2009/068354 A1 I} 1A 0 000 10 0000

WO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization { f"
International Bureau

(43) International Publication Date
4 June 2009 (04.06.2009)

) IO O T O 000

(10) International Publication Number

WO 2009/068354 Al

(51) International Patent Classification:
GO6T 17/20 (2006.01) GOIN 21/87 (2006.01)

(21) International Application Number:
PCT/EP2008/063307

(22) International Filing Date: 6 October 2008 (06.10.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

2007906469 27 November 2007 (27.11.2007) AU

(71) Applicant (for all designated States except US): IDEAL-
SCOPE PTY. LTD. [AU/AUJ; 110-114 Canterbury Road,
Canterbury, Victoria 3126 (AU).

(72) Inventor; and

(75) Inventor/Applicant (for US only): SIVOVOLENKO,
Sergey Borisovich [RU/FI]; Hermiankatu 8D, FI-33720
Tampere (FI).

(74) Agent: D’HALLEWEYN, Nele,
Gertrudis; Armold & Siedsma,
NL-2517 GK The Hague (NL).

Veerle, Trees,
Sweelinckplein 1,

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

(54) Title: METHOD AND SYSTEM FOR IMPROVED OPTICAL MODELING OF GEMSTONES

102

100

10

108

b

F

|
1G. 1

128

(57) Abstract: A method of constructing a virtual model of a gemstone including the steps of performing measurements of the
gemstone to construct a three-dimensional (3D) model of an exterior surface of the gemstone; identifying one or more visible inclu-
sions within an interior volume of the gemstone; for each identified inclusion, performing the steps of determining a location and 3D
shape of the inclusion within the interior volume of the gemstone; capturing at least one image of the inclusion; using the at least one
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METHOD AND SYSTEM FOR IMPROVED OPTICAL MODELING OF GEMSTONES

FIELD OF THE INVENTION

The present invention relates to the evaluation of
gemstones, and more particularly to improved computer
modeling of gemstones, and especially modeling of internal
flaws (inclusions). Potential applications of the invention
include, but are not limited to: modeling and visualisation
of rough (uncut) gemstones; planning for cutting of rough
gemstones; modeling and visualisation of cut/polished
gemstones, either as proposed to be cut from an uncut stone,
or of existing cut-and-polished stone; computerised clarity
grading of proposed or existing cut/polished stones; and
assessment of gemstone value. Embodiments of the invention
are described Therein with particular reference to the
evaluation and computer modeling of diamonds, but it will Dbe
appreciated that the invention 1is also applicable to the
modeling and evaluation of other types of precious and

semi-precious gemstones.

BACKGROUND OF THE INVENTION

The value of a cut diamond is substantially determined
by the so-called “4-Cs”: Carat, Colour, Clarity and Cut. Oof
these, carat and colour are substantially objective
characteristics that may be assigned specific values in a
largely uncontentious manner. The carat value 1is simply the
weight of the diamond, wherein one carat 1is equal to 200
milligrams. Colour, in terms of both hue and transparency,
may also easily Dbe measured objectively, although the
results of such measurement are somewhat dependent upon
lighting conditions. Most diamonds used as gemstones are
substantially transparent with little tint (known as “white

diamonds”), however the most common impurity, nitrogen,
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causes a yellow/brown tint that is present, to some degree,
in almost all white diamonds. The most widely-used colour
rating system is that of the Gemmological Institute of
America (GIA), which assigns a grade from D (colourless) to
7z (bright yellow colouration) to nominally white diamonds.
Generally, less colouration 1is more desirable, although
diamonds of hues other than yellow/brown, such as pink or
blue diamonds, may be more valuable than white diamonds, due
to their rarity and/or level of market interest. In any
case, assessing diamond hue against colour standards, and
transparency in terms of light absorption, presents little
practical difficulty.

Clarity and cut, on the other hand, influence the
visual appearance of gemstones 1in a relatively complex
manner. Indeed, these characteristics exhibit complex
interactions with one another, as well as with lighting,
viewing position, and so forth. It has therefore proven far
more difficult to arrive at Dbroadly accepted objective
measures of clarity and cut, and the measures that do exist
do not always accord closely with the subjective beauty of
cut gemstones, as assessed by consumers, under a range of
everyday lighting and viewing conditions.

Gemstone clarity, in particular, is a quality relating
to the existence and visual appearance of internal flaws
often called “inclusions”, or “internal characteristics”.
Clarity is also affected by surface defects, or blemishes.
There are various causes of inclusions, which may be, for
example, crystals of a foreign material, another crystal of
the gemstone itself, or imperfections such as cracks which
may appear whitish or cloudy. The clarity of a gemstone,
such as a diamond, will depend upon the number, size,

colour, location, orientation and visibility of inclusions.
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The most widely used clarity grading scales are those
of the GIA and the Hoge Raad voor Diamant or Diamond High
Council (HRD), according to which clarity is measured under
10-times magnification with specified “dark field”
illumination. This basically involves illuminating the base
of the stone from the side, and observing the resulting
appearance of the stone from the top wunder 10-times
magnification. The GIA diamond grading scale provides a
total of 11 grades 1in six categories. The categories and
grades are: flawless (FL), internally flawless (IF); very
very slightly included (VVSl, VVS2); very slightly included
(VSl, VS2); slightly included (SI1, SI2); and included (I1,
I2, I3). Diamond graders are trained to assign grades from
the GIA scale in a consistent manner.

As noted above, complex interactions exist Dbetween
clarity and cut. In particular, by identifying inclusions
within a rough (uncut) gemstone, it 1s possible, in
principle, to plan the cutting of the gemstone in such a
manner as to minimise the impact of those inclusions upon
the clarity of the final cut and polished stone. This 1is,
however, not a trivial matter. Planning is accordingly one
of the most wvaluable skills in the diamond industry, with
rough stones being evaluated from an economic perspective,
with a view to maximising the wvalue and saleability of
diamonds cut from a rough stone. All else being equal,
larger (ie higher carat) diamonds are more valuable.
Accordingly, it 1is generally desirable to cut the largest
stones possible from the rough, assuming that this can be
done without causing an unacceptable reduction in the
clarity of the resulting stone.

Modern diamond planning is facilitated by sophisticated
electronic and computerised tools. Scanning devices, often

incorporating digital imaging and laser ranging
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technologies, are used to capture a three-dimensional (3D)
computer model of the rough stone prior to cutting. At this
stage, images of inclusions may also be captured, and their
relative location within the stone estimated. Computer
software tools then assist the planner in placing proposed
cut stones within the three-dimensional model of the rough
stone, and assessing their potential wvalue, prior to the
commencement of any actual cutting.

However, there remain considerable opportunities for
further improvements to be made in the tools available to
assist in the planning and evaluation of gemstones. As
noted above, clarity grading is based upon visual
appearance, under 10-times magnification and specified
lighting and viewing conditions. It should be appreciated
that the actual visual appearance of a gemstone under these
conditions does not depend only upon the number and/or types
of inclusions. In particular, the visual appearance also
depends upon the location and orientation of the inclusions
relative to the facets of the cut stone. For example, a
thin crack viewed edge—-on may be barely visible, whereas the
same crack viewed side-on may substantially compromise the
clarity of the cut stone. such considerations are
significantly complicated by the reflection and refraction
of light at facets of the cut gemstone. In particular, the
facets of a diamond are designed to act as tiny mirrors,
which reflect 1light Dback up towards the surface of the
diamond, in order to enhance its wvisual appearance.
However, this mirror effect may also act to “multiply”
inclusions, so that they may appear more numerous than they
really are, and furthermore so that they may be visible, in
reflection, from angles other than that directly presented

to the viewing position.
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Taking all of these complex factors into account,
planning is not simply a matter of identifying an optimum
compromise Dbetween size of a cut stone, and number of
inclusions. The more sophisticated software tools therefore
endeavour to provide the user with a more accurate
representation of the visual appearance of the cut stone,
taking into account the optical effects such as reflection
and refraction of 1light. In the case of internal flaws,
this may include placing wire—frame or false—colour
representations of inclusions within a three-dimensional
model such that the actual apparent number and size of the
inclusions in the resulting stone may be evaluated on-
screen. A further 1level of sophistication involves the
capturing of images (eg photographs) of the inclusions, and
placing these photographs on the visual images displayed to
the user. While these approaches are useful, they remain
inadequate because they fail accurately to show the actual
visual appearance of the inclusions in the finished
gemstone. Photographs, 1in particular, are limited to
showing the inclusions as they appeared when photographed in
the uncut stone, rather than under the specific lighting
conditions applied for the purposes of clarity grading.
Existing approaches have therefore proven inadequate for
performing virtual clarity grading during the planning
process, and this aspect of planing therefore remains an
imprecise art relying upon the skill of the planner and,
inevitably, some degree of intuition, or even luck.

In addition to planning for the purposes of optimising
the clarity grade under the GIA grading conditions, it 1is
often also desirable to assess the appearance of an existing
cut gemstone, or a proposed gemstone to be cut from a rough
stone, under a range of alternative lighting conditions.

Notably, the 1lighting conditions wused for GIA clarity
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grading are not the conditions under which the stone will be
viewed by consumers in the showroom, or during normal wear
of diamond Jewellery. It may therefore be extremely useful
to provide improved computer modeling of gemstones with
internal flaws for the purposes of “wirtual viewing” from a
range of viewing positions, and under a variety of lighting
conditions. 1Indeed, while ray-tracing software exists today
that 1is capable of generating virtual images of three-
dimensional objects under arbitrary viewing conditions, and
even of animating such images, there is presently no
effective way to obtain a sufficiently accurate model of a
gemstone with internal flaws for use with such software.

It is therefore an object of the present invention to
provide for improved virtual modeling of the visual
appearance of rough and cut diamonds, for the purposes of,

for example, evaluation, planning and virtual viewing.

SUMMARY OF THE INVENTION

In one aspect, the present invention provides a method
according to claim 1.

Advantageously, embodiments of the 1inventive method
mitigate the deficiencies of the prior art by providing for
improved virtual optical modeling of inclusions within
gemstones. In particular, whereas prior art methods rely
upon wire—-frame, false-colour, or other unrealistic models
of inclusions, or alternatively superimpose 1images of
inclusions captured from fixed locations under fixed
lighting conditions, the present invention enables
inclusions to be modelled in three dimensions in a manner
which enables the subsequent generation of photorealistic
three—-dimensional images of the gemstone under arbitrary
viewing conditions. This capability is believed to be

unprecedented in the prior art.
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A presently preferred embodiment of the method is set

out in claim 2.

The gemstone may be, for example, a diamond.
Furthermore, the gemstone may be either rough or
cut/polished.

In preferred embodiments, the inventive method may be
used to provide the user with a variety of different types
of information relating to visual characteristics of the
gemstone. In one exemplary embodiment, the visual
characteristic 1s a predicted wvisual appearance of the
gemstone as observed from a specified viewing position under
specified lighting conditions. This may be achieved by
using the gemstone virtual model in combination with known
computerised optical ray-tracing techniques to generate one
or more visual images of the gemstone as observed from any
desired viewing position, under any desired lighting and
viewing conditions.

For example, detailed models of ambiant lighting
conditions may be generated using High Dynamic Range Imaging
(HDRI) technology. In one such approach, actual ambient
conditions are recorded by capturing images of a reflective
sphere within the desired ambient environment from multiple
viewing locations, and using multiple exposure levels. Such
images may Dbe converted into an HDRI model of the
environment, taking into account all 1light sources and
objects within the environment, which may subsequently be
used to generate visual images of the gemstone as it would
appear if placed within the same environment.

Generated visual 1images of the gemstone may also take
into account the viewing optics (including, 1f desired,
optical characteristics of the human eye, as well as those
of optical devices such as a loupe, microscope, photo

camera, and so forth). Such models may utilise modulation
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transfer functions (MTIFs) of components of the modelled
imaging system, in order to simulate real observed image
quality. Models may also take into account other imaging
parameters such as magnification, distance between the
imaging system (eg lens) and the gemstone, resolution, focal
distance, aperture, depth of field, sharpness, and so forth.

Photorealistic three-dimensional images of the gemstone
may be presented in a two-dimensional (ie monoscopic) form,
in like manner to a conventional photograph. Alternatively,
photorealistic three-dimensional images of the gemstone may
be presented 1n a stereoscopic form, for example by
generating and displaying dual images viewable using
suitable 3D viewing apparatus, such as two—-colour (eg
green/red) glasses, polarising glasses, or liquid crystal
shutter glasses.

Colour and/or brightness of generated visual images may
be adapted as desired, for example 1in order to model
variations in lighting conditions.

In the case that the gemstone is a rough stone, the
visual characteristic may be the predicted visual appearance
of a cut and/or polished gemstone proposed to be cut from
the rough stone.

In a further exemplary embodiment, the information
relating to a visual characteristic of the gemstone may be a
clarity grade of a cut and polished gemstone. A clarity
grade may be assigned by generating a photorealistic visual
image of the cut and polished gemstone under the standard
GIA lighting conditions, wusing computerised ray-tracing
techniques, in order to produce a virtual image
corresponding to the real 1image that would Dbe observed
during a standard clarity grading process. The clarity
grade may then be assigned either by a trained grader, with

reference to a displayed virtual image, or alternatively may
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be automated, by computer software assessing the size and
visual appearance of each visible inclusion and applying
clarity grading rules thereto, for example clarity grading
ruleg defined by the HRD.

A preferred embodiment is set out in claim 7. Optical
characteristics assigned to each inclusion may be values of
parameters preferably selected from a list including colour,
shade, fluorescence and transparency. In the case of a
pinpoint, it may not Dbe necessary to assign further
parameter values, since the location of a point inclusion
may be sufficient to fully model its optical properties via
ray-tracing methods. Since a c¢loud 1is a «cluster of
pinpoints, additional parameter values may Dbe similarly
unnecessary. However, for accurate modeling it may be
useful to assess the density of the cloud, which may Dbe
measured by its apparent shade and/or transparency. A crack
may Dbe assigned a shade (ie apparent Dbrightness or
darkness), and/or degree of transparency/translucency.

While prior art apparatus for scanning and/or viewing
gemstones employs black and white imaging devices, colour
imaging devices may Dbe substituted in order to capture
colour information of each inclusion. Such colour
information may then be used to assign corresponding optical
characteristics to the inclusion.

In the most general case however, optical
characteristics assigned to each inclusion preferably
include a texture map or “skin”, representing the optical
properties of the inclusion. Advantageously, the wuse of
texture mapping enables extremely detailed modeling of the
visual appearance of inclusions.

In accordance with embodiments of the present
invention, texture includes <colour or black and white

imaging information of the inclusion, together with the
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mapping of such information to inclusion geometry.
accordingly, a texture map may consist of an array of
pixels, each having properties such as colour, Dbrightness,
transparency, and so forth, along with a mapping of the
array of pixels to corresponding coordinates on surfaces of
the inclusion. Texture is preferably obtained by projection
of calibrated inclusion images (eg digital photographs) to
the inclusion geometry, with further merging of all
projections (eg 1images captured from different viewing
orientations) into a single texture map. Preferably, the
texture is applied to the geometry of the inclusion during a
visual imaging rendering process used to generate
photorealistic three-dimensional images of the gemstone.

A bidirectional reflectance distribution function
(BRDF) may be determined and assigned to each inclusion. As
known to persons skilled in the relevant optical arts, the
BRDF describes the ratio of light reflected from a surface
as a function of light incident on the surface, taking into
account the directions of incident and reflected light. The
BRDF formalises the observation that c¢olour shades and
brightness of an object depend upon both the direction of
illumination and the direction to the observer.

In various embodiments of the invention, different
levels of operator input and intervention may be utilised in
the course of constructing a virtual model of a gemstone.
Preferably, each step in the method 1s either partly or
wholly automated. User input may be obtained, for example,
in order to identify each inclusion and/or to map out its 3D
shape. User input may also be utilised to assign a type to
cach inclusion. Additionally, user input may be utilised to
assign parameter values to each inclusion. However, it 1is
particularly preferred that each step be automated as far as

possible, in order to simplify the task of the operator, and
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to achieve maximum consistency and accuracy in the
construction of the 3D virtual model.

In exemplary embodiments, the process of assigning
optical characteristics to each inclusion, and in particular
of creating a texture map of each inclusion, and assigning a
BRDF to inclusion surfaces, may utilise an automated ray-
tracing process. In particular, the step of capturing at
least one image of each inclusion 1is preferably performed
under controlled, and known, lighting conditions, which may
be reproduced in the construction of corresponding computer—
generated images using ray—-tracing techniques. The
computer—generated images may then Dbe compared with the
captured images of the inclusion, and assigned optical
characteristics varied (for example by selection or
variation of appropriate texture maps and BRDFs), and the
computerised image generation repeated, until the computer-
generated image closely matches the actual captured image.
Advantageously, this approach provides an automated method
for constructing accurate 3D virtual models of each
inclusion.

For simple inclusions, such as pinpoints, needles or
simple cracks, a single captured image may be sufficient to
assign an inclusion type, assign any additional optical
characteristics (eg parameter values, texture maps and/or
BRDFs) , and to construct a 3D virtual model of the
inclusion. However, for more complex inclusions, such as
irregularly-shaped clouds, it will be appreciated that the
appearance of the inclusion may be quite different when
viewed from different angles. Accordingly, in such cases a
plurality of images of the inclusion may be captured from
different viewpoints, and appropriate parameter values, such
as texture and/or transparency, determined corresponding

with the different viewpoints, and subsequently combined to
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generate the complete 3D virtual model of the inclusion. It
may also be desirable to capture multiple images from each
viewpoint under different 1lighting conditions, in order to
improve estimation of BRDFs.

In another aspect, the present invention provides an
apparatus according to claim 14.

Presently preferred embodiments are disclosed in claims
15-17.

In another aspect, the present invention provides a
system according to claim 18.

Presently preferred embodiments are disclosed in claims
19-25.

In preferred embodiments, the scanning apparatus
includes a digital image-capturing device, such as a digital
camera, and the instructions executable by the processor for
capturing at least one image of each inclusion preferably
include 1instructions directing the scanning apparatus to
capture an image using the digital image-capturing device,
and to transmit the captured image to the computer.

In preferred embodiments, the computer 1is further
configured to display captured images to the user on the
display device, and to generate and display virtual images
of the gemstone on the display device. The user may provide
input to the system, including dinput in relation to the
identification of wvisible inclusions, the location of
visible inclusions, the 3D shape of wvisible inclusions,
inclusion type, and/or inclusion optical characteristics,
via the one or more user input devices.

In particularly preferred embodiments, the computer 1is
configured to generate and display photorealistic virtual
images of the gemstone and/or of further stones cut from the
gemstone, using the 3D virtual model of the gemstone. In

particular, photorealistic images may be generated using
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ray-tracing methods. More particularly, preferred
embodiments of the system are able to generate images
representing predicted visual appearance of the gemstone as
observed from a specified viewing position under specified
lighting conditions using computerised ray-tracing
techniques. The generated visual images may be visual
images of a rough gemstone, or may represent the predicted
visual appearance of a cut and/or polished gemstone proposed
to be cut from a rough stone. A skilled operator may be
able to assess a clarity grading of a proposed cut and
polished gemstone based upon the displayed visual images.

In some embodiments, the computer may further be
configured to automatically assess a clarity grading of a
proposed cut and polished gemstone by using ray-tracing
methods to generate a visual image of the gemstone under
standard clarity grading lighting conditions, and
calculating a «clarity grade by analysing the image and
applying grading rules.

Further preferred features and advantages of the
present invention will be apparent to those skilled in the
art from the following description of preferred embodiments
of the invention, which should not be considered to be
limiting of the scope of the invention as defined in any of

the preceding statements, or in the claims appended hereto.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the i1nvention are described
with reference to the accompanying drawings, wherein:

Figure 1 is a schematic diagram of a system for
generating a 3D optical model of a rough gemstone for
evaluation according to a preferred embodiment of the

present invention;
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Figure 2 is a flowchart illustrating a method of
generating a 3D optical model of a gemstone utilising the
system of Figure 1;

Figure 3 illustrates schematically a 3D model of a
gemstone according to an embodiment of the present
invention;

Figure 4 illustrates schematically a display of a user
interface to the system of Figure 1; and

Figure 5 is a schematic diagram showing a preferred
arrangement for capturing images of a cut gemstone according

to an embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Figure 1 illustrates schematically an exemplary system
100 embodying the present invention. The system 100
includes a gemstone-scanning apparatus 102 that is
configured to perform measurements of a gemstone 104 in
order to construct a three-dimensional (3D) model of an
external surface of the gemstone. The scanning apparatus
102, according to embodiments of the present invention, is
also able to capture information relevant to the
identification, location, shape, and appearance of
inclusions within the gemstone 104. In particular, the
scanning apparatus includes a holder 106 wupon which the
gemstone 104 1is fixed. The holder 106 is able to rotate
and/or translate in order to reposition the gemstone 104
relative to light source 108 and imaging device 110.

In the exemplary embodiment shown in Figure 1, the
gemstone 104 1is a rough diamond. However, embodiments of
the invention may equally be wused for modeling and
evaluation of cut diamonds, and/or other gemstones.

The scanning apparatus 102 1is generally configured to

illuminate the gemstone 104 using a light source 108, and to
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capture images using imaging device 110, which is preferably
a digital imaging device such as a digital camera. The
scanning apparatus 102 may include additional light sources,
for illuminating the gemstone 104 from a variety of
different angles, for the purpose of capturing differently
illuminated images wusing the digital imaging device 110.
The 1light sources, including 1light source 108, may be
computer or manually controlled, in order to optimise the
identification, positioning, and visual analysis of
inclusions within the gemstone 104. The capture of 1images
of the gemstone 104, from a variety of different
orientations, and possibly also under different 1lighting
conditions, 1is the primary means by which the scanning
apparatus 102 performs measurements of the gemstone 104.

While not shown in Figure 1, the scanning apparatus may
include additional components for performing measurements of
the gemstone 104. For example, 1n some embodiments the
scanning apparatus may also include laser—ranging devices
(not shown) for scanning the surface of the gemstone 104 in
order to better identify indentations and other surface
features.

Various scanning apparatus generally suitable for use
with the present invention are known in the prior art.
These include apparatus described in United States patent
no. 6,239,867 in the name of Lalit K. Aggarwal, issued on
29 May 2001, and UK patent application publication no. GB
20814397 1in the name of Gersan Establishment, filed on 4
June 1981 and published 17 February 1982. More preferably,
apparatus of the general type disclosed in European patent
publication no. 1211503, in the names of Diamcad and the
present inventor, may Dbe utilised in embodiments of the

present invention.
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Scanning apparatus of the type disclosed in EP1211503
has an improved capability to identify the location of
inclusions within the interior volume of the gemstone 104.
The aforementioned documents are hereby incorporated Dby
reference.

While it may be possible, in principle, to provide a
single scanning apparatus 102 implementing all the required
functionality of embodiments of the present invention, as a
practical matter it 1s ©presently preferred that the
functions of the apparatus 102 described herein actually be
provided by two separate pieces of apparatus. As described
in greater detail below, with reference to Figure 2, methods
according to embodiments of the present invention include
separate steps of scanning an exterior surface of the
gemstone 104, and imaging interior features (ie inclusions)
of the gemstone 104. To the inventor’s knowledge, there is
presently no single apparatus 102 that 1is capable of
performing both of these functions in an optimal manner.
Products such as Helium™ provided by Octonus/Lexus, DiaScan™
provided by Sarin, are suitable for scanning exterior
surfaces of rough and/or cut gemstones. Additionally,
products such as M-Box™ with associated software Oxygen™,
provided Dby Octonus/Lexus, which includes a binocular
microscope, a digital camera, and a computer-controlled
lighting arrangement, 1is designed for capturing images of
internal features of gemstones. It will therefore be
appreciated that the scope of the present invention
encompasses the use of separate scanning and/or imaging
apparatus for ©providing corresponding functionality in
various embodiments. Furthermore, 1t will be understood
that the term “scanning”, as used herein, may encompass both

exterior surface mapping, and interior imaging.
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The scanning apparatus 102 is operatively connected to
a computer 112 including a central processor 114, which is
interfaced to storage devices, such as non-volatile storage
device (eg hard-disk drive) 116 and volatile storage (eg
random access memory) 118. The memory 118 relevantly
contains program instructions 120 for execution Dby the
processor 114, for carrying out various operations of the
computer 112, including those related to the implementation
of the present invention. As will be appreciated, the
memory 118, and non-volatile storage 116, will also contain
program instructions for execution by the processor 114 for
performing a variety of other supporting functions,
including various operating system functions of the computer
112.

The computer 112 further includes a peripheral
interface 122, operatively associated with the processor
114, for communicating with the scanning apparatus 102. The
peripheral interface 122 may be a standard interface, such
as a parallel or serial (eg USB) port, or a proprietary
interface.

The computer 112 is also interfaced to a display device
124, and user input devices 128 (eg keyboard and mouse), for
interaction with a user or operator.

While Figure 1 illustrates schematically a number of
key components of an exemplary microprocessor—based
apparatus for 1implementing embodiments of the present
invention, it will be appreciated that the drawing does not
show all peripherals, interfaces and components of the
computer 112, which are well-known in the art but which are
not relevant to the present discussion. The skilled person
will, however, be familiar with the relevant further

components making up a conventional computer system.
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Figure 2 is a flowchart 200 which illustrates a method
of generating a 3D optical model of a gemstone for
evaluation according to preferred embodiments of the present
invention. The method represented by flowchart 200 may Dbe
implemented using the system 100 illustrated in Figure 1.
Each of the steps in a method according to preferred
embodiments of the invention is described in greater detail
below. While the flowchart 200 represents one particular
sequence of operations, it will Dbe appreciated that the
specific order of steps 1s not limiting of the present
invention, and it will Dbe apparent from the following
discussion that 1in wvarious embodiments certain distinct
steps represented in the flowchart 200 may Dbe combined

and/or reordered within the scope of the invention.

Construct 3D model of gemstone exterior (Step 202)

The first step in accordance with an exemplary
implementation of the invention is to perform measurements
on the gemstone 104 to construct a 3D model of an exterior
surface of the gemstone 104. As noted previously, scanning
apparatus 102 capable of performing this function are known
in the prior art. Typically, the gemstone, eg rough diamond
104, is rotated and/or translated on holder 106,
successively illuminated wusing one or more sources of
illumination, eg light source 108, and corresponding images
of the diamond 104 captured using a digital imaging device
110. The images may be processed within the scanning
apparatus 102, if the apparatus includes its own processor
and associated software, or may be transferred to a separate
computer 112 for processing, as in the exemplary embodiment
100 illustrated in Figure 1.

Images of the diamond 104 captured at different
rotational orientations relative to the digital imaging

device 110 are processed, and in particular the processing
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preferably includes identifying an outline, or silhouette,
of the diamond 104 at said varying rotational orientations.
By combining the information from such multiple images, the
system 100 is able to construct a 3D model of the exterior
surface of the diamond 104. Additionally, as also noted
previously, laser ranging devices may be included within the
scanning apparatus 102, in order to identify and measure
features such as indentations in the exterior surface of the
diamond 104, which may not be readily visible in silhouette

images captured by the digital imaging device 110.

Identifying inclusions (Step 204)

The next step in the exemplary process is to identify
inclusions within the diamond 104. Again, by illuminating
the diamond and capturing images thereof, 1in particular
under appropriate magnification, inclusions within the
diamond 104 may be visible in the captured images. The
process of identifying the shape and location of inclusions
within the diamond 104 may be performed by an operator, OoOr
may be partly or wholly automated.

For example, images in which inclusions are visible may
be displayed upon the display device 124. An operator may
use the input devices 128 to identify and mark the location,
shape and/or size of the visible inclusions. The computer
112 may then direct the scanning apparatus 102 to perform
additional operations in order to identify the location and
shape of the inclusions indicated by the operator, as
described in greater detail below with reference to step
206.

Additionally, the operator may be able to use captured
and displayed images, in combination with direct viewing of
the diamond 104, in order to identify the shape and location
of inclusions. For example, the operator may remove the

diamond 104, complete with the holder 106 from the scanning
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apparatus 102, in order to perform a direct visual check of
each inclusion, for example using a 1loupe, or other
magnifying device, while also being able to view
corresponding captured images on the display device 124 of
the computer 112.

Alternatively, the computer 112 may be programmed to
process images captured by the scanning apparatus 102, in
order to identify 1likely 1locations of inclusions in an
automated manner. Image processing may be used either to
fully automate the process, or to present the operator with
specific images on display device 124, for verification
and/or optimisation of identification of inclusions detected
via the image processing. Again, the operator may augment
this process by direct visual inspection of the diamond 104,
by removing it along with holder 106 from the apparatus 102

for viewing with a loupe or other magnfier.

Modeling inclusions (Steps 206 to 216)

In accordance with the exemplary process illustrated by
the flowchart 200, each identified inclusion is then
subjected to further processing and modeling. The objective
of the series of steps 206 to 214, which are applied to each
inclusion in turn, is to construct a 3D virtual optical
model of each inclusion. While the flowchart 200 indicates
that all inclusions are first identified at step 204, and
then each inclusion is subjected to further processing via
the iterative sequence of steps 206 to 216, it will be
readily appreciated that the steps 206 to 214 may be
executed in relation to each inclusion in turn, as they are
identified. That 1is, the step 204 may equivalently be
incorporated within the loop defined in the flowchart 200 by
steps 206 to 216. It will be understood that all such
readily—-apparent variations fall within the scope of the

present invention.
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Determine location and shape of inclusion (Step 206)

As noted above, for each inclusion identified at step
204, it 1is necessary to establish the 1location of the
inclusion within the diamond 104, as well as its
three-dimensional shape.

Accurately identifying the location of features within
the interior of a diamond 1is generally a relatively
challenging problem. This is due to the particular optical
properties of diamond, and especially due to its relatively
high refractive index (approximately 2.42). The large index
difference between the diamond material and the surrounding
air leads to relatively high reflectivity for light incident
at an angle upon interior surfaces, and also to relatively
large degrees of refraction of 1light passing between the
exterior and interior of the diamond, and vice versa. As a
result of reflections and refraction, inclusions observed
from the exterior of a diamond, eg 104, are generally not
located within the interior wvolume of the diamond in the
position in which they appear in externally captured images.

Various methods have been developed for more accurately
locating inclusions observed within a gemstone, and
preferred methods for use with the present invention are
disclosed within the abovementioned document EP 1211503. An
alternative, Dbut 1less preferred approach, described in
WO 2007/023444, in the name of Galatea Ltd and published on

1 March 2007, involves immersing a diamond within a high

refractive index liquid, in order to minimise the
reflections and refraction that complicate locating
inclusions within the diamond. This latter method suffers

from a number of disadvantages, not least Dbeing the
difficulty in handling, and common toxicity, of suitable
high refractive index liquids. Additionally, immersing the

diamond within a high refractive index 1liquid dinevitably
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prevents accurate identification of the exterior surfaces.
accordingly, use of this technique in embodiments of the
present invention would require that part of the process be
performed without immersion, and a subsequent part with
immersion, creating additional complications in
implementation.

Following identification and location of each inclusion
within the interior of the diamond 104, the three-
dimensional shape of the inclusion 1is also determined.
Again, this 1is a process that may be wholly or partly
automated, or may rely more intensively upon operator
intervention. For example, by presenting an operator with
one or more images of the identified inclusion (eg from
different viewing angles) on the display 124, the operator
may use input devices 128 to mark out an exterior surface of
the inclusion, thereby defining its shape. Alternatively,
or additionally, the computer 112 may Dbe programmed to
perform processing of captured images of the inclusion, in
order to automatically determine its three-dimensional
shape. Intermediate implementations are also possible, for
example where image processing is used to determine the 3D
shape of each inclusion, and the operator is then presented
with the results, for example as a wire—-frame structure
superimposed on one or more images of the inclusion on
display device 124. The operator may then confirm the
accuracy of the automatically generated three-dimensional
shape information, or may be able to make modifications and
adjustments as required. Confirming the accuracy of the
three—-dimensional shape information may 1include direct
visual inspection of the diamond 104 by the operator, by
removing the diamond 104 from the scanning apparatus 102,
along with the holder 106, for direct viewing with a loupe

or other magnifying device.
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Determine optical characteristics of inclusion (Steps 210

and 212)

The next step in the processing of each inclusion is to

determine relevant optical characteristics of each
inclusion. In accordance with the exemplary embodiment of
the invention, this step includes two sub-steps. First, the
inclusion type is identified and assigned. Then, further

characteristics of the inclusion are assigned, according to
the type and visual appearance of the inclusion. These sub-

steps are described in greater detail below.

Assign inclusion type (Step 210)

There are various types of inclusions which exist in
gemstones such as diamonds, and each type may have different
optical properties. For example, common inclusions within
diamonds include pinpoints, clouds, cracks and needles. A
“pinpoint” is an inclusion that appears as a tiny bright or
dark point when viewed under magnification, typically caused
by the growth of a tiny crystal within the gemstone. A
“cloud” is generally a cluster of pinpoints. A “needle” is
a long, thin inclusion, also typically a crystal growth
within the gemstone. A “crack”, also known as a “feather”
or “gletz”, is typically a small fracture within the
gemstone. Cracks typically enclose small voilds (eg vacuum)
or air gaps within the gemstone, and therefore may have
complex optical properties, resulting from multiple
reflections and/or refractions of light.

Advantageously, by assigning a corresponding type to
each identified inclusion, the most appropriate optical
modeling techniques may be selected in order to represent
the inclusion within the final virtual model of the diamond
104.

As with the previous steps, the assignment of an

inclusion type to each inclusion may be based upon operator
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input, or may be wholly or partly automated. For example,
the operator may be provided with a captured image of the
inclusion on the display 124, along with a suitable user
interface input element, such as a dropdown list, from which
the appropriate type of inclusion may be selected based on
the operator’s observation of the captured image.
Alternatively, the computer 112 may be programmed to
identify at least some types of inclusion, on the basis of
optical properties discernable from processing of captured
images. The operator may be provided with the opportunity
to verify and/or change an inclusion type automatically

assigned by the computer 112.

Assign optical characteristics (Step 212)

As previously noted, different types of inclusion may
have different optical properties. For example, cracks
typically enclose a small void or air gap, and thus have a
characteristic reflective and refractive properties.
Pinpoints generally scatter 1light, and appear darker 1in
front of a bright background (eg a facet from which light is
reflected), and/or bright in front of a dark background (eg
an unilluminated facet). A cloud is a collection of points
of wvarying density, and thus exhibits a degree of
translucency, as well as scattering and/or reflecting light.

Appropriate optical characteristics may be assigned to
each inclusion, depending wupon the inclusion type. The
information required to assign suitable optical
characteristics may vary greatly, depending upon the type of
inclusion. In some cases, no additional optical
characteristic information may be required. In other cases
a great deal of additional information may be necessary in
order to properly characterise an inclusion. Information,

and relevant optical characteristics, may be captured and/or
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generated automatically, or may be provided by, or with the
assistance of, operator input.

For example, an extremely small pinpoint may require no
additional information to be captured. If information 1is
required, a single captured image may be sufficient to fully
characterise the inclusion, and also to locate the inclusion
if the external surface through which it is viewed 1is flat
(such as a facet of a cut diamond, or a purposefully faceted
“window” of a rough stone). An automated process, in
general, utilises images that have been captured under known
lighting conditions, which can therefore be reproduced in a
virtual space within the computer 112. That 1s, Dby
generating a model of the inclusion within the computer
memory 118, and executing appropriate ray-tracing algorithms
using wvirtual 1light sources corresponding with the known
lighting arrangement within the scanning apparatus 102, the
appearance of the virtual inclusion may be compared with the
appearance of the actual inclusion in the corresponding
captured image. If the virtual and actual images are
identical, or nearly identical, then it may be concluded
that the correct optical characteristics of the inclusion
have been assigned.

As noted above, for a pinpoint a single photo may
suffice, in order to confirm the optical characteristics, or
alternatively an accurate model may be generated based upon
operator description of apparent colour and size under the
controlled lighting conditions.

For a complex cloud, 1t may be necessary to capture
images from a number of different orientations and/or using
different 1light sources and/or different magnifications,
since the cloud may have different optical properties when
viewed from different positions, due to variations in shape

and density. Again, operator input, such as apparent
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translucency or light transmittance, may be of wuse 1in
assigning optical characteristics. In the most general
case, however, it is desirable for the optical
characteristics to be assigned in the form of texture maps,
or “skins”, and/or BRDFs. Texture maps and BRDFs are
surface models which take into account the properties of
surfaces, such as roughness, translucency (transmittance),
reflectivity, and so forth. Appropriate texture maps may,
in general, be determined using the method outlined above,
ie by estimating an appropriate texture and then comparing a
captured image with a corresponding virtual image generated
by ray-tracing within the computer 112. The selected
texture may subsequently be modified, as required, in order
to improve the match between the virtual and actual images.
For complex inclusions, textures may be generated for
different portions of the inclusion, observed from different
orientations, and then combined to create an overall texture
map for the entire surface area of the inclusion.

Similarly, iterative methods may be used to estimate
and assign BRDFs to identified inclusions. A BRDF
(bidirectional reflectance distribution function) describes
mathematically the ratio of light reflected from a surface
to 1light incident on the surface, taking into account the
directions of incidence and reflection. The BRDF formalises
the widely observed fact that colour shade and/or brightness
of a surface depend upon both the direction of illumination,
and the direction from which the surface 1s observed. The
BRDF captures this characteristic, such that the wvisual
appearance of the surface may subsequently be rendered under
different lighting and viewiling conditions. According to
preferred embodiments, images of the inclusion may be
captured not only from different viewing orientations, but

also under different 1lighting conditions. Corresponding
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virtual images may be generated by ray-tracing within the
computer 112, and compared with the captured images, and an
estimated BRDF may then be modified, as required, in order
to improve the match between the virtual and actual images.
The known geometry of each inclusion may be wutilised to
select the optimal lighting conditions for estimating a BRDF
of a selected inclusion surface. For example, a crack may
be intentionally oriented and 1lit in order to Dbest show a
surface thereof 1in high contrast against the Dbackground
(eg a bright surface against a dark background, or vice
versa) . The selection of appropriate viewing orientations,
and corresponding lighting conditions, may thus facilitate
estimation of the BRDF. The same technique may also assist
in the capture and assignment of texture maps to inclusion
surfaces.

Additional optical properties of particular types of
inclusion may also be taken into account in implementing
appropriate models. For example, cracks are usually
reflective under certain lighting conditions because they
contain a void, or air, which results in optical phenomena
such as Fresnel intensity losses. For a crack it may be
necessary to use specially adapted 1light sources and
positioning techniques in order to accurately determine
transparency characteristics. All of the relevant optical
effects can Dbe modelled, given appropriate information
regarding the inclusion type, dimensions and optical

characteristics.

Construct 3D virtual model of inclusions (Step 214)

Once all of the relevant information in relation to
each inclusion has been established (ie location, three-
dimensional shape, type of inclusion, optical
characteristics) these are assembled at step 214 into a full

3D virtual model of the inclusion.
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Iterate (Step 216)

At step 2106, the processor checks whether all
inclusions have been modelled, and 1if not proceeds to the
next inclusion. Once all inclusions have been modelled, the

process moves on to the next step.

Construction and representation of 3D optical model (Steps

218 and 220)

At this point, the computer 112 has constructed a 3D
model of the gemstone exterior, and 3D models of all visible
inclusions within the interior volume of the gemstone.
These are combined at step 218 to construct a full 3D
optical model of the diamond 104, with inclusions.

At step 220, a dataset corresponding with the 3D
optical model is generated, and would typically Dbe stored
within memory 118, or non-volatile storage device 116, but
additionally or alternatively may be transmitted, for
example via a data communications network, to other
locations for further processing. It is envisaged that the
size of the dataset will be typically between 100 kilobytes
and 300 kilobytes for diamonds with a number of small
inclusions. Despite their relatively compact size, such
datasets include all of the information necessary to
generate photorealistic visual images of a gemstone under
any desired viewing conditions. That is, files including
these datasets embody a wealth of information that wvastly
exceeds that which would be contained in a single digital
image of many megabytes. As will Dbe appreciated, these
compact files may Dbe readily exchanged Dbetween interested
parties, for example as email attachments, or as downloads
over the Internet. This may enable, for example, the remote
grading and/or valuation of diamonds, using generated

photorealistic images, Dby experts and/or traders located
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anywhere in the world, without the need for direct access to

the original gemstone itself.

Subsequent analysis (Steps 222 and 224)

In accordance with ©preferred embodiments of the
invention, once a full 3D optical model of the diamond 104
has been constructed, and a corresponding dataset generated,
the model may be used for further analysis.

The typical operations that an operator may wish to
perform include the generation of photorealistic wvirtual
images (step 222) of the diamond 104 as viewed from selected
angles/orientations, and under select 1lighting conditions.
As known in the art, given a sufficiently detailed optical
model, such as is produced by embodiments of the present
invention, such photorealistic virtual images may Dbe
generated using known ray-tracing techniques.

Alternatively or additionally, the model may be used in
order to automate the calculation of a clarity grade (step
224) . This may be achieved by using ray-tracing methods to
generate a photorealistic virtual image of the diamond 104
under standard GIA or HRD clarity grading lighting
conditions, and at a standard 10-times magnification, and
using the photorealistic wvirtual image to determine the
clarity grade. Grading may be performed by an expert
operator, or may be automated by implementing appropriate
clarity grading rules in software for execution by the
processor 114. Automated and manual grading may also be
combined. For example, 1f automated grading produces a
borderline or inconclusive result, one or more expert
operators (graders and/or supervisors) may review the
assigned grade.

In addition to facilitating automated clarity grading,
embodiments of the present invention may also enable

improved automated and/or semi-automated estimation of other
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desirable properties relating to cut quality of a gemstone,
such as brilliance, fire, and scintillation. While existing
software products, such as DiamCalc™ from Octonus, enable
the calculation and visualisation of such properties, they
are inherently limited by the inability of prior art methods
to fully model the impact of inclusions. With embodiments
of the present invention, placement, size and other factors
of inclusions can be including within ray tracing
computations (visual image rendering) to determine their
effects on the quantification of such properties as light
return and contrast (which can be combined to give a
brilliance rating), fire (probability to see dispersion),
scintillation, and other visual performance criteria. For
example, clouds which may be difficult, or impossible, to
see with the naked eye can nonetheless dull the 1light
emanating from a diamond, and products embodying the present
invention are able to fully account for such effects.

In preferred embodiments, where the diamond 104 is a
rough stone, software also enables an operator to plan cut
diamonds within the rough, and the further analysis may
include generating photorealistic virtual images (step 222)
and/or calculating clarity grades (step 224) in relation to
the proposed cut diamonds. Accordingly, a more complete
analysis and visualisation of proposed cut stones may be
performed than is possible using existing systems, which do
not accurately represent inclusions, without the need to

perform any cutting of the rough diamond 104.

Illustrative example of operation and interface

Figures 3 and 4 serve to 1llustrate an exemplary
application of the invention, and a corresponding operator
interface. Figure 3 is a schematic illustration of a 3D
model 300 of a rough diamond, such as may be produced by

embodiments of the invention. Figure 4 illustrates an
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aspect of a wuser interface display 400, which enables
visualisation of the model 300 by an operator.

The 3D model 300 includes a number of inclusions (302
to 312) that have been identified and modelled, for example
using the above-described system/method. The inclusions may
consist of, for example, pinpoints (302), cracks (304, 306),
clouds (308, 310) and/or needles (312). Also shown within
the rough diamond model 300 is a wire-frame image of a
proposed cut diamond.

The operator is provided with a wvisual 1imaging
interface 400, for example on display 124, through which it
is possible to interact with, and visualise, the 3D model
300 in wvarious ways. As shown, the interface 400 1s a
window including, amongst other elements omitted in Figure 4
for the sake of clarity/simplicity, four viewing panes 402,
404, 406, 408. In the example shown, there 1is displayed in
the top-left pane 402 a three dimensional image of the model
300. The top-right pane 404 displays a further image of the
model 300, in a different orientation (ie rotated with
respect to the first image 402). In bottom-left pane 406
there is displayed a wire-frame image of the proposed cut
diamond, viewed from above the table of the cut stone,
showing the various locations at which the inclusions within
the interior volume of the diamond will be visible. The
software uses ray-tracing techniques 1in each case to
calculate the locations at which the inclusions will appear
to be visible, taking into account the effects of
reflections and refraction of 1light. As shown, the single
pinpoint 302 is visible in five distinct apparent locations
in the cut stone, due to reflection and refraction effects.
The <crack 304 1is wvisible, edge—-on, in two apparent

locations.
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Since the software “knows” which one of multiple images
of a single inclusion 1s the directly viewed image, and
which are the result of one or more reflections from facets
of the diamond, it is possible to provide the operator with
a feature to distinguish these different views. For
example, the first (ie most direct, or singly refracted)
view may be displayed in a different colour from the various
reflected views. Alternatively, or additionally the
software may enable the operator to “turn off” the
generation of various reflected images, in order to assess
the contribution of reflections to the appearance of the
diamond, and reduction in clarity grade of the stone.

Due to the small size of the pinpoints, and the fact
that the crack appears only edge-on (ie has minimum visible
area) when viewed through the table of the cut diamond, the
operator may suspect that the actual visible impact of these
inclusions in the finished cut/polished stone may Dbe
minimal. To verify this hypothesis, a full photorealistic
image corresponding with the wire—frame in pane 406 may be
generated. In the interface 400, a photorealistic image is
displayed in bottom-right pane 408. This image enables the
operator to observe the actual expected appearance of the
inclusions, for example under standard clarity grading
conditions. This may enable the operator actually to assign
a clarity grade of the proposed cut diamond, based upon the
photorealistic image. Alternatively, automated clarity
grading may be possible, based upon software processing of
the photorealistic image using appropriate clarity grading
rules.

Further, when showing the 3D model to the user, the
limited depth of field (DOF) may be taken into account. When
a grader is looking at an inclusion through a loop, depth of

field limitations will affect the view the grader gets. To
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avoid the observer obtaining a worse view than would be seen
under magnification, it 1s advantageous to include the
typical depth of field limitations in the generation of the
displayed image. This depth of field (DOF) can have a
control to toggle up and down through the virtual gemstone.
DOF here refers to the way you can focus through a lens and
see all of the inclusions in a certain plane in focus, while
just above and just below this plane will be out of focus.
Further away from this field of view in the direction of the
top or the bottom of a gemstone the inclusions will not be
visible until you move the lens closer or further away.

In a normal digital rendering (not taking into account
the DOF limitations) all the inclusions and their
reflections (and facets) in a gem would be in perfect focus.
If that is the case then a diamond with a slight inclusion
can appear to be very bad and unsaleable. By adding a
digital depth of field it Dbecomes possible to see the
gemstone the way a person does in reality with
magnification.

A preferred viewer tool of the software for zooming
in/out should take into account the DOF. More in particular,
when a user zooms in the depth of field should Dbecome

smaller (shallower).

Imaging of cut gemstones

While Figure 1 illustrates an arrangement 100 for
performing measurements upon a rough diamond 104, as has
previously been noted embodiments of the present invention
are equally applicable to measurement and modeling of cut
gemstones. In many cases there may be no especially
preferred orientation of a rough gemstone 104 upon a holder
106, since the uncut external surface has no particularly
preferred viewing direction. However, this may not Dbe so in

the case of a cut gemstone, such as an ideal cut diamond.
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Figure 5 is a schematic diagram showing a preferred
arrangement 500 for capturing images of an ideal cut diamond
504, positioned on a holder 506, using an imaging device
510. The diamond 504 1is arranged on the holder 506 such
that the table 502 (ie the flat “top” surface of the cut
diamond) may be oriented to face directly the imaging device
510. Such an arrangement 1s desirable, because the
relatively large, flat table makes perpendicular image
capture efficient, and also because this is the main viewing
orientation used for viewing and clarity grading of the
diamond 504.

It will  be appreciated that other holding and
supporting devices and/or arrangements for cut/polished
gemstones also fall within the scope of the present
invention. The most preferred holding apparatus minimises
visual obstructions of a gemstone from all wviewing
directions, and ensures that optimal viewing orientations
are available to the image capturing device (such as the
arrangement 500 which enables the table 502 of an ideal cut
diamond 504 to be oriented towards the imaging device 510).
It is further preferred that as many degrees of freedom as
possible be provided for rotation and/or translation of a
gemstone relative to image capturing devices and/or lighting
arrangements. However, as the exemplary embodiments
described herein demonstrate, even a single axis of
rotation, in combination with one, two, or three
perpendicular axis of translation, may be sufficient for a
useful implementation of the invention. Additionally, while
the exemplary embodiments described and depicted herein
assume, for simplicity, that the imaging device (eg cameras
110, 510), and lighting devices (eg 108) remain stationary,
while the gemstone (eg 104, 504) is rotated and/or

translated, it is only the orientation of the gemstone
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relative to the 1lighting and capturing devices that 1is
relevant to the operation of embodiments of the invention.
Accordingly, embodiments are envisaged 1in which imaging
and/or 1lighting devices may be movable relative to the
gemstone, or where multiple imaging and/or lighting devices
may be provided for obtaining suitable images from different
viewing positions.

It will Dbe wunderstood that the foregoing described
embodiments of the invention are intended to be exemplary
only, and should not be considered limiting of the scope of

the invention, as defined in the following claims.
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CLAIMS

1. A method of constructing a virtual model of a gemstone
including the steps of:
performing measurements of the gemstone to construct a
three-dimensional (3D) model of an exterior surface of the
gemstone;
identifying one or more visible inclusions within an
interior volume of the gemstone;
for each identified inclusion, performing the steps of:
determining a location and 3D shape of the
inclusion within the interior volume of the gemstone;
capturing at least one image of the inclusion;
using the at least one image to determine relevant
optical characteristics of the inclusion; and
constructing a 3D virtual model of the inclusion,
said model including the 3D shape of the inclusion and
optical properties of the inclusion based upon said
optical characteristics;
constructing a 3D virtual model of the gemstone which
includes the 3D virtual model of the exterior surface of the
gemstone and the 3D virtual models of the one or more
visible inclusions within +the interior volume of the
gemstone; and
generating a dataset representing said 3D wvirtual
model,
wherein said dataset may be used in subsequent computer
analysis to provide a user with information relating to a

visual characteristic of the gemstone.

2. The method of claim 1 wherein the step of using the at
least one image to determine relevant optical

characteristics of the inclusion includes the sub—-steps of:



10

15

20

25

WO 2009/068354 PCT/EP2008/063307

37

using the at least one image to assign an inclusion
type to the inclusion; and

on the basis of the assigned inclusion type, assigning
zero or more further characteristics to the inclusion, said
further characteristics being selected according to the
inclusion type and properties of the inclusion observable in

the at least one image.

3. The method of claim 1 or claim 2 wherein the gemstone
is a rough stone, and the visual characteristic is a visual
characteristic of a cut and/or polished gemstone proposed to

be cut from the rough stone.

4. The method of any one of claims 1 to 3 including the
further step of generating and displaying a predicted visual
appearance of the gemstone as viewed from a specified

viewing position under specified lighting conditions.

5. The method of any one of claims 1 to 4 including the
further step of computing and outputting a clarity grade of

a cut and polished gemstone.

6. The method of any one of the preceding claims including
the further step of computing and outputting a rating value
relating to a visual performance criterion of a cut and
polished gemstone, said visual performance criterion being
slected from a list including: light return; contrast;

brilliance; fire; and scintillation.

7. The method of c¢laim 2 wherein the inclusion type
assigned to each inclusion is selected from a 1list

including: pinpoint; cloud; needle; and crack.
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8. The method of any one of the preceding claims wherein
optical characteristics of each inclusion are represented

using one or more texture maps.

9. The method of any one of the preceding claims wherein
optical characteristics of each inclusion are represented
using one or more bidirectional reflectance distribution

functions (BRDFs).

10. The method of any one of the preceding claims wherein
said at least one image of an inclusion comprises a
plurality of images of the inclusion captured from different
relative viewpoints, and wherein the method includes the
steps of:

using said plurality of images to determine relevant
optical characteristics of the inclusion as viewed from the
different relative viewpoints; and

combining the optical characteristics in constructing a

3D virtual model of the inclusion.

11. The method of any one of the preceding claims wherein
the step of capturing at least one image of each inclusion
is performed under predetermined lighting conditions, and
wherein the step of determining relevant optical
characteristics of each inclusion uses a ray-tracing process
including the steps of:

reproducing the predetermined lighting conditions in a
computer—generated virtual environment including a model of
the inclusion having estimated optical characteristics;

generating at least one virtual image of the inclusion
corresponding with the at least one 1image of the real
inclusion;

comparing the virtual image with the real image; and
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if the virtual image does not substantially match the
real image, then modifying the estimated optical
characteristics of the model of the inclusion and repeating

the generating and comparing steps.

12. The method of any one of the preceding claims, wherein
the at least one image is captured under lighting conditions
adapted in view of the optical characteristics to Dbe

determined.

13. The method of any one of the preceding claims, further
comprising: generating a visual characteristic of the gem

stone taking into account the viewing optics.

14. An apparatus for constructing a virtual model of a
gemstone, including:

means for performing measurements of the gemstone to
construct a three-dimensional (3D) model of an exterior
surface of the gemstone:

means for identifying one or more visible inclusions
within an interior volume of the gemstone;

means for constructing a 3D virtual model of each
identified inclusion;

means for constructing a 3D virtual model of the
gemstone including the 3D virtual model of the exterior
surface of the gemstone and the 3D virtual models of the one
or more visible inclusions within the interior volume of the
gemstone; and

means for generating a dataset representing said 3D
virtual model,

wherein said dataset may be used in subsequent computer
analysis to provide the user with information relating to a

visual characteristic of the gemstone, and
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wherein the means for constructing a 3D virtual model
of each inclusion includes:
means for capturing at least one image of the
inclusion;
means for using the at 1least one 1image to
determine relevant optical characteristics of the
inclusion; and
means for constructing a 3D virtual model of the
inclusion, said model including the 3D shape of the
inclusion and optical properties of the inclusion based

upon said optical characteristics.

15. The apparatus of claim 14 wherein the means for using
the at 1least one image to determine relevant optical
characteristics of the inclusion includes:

means for using the at least one image to assign an
inclusion type to the inclusion; and

means responsive to the assigned inclusion type which
assign ZEero or more further characteristics to the
inclusion, said further <characteristics being selected
according to the inclusion type and properties of the

inclusion observable in the at least one image.

16. The apparatus of claim 14 or claim 15 including means
for generating and displaying a predicted visual appearance
of the gemstone as viewed from a specified viewing position

under specified lighting conditions.

17. The apparatus of any one of claims 14 to 16 including
means for computing and outputting a clarity grade of a cut

and polished gemstone.

18. A system for constructing a virtual model of a

gemstone, including:
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a gemstone scanning apparatus configured to perform
measurements of the gemstone to construct a three—
dimensional (3D) model of an external surface of the
gemstone;

a computer having at least one central processor, a
display device, and one or more user 1input devices, the
computer being operatively connected to the scanning
apparatus and configured to receive information from the
scanning apparatus defining an exterior surface of the
gemstone;

the computer further including at least one storage
medium operatively associated with the processor and
containing dinstructions executable Dby the processor for
performing the steps of:

identifying one or more visible inclusions within
an interior volume of the gemstone;

for each identified inclusion, constructing a 3D
virtual model of the inclusion;

constructing a 3D virtual model of the gemstone
including the 3D virtual model of the exterior surface
of the gemstone and the 3D virtual models of the one or
more visible inclusions within the interior volume of
the gemstone; and

generating and storing within the storage medium a
dataset representing said 3D virtual model,

wherein said dataset may be used in subsequent computer
analysis to provide a user with information relating to a
visual characteristic of the gemstone, and

wherein the instructions executable by the processor
for performing the step of constructing a 3D virtual model
of each inclusion include instructions executable Dby the
processor for performing the sub-steps of:

capturing at least one image of the inclusion;
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using the at least one image to determine relevant
optical characteristics of the inclusion; and

constructing a 3D virtual model of the inclusion,
said model including the 3D shape of the inclusion and
optical properties of the inclusion based upon said

optical characteristics.

19. The system of «c¢laim 18 wherein the instructions
executable by the processor for performing the sub-step of
using the at least one image to determine relevant optical
characteristics of the inclusion include instructions for
performing the further sub—-steps of:

using the at least one image to assign an inclusion
type to the inclusion; and

on the basis of the assigned inclusion type, assigning
zero or more further characteristics to the inclusion, said
further characteristics being selected according to the
inclusion type and properties of the inclusion observable in

the at least one image.

20. The system of claim 18 or claim 19 wherein the storage
medium further contains instructions executable by the
processor to display captured images to the wuser on the
display device, and to generate and display virtual images

of the gemstone on the display device.

21. The system of any one of claims 18 to 20 wherein the
storage medium further contains instructions executable by
the processor to receive and process user input via the one
or more user input devices, said input being relevant to one
or more of: the identification of wvisible inclusions; the
location of wvisible inclusions; the 3D shape of wvisible
inclusions; and optical characteristics of visible

inclusions.



10

15

20

25

WO 2009/068354 PCT/EP2008/063307

43

22. The system of any one of claims 18 to 21 wherein the
storage medium further contains instructions executable Dby
the processor to generate and display photorealistic virtual
images of the gemstone and/or of further stones cut from the

gemstone, using the 3D virtual model of the gemstone.

23. The system of c¢laim 22 wherein said photorealistic
images include images representing predicted visual
appearance of the gemstone as observed from a specified
viewing position under specified 1lighting conditions using

computerised ray-tracing techniques.

24. The system of c¢laim 22 or <claim 23 wherein the
generated visual images are visual 1images of a rough
gemstone, or images of the predicted visual appearance of a
cut and/or polished gemstone proposed to be cut from a rough

gemstone.

25. The system of any one of claims 18 to 24 wherein the
storage medium further contains instructions executable by
the processor to automatically assess a clarity grading of a

proposed cut and polished gemstone.

26. The system of <c¢laim 25 wherein the instructions
executable by the processor to automatically assess a
clarity grading include instructions implementing ray-
tracing methods to generate a visual image of the gemstone
under standard clarity grading 1lighting conditions, and
calculating a «c¢larity grade by analysing the image and

applying grading rules.

27. Storage medium storing a program for controlling the

method steps of any of the claims 1-13.
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