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shading request to shade a particular point in a CG representation of the physical material from a rendering engine, wherein the
request Identifies a mapping position of the particular point, a view direction at the mapping position, and a light direction at the
mapping position; calculating a direct lighting color at the mapping position using a plurality of palettized images; calculating an
Indirect lighting color at the mapping position using the data describing the physical material; generating a final color at the mapping

position by combining the direct lighting color and the indirect lighting color; and providing the final color to the rendering engine for
use In rendering the CG representation of the physical material.
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ABSTRACT

Methods, systems, and apparatus, including computer programs encoded on a
computer storagc medium, for shading computer graphics (CG) representations of materials.
One of the methods includes obtaining data describing a physical materal; receiving a
shading request to shade a particular point 1 a CG representation of the physical material
from a rendering engine, wherein the request identifies a mapping position of the particular

point, a view direction at the mapping position, and a light direction at the mapping position,

calculating a direct lighting color at the mapping position using a plurality of palettized
images; calculating an indirect lighting color at the mapping position using the d_ata
describing the physical material; generating a final color at the mapping position by
combining the direct lighting color and the 1ndirect lishting color; and providing the final

color to the rendering engine for use in rendering the CG representation of the physical

material.
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MATERIAL SAMPLE SCANNER WITH AN ARRAY OF PLANAR MIRRORS

This application is a divisional of Canadian patent application number

2,891,431 filed on May 14, 2015.
BACKGROUND

This specification relates to shading computer graphics (CG) representations of
materials. During the process of rendering a CG representation of a material, one or more
shading techniques can be used to determined, e.g., the color and brightness of the surfaces of

the material, based on the desired lighting in the rendered scene.

SUMMARY

According to an aspect of the present invention, there is provided an apparatus
comprising: a collimated light source having a lens for emitting collimated light; a second
mirror; a plurality of first planar mirrors, wherein the light source is movable to directly
illuminate each first planar mirror of the plurality of first planar mirrors, and wherein, for each
first planar mirror, directly illuminating the first planar mirror comprises emitting light from
the lens of the light source that 1s reflected by the second mirror to intersect a reflective
surface of the first planar mirror; a sample support configured to support a material sample,
wherein the sample support is positioned such that each of the first planar mirrors reflects a
respective view of the material sample from a different perspective; a camera configured to
capture a plurality of images of the plurality of first planar mirrors reflecting the material

sample, each of the plurality of images being captured while the light source is positioned to
directly illuminate a different first planar mirror of the first planar mirrors; wherein the first
planar mirrors are arrayed so that respective surfaces of the first planar mirrors approximate a
portion of an outer surface of an ellipsoid; and wherein the sample support is configured to
support the material such that a center of the material sample 1s positioned at a first focal point

of an ellipse formed by taking a cross section of the ellipsoid that passes through a center of

the ellipsoid and is along a semi-axis of the ellipsoid.
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In general, one innovative aspect of the subject matter described in this
specification can be embodied in an apparatus that includes a light source having a lens for
emitting light; a plurality of first planar mirrors, wherein the light source 1S movable to
directly illuminate each planar mirror of the plurality of first planar mirrors; a sample support
configured to suspend a material sample between the plurality of first mirrors and the light
source, wherein the sample support is positioned such that each of the first mirrors reflects a
respective view of the material sample from a different perspective; and a camera proximate
to the light source and configured to capture a respective image of the first mirrors reflecting

the material sample while the light source is positioned to directly illuminate each of the

planar mirrors.

These and other embodiments can each optionally include one or more of the
following features. The emitted light can be collimated light. Directly illuminating a first
planar mirror can include emitting light from the lens of the light source that is reflected by a
second mirror to intersect the first planar mirror. The camera can be further configured to
provide the images to a system for use in generating data structures for shading a computer
graphics representation of the material sample. The first planar mirrors can be arrayed so that
respective surfaces of the first planar mirrors define an ellipsoid. A center of the material
sample can be positioned at a first focal point of an ellipse formed by taking a cross section of
the ellipsoid that passes through a center of the ellipsoid and is along a semi-axis of the
ellipsoid. The camera can be positioned at a second focal point of the ellipse. The light source

can be mounted on a rotating disc.

In general, another innovative aspect of the subject matter described in this

specification can be embodied in methods that include the actions of obtaining a plurality ot

la
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first images, wherein each first image includes a plurality of regions, wherein cach region
corresponds to a respective mirror of a plurality of mirrors and comprises a reflected 1mage
of a first sample of a material reflected by the corresponding mirror, and wherein the

plurality of mirrors define an ellipsoid; for each first image: generating a respective region

1mage for each reglon in the first image by extracting the reflected 1 image corresponding to
the region from the first i image, wherein each region image comprises a respective plurality
of region image pixels, and palett1zmg each of the region images; and providing each
palettized mmage to a computer sraphics (CG) rendering engine for use in shadmg a CG
representation of the material.

Other embodiments of this aspect include corresponding computer systems,

apparatus, and computer programs recorded on one or more computer storage devices, each
configured to perform the actions of the methods.

A system of one or more computers can be configured to perform particular

operations or actions by virtue of having software, firmware, hardware, or a combination of
these installed on the system that 1n operation causes the system to perform the actions. One

or more computer programs can be configured to perform particular operations or actions by

virtue of including instructions that, when executed by data processing apparatus, cause the
apparatus to perform the actions. '

These and other embodiments can each optionally include one or more of the
following features. The method can further include obtaining geometry calibration data and
color calibration data for use in calibrating the plurality of tirst images. Generating the
respective region image for each region in the first image can include: extracting the reflected
image corresponding to the region from the first image using the geometry calibration data;
and adjusting the color of the reflected image using the color calibration data to generate the
region image. The method can further include for each region image pixel: dividing the
ellipsoid defined by the plurality of mirrors into a first number of sectors, wherein a ray
reflected by the material has an equal probability of landing in each of the sectors, dividing

cach of the sectors into a second number of pieces, wherein a ray reflected by the matenal

has an equal probability of landing in cach of the pieces, and generating a table having a

. £~ - . . _ . .\ L . | . - s .
plurality of cells, wherein each of the cells in the table stores data identilyng a center 01 @

respective picce ot the ellipsoid. The method can further include providing the tad les for

P
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each region image pixel to a rendering engine for use 1n determining effects of direct
hghtmg on the CG representatlon of the matenal. Div iding the ellipsoid defined by the
plurality of mirrors into the first number of sectors can include iteratively accumulating local

probabilities of subdivisions of a surface of the ellipsoid. The local probability of each

subdivision can be a local brightness of the subdivision divided by an average bmghmess of
the surface of the ellipsoid. Dividing each of the sectors into the second number of pieces
can include iteratively accumulating local probabilities of subdivisions of the sector. The
method can further include obtaining a plurality of second iniages, wherein each second
image is a direct image of a second, larger sample of the material reflected by the

corresponding mirror, and wherein each second image comprises a respective plurality of

second image pixels; determining a respective most similar region 1mage pixel for each
second image pixel; and storing a mapping that associates each second image pixel with the
corresponding most similar region image pixel for the second 1mage pixel. Each second

image can be taken at a respective angle, and wherein each of the respective angles

corresponds to an angle at which a respective one of the plurality of mirrors reflects the farst

sample of the material. Determining a respective most similar region image pixel for each

second image pixel can include: determining a respective signature for cach reg10n image
pixel and each second 1mage pixel; and selecting the most similar region image pixels based

on the signatures. Determining the respective signature for each region 1mage pixel and each

second image pixel can include: cor puting a height of the pixel and heights of a pre-

determined number of neighbors of the pixel; and computing the signature for the pixel based

on the heights. Determining the respectwe signature for each region image pixel and each

second image pixel can include computing the signature for the pixel based on a color

matching. Seclecting the most similar region image pixels based on the signatures can include

selecting a region image pixel hav ing a signature that has a smallest distance from the
signature for the second image pixel as the most similar region image pixel from the second
image pixel.

Particular embodiments of the subject matter described in this specification can be
implemented so as to realize one or more of the following advaniages. A CG representation
L
i

of a material can be effectively shaded wzthoaf obtaining multiple high-resolution images of

a large sample of the physical materials. Representations of mater ials having complicated

e,
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and varying textures can be effectively shaded. Representations of materials can be
effectively shaded using less data and mn a shorter amount of tiume. ' '

In general, :inother innovative aspect of the subject matter described in this
specification can be embodied in methods that include the actions of obtaining data
describing a physical material, wherein the data describing the physical material includes a
plurality of palettized images of a first sample of the physical material, wherein each of the
palettized images comprises a respective reflected image ot a first sample of the physical
material reflected by a respective mirror of a plurality of mirrors; receiving a shading request
to shade a particular pomt 1n a computer graphics (CG) representation of the physical
material from a rendering engine, wherein the request identifies a mapping position of the
particular point, a view direction at the mapping position, and a light direction at the mapping
position; calculating a direct lighting color at the mapping position using the plurality of
palettized images; calculating an indirect lighting color at the mapping position using the
data describing the physical material; generating a final color at the mapping position by
combining the direct lighting color and the indirect lighting color; and providing the final

color to the rendering engine for use in rendering the CG representation of the physical

material.

Other embodiments of this aspect include corresponding computer systems,

apparatus, and computer programs recorded on one or more computer storage devices, each
configured to perform the actions of the methods.
A system of one or more computers can be configured to perform particular

operations or actions by virtue of having software, firmware, hardware, or a combination of

these installed on the system that in operation causes the system 10 perform the actions. One

or more computer programs can be configured to perform particular operations or actions by
virtue of including instructions that, when executed by data processing apparatus, cause the
apparatus to perform the actions.

These and other embodiments cau each optionally include one or more of the

following features. Positions ot the plurality of mirrors can define a hemisphere. The

method can further include generating a Voronoi diagram of a hemisphere defined by

positions of a plurality of mirrors that cach reflect a view of a material sample positioned

above the plurality of mirrors trom a different perspective; generating a two-dimensional
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a respective horizontal and vertical angle pair; and for each of the cells: constructing a circle
over a surface of the ellipsoid at the horizontal and vertical angle pair corresponding to the
cell, and storing a plurality of (position, weight) pairs as data corresponding to the cell,
compi’ising: randomly locating a pre-determined number of points within the circle, for each
of the points, determining a respective closest mirror for each of the points, for each ot the

mirrors, determining a count of points that have the mirror as the closest mirror for the point,

and determining a respective (position, weight) pair for each of the mirrors, wherein the

position identifies the mirror and the weight is determined by dividing the count of points for
the mirror by the pre-determined number.

Calculating the direct lighting color at the mapping position using the plurality of

palettized images can include: identifying a first cell in the two-dimensional table
corresponding to the view direction; identifying a second cell in the two-dimensional table
corresponding to the light direction; determining a first contributing palettized image and a

second contributing palettized image using the (position, weight) pairs stored in the first cell

and the second cell; extracting a first pixel from the first contributing palettized image and a
second pixel from the second contributing palettized image; and determining the direct
lighting color using the extracted pixels and the weights for the first and second cells.
Extracting a pixel from each of the contributing palettized mmages can include extracting the
pixels by translating coordinates of the mapping position to a location in each contributing
palettized image. Determining the direct lighting color using the extracted pixels and the
weights can include: determining a color of the first pixel and a color of the second pixel;
weighting the color of the first pixel based on the weights in the (position, weight) pairs used
to select the furst contributing palettized image; weighting the color of the second pixel based
on the weights in the (position, weight) pairs used to select the second contributing palettized
image; and summing the weighted colors (o determine the direct lighting color. Generating
the Voronoi diagram can include identitying a closest mirror for each point in the ellipsod,
wherein the closest mirror is the mirror having a shortest distance from the point to the center
of the mirror. Generating the Voronoi diagram can further include assigning cach point that
<hares 4 same closest mirror to a same zone in the Voronai diagram. Constructing the circle

over the surface can include selecting, from each possible circle covering at icast two ZOnes

A
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:n the Voronoi diagram, the circle having the smallest radius. The data describing the
physical material can include a K x M table for a first pixel in a first region image, wherein
the first region image corresponds to the recoived view direction, wherein the first pixel
corresponds to the received mapping position, and wherein each cell of the table contains a
position of a center of a respective piece of an ellipsoid defined by the plurality of mirrors.
Calculating the indirect lighting color at the mapping position using the data
describing the physical material can 1clude: determining a first indirect lighting color at the
mapping position, comprising; generating a first non-integer random number selected from a

range of zero to K; generating a second non- mte ger random number selected from a range of

zero to M: indexing the table using the first random number and the second random number
to identify cells that bound the first random number and the second random number;
identifying positions contained in the ‘dentified cells: combining the positions to generate a
final position; and tracing a ray ‘1 the direction defined by the final position to determine the
first indirect lighting color; and calculating the indirect lighting color at the mapping position
based at least in part on the first indirect lighting color. Calculating the indirect lighting
color at the mapping position based at least in part on the first indirect lighting color can
include using the first indirect lighting ~olor as the indirect lighting color. Calculating the
indirect lighting color at the mapping position based at least In part on the first indirect
lighting color can include: ca.lculatmg one or more other indirect lighting colors; and

combining the one or more other indirect lighting colors with the first indirect lighting color

to generate a {inal indirect lighting color.

The details of one or more embodiments of the subject matter of this specification are -

set forth in the accompanying drawings and the description below. Other features, aspects,
and advantages of the subject matier will become apparent from the description, the

drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
F1G. 1 is a high-level illustration of an cxample system for shading a computer
oraphic (CG) representation of a physical material.
FIG. 2A is a diagram of an examplc naterial sample scanner.

CIG. 2B illustrates an example coniiguration of “components within a material sample

i

SCANNer.
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FIG. 3 is a diagram of the bottom of a light source-camera assembly.

FIG. 4 shows a view of a mirror assembly from above.

FIG. 5 is an examplc mirror image generated by a material sample scanner.
FIG. 6 is a flow diagram of an example technique for generating palettized images for

use in determining the direct lighting for a CG representation of material.

FIG. 7 is a flow diagram of an example technique for generating data structures for
use in determining the effects of indirect 1igh;[ing for a CG representation of a material.

FIG. 8 is a flow diagram of an example technique for calibrating the geometry and
color of images produced by a material sample scanner.

FIG. 9 is a flow diagram of an example technique for eenerating a mapping between
pixels in direct images and pixels in mirror images.

FIG. 10 is a flow diagram of an example _techjlique for calculating the final color at a
glven mapping position.

FIG. 11A is a flow diagram of an example technique for determining the effects of

direct lighting at a given mapping position.

FIG. 11B shows an example Voronoi diagram.

FIG. 12 is a flow diagram of an example technique for determining the effects of
indirect lighting at a given mapping position.
Like reference numbers and designations in the various drawings indicate like

clements.

DETAILED DESCRIPTION

FIG. 1 1salu gh-lex@l ustration of an example system 100 for shading a compuler
graphic (CG) representation ot a physical material, e.g., wood, fabric, leather, or metal, using
a physical sample of the material.

The system 100 includes a rendering engine 106. The rendering engine 106 renders
images or animations, €.g., using conventional techniques. Generally, the rendering cnEIne
106 generates images or animations {rom a prepared scene, €.g., based on models or other
rendering criteria. As part of the rendering process and in order to account for the cifects of
the desired lighting conditions of the rendered scene on the CG representations of physical
materials. i.c., in order to accurately depict an image of a physical material in a three-

dimensional model, the rendering engine 106 may need to obtain shading information for the
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CG representations from a shading module 108. The shading module 108 may be, €.g., @
plug-in software component for the rendering engine 106.

The shading module 108 receives a requést for shading information from the
rendering engine 106 that identifies the mateﬁal to be shaded, the mapping positidn that 1s to
be shaded, i.e., a position in a UV mapping of the three-dimensional model of the image, the
view direction for the mapping position and the light direction at the mapping position. The
mapping position may be expressed 1n, for example, UV coordinates. In response to the

request, the shading module 108 determines the final color at the mapping position using data

obtained from a material builder system 104 and provides the final color to the rendering

engine 106 for rendering. In order to determine the final color at the mapping position, the
shading module 108 determines the effects of direct and indirect lighting at the position.
Direct lighting is lighting provided from a light source without reflection from other surfaces.

Indirect lighting is lighting provided by reflection of light from other surfaces, 1.¢., a

reflection of light provided from a direct light source from surfaces surrounding an object in

a scene. Determining the final color at a given mapping position 1s described in more detail
below with reference to FI1G. 10.

The material builder system 104 can be implemented as computer program
instructions that execute on one or more data processing apparatus (e.g., personal computers,
servers, tablet computers, smart phones, etc.) i one or more geographic locations. The
material builder system 104 receives images of a sample of a physical material gencrated by
2 material sample scanner 102 and generates data structures for use by shading modules, ¢.g.,
the shading module 108, in shading CG rcpresentations of the material. Generating data for
use in determining the effocts of direct lighting on the shading a CG representation of the

material under direct lighting is described below with reference 1o FI1G. 6. Generating data

for use in determining the effects of indirect lighting on the shading of the CG representation
of the material is described below with reference to FlG. /.

The material sample scanner 102 is an apparatus that generates images of the physical
sample of the given material and provides them to the material builder system 104. Each
image generated by the material sample scanner 102 includes multiple images of the sample
at varying view and lighting directions. An example of a material sample scanfer 1s

described beiow with reference to FIG. 2.

3
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FIG. 2A is a diagram of an example material sample scanner 200. The material
sample scanner 200 is an apparatus that generates images of a sample of material 250. By
way of illustration, the material can be a piece of fabric, wood, leather, fur, carpet, metal,
glass plastic, a combination of these, or other materials. The dimensions of the sample 250

can be, for example, approximately one inch by one inch. Other sample sizes are possible.

Generally, the sample 250 will be a small portion of a material that is to be shaded during
rendering.
The scanner 200 includes a light source-camera assembly 240. The light source-

camera assembly 240 includes a light source 202 and a camera 208. The light source 202

includes a lens that emits light directed at a mirror 210, which reflects the light toward a

mirror assembly 215.

The mirror assembly 215 includes a set of planar mirrors 204. The mirrors 204 are

arranged so that they define an ellipsoid. That is. the mirrors 204 are positioned so that the

reflective surfaces of the mirrors approximate a portion of an outer surface of an ellipsoid.

Generally, the dimensions of the reflective surfaces of the mirrors are larger than those of the

sample 250. For example, if the dimensions of the sample are one inch by one inch, each

mirror may be two inches by two inches.

The light source 202 is movable to directly ‘liuminate each of the mirrors 204. That
is, the light source 202 1s movable radially and the angle of the light source 202, the angle of

the mirror 210, or both may be adjustable in order for, at some combination of radial position

of the light source 202 and-angles of the i cht source 202 and the mirror 210, the reflective
surface of each of the mirrors to be directly illuminated by light emitted by the lens of the
light source and reflected by the mirror 2 10. In the illustrated example of FIG. 2, for
instance, the light source 202 is positioned such that an example light ray 225 emitted by the

light source 202 is reflected by the murror 210 and directly intersects the reflective surface of

one of the planar mirrors 204.  In order for the lighf source 202 to be movable to illuminate
each of the mirrors, the light source 202 can be mounted on a rotating disc 220 and on a track
that allows the hignt source 202 to traverse along the radius of the disc. The light source may
be, ¢.g., a cotlimated light source, 1.¢., a light source that produces collimated light rays, 1.€.,

light rays that arc approximately parail illel to one anotner.

Y
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The mirror assembly 215 also includes a sample support 206. lhe sample support
206 is configured to suspend the sample 250 between the set of mirrors 204 and the light
source 202 within the scanner 200. In particular, the sample support 206 1s configured to
suspend the sample so that the sample 1s facing away from the Iig,ht source 202 and the center
of the sample is approximately at one focal point of an ellipse 299 defined by the mirrors

204, i.e., the ellipse 299 that is formed by taking a cross section of the ellipsoid through its

center and is along one of its semi-axes. By positioning the mirrors 204 and the material

sample 250 in this configuration, each of the mirrors 204 will reflect an image of the sample

at a respective angle when the light source 202 is directly illuminating any one of the mirrors
204. In some implementations, the sample support 206 1s further configured to allow the
sample to be rotated along‘one Or more axes.

The camera 208 is positioned proximate to the light source 202. Ior example, the
camera 208 may be positioned approximately above the center of the sample. In particular,

the camera 208 may be positioned approximately at the other focal point of the ellipse 299.

The positioning of the camera 208 relative to the set of mirrors 204 and the sample 250 1s
described in more detail below with reference to FIG. 2B.

In some implementations, the camera 208 1s configured to capture an image of the
mirrors 204 in response to a request, e.g., a request received from a material builder system,
¢.g., the material builder system 104 of FIG.' 1. In particular, the camera 208 can capture a
respective image of the mirrors 204 when the light source 202 is positioned to directly
Tluminate each of the mirrors. For example, it there are 40 positions and 40 mirrors, the
camera 208 can be configured to capture 40 images, each of which includes 40 reflected

images of the sample with the light source pos1t10ned to directly illuminate a respective one

of the miurrors. A reﬂected image of the sample 250 is an image ol on¢ of the mirrors 204

while the mirror 204 is reflecting an image of the sample 250 supported by the sample

support 206. While a scanner 200 with 40 mirrors is used as an example, any number ot
mirrors and, consequently, images is possible.

Once the images of the mirrors have been captured, the images can be provided to the
material builder system for processing. In some implementations, prior to being processed

by the material builder system, the images are converted to a particular format, ¢.g., the

¢
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OpenEXR format. In other implementations, the material builder system processes the

images in the format in which they are captured by the camera 204.

FIG. 2B illustrates an cxample configuration of components within the material

sample scanner 200 of FIG. 2A. An ellipse 299 1s shown that is defined by the set of mirrors
204 of FIG. A. The material sample 250 is positioned at the first focal point of the ellipse

299 i.e., the focal point closest to the set of mirrors 204. The camera 208 is positioned at the

other focal point of the ellipse 299. As an example, the major axis 299a of the ellipse 299,

i.e., the axis that runs through the sample 250 and the camera 208, may be approximately 120

centimeters in length and the minor axis 299b may be approximately 66 centimeters 1n
length. In this example, the distance between the material sample 250 and the camera 203 1
approximately 50 centimeters. Other dimensions are possible, however.

FIG. 3 is a diagram of the bottom of the light source-camera assembly 240 of FIG.

emit light rays that are reflected off of a mirror 210 towards a set of mirrors, e.g., the set of

mirrors 204 of FIG. 2A. The light source 202 is mounted on a rotating disc 220 in order to

allow the light source 202 to be movable radially. As described above, the angle of the light

source 202, of the mirror 210, or both may be adjustable. The light source-camera assembly
240 includes an aperture 275. A camera, ¢.g., the camera 203 of FIG. 2A, may be positioned
over the aperture.

FIG. 4 shows a view of the mirror assembly 215 of FIG. 2A from above. The mirror

assembly 215 includes a set of planar mirrors Z04. As described above, the mirrors 1n the set

of planar mirrors 204 are positioned so that the reflective surfaces of the mirrors approximate

a portion of an outer surface of an ellipsoid. The mirror assembly 215 also includes a sample

pa—

mple above the set of

support 206. The sample support 206 is configured to suspend a sé

planar mirrors 204 using support arms 292 While not visible in the view from above, the
sample is suspended on the underside ot the sample support 206. The support arms 292 are
positioned so that they do not obstruct the view of any of the mirrors in the set of planar

mirrors 204 in images taken from a camera positioned above the mirror assembly 215.

FIG. 5 is an example mirror image 500 generated by a material sample scanner, €.2.,
the material sample scanner 200 of I'IG. 2A. The muvor image S00 includes a set of regions,

e.o., the region 502, with cach of the reolons corresponding Lo an area of the image 500 that
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contains the reflection of a respective mirror in a set of planar mirrors, e.g., the set of murrors
204 of FIG. 2A. and an image of the top side of a sample support 504. Each region includes
a respective reflected image of a sample of the material that 1s o be shaded. The -mirror
image 500 is an image that is generated while a light source, e.g., the light source 202 of FIG.

2A, was directly illuminating one of the mirrors in the set of mirrors and the sample was

suspended by the sample support. kFor example, when the mirror image 500 was taken, the
light source may have been directly illuminating the mirror that corresponds to the region

502 in the mirror image 500. In this case, the region 502 will include a reflected image of the

sample as reflected by the corresponding mirror while being directly illuminated by the light
SOUrce.

FIG. 6 is a flow diagram of an example technique 600 for generating palettized
1mages for use in determining the effects of dlrect lighting for a CG representation of

material. For convenience, the technique 609 WLll be described as being performed by a

system of one or more data processing apparatus located in one or more locations. kor
example, a material builder system, e.g., the material builder system 104 of F1G. 1,
appropriately programmed, can perform the technique 600.

The system calibrates 602 the color and, optionally, the geometry of the 1mages
produced by a material sample' scanner, ¢.g., the material sample scanner 102 of FIG. 1. An
example technique for calibrating the geometry and the color will be described below with
coference to F1G. 8. As a result of the calibration process, the system generates color
calibration data that identifies a color transformation to be applied to the reflected images in
the images produced by the material sample scanner and, optionally, geometry ca libration
data that identifics locations of the reflected images in the images produced by the material
sample scanner.

The system obtains 604 a set of mirror images generated by the material samplc

scanner. Fach mirror image, ¢.g., MIIror imag,e 500 of FIG. 5, includes a set of regions, with
cach of the regions corresponding to a respective mirror in a set of mirrors, e.g., the set of
mirrors 204 of F1G. 2A. Each region, e.g., region 502 of FIG. 5, includes a respective
reflected image of a sample of the matenal that 1s 1o be shaded. Generally, the sct of mirror

images will include the same number of mirror images as the number of mIrrors n the set ol
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mirrors, with the set of mirror images including images taken while the light source 1s
directly illuminating different mirrors in the set of murrors.
For each mirror image, the system generates 606 a respective region image for each

region in the mirror image using the color calibration data and, optionally, the geometry

5 calibration data. The system generates the region images by extracting the reflected 1mage

from each region. In particular, the system extracts the content of each of the regions m the
mirror image using the locations identified in the geometry calibration data or, if no
geometry calibration is performed, by identifying the locations of the regions directly from
the mirror image.

10 As part of generating the region 1mages the system generateq data defining a
hemisphere using the locations of the mirrors. That 1s, the system uses data 1dent1fymg the
locations of the mirrors to determine a respective angle of the center of each mirror with
respect to either the material sample or o the light source. The system then uses those angles

to define a hemisphere having a predetermined radius, €.2., a radius of one.

15 | ~ Optionally, the system converts each region into rectangular form. The system can

then adjust the color of each pixel n each region based on the color calibration data in order

i

to generate the region images.
The system palettizes 608 the region images and stores 610 the palctlized 1mages.

Generally, palettizing an image reduces the colors used in the image to a predetermined

20 nummber of colors. In particular, the system replaces the color of cach pixel with a color index
that points to a cell in a palette table. The palette table contains a list of the colors used in the
picture. The system can palletize the region images using, e.g., conventional palettization
techniques. The system indexes the stored palettized image by (hight, camera) pair, where
the “light” value for each palettized 1image identifies the mirror that was being directly

Jluminated while the palettized image was taken, and the “camera’” value for each umage

-,
s

dentifies the mirror over which the camera was positioned while the palettized image was
taken. The system can generate the Jentifiers for the mirrors by assigning cach murror a
respective 1nteger ranging from one to the total number ol mirrors.

The stored palet’nzed images can be piowdcd to a shading module, e.g.. the shading

30 mnodule 108 of FIG. 1, for use in determining the direct lichting for a CG representation of
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the material. The system can provide the palettized images in association with the
corresponding (Light, caméra) pair for each 1mage.

FIG. 7 is a flow diagram of an example technique 700 for generating data structures
for use in determining the effects of indirect lighting for a CG representation of a material.
For convenience, the technique 700 will be described as being performed by a system of one
or more data processing apparatus located 1n one or more locations. For example, a material
builder system, e.g., the material builder system 104 of FIG. 1, appropriately programmed,
can perform the technique 700. ‘ ' '

In some implementations, the technique 700 is performed for each pixel in each

region image generated from mirror inages obtained from the material sample scanner.

The system divides 702 the hemisphere defined by the set of mirrors into a first
number of sectors. In particular, the system divides the hemisphere so that a ray reflected by
the material has an equal probability of landing in eél.ch of the sectors. The system can
construct these equal probability sectors based on local probabilities, where each local
probability is a local brighfness divided by the average brightness of the entire hemisphere.
The brightness of any given subdivision of an image can be measured as, €.g., the average
value of the red (R), green (), and blue (B) colors in the subdivision, i.e., (R+ G + B) /3.

In order to divide the hemisphere into sectors, the system iteratively accumulates
subdivisions of the hemisphere surface. That is, the system selects small subdivisions of the
hemisphere surface, e.g., with each subdivision being 1/10000 of the entire hemisphere

surface. For example, the system may select the subdivisions by traversing the hemisphere

surface along each axis using a pre-determined step size, €.g., one degree.

The system sums the probability of each successive subdivision until the summed
probabilitics sum to 1/K, where K s the desired first number of sectors. The system then
defines the first sector as the ageregate of the subdivisions included in the sum and continues
the process until each sector is defined.

The system divides 704 cach of the sectors into a sccond number of pieces. In

particular, the system divides cach sector so that a ray reflected by the material has an equal

‘probability of landing in cach of the picces. The system can divide each sector into the

second number of pieces using, ¢.g., the same technique described above for dividing the

h Pf’f"t I < I’)}’\ £r T
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The system generates 706 a data structure that stores data identifying the center of
each of the pieces. For example, if there are K sectors cach divided into M pieces, the system
can genérate a K x M table, with the data in each entry of the table being the position of the
center of each of the pieces. ' '

Once the technique 700 has been perfbrmed for each pixel in each region image, the
system can provide the data structure 10 a shading module, e.g., the shading module 108 of
FIG. 1, for use in determining the indirect lighting for a CG representation of the material.

In addition to the data identifying the center of each of the pieces of the hemisphere

for each of the pixels and the palletized region images, the system can also provide to the

shading module information identifying the dimensions of the physical sample of the
material, the number of regions in each mirror image, the locations of each of the regions in
the mirror image, and the data identifying the hemisphere defined by the mirrors.

FIG. 8 is a flow diagram of an example technique 800 for calibrating the geometry

and color of images produced by a material sample scanner (e.g., material scanner 102). kFor
convenience, the technique 800 will be described as being performed by a system of one or
more data processing apparatus located in one or more locations. For example, a material

builder system, e.g., the material builder system 104 ot FIG. 1, appropriately programined,

can perform the techmque 300.

The system obtains 802 a mirror image senerated by the material sample scanner

(e.g., material scanner 102) using a sample material having a specttic, pre-determined

pattern. For example, the pattern may be a checkerboard pattern. Other patterns are
possible.
The system identifies 804 the initial locations of each of the regions in the mirror

image. For example, the system can analyze the mirror image to identify each edge of each

region in the mirror image and determine each intersection of two identiﬁed edges using edge
detection techniques, for example. Each point of intersection can be identified as a corner of
a region and the location of the regions can be defined by the identiiied edges and corners.

[n some implementations, the system adjusts 206 the initial locations based on the
pre-determined pattern on the material.  In particular, for each region, the system performs a
low-frequency Fourier analysis and adjusts the initial locations based on the result of the

Fouricr analyses. The system determines the average phase and frequency of the four largest
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regions i a given mirror mmage and adjusts the locations of each initial corner in order to
equalize the phase of their region to the average phase and frequency for the four largest
regions. The system stores the adjusted location data as geometry calibration data that

1dentifies the locations of refiected images in the images produced by the material sample

scanner. In some implementations, the system does not generate geometry calibration data
but instead identifies nitial locations of regions in each mirror image processed by the
system, e.g., by identifying the edges and intersections as described above.

The system obtains 808 a mirror image generated by the material sample scanner of a
white material having a pure diffuse bidirectional reflectance distfibution function (BRDF).

The system determines 810 the unit sphere BRDF from the mirror images and stores

the data as color calibration data that identifies a color transformation to be applied to the
color of the reflected images. That is, the system can use the color calibration data to
normalize the color of images taken by the material sample scanner before they are used by a
shading module.

While the above description describes generating data for use by a shading module in
shading a CG representation of a physical material, the above data 1s generated based on
mirror images of a small sample of the material. In some circumstances, it may be beneficial
to obtain so-called direct images of a large sample of the material and provide a mapping to
the shading module that identifies, for each pixel in one of the direct images of the large
sample, the most sumilar pixel in any of the muror images to the pixel. For example, when
the physical sample includes a pattern that 1s either non-repeating or a pattern that repeats but
that cannot be entirely captured in a small sample of the material, the shading module may
need to use the provided mapping to map the pixels of the large sample to the most simtlar
pixels in the mirror images. Generally, the surface area of the large sample will be
approximately ten times that of the smaller sample used to generate the mirror 1mages.
Generating the mapping 1s described below with reference to FIG. 9.

F1G. 9 15 a flow diégz*am of an example technique 900 for generating a mapping
between pixels i direct images and pixels in 1‘1‘1in‘0r. images. ror convenience, the technique
900 will be described as being performed by a system of one or more data processing

apparatus located n onec or more locations. For example, a matertal builder system, e.g., the

16
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material builder system 104 of FIG. 1, appropriately programmed, can perform the technique
900.

The system obtains 902 a set of mirror images of a small sample ot a phyéical
material from a material sample scanner, e.g., the material sample scanner 102 of FI1G. 1.
The system obtains 904 a set of direct images of a large sample of the physical

material. Generally, each direct image is taken at an angle that corresponds to the angle at

which one of the mirrors in the material sample scanner reflects the image of the small

sample. For example, the set of direct images may include four images that are each
captured at a respective angle that corresponds to a respective angle of one of the four
mirrors in the set of mirrors 204 that appear closest to the sample 1n the mirror images, e.g..
the mirrors corresponding to the regions 506, 508, 510, and 512 of FIG. 5.

The system determines 906 a signature for each pixel in each of the direct images.
Each signature is a set of values that represents the pixel. For example, the signatures may

be n-dimensional vectors, where n 1s a pre-determined integer. The system may compute the

signature for a pixel in any of a variety of ways.
In some implementations, the system may compute the signature for a pixel by

computing the height of the pixel and the height of a pre-determined number, e.g., eight,

neighbors of the pixel in the image. The signature may then be computed based at least in
part on the heights. For example, the signature may be a vector of the height values.
Generally, because the surface of the physical material is not flat, the value of the height of a
given pixel is the value of the vanation of the surface of the physical matenal in the vertical
direction at the point that the pixel represents.

The system computes the heights for the pixel and the neighboring pixels from a
height map for the material. In order to generate the height map, the system generates a
normal field from four images of the material.  That is, the system can solve two systems ol
linear equations, each containing three of the four images, to generate the height for cach
point. The systems of linear cquations can be generated by assuming that the measured
brightness at a pomnt 1s proportional to the dot product between the surface normal at the
point and the light direction at the point. The system can combine the solutions of the two

systers to generate the height at the point, e.g., using some of the components of the solution
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of the first system and the other components of the normal of the solution of the second
system.

I'rom the normal field, the system iteratively determines the height map. In

particular, the initial iteration assumers zero height for all the pixels. For each pixel, the
system calculates the normal based expected difference to the neighbor pixels and compares

it to the difference in the normal field. The system subtracts the error from the current height

to generate the final height for the iteration. Once the height map converges to a relatively

persistent state between iterations, the convergent height map 1s used as the final height map
to determine the heights of the pixels for the signature. '

In other implementations, the system may generate the signature for a pixel based on

a color matching. In order to generate a color-matched signature for a pixel, the system
identifies the pixels surrounding the pixel of interest in each of the four images. For

example, for each image, the system can generate a three by three grid of pixels with the

pixel of interest being at the center of the grid. The system then generates the signature for
the pixel based on the RGB values for each of the pixels in each of the grids. For example,
the signature may be an ordered list of all of the RGB values.

The system then determines 908 the most similar pixel from any of the region images

for each pixel in each of the direct images. Generally, the most similar region image pixel to
any given direct image pixel is the mirror image pixel having a signature that has the smallest

distance between it and the signature for the direct image pixel. In particular, when the

signatures are represented by n-dimensional vectors, the distance d between a signature A

and a signature B satisfies: |
d=(A1-B1Y+ (42-B2)* + ... + (An-Bn)*.

The system stores 910 a mapping that associates each pixel in the direct images with
the most similar ptxel to the pixel in one of the mirror images. 'or example, the system can
store data associating the coordinates of the pixel in the direct image with the coordmates of
the most sumilar pixel in the muror image to which it belongs.

FIG. 10 is a flow diagram of an example technique [000 {or calculating the final
color at a given mapping position. For convenience, the technigue 1000 will be described as

being performed by a system of one or more data processing apparatus located in one or

r_.—vd
™
s
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more locations. For example, a shading module,' e.g., the shading module 108 of FIG. 1,
appropriately programmed, can perform the fechnique 1000.
The system obtains data describing a physical material (step 1002) from a material
builder system, e.g., the material builder system 104 of FIG. 1. The data includes data for
S use in calculating the effects of direct and indirect lighting at particular points on CG

representations of the physical material. The system can obtain the data at various times,
e.g., in response to receiving a request to shade the CG representation of the physical
material ér before réceiv'mg the request. Depending on the physical material, the data may
include data associating the coordinates of each pixel in each of a set of direct images of a

10 large sample of the physical material with data identifying the most similar pixel in any of
the mirror images of a small sample of the physical material. '

| The system receives a shading request from a rendering engine (step 1004), e.g., the

fendering engine 106 of F1G. 1. The shading request identifies the material to be shaded, the

mapping position that is to be shaded, 1.e., a position in a UV mapping of the three-

15 dimensional model of the image, the view direction for the mapping position and the light
direction at the mapping position.
If the data obtained by the system included data associating the coordinates of each
pixel in each of a set of direct images of a large sample of the physical material with data

identifying the most similar pixel in any of the mirror images of a small sample of the

20 physical material, the system can convert the mapping position identified in the request into a
point in the mirror i'mages of the small sample using the data. The system can then use that
position 1n calculating the final color.

The system calculates the color under direct lighting at the mapping position

identified n the request using the data describing the physical material (step 1006). An
25 example technique for calculating the color under direct lighting is described below with
reference to FIG. 11,
The system calculates the color under indirect highting at the mapping position using
the data describing the physical material (step 1008). An example technique for calculating

the color under indirect lighting 1s described below with reference to FlG. 12.
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The system combines the colors to generate the final color at the mapping position

(step 1010). For example, the system can sum the color under direct lighting and the color

under indirect lighting to generate the final color.
The system provides the final color to the rendering engine for use in rendering the
5 CG representation of the physical material (step 1012).
FIG. 11A is a flow diagram of an example technique 1100 for determining the effects

of direct lighting at a given mapping position. For convenience, the technique 1100 will be

described as being performed by a system of one or more data processing apparatus located

- in one or more locations. For example, a shading module, e.g., the shading module 108 of
10 FIG. 1, appropriately programmed, can perform the technique 1100.

The system constructs 1102 a Voronoi diagram over a surface defined by the angles

of the mirrors in the material sample scanner. That is, for each point in the surface, the
system 1dentifies the closest mirror, where the distance from a point to a muror 1s defined by
the distance from the point to the center of the mirror. All of the points that share the same

15 closest mirror collectively form a zone in the Voronoi diagram. The surface can be, e.g., the
portion of the ellipsoid defined by the positions of the mirrors as described with reference to
FIGS. 2A and 2B. Alternatively, the surface can be the hemisphere defined by the angles of
the mirrors. ‘ r

FIG. 11B shows an example Voronoi diagram 1150. The example Voronoi diagram

20 1150 was constructed over a hemisphere defined by the angles of the mirrors 1n a matenal

sample scanner. The diagram 1150 includes a number of zones, €.g., zone 1152 and zone

1154, that each includes all of the points that share the same closest mirror m the set of

MIITOrS.

Returning to the description of FIG. 11A, the system generates 1104 a table that 1s
25 mapped to the surface by horizontal and vertical angle. That is, each cell 1n the table
represents a respective area of the surface having a respective angular width and height. For
example, if the table is a 1025 x 256 table, each cell in the table represents a respective arca
having a .35 degree width and a .35 degree height.
For each cell of the table, the system constructs 1106 a circle centered at the center of
30) the arca represented by the cell over the surface and identifies the intersections of the circle

with the zones of the Voronot diagrain. The system constructs each circle such that the circle

20
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has the smallest possible radius that covers at least two zones in the Voronoi diagram for any
direction, i.e., any line drawn through the center of circle at an arbitrary direction must cross

two or morc zoncs of the Voronoi diagram bceforce it exits the circle.

The system stores 1108 data 1n each cell of the table. In particular, in each cell, the
system stores one or more (position, weight) pairs. In order to identify the (position, weight)
pairs for a given cell, the system randomly locates a pre-determined number N of random
points within the circle for-the cell. For example, N may be 200, 500, 1000, or 2500. For
each point, the system determines the closest mirrof, and determines, for each of the murrors,
how matiy points héve that mirror as the closest mirror for the point. The system then stores

a respective (position, weight) paitr for each mirror, where the position value identifies the

mirror and the weight 1s computed by dividing the number of points that have that mirror as
the closest mirror by the total number of random points N. The system then stores each of
the (position, weight) pairs in the corresponding cell in the table.

The system receives 1110 data that identifies the material to be shaded, the mapping

position that 1s to be shaded, 1.e., a position in a UV mapping of the three-dimensional model

of the image, the view direction for the mapping position and the light direction at the
mapping position.

The system modifies 1112 the view direction and the light directions so that they map

to cells of the table. For example, if the directions are provided to the system as (x,y,z) that

have a range of {-1,1], the system may modify the x and y coordinates as follows: the system

can add 1 to each of the x and y coordinates to clleinge their range to [0, 2] and then divide
each of the x and y coordinates by 2 to change the range to [0,1]. The system can then
multiply x and y by the table width, 1.e., the number of columns in the table to change the
range to {0, width]. .

The system i1dentifies 1114 cells in the table using the view direction zmdi'he light
direction. That 1s, the system identifies a first cell using the view direction and a second cell
using the light direction. The system can identify a cell trom a set of coordinates by using
the x coordinate as the columu index for the cell and the vy coordinate as the row index for the

cell.

The system 1dentifies 1116 contributing paletiized images and a respective weight for

cach contributing tmage using the content stored n the identified cells wn the table. That is

7

7
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each of the identified cells stores one or more (position, weight) pairs. The system computes
each possible (positionl, position2) pair, where positionl is one of the positions stored in the
cell identified using the view direction, and position? 1s one of the positions stored in the cell

identified by the light direction. For each (positionl, position2) pair, the system computes a.

welght by multiplying the weight that s paired with positionl by the weight that is paired
with position2. The system then maps each (positionl, position2) pair to the palettized
image 1dentified by the (light, camera) pair Having values that match the'(positionl,
position2) pair and uses the weight for the (positionl, position2) pair as the weight for the
palettized image.

The system selects 1118 a pixel from each contributing palettized image. The system

can select the pixels from each image using the UV coordinates received irom the rendering

engine, 1.¢., by translating the received UV coordinates to an image location and selecting the
pixel at that location in each contributing image.

The system determines 1120 the color under direct lighting at the mapping position

based on the weights for each contributing image. That 1s, the system multiplies the color of
cach pixel bv the weight for the corresponding image and then sums the weighted colors to
determine the color under direct highting at the position.

F1G. 12 15 a flow diagram of an example technique fof determining the efiects of
mndirect lignhting at a given mapping position. For convenience, the technique 1200 will be
desoribed as being performed by a system of one or more data processing apparatus located
in one or more locations. For example, a shading module, e.g., the shading module 108 of
F1G. 1, appropnately programimed, can perform the technique 1200.

1he system accesses 1202 the data identifying the center of each of the pieces of the
hemisphere obtained from the material sample scanner. That 1s, the system accesses the K x
M table that corresponds (o the pixel and region image that are identitied by the position in
the UV mapping and the hight direction specified 1n the request. In other words, the system
tdentifies the region tmage that corresponds to the light direction specified in the request,
identifics the pixel in the identified 1image that corresponds to the position n the UV

mapping, and accesses the K x M table that corresponds to the identified pixel.
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The system generates 1204 two random numbers. The random numbers are non-
integer numbers, with the first number being selected from a fange of zero to K and the
second number being selected from a range of zero to M.

The system indexes 1206 the table using the two random numbers to identify the four
table cells that bound the pair of numbers. For example, if the first number 1s 2.4 and the
second number-is 3.6, the four cells that bound the pair of numbers will be the cells having
the indices [2,31, [2,4], [3,3], and [3.4].

The system i1dentifies 1208 the positions stored in the table cells that bound the pair of
numbers. |

The system mixes 1210 the positions using bilinear interpolation to generate a final
position and then traces 1212 a ray from the mapping position in the dire.ction defined by the
final position to determine .t'he color for the ray. In order to determine the color for the ray,
the system can send a request to the rendering engine i1dentifying the direction of -t.he ray and
the rendering engine can return the color that results from tracing the ray in that direction.

In some implementations, the system can repeat steps 1204 through 1212 multiple
times to generate multiple colors. The system can then average the colors generated by
casting each ray to determine the final color at the mapping position.

Embodiments of the subject matter and the operations described in this specification

can be implemented in digital electronic circuitry, or in computer software, firmware, or

hardware, including the structures disclosed in this specification and their structural

equivalents, or in combinations of one or more of them. Embodiments of the subject matter

e

described in this specification can be implemented as one or more computer programs, L.€.,

onc or more modules of computer program ins‘mictions, encoded on computer storage
medium for execution by, or to control the operation ot, data processing apparatus.
Alternatively or 1n addition, the program instructions can be encoded ¢n an
artificially-generated propégated signal, e.g., a machine-gencrated e¢lectrical, optical, or
clectromagnetic signal, that 1s generated to encode information {or transmission to sultable
receiver apparatus for execution by a data processing apparatus. A computer storage medium
can be, or be included in, a computer-readable storage device, a computer-readable storage
substrate, a random or serial access memory array or device, or a combiaiion of one or more

of them. Moreover, while a computer storage medium is not a propagated signa:, a computer

>
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storage medium can be a source or destination of computer program instructions encoded in

an artificially-generated propagated signal. The computer storage medium can also be, or be

included in, one or more separate physical components or media.

The operations described in this specification can be implemented as operations

performed by a data processing apparatus on data stored on one or more computer-readable
storage devices or received ﬁdrn other sources. The term “data processing apparatus”
encompasses all kinds of apparatus, devices, and machines for processing data, including by
way of example a programmable processor, a computer, a system on a chip, or multiple ones,
or combinations, of the for;egoing. The apparatus can also include, 1n addition to hardware,

code that creates an execution environment tor the computer program 1n question, e.g., code

that constitutes processor firmware, a protocol stack, a database management system, an

operating system, a cross-platform runtime environment, a virtual machine, or a combination

of one or more of them. The apparatus and execution environment can realize various

different computing model infrastructures, e.g., web services, distributed computing and grid
computing infrastructures. .

A computer program (also known as a program, software, software application,
script, or code) can be written in any form of programming language, including compiled or

interpreted languages, declarative or procedural languages, and it can be deployed i any

form, including as a stand-alone program or as a module, component, subroutine, object, or

other unit suitable for use in a computing environment. A computer program may, but need
not, correspond to a file in a file system. A program can be stored in a portion of a file that

holds other programs or data, e.g.., one or more scripts stored in a markup language

document, in a single file dedicated to the program in question, or in mulitiple coordinated
files, e.g., files that store one or more modules, sub-programs, or portions of codé. A
computer program can be deployed to be exccuted on one computer or on multiple computers
that are located at one site or distributed across multiple sites and interconnected by a

conmumunication network.

The processes and logic flows described in this specification can be performed by one
or more programmable processors exccuting one or more computer programs to perform
actions by operating on input data and generating output. Processors suitable for the

-xecution of a computer program include, by way of example, both general and special

[
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purpose microprocessors, and any one or more processors of any kind of digital computer.

Generally, a processor will receive instructions and data from a read-only memory or a

random access memory or both. The essential elements of a computer are a processor for

performing actions 1n accordance with instructions and one or more memory devices for

storing instructions and data. Generally, a computer will also include, or be operatively

coupled to receive data from or transfer data tc, or both, one or more mass storage devices

for storing data. However, a computer need not have such devices. Moreover, a computer
can be embedded in another device, e.g., a mobile telephone, a smart phone, a mébile audio
or video player, a game console, a Global Positioning System (GPS) receiver, and a wearable
computer device, to name just a few. Devices suitable for storing computer program
instructions and data include all forms of non-volatile memory, media and memory devices,

including by way of example semiconductor memory devices, magnetic disks, and the like.

The processor and the memory can be supplemented by, or incorporated in, special purpose
logic circuitry.

To provide for interaction with a user, embodiments of the subject matter described 1n
this specification can be implemented on a computer having a display device for displaying
information to the user and a keyboard and a pointing device, e.g., a mouse or a trackball, by
which the user can provide input to the comp'utef. Other kinds of devices can be used to
provide for interaction with a user as well; for example, feedback providéd to the user can be
any form of sensory feedback, e.g., visual feedback, auditory feedback, or tactile feedback;
and input from the user can be received in any form, including acoustic, speech, or tactile
mput and output.

While this specification contains many specific implementation details, these should

not be construed as limitations on the scope of any inventions or of what may be claimed, but
rather as descriptions of features specific to particular embodiments of particular inventions.
Certain features that are described in this specification in the context of separate
cinbodiments can also be implemented in combination n a single embodiment. Conversely,
vartous leatures that are described 1n the context of a single embodiment can also be
implemented in multiple embodiments separately or in any suitable subcombination.
Moreover, althougiy features may be described above as acting in certain combinations and

cven initially claimed as such, one or more features from a claimed combination can in some

[J
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cases be excised from the combination, and the claimed combination may be directed to a

subcombination or variation of a subcombination.
Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular

5 order shown or 1 sequential order, or that all illustrated operations be performed, to achieve

desirable results. In certain circumstances, multitasking and parallel processing may be

advantageous. Moreover, the separation of various system components in the embodiments

described above should not be understood as requirihg such separation in all embodiments,
and it should be understood that the described program components and systems can

10 generally be integrated together in a single software product or packaged into mulﬁple
software products. '

Thus, particular embodiments of the subject matter have been described. Other
embodiments are within the scope of the following claims. In some cases, the actions recited
in the claims can be perforined in a different order and still achieve desirable results. In

15 addition, the processes depicted m the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results. In certain
implementations, multitasking and parallel processing may be advantageous.

What is claimed 1s:
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CLAIMS:

1. An apparatus comprising:
a collimated light source having a lens for emitting collimated light;
a second mirror;

a plurality of first planar mirrors, wherein the light source 1s movable to
directly illuminate each first planar mirror of the plurality of first planar mirrors, and wherein,
for each first planar mirror, directly 1lluminating the first planar mirror comprises emitting
light from the lens of the light source that is reflected by the second mirror to intersect a

reflective surface of the first planar mirror;

a sample support configured to support a material sample, wherein the sample
support is positioned such that each of the first planar mirrors retlects a respective view of the

material sample from a ditferent perspective;

a camera configured to capture a plurality of images of the plurality of first
planar mirrors reflecting the material sample, each of the plurality of images being captured
while the light source 1s positioned to directly 1lluminate a different first planar mirror of the

first planar mirrors;

wherein the first planar mirrors are arrayed so that respective surtaces of the

first planar mirrors approximate a portion of an outer surtace of an ellipsoid; and -

wherein the sample support 1s configured to support the material such that a
center of the material sample is positioned at a first focal point of an ellipse formed by taking
a cross section of the ellipsoid that passes through a center of the ellipsoid and is along a

semi-axis of the ellipsoid.

2. The apparatus of claim 1, wherein each image contains a plurality of regions,

and wherein each region of the plurality of regions corresponds to a respective first planar

27
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mirror of the plurality of first planar mirrors, and wherein each region is an image of the

corresponding first planar mirror reflecting the respective view of the material sample.

3. The apparatus of claim 1, wherein the camera is further configured to provide
the images to a system for use in generating data structures for shading a computer graphics

representation of the material sample.

4. The apparatus of claim 1, wherein the sample support 1s further configured to

allow the material sample to be rotated along one or more axes.

5. The apparatus of claim 1, wherein the light source is mounted on a rotating
disc.
6. The apparatus of claim 1, wherein the sample support 1s configured to suspend

the material sample between the plurality of first planar mirrors and the light source.
7. The apparatus of claim 1, wherein the camera is proximate to the light source.

8. The apparatus of claim 1, wherein the camera 1s positioned at a second focal

point of the ellipse.

9. The apparatus of claim 1, wherein the camera is configured to capture the

images of the mirrors in response to a request received from an external system.

28
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