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INTENSITY AND COLOR DISPLAY FOR A THREE-DIMENSIONAL

METROLOGY SYSTEM

RELATED APPLICATIONS

This application claims the benefit of the earlier filing dates of U.S. Provisional Patent

Application Serial No. 61/155,200, filed February 25, 2009, titled "Lofting a Two-

Dimensional Image onto a Three-Dimensional Metrology Surface," U.S. Provisional Patent

Application Serial No. 61/155,260, filed February 25, 2009, titled "Integrating True Color

Imaging into a Three-Dimensional Metrology System," and U.S. Provisional Patent

Application Serial No. 61/179,800, filed May 20, 2009, titled "Shape and Shade True Color

Display in a Dynamic Three-Dimensional Metrology System," the entireties of which are

incorporated herein by reference.

FIELD OF THE INVENTION

The invention relates generally to the field of non-contact three-dimensional

metrology and more specifically to the generation of grayscale and color displays for three-

dimensional surface measurement data.

BACKGROUND OF THE INVENTION

Precision non-contact three-dimensional ("3D") metrology techniques based on

confocal imaging, structured light projection and fringe interferometry have been developed

for a variety of applications such as dental and medical 3D imaging applications. Generally,

these techniques are based on acquiring a set of two dimensional images and processing the

images to generate a cloud of points representative of points on the surface of the measured

object. 3D point clouds displayed on a monitor are typically difficult for a user to interpret,

especially if at least one portion of the displayed surface is behind another portion of the

displayed surface. Experienced users often rely on induced display motion to better

distinguish or interpret different surface layers.

Artificial shading or coloring can be applied to each point in the 3D point cloud to

improve the interpretation. Alternatively, an artificial surface can be generated by creating a

triangular surface between each 3D point and its three closes points in the 3D point cloud.



The triangular surfaces can be artificially shaded or colored to aid interpretation. Although

these techniques can improve the ability to properly interpret the displayed 3D data, the

resulting images typically appear significantly different from a direct observation of the

object surface.

SUMMARY OF THE INVENTION

In one aspect, the invention features a method for generating a display of a 3D

metrology surface. The method includes determining a 3D point cloud representation of a

surface of an object in a point cloud coordinate space. An image of the object is acquired in a

camera coordinate space. The image is mapped onto the 3D point cloud representation to

generate a display of the surface of the object. In one embodiment, the image is transformed

from the camera coordinate space to the point cloud coordinate space prior to mapping the

image onto the 3D point cloud representation.

In another aspect, the invention features an apparatus for generating a display of a 3D

metrology surface. The apparatus includes a metrology system, an imaging system and a

processor. The metrology system determines a 3D point cloud representation of a surface of

an object in a point cloud coordinate space. The imaging system is configured to acquire an

image of the surface of the object in a camera coordinate space. The processor is in

communication with the metrology system and the imaging system. The processor is

configured to map the image of the surface of the object onto the 3D point cloud

representation to thereby generate a display of the surface of the object.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantages of this invention may be better understood by

referring to the following description in conjunction with the accompanying drawings, in

which like numerals indicate like structural elements and features in the various figures. The

drawings are not necessarily to scale, emphasis instead being placed upon illustrating the

principles of the invention.

FIG. 1 is a block diagram of an embodiment of an apparatus for generating a display

of a 3D metrology surface according to the invention.



FIG. 2 is a flowchart representation of an embodiment of a method for generating a

display of a 3D metrology surface according to the invention.

FIG. 3 illustrates an example configuration of a non-contact 3D metrology system as

is known in the art.

FIG. 4 illustrates the imaging system of FIG. 1 according to one embodiment of the

invention.

FIG. 5 illustrates the imaging system of FIG. 1 according to another embodiment of

the invention.

FIG. 6 is a flowchart representation of another embodiment of a method for

generating a display of a 3D metrology surface according to the invention.

FIG. 7 is a block diagram of another embodiment of an apparatus for generating a

display of a 3D metrology surface according to the invention.

FIG. 8 is a flowchart representation of another embodiment of a method for

generating a display of a 3D metrology surface according to the invention.

FIG. 9 is a flowchart representation of another embodiment of a method for

generating a display of a 3D metrology surface according to the invention.

DETAILED DESCRIPTION

In brief overview the invention relates to a method and apparatus for generating a

display of a 3D metrology surface. The method includes determining a 3D point cloud

representation of a surface of an object in a point cloud coordinate space. An image of the

object is acquired in camera coordinate space and mapped onto the 3D point cloud

representation to generate a display of the surface of the object. If necessary, the image is

transformed from the camera coordinate space to the point cloud coordinate space prior to

being mapped onto the 3D point cloud representation.

The present teaching will now be described in more detail with reference to

exemplary embodiments thereof as shown in the accompanying drawings. While the present

teaching is described in conjunction with various embodiments and examples, it is not

intended that the present teaching be limited to such embodiments. On the contrary, the

present teaching encompasses various alternatives, modifications and equivalents, as will be



appreciated by those of skill in the art. Those of ordinary skill in the art having access to the

teaching herein will recognize additional implementations, modifications and embodiments,

as well as other fields of use, which are within the scope of the present disclosure as

described herein.

FIG. 1 shows an embodiment of an apparatus 10 for generating a display of a 3D

metrology surface according to the invention. FIG. 2 is a flowchart representation of an

embodiment of a method 100 for generating a display of the 3D metrology surface. The

apparatus 10 includes a metrology system 14 and an imaging system 18 that communicate

with a processor 22. The metrology system 14 determines (step 110) a 3D point cloud

representation of a surface of an object 26 being measured and the imaging system 18

acquires (step 120) a two-dimensional ("2D") image of the surface of the object 26. The

image can be a monochrome image having grayscale data. Alternatively, the image can be a

color image, such as a RBG image, as is known in the art. Image data are referenced to a

camera coordinate space that is typically defined by an array of imaging elements (e.g.,

camera pixels) and the optical components that generate the image of the object on the array.

The processor 22 receives 3D point cloud data from the metrology system 14 and

image data from the imaging system 18. The processor 22 transforms (step 130) the image of

the surface from the camera coordinate space into the coordinate space of the 3D point cloud

and maps (step 140) the transformed image onto the 3D point cloud representation. The 3D

point cloud and mapped image are presented as a single display to a user on a display module

30, enabling the user to more easily interpret 3D measurement data for the object surface. In

one embodiment, the processor 22 includes a first processor and a second processor. The

first processor performs the transformation (step 130) of the image from camera coordinate

space into the 3D point cloud coordinate space and the second processor performs the

mapping (step 140) of the transformed image onto the 3D point cloud representation.

The 3D point cloud can be presented in a user display in any one of a variety of

formats. For example, the 3D point cloud can be presented as a wire-mesh surface. The

wire-mesh surface is typically created by rendering a line connecting each 3D point with

adjacent 3D points in the point cloud. In general, an adjacent point in the wire-mesh surface

means one of the three nearest points. In another embodiment, the 3D point cloud is

presented as an artificial surface created by rendering a triangular surface between each point

in the 3D point cloud and its three adjacent points as is known in the art.



Various types of 3D metrology systems can be used to generate the 3D point cloud

representation, including metrology systems based on confocal microscopy, the projection of

structured light patterns that vary in shape, size, intensity and/or color, and interferometric

fringe projection. FIG. 3 shows one example of a non-contact metrology system 14' that

includes a metrology projection source 34, a metrology camera 38 and a metrology processor

42 as is known in the art. The projection source 34 and camera 38 are fixed in position

relative to each other to accurately maintain a triangulation angle αbetween their optical axes

36 and 40, respectively. The projection source 34 is configured to illuminate the object 26

with different light patterns such as shadow mask patterns or interferometric fringe patterns.

The camera 38 is a charge coupled device (CCD) camera or other digital imaging camera as

is known in the art. Typically, sets of three or more 2D images are acquired by the camera 38

with each 2D image corresponding to a different illumination pattern or a common

illumination pattern at a different position, or phase, on the object surface. The metrology

processor 42 receives the images from the camera 38 and calculates the distance from the

camera 38 to the object 26 for each camera pixel. The calculated distances are used in

generating the 3D point cloud data that include 3D points at coordinates corresponding to

points on the object surface.

In some embodiments, the metrology system 14' generates a dynamic 3D point cloud

representation. For example, the metrology system 14' may be part of an intra-oral 3D

imaging system where the metrology system moves with respect to the objects being

measured (e.g., dental structures) during the measurement process. For such systems,

multiple sets of 2D images are processed to generate a series of partially overlapping 3D

point clouds. Each 3D point cloud is typically associated with a camera coordinate space that

differs from the camera coordinate space of the other 3D point clouds. The metrology

processor 42 registers the overlapped regions of adjacent 3D point clouds using a 3D

correlation technique or other technique as is known in the art. Thus each successive 3D

point cloud is stitched into the coordinate space corresponding to the initial camera location.

FIG. 4 shows an embodiment of the imaging system 18 shown in FIG. 1 that includes

a color camera 46, a broadband light source 50 and a control module 54 that communicates

with the camera 46, light source 50 and processor 22. The broadband light source 50

generates white light or light having a spectral distribution sufficient to illuminate the object

26 without significantly altering the appearance of the object 26 with respect to the true color



of the object 26. The broadband light source 50 can be a white light emitting diode (LED).

The control module 54 coordinates the operation of the broadband light source 50 and color

camera 46 with respect to operation of the metrology system 14. In some embodiments, it is

desirable to disable the light source 50 during intervals when a projection source in the

metrology system 14 illuminates the object 26. In alternative embodiments, the broadband

light source 50 continuously illuminates the object 26 regardless of the state of the projection

source. Preferably, the control module 54 synchronizes color camera image acquisition with

the image acquisition performed by a metrology camera. In some embodiments, the control

module 54 activates the broadband light source 50 during image acquisition by the color

camera 46 and disables the broadband light source when images are not being acquired by the

color camera 46.

FIG. 5 shows an embodiment in which the imaging system 18 of FIG. 1 includes a

control module 54', a monochrome camera 58 and a plurality of illumination sources 62A,

62B and 62C (generally 62). The control module 54' communicates with the monochrome

camera 58, illumination sources 62 and the processor 22. Each illumination source 62

generates optical illumination having a wavelength distribution that is different, or unique,

with respect to the wavelength distributions of the other illumination sources 62. The

wavelength distributions can be single wavelengths (e.g., light generated by laser sources),

narrow spectral bands (e.g., light generated by LEDs) or wider spectral bands characterized

more generally by color range (e.g., red, green or blue light). For example, the illumination

sources 62 can be selectively activated to illuminate the object being measured with red light,

blue light and green light in a sequential manner. In one preferred embodiment, the

illumination sources 62 are LEDs. In another embodiment, the illumination sources 62 are

broadband light sources each having a unique color filter to spectrally limit the illumination

to unique wavelength distributions.

FIG. 6 is a flowchart representation of an embodiment of a method 200 for generating

a display of a 3D metrology surface. Referring to FIG. 5 and FIG. 6, a metrology system

determines (step 210) a 3D point cloud representation of an object in a point cloud coordinate

space. The monochrome camera 58 acquires (step 220) a first grayscale image of the object

illuminated by the first illumination source 62A. Subsequently, the monochrome camera 58

acquires (step 230) a second grayscale image of the object illuminated by the second

illumination source 62B and acquires (step 240) a third grayscale image of the object



illuminated by the third illumination source 62C. Calibration of the illumination sources 62

and monochrome camera 58 enables the processor 22 (see FIG. 1) to calculate a color image

from the combination of grayscale images obtained for all of the illumination sources 62.

The processor 22 thus calculates (step 250) a single color image for the object and transforms

(step 260) the calculated color image from the camera coordinate space into the coordinate

space of the 3D point cloud. The transformed color image is then mapped (step 270) onto the

3D point cloud representation.

Although three illumination sources are shown, it should be recognized that other

numbers of illumination sources 62 can be used and other numbers of grayscale images

acquired to generate a color image of the object 26. Furthermore, the timing of the

acquisition of grayscale images can differ from that shown in FIG. 6 . For example, the

acquisition of the grayscale images used to compute a color image can be interleaved with the

acquisition of images by a metrology camera used in measurements to generate 3D point

cloud data.

In a dynamic 3D metrology system, the acquisition of the grayscale images can occur

during relative motion between the metrology system and the object 26. Advantageously, a

transform can be applied to the grayscale images or the color image to enable a more accurate

mapping of the color image onto the stitched 3D point cloud. The transform can be

interpolated from neighboring point cloud registration transforms and knowledge of system

timing intervals.

FIG. 7 shows another embodiment of an apparatus 70 for generating a display of a 3D

metrology surface according to the invention in which image acquisition is performed solely

by a monochrome camera 74 in the metrology system 14". Illumination of the object is

achieved with an illumination module 78 that includes a control module 54"and a plurality of

illumination sources 62 as described above with respect to FIG. 5 . Acquisition of the

grayscale images proceeds as described above with respect to the method 200 of FIG. 6 . A

single camera is used to obtain all images therefore the point cloud coordinate space and the

camera coordinate space are the same coordinate space. Consequently, the transformation

(step 260) of the color image between coordinate spaces is unnecessary.

FIG. 8 is a flowchart representation of another embodiment of a method 300 for

generating a display of a 3D metrology surface that can be performed using the apparatus 70



of FIG. 7 . According to the method, a first image based on a "single illumination" using only

the metrology projection source 34' is acquired (step 310). By way of example, the

metrology projection source 34' can illuminate the object with a fringe pattern or other

structured light pattern. Subsequently, a first dichromatic image of the object being measured

is acquired (step 320) while the object is "concurrently illuminated" by the metrology

projection source 34' and a first one of the illumination sources 62A. Thus the object is

illuminated by light used to determine 3D point cloud data simultaneously with the light used

to determine spectral reflectance.

The method 300 continues with the acquisition (step 330) of a second dichromatic

image of the object during concurrent illumination by the metrology projection source 34'

and the second illumination source 62B. Subsequently, a third dichromatic image is acquired

(step 340) during concurrent illumination by the metrology projection source 34' and the

third illumination source 62C. Using the four images acquired by the metrology camera 74,

the reflectance intensity images for the object the three wavelength distributions of the

illumination sources 62 are determined (step 350), allowing the fringe pattern or structured

light illumination to be effectively separated from the three dichromatic images and used to

determine (step 360) a 3D point cloud representation of the object. The three reflectance

images are used to determine (step 370) a color image for the object and the color image is

then mapped (step 380) onto the 3D point cloud representation.

One of skill in the art will recognize that the order in which the various images are

acquired can be different. Moreover, the numbers of single illumination and concurrent

illumination images acquired can be different without departing from the scope of the

invention.

FIG. 9 is a flowchart representation of another embodiment of a method 400 for

generating a display of a 3D metrology surface that can be performed using an apparatus in

which the imaging system 18 of FIG. 1 is integrated into the metrology system 14. No

illumination source other than a metrology projector 34 (see FIG. 3) is used. The projector

34 illuminates the object with a fringe pattern such as an interferometric fringe pattern

generated by the interference of two beams of coherent optical radiation. A set of three or

more images of the object illuminated by the fringe pattern are acquired (step 410). Each

image includes the fringe pattern at a unique spatial phase and the spatial phases are equally

spaced within 360° phase space. A 3D point cloud is calculated (step 420) from the image



data for the fringe images. The images in the set of images are summed (step 430) to

generate an image of the object with a spatially invariant intensity distribution. For example,

for a set of three fringe images having fringe phases of 0°, 120° and -120°, all three images

are summed to generate a grayscale reflectance image of the surface of the object. The

reflectance image is mapped (step 440) onto the 3D point cloud representation to generate a

single grayscale display image of the surface.

While the invention has been shown and described with reference to specific

embodiments, it should be understood by those skilled in the art that various changes in form

and detail may be made therein without departing from the spirit and scope of the invention.

What is claimed is:



CLAIMS

1. A method for generating a display of a three-dimensional (3D) metrology surface, the

method comprising:

determining a 3D point cloud representation of a surface of an object in a point cloud

coordinate space;

acquiring an image of the object in a camera coordinate space; and

mapping the image onto the 3D point cloud representation to generate a display of the

surface of the object.

2 . The method of claim 1 further comprising transforming the image from the camera

coordinate space to the point cloud coordinate space prior to mapping the image onto the 3D

point cloud representation.

3 . The method of claim 1 wherein the point cloud coordinate space and the camera

coordinate space are the same coordinate space.

4 . The method of claim 1 wherein the image of the object is a color image.

5 . The method of claim 1 wherein the image of the object is a grayscale image.

6 . The method of claim 1 wherein the 3D point cloud representation is a dynamic

representation responsive to a relative motion between a 3D metrology measurement system

and the object.

7 . The method of claim 1 wherein the 3D point cloud representation is a wire mesh

representation of the surface of the object.

8. The method of claim 1 wherein the 3D point cloud representation is an artificial

surface representation of the surface of the object.



9 . The method of claim 4 wherein acquiring the color image comprises:

acquiring a plurality of monochrome images of the object wherein each monochrome

image is acquired for illumination of the object at a unique wavelength

distribution; and

determining the color image from the plurality of monochrome images.

10. The method of claim 4 wherein acquiring the color image comprises:

acquiring a set of dichromatic images of the object, each of the dichromatic images

having image data for a concurrent illumination of the object by an

illumination source and a metrology source, a wavelength distribution of the

illumination source for each of the dichromatic images being different from

the wavelength distribution of the illumination source for each of the other

dichromatic images, the image data in each dichromatic image being used to

determine a reflectance image of the object for a respective one of the

wavelength distributions, the image data in the set of dichromatic images

being used to determine the 3D point cloud representation of the surface of the

object; and

determining the color image from the reflectance images of the object.

11. An apparatus for generating a display of a three-dimensional (3D) metrology surface,

comprising:

a metrology system to determine a 3D point cloud representation of a surface of an

object in a point cloud coordinate space;

an imaging system configured to acquire an image of the surface of the object in a

camera coordinate space; and

a processor in communication with the metrology system and the imaging system, the

processor configured to map the image of the surface of the object onto the 3D

point cloud representation to thereby generate a display of the surface of the

object.



12. The apparatus of claim 11 wherein the processor is configured to transform the image

from the camera coordinate space to the point cloud coordinate space prior to the mapping of

the image onto the 3D point cloud representation.

13. The apparatus of claim 12 wherein the processor comprises:

a first processor configured to transform the image from the camera coordinate space

to the point cloud coordinate space; and

a second processor configured to map the image of the surface of the object onto the

3D point cloud representation.

14. The apparatus of claim 11 wherein the imaging system is a color imaging system.

15. The apparatus of claim 11 wherein the imaging system is a monochrome imaging

system.

16. The apparatus of claim 11 wherein the metrology system is an intra-oral 3D imaging

system.

17. The apparatus of claim 11 wherein the 3D point cloud representation is a dynamic

representation responsive to a relative motion between the metrology system and the object.

18. The apparatus of claim 11 wherein the imaging system comprises;

a monochrome imaging camera;

a plurality of illumination sources each having a unique wavelength distribution; and

a control module in communication with the processor, the monochrome imaging

camera and the illumination sources, the control module configured to

selectively activate each of the illumination sources and to enable the

monochrome imaging camera to acquire a plurality of monochrome images of

the object during illumination of the object by each of the illumination

sources,



wherein the processor determines a color image of the surface of the object based on

the monochrome images and maps the color image onto the 3D point cloud

representation to thereby generate a color display of the surface of the object.

19. The apparatus of claim 18 wherein the imaging system is integrated into the

metrology system and wherein the monochrome imaging camera is a metrology camera.

20. The apparatus of claim 11 wherein the imaging system comprises;

a monochrome imaging camera;

a plurality of illumination sources each having a unique wavelength distribution; and

a control module in communication with the processor, the monochrome imaging

camera and the illumination sources, the control module configured to

selectively activate each of the illumination sources concurrently with a

metrology projection source and to enable the monochrome imaging camera to

acquire a plurality of dichromatic images of the object wherein each of the

dichromatic images is acquired during an illumination of the object by the

metrology projection source and one of the illumination sources,

wherein the processor determines a color image of the surface of the object based on

the dichromatic images and maps the color image onto the 3D point cloud

representation to thereby generate a color display of the surface of the object.

21. The apparatus of claim 20 wherein the imaging system is integrated into the

metrology system and wherein the monochrome imaging camera is a metrology camera.
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