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(57) Abstract: Methods and apparatus associated with three-dimensional objects are described. In an example, a method comprises
receiving data representing a three-dimensional model object, the data comprising object model data and object property data. For at
least one object property, a sub-region of the object in which the object property is non-variable is identified and, for at least one
location within the object, all sub-regions in which the location is situated are identified. Based on the combination of identified sub-
regions for a location, print material data is determined for the location. Control data for the production of a three-dimensional ob -
ject is generated according to the print material data.
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CONTROL DATA FOR GENERATION OF 3D OBJECTS

BACKGROUND

[0001] Three-dimensional  objects generated by an  additive
manufacturing process are formed in a layer-by-layer manner. In one example of
additive manufacturing, the object is generated by coalescing and solidifying portions
of layers of build material. In examples, the build material may be in the form of a
powder, fluid or sheet material. The intended coalescence, solidification and/or
physical properties may be achieved by printing an agent onto a layer of build
material. Energy may be applied to the layer and the build material which is coated
with the agent coalesces and solidifies upon cooling. In other examples, 3-D objects
may be generated by using extruded plastics or sprayed materials as build materials
which solidify to form an object.

[0002] Some printing processes for generating three-dimensional objects
use control data generated from a model of a 3-D object. This control data may, for
example, specify locations at which to apply an agent to a build material, or where a
build material may itself be placed.

BRIEF DESCRIPTION OF DRAWINGS

[0003] For a more complete understanding, reference is now made to the
following description taken in conjunction with the accompanying drawings in which:

[0004] Figure 1 is a flowchart of an example of a method for generating
control data for production of a three-dimensional object;

[0005] Figure 2 is a flowchart of an example of part of a method for
generating control data for production of a three-dimensional object;

[0006] Figure 3 is a simplified schematic of an example of apparatus for
generating control data for production of a three-dimensional object; and

[0007] Figure 4 is a simplified schematic of an example of a processor
and a memory.
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DETAILED DESCRIPTION

[0008] Some examples described herein provide an apparatus and a
method for generating control data that may be used to produce a three-dimensional
object. Some examples allow arbitrary three-dimensional content with a variety of
specified object properties to be processed and used to generate a three-
dimensional object. These object properties may, for example, comprise appearance
properties (color, transparency, glossiness, etc), conductivity, density, porosity and/or
mechanical properties such as strength.

[0009] In some examples herein, three-dimensional space is
characterised in terms of ‘voxels’, i.e. three-dimensional pixels, wherein each voxel
occupies a discrete volume. When producing data modelling a three-dimensional
object, a voxel at a given location may have at least one characteristic. For example,
it may be empty, or may have a particular color, or comprise material having a
particular density.

[0010] In some examples, print material data is generated for an object.
Such print material data may, for example detail the amount of each of the available
print materials (such as agent(s) to be printed onto a layer of the build material, or in
some examples, build materials themselves), and their combination if needed. This
may be specified as a proportional volume coverage (for example, X% of a region of
a layer of build material should have agent Y applied thereto). Such print materials
may be related to or selected to provided an object property such as, for example,
color, transparency, flexibility, elasticity, rigidity, surface roughness, porosity,
conductivity, inter-layer strength, density, and the like.

[0011] The actual location at which print materials (for example, a drop of
agent) should be applied, as specified in control data, may be determined using
halftoning techniques.

[0012] For example, a set of voxels within object model data may be
associated with print material data, for example expressed as volume coverage
vectors. In a simple case, such a vector may indicate that X% of locations in a given
region in three-dimensional space should have one unit of a particular agent applied,
whereas (100-X)% should be left clear of agent. The print material data may then
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provide the input for a ‘halftoning’ process to generate control data that may be used
by an additive manufacturing system to produce a three-dimensional object. For
example, it may be determined that, to produce specified material properties, 25% of
a layer of build material (or of a portion of a layer) should have an agent applied
thereto. The halftoning process determines where the drops of agent are to be
deposited in order to provide the 25% coverage specified, for example by comparing
each location to a threshold value provided in a halftone matrix.

[0013] In some examples, data representing a 3D structure or object is

‘rasterized’, i.e. converted to series of discrete locations. The rasterized data may be
at the printable resolution of the 3D printing apparatus to which control data may be
provided.

[0014] Figure 1 shows a method for generating control data for

production of a three-dimensional object. The method comprises receiving data
representing a three-dimensional model object (block 202). In an example, the data
comprises object model data, defining for example whether a voxel in a cuboid
enclosing the object is populated or empty (i.e. the object exists or does not exist at
that location) and object property data, specifying at least one object property
parameter, such as color, strength, conductivity, transparency, etc in association with
a location.

[0015] In block 104, a sub-region of the object in which at least one

object property is non-variable is identified. This may for example comprise a region
which is all one colour, or a region which is all one density. In some examples, this is
carried out for several, or all, object properties which are specified and thus a number
of sub-regions, which could be overlapping and which may have different shapes and
volumes may be identified. In some examples, the object property may be non-
variable (or constant) even where there is a difference in object property data values.
For example, object property data values with a certain range may be deemed to
provide a non-variable object property. In some examples, this may be related to the
constraints of object generating apparatus. In other examples, this may be user
defined, for example specifying an acceptable loss in specificity between the object
model data and the data to be generated.

[0016] In block 106, a location within the object is considered and all sub-

regions in which the location is situated are found. The location may, for example,
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belong in a first sub-region relating to a particular shade of a particular color, and a
second sub-region relating to a particular density.

[0017] In block 108, based on the combination of identified sub-regions,

print material data is determined. This print material data may be defined implicitly
and/or explicitly and may comprise any, or any combination of, amongst others: a
value indicating an available build material is to be used; a color value; a flexibility
value; an elasticity value; a rigidity value; a surface roughness value; a porosity
value; a strength value; and a density value. For example, a direct or explicit
definition may be of the form “place X% of material Y, Z% of material Q, ...”. An
indirect or implicit definition may specify a particular object property, e.g. a color of X
or a rigidity of Y and this may be mapped to an explicit combination of available print
materials.

[0018] Control data for the production of a three-dimensional object may

then be determined according to the print material data (block 110). In some
examples, there may be regions of the object in which all the object properties are
the same. In such cases, the locations may be mapped to a common volume
coverage representation vector object. Such vector objects may therefore vary in
size; i.e. some may apply to larger regions of the object than others.

[0019] Figure 2 shows an example of parts of the method shown in

Figure 1 in greater detail. In this example, once a sub-region has been identified, a
data set is stored in association therewith (block 202). The data set comprises at
least one example of print material data indicating a print material or print material
combination resulting in the non-variable object property. In particular example, all
the examples of print materials or print material combinations resulting in the non-
variable object property may be stored as members of the set. The members of the
set may comprise alternative volume coverage representations. If, for example, a
location is associated with a sub-region in which the non-variable property is color,
but the object is also variable in terms of density, then the members of the set may
comprise alternative volume coverage representations specifying proportions of
agents which would result in the specified colour but a range of densities (in some
examples, the range of densities represented in object model). Another sub-region
may exist relating to the density at that location, and an associated set may have
members comprising alternative volume coverage representations specifying
proportions of agents which would result in the specified density but a range of colors
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(in some examples, the range of colors represented in object model). In other
examples, there may be other, or further, two variables to consider in this manner.

[0020] In block 204, it is determined whether there is a common member

within at least two (and in some examples, all) data sets stored for that location. If
there is, this may be used to provide the print material data for the location (block
206). In mathematical terms, identifying such a common member may be referred to
as finding the intersection of the data sets. If no common member can be found, in
this example, members of data sets stored for identified sub-regions are combined to
determine print material data for the location (block 208). If, for example, a member
can be found in both a non-variable color and a non-variable density data set
associated with the location, and another member can be found in both a non-
variable color and a non-variable gloss data set associated with that location, but
there is no common set member between all three data sets, members could be
combined by carrying out a volumetric averaging of the two members. This may
result in print material data providing the specified color (as both set members have
this color) but an average of the gloss and density (which may be more or less glossy
or dense than originally specified).

[0021] In block 210, control data is generated by halftoning. In one

example, this comprises comparing a volume property representation to a threshold
matrix such that the actual location at which drops of agent are deposited can be
determined. In one example, the threshold values are for carrying out a halftone
operation that compares a value of the threshold matrix against a value of a material
(such as an agent(s)) or probability distribution such as a material volume coverage
and chooses a single ‘state’ - material or ink-combination based on the threshold

value.

[0022] Figure 3 shows a processing apparatus which generates control

data for production of a three-dimensional object. The apparatus 300 comprises an
interface 302, a sub-region module 304, an image processor 306, a combining
module 308, a separation generator 310, and a halftone module 312.

[0023] The interface 302 receives data 314 representing a three-

dimensional model object 316. In the illustrated example, the object 316 is a self-
righting round bottom cone. The rounded end of the cone is dense to effect self-
righting. The cone is divided lengthways into two colors. In this example, therefore,
the object is variable in terms of color and density, both of which may take one of two
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values. In other examples, the object 316 may be any form, and comprise any
combination of properties, which may have a greater range of values associated
therewith.

[0024] The data 314 comprises object model data 318 and object

property data 320. The datamay in some examples be data generated by a
computer aided design (CAD) application. In this example, the object model
data 318 defines the form of the object (i.e. where the object exists in three-
dimensional space and where it does not). For example, the object model
data 318 may comprise voxels that are defined in a three-dimensional (also referred
to herein as [x,y,z]) space. A given voxel may have associated data that indicates
whether a portion of the model object is present at that location.

[0025] In one example, the object property data 320 defines at least one

object property for the three-dimensional object to be generated. For example, the
object property data 320 may comprise a color or other object property for at least a
portion of the object to be generated. The object property data 320 may also be
used to define multiple object properties for a portion or portions of an object. Object
properties other than color may include, for example, flexibility, elasticity, rigidity,
surface roughness, porosity, inter-layer strength, density, conductivity, structure (for
example, solid or structured) and the like, and may depend on the type of build
material or agents used to generate an object.

[0026] The object property data 320 may comprise global and/or local

object property data 320, e.g. certain object property values as defined in the object
property data 320 may be associated with each voxel that defines the object and/or
certain object property values may be associated with a set of voxels, e.g. ranging
from individual voxels to all voxels associated with the object. In one example, the
data representing the three-dimensional object comprises a model of a three-
dimensional object that has at least one material property specified at every location
within the model, e.g. at every [, y, z] co-ordinate.

[0027] The sub-region module 304 is to identify regions of model object

data having a constant (i.e. non-variable) object property. Some properties may be
represented by a variable which is substantially continuous in nature (such as color),
whereas other may be binary (for example, representing the presence or absence of
a material) or have discrete values. In some examples, each object property that is to
be taken into account is analysed in terms of its variety within the model. This can be
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done in a spatially independent way. The result may be a determination of a set of
unique colors, a set of unique structures, a set of unique densities, and the like. For
each of the properties, a spatially corresponding voxel representation may be
constructed at the resolution needed to represent the determined variety. In such
examples, a sub-region is equivalent to a voxel, and may be defined so as to be as
large as possible given the specified properties (and in some examples the
capabilities of an intended printing apparatus). As noted above, these sub-regions
may vary in size and shape for different object properties. In this example, the
object 316 comprises two color sub-regions 322a, 322b (both being half a round-
bottom cone) and two density sub-regions 324a, 324b (a cone and a hemisphere).

[0028] In some examples, the sub-region module 304 determines, for

each constant object property, a data set comprising, as members thereof, print
material data resulting in the non-variable object property. Therefore, a data set for a
sub-region defined for a particular density value may result in a set of print material
combinations reflecting all colors in the object, each paired with the specified density
value, and so on for all combinations of properties. In some cases, the set may not
represent all combinations for the object. Instead, combinations which approximate
specified object property data (for example, if a data value falls within a
predetermined range) may be represented as members of the data set.

[0029] In this example, the image processor 306 accesses the obtained

data and generates a rasterized representation of a plane of the three-dimensional
model object 316. For example, the image processor 306 may generate slices of
parallel planes of a model of the three-dimensional object which are then rasterized.
Each slice may relate to at least a portion of a respective layer of build material in an
additive manufacturing system. In a three-dimensional space that uses a three-
coordinate system, e.g. that uses [x, y, z] co-ordinates, these parallel planes may be
z-slices, i.e. planes that are parallel to x and y axes. Each z-slice may comprise
portion(s) of a model that have a common z co-ordinate and that extend in the x and
y dimensions. The number of z-slices may depend on a resolution of detail in the z
dimension and/or the output resolution of a layer of build material.

[0030] In one example, the image processor 306 outputs a plurality of

two-dimensional raster objects, each representing a plane of the three-dimensional
space in which the model object is defined. Each of these two-dimensional raster
objects may comprise an image such as a bitmap. In this case, the image processor
associates at least one object property value with each location in the raster object.
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For example, each raster object may comprise a set of pixels that extend in the x and
y dimensions; each pixel may then be associated with at least one object property
value. In one case, each pixel may be associated with at least one object property.
In the case that one of the object properties defines a color, the color may be defined
in a color space, such as: a monochrome contone space, e.g. grayscale; a Red,
Green, Blue (RGB) color space; the International Commission on lllumination
(CIE) 1931 XYZ color space, wherein three variables (X’, 'Y’ and ‘Z’ or tristimulus
values) are used to model a color; the CIE 1976 (L*, a*, b* - CIELAB or ‘LAB’) color
space, wherein three variables represent lightness (‘L') and opposing color
dimensions (‘a’ and ‘©’); or any other color space or derived color space. A color
value in these color spaces may comprise a continuous tone value, e.g. a value
within a predefined range of values. For example, in a simple case, an RGB color
value may comprise three 8-bit values; as such each red, green and blue value may
be within the range of 0 to 255.

[0031] The combining module 308 identifies, for each location, all

associated sub-regions and to determine print material data at the location based on
the combination of identified sub-regions. If a data set has been determined as
outlined above, the combining module 308 may, in some examples, identify if any
member exists in the data set stored for each sub-region associated with the location
and, if so, to use the member to provide print material data for the location or, if no
member is common to all sets, to determine similar members and combine the
proportions specified therein to determine the print material data for the location, in
some examples as set out in Figure 2. In this example, the combining module 308
received the two dimensional raster objects although in other examples it may
receive data directly from the interface 302.

[0032] The separation generator 310 maps locations to a volume

coverage representation. In some examples, the separation generator 310 may map
locations having common print material data to a common vector object. In one case
the separation generator 310 maps a material property to a volume coverage vector.
In some examples, the separation generator 310 may receive raster objects as
described above. These may be received one by one, e.g. in an order representative
of an ascending height of the object, or as a collection, e.g. all slices of the model
object.

[0033] A volume coverage vector may have a plurality of values, wherein

each value defines a proportion for each material (a “material primary” or MP) in an
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addressable area of a layer of the three-dimensional object. For example, in an
additive manufacturing system with two available materials — M1 and M2, where
each material may be independently deposited in an addressable area of a layer of
the three-dimensional object, there may be 27 (i.e. four) proportions in a given volume
coverage vector: a first proportion for M1 without M2; a second proportion for M2
without M1; a third proportion for an over-deposit of M1 and M2, e.g. M2 deposited
over M1 or vice versa; and a fourth proportion for an absence of both M1 and M2. In
this case an volume coverage vector may be: [M1, M2, M1M2, Z] or with example
values [0.2, 0.2, 0.5, 0.1] —i.e. in a given [x, y] location in a z slice, 20% M1 without
M2, 20% M2 without M1, 50% M1 and M2 and 10% empty. As each value is a
proportion and the set of values represent the available material combinations, the
set of values in each vector sums to 1 or 100%.

[0034] In an example, for a given layer (z coordinate) of the object, each
X, y coordinate may be included in the rasterized representation. From this, all the
sub-regions which relate to the coordinate can be found (along with, in some
examples, any other property not associated with a sub-region). Values for the
respective properties can be found, independently from the size of the sub-region,
and used to form a multidimensional object. In some examples, where multiple sets
are stored, these sets provide a multidimensional lookup table for defining the object.

[0035] This may result, for example, in set of proportion values specifying
for example [red, green, blue, conductivity, elasticity, etc].

[0036] The spatial detail is therefore specified at each location (possibly
in terms of the smallest addressable volume for printing), but print material data is
not, instead being expressed at the level of sub-regions. This allows for a reduction
in data file size in order to represent the model, and can improve processing speeds.
It also means that, should an object property be altered within a model, new sub-
regions can be identified for the property and new combinations computed, but the
sub-regions for unaffected properties need not be recomputed. The halftone
module 312 to carry out halftoning of a plane of a three-dimensional object to be
generated. In some examples, the halftone module 312 may use a thresholding
matrix to carry out halftoning, the thresholding matrix being structured to affect at
least one object property.

[0037] Examples in the present disclosure can be provided as methods,
systems or machine readable instructions, such as any combination of software,
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hardware, firmware or the like. Such machine readable instructions may be included
on a computer readable storage medium (including but is not limited to disc storage,
CD-ROM, optical storage, etc.) having computer readable program codes therein or
thereon.

[0038] The present disclosure is described with reference to flow charts

and/or block diagrams of the method, devices and systems according to examples of
the present disclosure. Although the flow diagrams described above show a specific
order of execution, the order of execution may differ from that which is depicted.
Blocks described in relation to one flow chart may be combined with those of another
flow chart. It shall be understood that each flow and/or block in the flow charts and/or
block diagrams, as well as combinations of the flows and/or diagrams in the flow
charts and/or block diagrams can be realized by machine readable instructions.

[0039] The machine readable instructions may, for example, be executed

by a general purpose computer, a special purpose computer, an embedded
processor or processors of other programmable data processing devices to realize
the functions described in the description and diagrams. In particular, a processor or
processing apparatus may execute the machine readable instructions. Thus
functional modules of the apparatus and devices may be implemented by a
processor executing machine readable instructions stored in a memory, or a
processor operating in accordance with instructions embedded in logic circuitry. The
term ‘processor’ is to be interpreted broadly to include a CPU, processing unit, ASIC,
logic unit, or programmable gate set etc. The methods and functional modules may
all be performed by a single processor or divided amongst several processors.

[0040] Such machine readable instructions may also be stored in a

computer readable storage that can guide the computer or other programmable data
processing devices to operate in a specific mode.

[0041] For example, the instructions may be provided on a non-transitory

computer readable storage medium encoded with instructions, executable by a
processor.

[0042] Figure 4 shows an example of a processor 400 associated with a memory

402. The memory comprises computer readable instructions 404 which are
executable by the processor 400. The instructions 404 comprise:
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Instructions 406 to identify, from data representing a three-dimensional model
object as a plurality of addressable location, sub-regions of the object in which an
object property is non-variable;

Instructions 408 to identify, for each location, all sub-regions in which the location
is situated;

instructions 410 to determine, for each location, based on the combination of
identified sub-regions, print material data indicating at least one print material to
be deposited at the location; and

instructions 412 to map locations to print material volume coverage vectors such
that locations occupying the same set of sub-regions are mapped to a common
volume coverage vector.

[0043] Such machine readable instructions may also be loaded onto a
computer or other programmable data processing devices, so that the computer or
other programmable data processing devices perform a series of operations to
produce computer-implemented processing, thus the instructions executed on the
computer or other programmable devices provide a operation for realizing functions
specified by flow(s) in the flow charts and/or block(s) in the block diagrams.

[0044] Further, the teachings herein may be implemented in the form of a
computer software product, the computer software product being stored in a storage
medium and comprising a plurality of instructions for making a computer device
implement the methods recited in the examples of the present disclosure.

[0045] While the method, apparatus and related aspects have been
described with reference to certain examples, various modifications, changes,
omissions, and substitutions can be made without departing from the spirit of the
present disclosure. In particular, a feature or block from one example may be
combined with or substituted by a feature/block of another example.

[0046] The word “comprising” does not exclude the presence of elements
other than those listed in a claim, “a” or “an” does not exclude a plurality, and a single
processor or other unit may fulfil the functions of several units recited in the claims.

[0047] The features of any dependent claim may be combined with the
features of any of the independent claims or other dependent claims.
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CLAIMS

1. A method, comprising:

receiving data representing a three-dimensional model object, the data
comprising object model data and object property data;

identifying, for at least one object property, a sub-region of the object in which
the object property is non-variable;

identifying, for at least one location within the object, all sub-regions in which
the location is situated;

determining, for at least one location within the object and based on the
combination of identified sub-regions, print material data for the location;

generating control data for the production of a three-dimensional object
according to the print material data.

2. A method according to claim 1 comprising determining a data set associated with
a sub-region, wherein each member of the data set comprises a volume

coverage vector resulting in the non-variable object property.

3. A method according to claim 2 in which the data set comprises all the examples
of volume coverage vectors resulting in the non-variable object property and
other object properties for the model object.

4. A method according to claim 2 in which determining the print material data for a
location comprises identifying a common member within at least two data sets

determined for sub-regions identified for that location.

5. A method according to claim 2 in which determining the print material data for a
location comprises combining members of at least two data sets determined for
sub-regions identified for that location.

6. A method according to claim 1 in which mapping comprises mapping locations
having the same print material data to a common vector object.
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7. A method according to claim 1 in which generating control data comprises
halftoning by comparing at least one volume coverage representations to a
halftone thresholding matrix.

8. Processing apparatus, comprising:

an interface to receive data representing a three-dimensional model
object, the data comprising object model data and object property data;

a sub-region module to identify regions of model object data having a
constant object property;

a combining module, to identify, for locations in the model object, all
associated sub-regions and to determine print material data for the location
based on the combination of identified sub-regions;

a separation generator to map locations in the model object to a print
material volume coverage representation of the object;

a halftone module to carry out halftoning to generate control data for
production of a three-dimensional object.

9. Apparatus according to claim 8 in which the sub-region module is to determine,
for each constant object property, a data set, wherein each member of the data
set comprises a volume coverage vector resulting in the constant object property.

10. Apparatus according to claim 9 in which the combining module is identify if any
member exists in the data sets stored for each sub-region associated with the
location and, if so, to use the member as the print material data for the location
or, if no member is common to all data sets, to combine similar members to

determine the print material data for the location.

11. Apparatus according to claim 8 in which the separation generator is to map

locations relating to common print material data to a common vector object.

12. Apparatus according to claim 8 in which the halftone module is to use a
thresholding matrix to carry out halftoning.

13. A non-transitory computer readable storage medium encoded with instructions,
executable by a processor, comprising:
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instructions to identify, from data representing a three-dimensional model
object as a plurality of addressable locations, sub-regions of the object in which
an object property is non-variable;

instructions to identify, for each location, all sub-regions in which the
location is situated;

instructions to determine, for each location, based on the combination of
identified sub-regions, print material data indicating at least one print material to
be deposited at the location; and

instructions to map locations to volume coverage vectors according to the
print material data such that locations occupying the same set of sub-regions are

mapped to a common volume coverage vector.

14. A non-transitory computer readable storage medium according to claim 13 in
which the instructions to determine print material data further comprise specifying

a proportional volume coverage for the at least one print material.
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