (a “Summary
H&S Histogram”).

25 Summary H&B Histograms and H&S Histograms for two opals, “Golden
Grace" and "Flatspot”, are shown in Fig. 13 of herein incorporated International

Patent Application No. PCT/AU2008/000459.



15 hi stogram of sHSB val ues present within the mask. Each histogramis a 3D
array of the counts of pixels falling within bins of Hue, Saturation and
Bri ght ness value. There are 30 Hue bins linearly spaced in the range of 0
to 360. Saturation has 10 bins between 0 and 100% Brightness has 30 bins
pi ece-w se linearly spaced to give 10 bins in the range containing body
tone (0- 20Bflash) and 30 bins in the rangg containing flash (B flash -
Brmax) . lithe pixel count in each bin ?s di vi ded by the nunber of

pi xels in the stone (including glint regions), then the bin value gives the
proportion of the stone having the HSB values of that bin. This is a very
conpact summary of t e ¢EBPHIstdgrERIISE bohterb@tecaafnbes: Re ishgotepbn tHeage
may be 800x800 pixels. This requires 640,000 HSB val ues to store and

di spl ay t he col ouaxi$;iifi®heghi afreacBynisiograsrisr igtheteses patpogloncdiaixiye;t he 3D
hi stogramrequires only 9,000 bins (30 Hbins x 10 S bins x 30 B bi nsc)nc to

35 store this i riBmhaasoper, aagetionsefdrighinepeamyiaddr dispirydle PRRROTHRIE:

di ded, hi st from.muj tiple vi ded t th

bt opor 1 ons. ot (e S OTAING toghB yBests HhaEin e b Tt R Sl S B e
i xel t . X ' do i pt . Rj.ns.
Phe 0, 600 bi 1o drus HtParlfiee B uRrdspa ESRIISHE LB 1 pBaRF o e B0E, D

10 saturation | eyghis.of £8Eh hilRglah bakS tAE 8 Rbpdrtias Bf PraFRBL witfin @88k Bar, The
rel ative area, or pixel count “of each colour, iIs presented as a percentage

of the total aregaghtidreefeparatandre becdiftt dislay treaebpsiiens bf thelirea i s

cal cul ated and reported in the respective bin. 10The sunmary 3D stone

hi st ogram (al so baérgingtd the vadous Sauedtionbirfsfbt thaDHkepsholgrthagthese Fig. 15 of
herein incorporated | nternational Patent Application No. PCT/ AU2008/ 000459)
contains bin coutfedase HBNAt 43 REXMaHYE B%Wsﬁgﬁg’ fleg? BRLdery (G YRIY & one.
These can be epara‘I ?d out b% usi ng the knowl edge that flash is both bright
B>Bf | ash (70 a‘fﬁ%u&d?? germna ﬂ'f saturated S>Stlash (509 . 15 (Note that

these flash Bright neq@%gq\g%%kmﬁytgﬁhdé 5{!@,%@ ﬁ&ﬁrﬁiﬁtq@%rﬁ@}’fﬂhéd if the

Saturation values of t to non- opal " regions are known). The
result is a 3D hiptaasaened Fid. ashthdSRmalimesea Propoation &fi séisgeaioe iaf flash H

& B and H & S values The 3D flash histogram can be stored but it is
difficult to di sthagerf Gracehmyonly about twice that of "Flatspot’. However, when the
images taken at 80 degree tilt angle are examined, it is obvious where the
15  “Flatspot” stone gets its name. There is a flat spot in its flash when viewed from
above. This information is not at all evident in the Summary Histogram. For this
reason, 9 additional H&B Histograms were produced to summarise this
directional information.
Directional histograms of flash H & B values
20 The Directional H&B Histograms for “Golden Grace" and “Flatspot” are
shown in Fig. 14 of herein incorporated International Patent Application No.
PCT/AU2008/000459. Table 1 below defines the range of viewing angles that
have been combined for each of the histograms.
The directional histogram for “Flatspot” clearly shows that there is very
25 little flash when viewed from above but it flashes green strongly from the Top

Left (TL) direction. By contrast, the directional histogram for “Golden Grace”

shows that it displays the largest area of flash and is also most colourful



20human interpretation. Consequently, all the Saturation bins are first
conbi ned and a 2D sunmmary hi stogram of Hue and Brightness values is created
(a "Sumary H&B Hi stogram'). Also, all the Brightness bins are conbi ned and
a 2D summary hi stogram of Hue and Saturation values is created (a "Summary
H&S Hi stogram'). 25Summary H&B Hi st ograns and H&S Hi stograns for two opals,
"CGol den Grace" and "Flatspot", are shown in Fig. 13 of herein incorporated
| nt ernati onal Patent Application No. PCT/ A420081000459. 36 The H& 3
Histogramis to be interpreted as follows: Hue is plotted on the x-axis;

t he hei ght of each histogrambar is the area proportion of that Hue; within

each bar, gradagieRgqefariel Oﬁaﬁﬁg'% Q4 5BhEYL L ReTRE rtions of
the area bel ong(lffng ft% t%@e\’/géll&)ous |§rﬁm§éshs{“%l~%%ﬁ§or %_atTﬁiﬁgﬁ)r%gﬁ ql arly,
the SHES Hi st oginimnatior Gillis inPloRRI fBF BG,chs wheh cAYSind i obsl B Blsklfigon the
x-axi s; the height of each histogrambar is the area proportion of "t hat
Hue; within eacwhishihas gpedfd dicetsiondlity ednitatritorsuah s useshdiat ¢k lapbey, t he
proportions of the area belonging to the various Saturation bins for that
Hue. Note that fEHydhayr Baatingrhicl eambor eagilyi igwadfierh veartyeticestiens.| ash does
not tend to Esigary in 10 saturation very much. Note that according to the
Summary H&B ‘Hi st ogr in the aforenentioned Fig. 13, the maxinum area
roportion of a single Hue in "Go ace" is only about tw ce that of
15 i Riigan /

"Fl at spot". However Q%gn;g_hp i en at 80 degree tilt anglefare
exam ned, it is obVigus g\g@.ﬁ 2. E v -t Swhane| There
is aflat spot in itE?lfPas]. %Eél?‘gl gﬁegﬁgwoﬁ\%{@wﬂ:%i%%sﬁg)Mm IS not
at all evident in thR SysmehYight St Ofanne) ROt ottisSs Rass=g25a¢di ti pnal HEB
Hi st ograns were prqgduced—to agunu ?g% thi)sogji rect?ﬂuﬁgf&i n?dr?gti on
Directional histogr|la@®-oéntfé Agitt H| &B=86H) 8agro2di7er) B Fareti pmat)) | - 1813
H stograns for "Col[den G ace" and| " Flratspot are

TR - top right (filt<=60°) & ((rot>112.5°) & (rot<=157.5°))

TC - top centre (filt<=60°) & ((rot>157.5°) & (rot<=202.5°))

TL - top left (filt<=60°) & ((rot>202.5% & (rot<=247.5°))

CL - centre left (tilt<=60°) & ((rot>247.5°%) & (rot<=292.5°)

BL - bottom left (filt<=60°) & ((rot>292.5°) & (rot<=337.5°))

Table 1 — Definition of viewing angle ranges for directional histograms where filt
is the stage tilt angle and rotis the stage rotation angle.
The software controlled, image calibration and image analysis method
described above is summarised in Figs. 15a to 15¢ of herein incorporated
10 International Patent Application No. PCT/AU2008/000459. The image
calibration invalves the steps of (i) subjecting an opal to extended exposure, (i)
lighting correction, (iii) colour calibfation and (iv) colour transformation from
sRGB to sHSB. The image analysis involves then subjecting a so calibrated
image to (v) segmentation and (vi) histogram measurement, in order to provide
15 an objective assessment of the flash characteristic of the opal. The image

analysis may be extended to include body tone measurement.



shown in Fig. 14 of herein incorporated International Patent Application
No. PCT/ AU2008/000459. Table 1 bel ow defines the range of view ng angl es

t hat have been conbi ned for each of the histograns. The directional

hi stogram for "Flatspot” clearly shows that there is very 25 little flash
when viewed from above but it flashes green strongly fromthe -Top Left
(TL) direction. By contrast, the directio hi st ogram for " Gol den G ace"
shows that it displays the |argest area of“flash and is al so nost col ourful
37 (flashing orange, yellow and green) when viewed from above. This
directional information will be inportant for buyers when choosi ng an opal

for a setting WBoely tbae nsRtirdmendi rectionality constraints, such as a
pendant or brooch, rather than for a ring which can be easily viewed from

many directions. 5 Abmréer@olmetasﬁﬂ@ b&LY tonbod D histagearhiting for tHefab @4r)geSof
((rot>337 5) il (rotc ----- 5)) BR - bottomright (tilt<=60) & ((rot>22.5)
& (rot<=67.5)) &re. Sgkiatios aﬁd tohtifess ¥abep wgzh(r(a slone Wesy createbinamapng) ) TR
- top right (til tséeggr?be% e(agher in %Zspg |ﬂcat$on A mea'-od f%)? finding the body tone
5 regionin animage, as also described eatlier in the specification, involved
finding the viewing angle at which body tone was most readily visible. This was
a rotation angle displaying minimum flash at 80° stage tilt. Bright flash regions
were then excluded, and two regions were classified as body tone and dull
flash. The software then calculated the mean or average sRGB values within
10  the darkest 20% of the bodytone region, before converting to HSB values and
assigning to one of the 3D histogram bins. The H, S and B value of the body
tone can then be reported.
“Play of colour” measurement
“Play of colour” occurs if flash of a specific colour changes position, or if
15  a specific region changes colour, as the viewing angle is changed. Flash
histograms will not necessarily detect this as they do not take into account the
spatial location of the flash. The software compares images taken at two
lighting angles for a series of rotation and tilt angles. A method for measuring
“play of colour” was described earlier in the specification. “Play of colour” score
20 s the average absolute difference of the two views {excluding glint masks).
Scaled from 0 to 100, scores close to 0 indicate little play of colour and scores

close to 100 indicate much play of colour.

Industry survey
25 In order to ensure that the results of this apparatus surpassed and were
repeatable and consistent with human observers, an extensive industry survey

was carried out during the development and testing of the apparatus, which



TC - top centre (tilt<=60) & ((rot>157.5) & (rotc=202.5)) TL - top left
(tilt<=60) & ((rot>202.5) & (rot<=247.5)) CL - centre left (tilt<=60) &
((rot>247.5) & (rot<=292.5)) BL - bottomleft (tilt<=60) & ((roi5 292.5) &
(rota--337.5)) Table 1- Definition of view ng angle ranges for directional
hi stogranms where tilt is the stage tilt angle and rot is the stage rotation
angle. The software controlled, inmge calibration and | mage anal ysi s net hod
descri bed above is summarised in Figs. 158% 0 15c of herein i ncor por at ed
10l nternati onal Patent Application No. PCT/ AU20081000459. The i nmage
calibration involves the steps of (i) subjecting an opal to extended

exposure, (1) li@edeqafictlibgfontinhbderkehPia %&ér@hé&& 802 3ty v) col our

transformation froms to shISB. T mage anal ysis 1nvo

subj ecting a soeradririet witledumoRgee irdublyy exRIBAGS of b st 1200 yadrd. Thet ogram
measurenent, in order to provide 15 an objective assessnent of the flash

charact eri sti c Rerticipantepare asied 4 saiigs oiinaéstvins refalind® @d esstadnteat,i ncl ude
body tone meas u(_gveaﬂ%%h, grggi ngB %% \}a&gteiorﬁx%%%g pgs?ﬁts were analysed and
5 incorporated into the design of the apparatus. Participants were also asked to
value a series of “marker opals” and other opals of interest that were selected
from all opal types and qualities within those types. The industry data was then
analysed and averaged, which has then enabled the inventors to construct a
series of software algorithms that enable the apparatus to produce results that

10 are consistent and repeatable with comparable grades and valuations.

These same opals were then scanned by the apparatus and the data
was computed from the respective opals and the averaged values for the same
opals were analysed and aligned to enable the averaged grade values for the
9,000 bins to be established.

15 In order to establish each opal’s "apparatus grade”, each opal's ‘colour
scores’ for each cell were multiplied by the respective “grade values® for each
corresponding cell, which represents the “apparatus grade” for each of the
9,000 colours (hues), brightness and saturation levels (cells). The individual cell
values were then added to give the opal’s “apparatus grade” which is unique.

20 An “apparatus grade” 3D array cube structure showing the unique
characteristics or attributes of a gemstone based on a score from the apparatus
(“GDA Score") and a score from the industry is shown in Fig. 7.

Valuation of a gemstone is based on a full 3D histogram, but this
information needs to be summarised for display purposes. Accordingly, all the

25 saturation bins are combined to create a 2D summary histogram of hue and

brightness values. This can be displayed as either a 3D plot (see Fig. 8) where

colours present are mapped, quantified and expressed as a percentage related



In order to nmeasure body tone, 3D histogrambins for the full range of Hue,’
Saturation and Brightness values within a stone were created in a nmanner as
described earlier in the specification. A method for finding the body tone
5region in an imge, as al so described earlier in the specification,

i nvolved finding the view ng angle at which body tone was nost readily
visible. This was a rotation angle displaying mninumflash at 800 stage
tilt. Bright flash regions were then exclu&@d, and two regi ons were
classified as body tone and dull flash. The software then cal cul ated the
mean or average sRGB values within 10 the darkest 20% of the bodytone

region, before agfivealdang tHedsthiR of ahusenaisle 38HbAR! 19 plo? (K68 o)t ige3D
hi stogram bins. The H, S and B val ue of the boglgl) tonepca% thelﬁ %)e reeported.

"Play of col our "latteras usefoiet disFhging dfrectwnality'effectsurs i f flash of a specific
col our changes position, or if 15a specific region changes colour, as the
viewing angl e i s charl§ensurE eoskistansy of reavlsdnd paniulatkydbe smagé yapteteect this
as they do not take into éccoun.t the spatial |ocation of the ash. The

fl
sof tware conpar eXOFGRSJESSaRYR e, {RARRAAE el cdibrind at rearipeintevals
tati detil; h f UL "pl f | "
Gescri bod a1 4 e QulRiatRR S ko oRRY § PterBrBihal Stk Op@hoi o ot he

average absolute difference of the two views (excluding glint masks).
Scaled fromO to 100, scores close to O indicate little play of col our and

scores cl ose to QéiGificatd eoAgheHaGtY! ay of colour. Industry survey 25In
order to ensure that the results of this apparatus surpassed and were

repeat abl e and consi $iserf the appanatrain theseanrer sesaibedxbensican réadtistar y
survey was carried out during the devel opnent and testing of the apparatus,

whi ch™ 39 i nvol Velftitigate eafmhgnwwwrr quttifieibedndivdval gammeiesicebnced opal
I ndustry peronngl eI | ML e SRS hERFRndl botithods S0P Vears.
saturation of all colours present, directionality and other characteristics. These
gemmological characteristics are presented in a readable histogram (see Fig.
9) along with the full report of each characteristic in a secure Certificate of
Authenticity document.
15 In summary, it may be appreciated from the above description of
preferred embodiments of the invention that:-

) High dynamic range imaging {exposure blending) is required to
cover the full range of brightnesses between different opals,

s  The different brightnesses of an opal can be objectively assessed

20 using a digital camera,

J Under controlled lighting conditions and using proper calibration
techniques, the range of colours can be objectively measured by
specifying the hue, saturation and brightness values of each colour,

e  As ameans of reducing the large amount of data contained in the

25 images, several binning and visualisation methods can be pursued,

° Body tone can be determined, and,



partici pants were asked a series of questions relating to opal assessnent,
eval uation, grading and valuation, and the results were anal ysed and

5i ncorporated into the design of the apparatus. Participants were al so
asked to value a series of "marker opals” and other opals of interest that
were selected fromall opal types and qualities within those types. The

i ndustry data was then anal ysed and averaggd, whi ch has then enabl ed the
inventors to construct a series of softwafd al gorithns that enable the
apparatus to produce results that 10 are consistent and repeatable with
conpar abl e grades and val uati ons. These sane opals were then scanned

by the apparatus and thendahgards c%ﬁlrﬂé%ﬁﬁ'erfds%ﬁ‘téQ@sés%sgf‘agﬁa\éﬁe e 2Nnd

t he averaged val ues for the sane opals were anal ysed ah 0 enabl e

the averaged grade val uakgéostonbs, ifc080g hiol?@arﬁ@ﬁékﬂsl@ﬁbﬁah& shigskalsl ligh or der
to establish each opal's "apparatus grade", each opal's 'colour scores' for

each cell were nultipli 88 d5ypthérdharespelsti ve "grade val ues" for each
correspondi ng cell, whi r represents the "apparatus grade" for each of the
9,000 col ours (hues), bl GaltHaka, spgmeniatiomand histagramsngaserensgnt tasks

i ndi vi dual g@ll val ues wer

t.hen added,t [ th |'s " t de"
whi ch is uni‘que. 20An " %Sgpgﬂfgn%pgg@.lys%ﬁé}g%ya@g pa%?%ﬁ&ggmrggat (hae
i h teristi i . f
the Jappar at te. (- coa Sl bRted PR e HTH P Ec Ry AN eRaliEE” 1 Bl
7. Valuation of a genst gperiinhd8sBHa IS fiwds tﬁQoBle%ﬁegro?glce Qherhi s

i nformati on needs to be summari sed for display purposes. cordingly, all

the 25 saturation bins Hgltingpstagaedd bthet cembenent2bf thermmagy capsir@gr am of hue

and brightness values. This can be displayed as either a 3D plot (see Fig.

8) where col ours presenéPparétusapped, quantified and expressed as a

per cent age {Oel at ed the ar ?a of th tone, or an even nore conpact 2D
F

40, t 0 the / & Ce
pl ot (see . 9). %\glll}bgta[p@@rqrg QReIBRNS $kdleddn diw A% theg vareuehpeiiaptiang
ef fects. I S| f results nd particularly the
i mage capture pm%gggs r s ﬁldt% gaf,ﬁ 8v_§§£§'?{ ﬁgd C?Wﬁ‘&h_%%?@bﬁﬁpéméﬁ’@ﬂp i _
cal ibrated at rogwbattdgRid@tNGmetHRlR dRsGHHANESe Wit BuPIQRSEMY £SmaRAT or M ng
to international standards.
scope of ambit of the invention.
For example, a useful image capture methodology is to secure the
15 gemstone on a stationary stage (so as to eliminate any potential movement
problems of the gemstone), and systematically move the at least one light
source and camera to enable image capture sequences to simulate the
required pitch, roll and yaw movements.
Furthermore, the apparatus may include a plurality of digital cameras
20 and positioned lights, and all of the cameras may take images of the gemstone

simultaneously, or in sequence, at predetermined angular increments during

rotation of the stage.



Certificate of Authenticity Use of the apparatus in the manner

descri bed above can result in a Certificate of Authenticity which
quantifies the individual gemmol ogi cal 10gharacteristics of each opal, such
as the col our, body tone, brightness and saturation of all colours present,
directionality and other characteristics. These gemol ogi cal
characteristics are presented in a readable histogram (see Fig. 9) along
with the full report of each characteristic in a secure Certificate of

Aut henticity Gb&lMEnt. 15In sumary, it may be appreciated fromthe above
description of preferred enbodinents of the invention that:- H gh dynamc
range i magi ng (exposure blending) is required to cover the full range of
bri ght nesses bet weAn appbfatue fdr agsassmnent, evaluation and geading b&gemistones,

bri ght nesses of an opal can be objectively assessed 20using a digital
camera, Underomprisingla stdgé iughniwiicica gemstersmaydeausiinpgrigdother stegeibiging i on
techni ques, the range of colours can be objectively neasured by specifying
the hue, sat uea@lp@wiq Ena hpesiga thatds imperyiessde lighk gt legsbane light souieans of

reduci ng the | arge anobunt of data contajned in. the 25i rages, K several
bi nni ng and vi%8d d igdbe DunBeiRdRdaRtpdlo Wﬁ%w‘£%ﬁ§9hf{‘%ﬁ8 teggemstone,

and eval uat e Aidengdreiibe e ePre e & erdroris Nl s o o
such as. of ObBSdMAB thORRident i, 2%l AR 10 HFATIHBHRRIR SaBbahe 9T am

measur enent t
the or each light source and adapted to take images of the gemstone based on

reflection and/or refraction of the incident light, and information processing
means for calibrating and analysing the images, wherein the information
processing means is programmed with instruction sets for assessing one or
more of colour, cut, clarity, scintillation, brilliance, lustre, dispersion and sheen,
and wherein the gemstone is supported upon the stage by securing means
engaging the gemstone at its bottom surface, and wherein colour assessment
of the gemstone is with an instruction set for colour calibrating the images and
then analysing the colour calibrated images by segmentation and histogram

measurement.

2. The apparatus of claim 1 wherein the securing means is a suction cup

for holding the gemstone tightly using suction from beneath the gemstone.

3. The apparatus of claim 1 wherein the stage is rotatable around 360° and

tiltable around 90° by movement of a goniometer.

4. The apparatus of claim 1 wherein the information processing means is
programmed with a further instruction set for controlling the camera to capture
a series of images at 10° angles for 0° to 360° of rotation and at 10° angles for

90° to 0° of tilt.



5involved in imge analysis are facilitated by one or nore conputers
operated by software derived from specialised mathematical al gorithmns.
Software also drives the operation of thegganmera, lighting, stage and ot her
conponents of the imge capture apparatus. 10It will be apparent to persons
skilled in the art that various nodifications may be nmade In details of

desi gn and construction of the apparatus, and in nethod steps of the

met hods descri bed above wi thout departing fromthe scope of anbit of the

i nvention. Fob. exanpeapparaigepiclaimdgearais thednstaidion sebigysaftvarg secure the

15 genstone o ' to elimnate any potenti al
novenment pr obEé@gW%ﬁg%éﬁ%%%ﬂ% %grﬁﬁg%sr'ystemati cally nove the at | east
one light source and canera to enabl e i mage capture sequences to sinulate

the required pit Ch?rhéf%]pha?éfgs %Wawq%@%ﬁgggﬂeméﬁ@kean bpsl, aRRarat us may

include a plurality o rgital canera positioned lights, and all of
the caneras miyagekelounegésatidn ameingayes aoalysisiisridriesnessisy yhe oharentesistioence,

at predetermn ngul ar .incre ts during rotation of the stage. 42
CLAI MB: 1. Aﬁ?g%%bg'&q EQdY “eaggggé’ﬁ@ t, evaluation and grading of
genst ones, conprising a stage upon which a genstone may be supported, the

i ant sour ce. Mocat PP B HE R Srey B BREA G4 deHTen G AR "

onto the gensifoenatidan®ctssing icainsNgchudthd ihetstags bhe stage so as to vary
the orientation of the genstone to the ingcident IighTI, a digital cggjera
|l ocated in the hou§fng GelPHEEHbrating aplusality of iprgesels g8 SRRt by

take i mages of the genstoy flection and/or refraction of the
incident light, and inf %?{r@ﬁ@%ﬁ%{%c%er{sdgl ng neans for calibrating and

anal ysi ng the i magés), waralgsingtihe colofiocatitrated iprages sy segmartation end
programed with instruc}_‘i@?n sets for assessing one or nore of colour, cut,
clarity, scintillation, "Ff9'RNAREBSUTE e, dispersion and sheen, and
wherein the genstone is supported upon the stage by securing nmeans engagi ng

the genstone gt it t i : Sﬁﬁ : he

genstone is wn%th a%‘ '%%@1@[?8? ?%%e%églen?@fth\gﬁ%sﬁ‘r&ga%tgﬁ%f%ng gsé]wgtasﬁ and

t hen anal ysi ngnhfbfgati rocessihg bfedinedincligestHeystspgoent at i on and hi st ogram

measurenent. 2. The apparatus of claim 1l wherein the seguri n rT@grgg is a
a

suction cup for hol@d ngCaparigg dstesies of digial maesswf thaoreoat 8P th the
genstone. 3. The appar i iyt he stage is rotatable
around 3600 and tiltabl gkﬁ%%&ggogb&ﬁ%@gﬁgﬂmbf a gonioneter. 4. The
appar atus of cl ai mld) wheagiuring lagdindfodigitdliimagps ot tresopa) atrdéifesentsexposgreanmed
with a further instruction set for controllin? tge canera ta aitﬁgﬁ
series of images at 100URI§IRLrPde gnirgageef sKeNGPd rAge SRRS'SIN9 6 aaes
for 90 to 00 of tilt. {3es,

(c) acquiring a pair of light field images of the opal to correct the
image of extended range and so provide a lighting corrected
image in the form of device-dependent RGB values,

(d)  converting the device-dependent RGB values of the lighting
corrected image to device-independent XYZ values using a
stored calibrated colour transformation matrix,

(e)  converting the device-independent XYZ values of the lighting
corrected image to sRGB values using a stored standard
transformation matrix, and so provide a colour calibrated image,

(f) compressing the device independent sRGB values of the colour

calibrated image to provide a compressed colour calibrated image



5. The apparatus of claim 1l wherein the instruction set is software
programmed into a personal conputer. 6. The apparatus of claim1 wherein the
genstone is an opal, and the inmage col ourygalibration and i mage analysis is
for assessing the characteristics of flash and body tone of the opal. 7.A
met hod for assessnment, evaluation and gradi ng of genstones with an

i nformati on processi ng neans, including the steps of:- (a) col our
calibrating a plurality of inmages of a gzemstone captured by a digital
canera, and (b) anal ysiuging Bstersddoek-vaitableaseas tordigpypedepnenodt ¢fdheand
hi st ogr am nmeasur enent . §$ met hod for assessnment of the flash
characteristics of an o % "W th an information processi ng neans, i ncluding

the steps of:- (a)(gaptuahsfgrmingehé esviet itiepenadent sRGBsvallied bethepmliowat a
plurality of view ng angles of rotation and tilt, (b) capturi nq a pair of
digital images of the opdlibraieddmpgecoirines poaiapdet odSBr@lYeoHY$'ae @an i mage
of extended range consi gt Bﬁﬁa ., (c) acquiring a pair of light
field i mges of the opa?tgtéggté%ﬁsffec t¥ eHﬁrﬁrg{ge of extended range and so
provide a |ighting(lgor r eetédg amagek corrédpontiorgniodhe dpal wighioheiperodéntr RGB

val ues, (d) converting the devi ce-dependent val ues of the |ighting
corrected i mage to devi EQ&%@%@@S@&%&@ %&%éghéri“ﬁ@”tgl% @@Sgal i brated
col our transformation ma§diin ("%@ioﬁQBY@ﬁﬁti ng the device-independent XYZ
val ues of the lighting correc?e Irmage to sRGB val ues using a stored

standard transfor né) i onwithinrthe maskd abocaiinguhd&SB valusarn the tolper ealibratege,

O D e g e e e B0 P a BBt L Wbl =t o
and brightness, wherein each bin contains the area having a
subset of the range of the HSB values.

1)) averaging the 3D histograms for all images to give a total
histogram of the HSB values of the flash, body tone and non-opal
regions of the opal,

(k)  selecting those bins from the 3D histograms with high S and B
values to give the average area of flash over all viewing angles,

() combining all the S bins to give a summary histogram of hue and
brightness and combining all the B bins to give a summary
histogram of hue and saturation, and,

(m) averaging the 3D histograms of (i) over a subset of viewing
angles and repeating steps (k) and (1) to give summary directional
histograms to display the directionality of flash over these angle

subsets.

9. A method for assessment of the body tone characteristics of an opal with
an information processing means, including the steps of:-

(a)  capturing and calibrating images with 90° tilt angle at two or more
rotation angles, one of which is to be used as a master for
comparison with the others.

(b)  finding the region of interest within the master rotation image that
includes the stone and within this region excluding glint, and by

aligning the other rotation angle images with the master image,



using a stored | ook-up table, so as to display the true col our of the opal,
(g) transform ng the device independent sRGB val ues of the col our
calibrated i nage obtained in step (e) to B val ues using a stored
transformation matrix, (h) creating a mask corresponding to the opal wthin
the colour calibrated image obtained in step (g) and wthin this nmask
excluding regions of glint, (i) within the nmask, allocating the HSB val ues
in the colour calibrated image to a 3D histogramof a plurality of bins of
hue, saturation and brieflustiag thawer-epal redienssif the Biasterigagraviiick domali ng a
subset of the range of . es. (j) averaging the 3D histograns for
all images to give a tolgﬁvwﬁgp%§k§h1of the HSB val ues of the flash, body
tone and non-opal (¢gi oRghiafthitpadpakk, fifding tHessddynntehregienbiassodingthd he 3D

hi stograms with high S and B values to give the average area of flash over
all view ng angles, (I)t&nislankery regipng ﬁgthg MHPsaRD give a sunmary hi st ogram
of hue and bright nggs : Ny I i i

hi st ogram of hue aﬁﬁ sgpﬁvlg?ﬁ%éngb%dﬁnkﬁ%gggg’rQ%[?ﬁahﬁ%fhé%ﬁré ogr a@n% of

(i) over a subset of vieliegaangbegertingtherpéatHSyvaluepsandkhermabogdtingttbegi ve
summary directional histqograps to display the directionality of_ fl over
t hese angl e subsets. QW‘?ﬁ%? F?O‘Efnfso‘?a%b%g@ﬁﬁﬁta 8&*%%@9%93'{98;1‘8‘ thé #b
characteristics of an opglew th an information processing nmeans, including
the steps of:- (a) capturing and calibrating images with 900 tilt angle at
two or nore rotation angles, one of which is to be used as a master for
conparison with the others. (b) finding the region of interest wthin the
master rotation image that includes the stone and within this region
excluding glint, and by aligning the other rotation angle imges wth the
master image, 45 excluding the non-opal regions of the master imge which
do not alter with rotation, within this opal mask, finding the body tone
regions as being the 10% darkest regions of the opal, and within these body
tone regions, determ ning the average sRGB val ues and converting themto
HSB val ues and then allocating the values to bins, each containing a subset
of the range of the HSB val ues.



