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HIGH SPEED MULTIPLE LINE
THREE-DIMENSIONAL DIGITIZATION

PRIORITY AND CROSS REFERENCE TO RELATED ATPLICATION

[0001] This application claims the benefit under 35 U.S.C. § 119(e) of co-
pending provisional application no. 60/503,666 for High Speed Multiple Line
Three-Dimensional Digitization, which is incorporated in its entirety herein by

reference.

BACKGROUND OF THE INVENTION

1. Technical Field

[0002] This invention generally relates to three-dimensional imaging of a
physical object, and in patticular to a high-speed multi-line triangulation for three-

dimensional digitization of a physical object.

2. Related Art

[0003] Imaging techniques provide a three-dimensional visualization of a
physical objcct on a vidco terminal or. monitor. The three-dimensional
visualization may illustrate surface characteﬂ'stics of the physical object. Data
associated with the surface characteristics are generated and processed by a

processor to generate the three-dimensional visualization.

[0004] Data associated with the surface characteristics are generated by
capturing images of the object from various perspectives. The perspectives are
mapped or combined to produce a set of data points that represent the various
surfaces of the abject. The data points are processed to generate the three-

dimensional visual display of the object. The data points also may be processed to
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represent the object in a dimensionally correct manner in the computer. However, the

time to generate the data points is longer than the display rate for the digital camera.

[0005) Imaging systems that use a triangulation technique emanate a single point or a
single line on the object to determine relative surface characteristics of the object.
Multiple line systems are limited by the maximum number of simultaneous lines that may
image the object and require a large number of images to obtain a final image of the

object.

[0006] A Moiré technique may use multiple lines to compute a relative height map of the
surface characteristics. Each point has a known or predetermined relative relationship to a
neighboring point on a neighboring line. A sinusoidal variation of the lines provides a
trigonometric solution to estimate the relative relationships or equivalently extracting the
phase. Such technique requires either multiple images or substantial processing time to

provide a three- dimensional image.

[0007] Accordingly, there is a need for a high-speed three dimensional imaging system
that minimizes the number of images and amount of computation to provide a three-
dimensional image.
SUMMARY

[0008] It is an object of the present invention to substantially overcome, or at least
ameliorate, one or more of the above disadvantages. By way of introduction only, a high
speed multiple line three- dimensional digitization may include imaging a physical object
to provide a visualization or virtualization of the object that may be viewed and

manipulated by

AH21(2074204_1) JIM 2
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using a processor. The high speed multiple line three-dimensional digitization
may be achieved by one or more apparatuses, devices, systems, methods, and/or

processes.

[0009] In an cmbodiment, the high-speed multiple-line digitization
generates a full frame of three-dimensional data of a surface of a physical object
that is acquired in substantially the same order as a frame rate of a camera used ta
acquire or capture the three-dimensional image. For example, a camera used to
capture a three-dimensional image has a frame rate of N frames per second. A full
frame of three-dimensional data is obtained in a time frame of m/N seconds where
m different patterns are projected. For example, where two patterns are projected,
a full frame of three-dimensional data is obtained in a time frame f 2/N seconds.
The full frame of three-dimensional data iﬁcludes multiple data points represented

by multiple floating point nurnbers.

’[001(]] The foregoing summary is provided only by way of introduction,
The features and advantages of the high speed multiple line three-dimensional
digitization may be realized and obtained by means of the instrumentalities and
combinations particularly pointed out in the claims. Nothing in this section should
be taken as a limitation on the claims, which define the scope of the invention.
Additional features and advantages of the present invention will be set forth in the
description that follows, and in part will be obvious from the description, or may

be learned by practice of the present invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The invention can be better understood with reference to the
following drawings and description. The components in the figures are not
necessarily to scale, emphasis instead being placed ﬁpon illustrating principles of
the invention. Moreover, in the figures, like referenced numerals designate

corresponding parts throughout the different views.

[0012] Figute 1 illustrates a high-speed multi-line three-dimensional

digitization system having a camera fixed relative to a line projecter.

[0013] Figure 2 illustrates a coordinate view of the system of Figure 1.
[0014] Figure 3 illustrates a linc pattern incident on a surface of an object.
[0015] Figure 4 illustrates an approximate line pattern estimated from a

first pattern frame scan for comparison with an actual line pattern for a subsequent

frame as observed by the camera of Figure 1.
[0016] Figure 5 illustrates non-rectangular regions of distinguishability.

[0017] Figure 6 illustrates an embodiment where multiple light sources are

derived from a single lascr source switched with a liquid crystal cell.

[0018] Figure 7 illustrates an embodiment for multiple laser sources.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0019] Hereinafter exemplary embodiments are discussed with reference to
accompanied figures.
[0020] Figure 1 illustrates a digitization system 100. The digitization

system 100 includes a camera 106 and a line pattern projector or illuminator 104.

4
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The camera 106 is fixed relative to the line pattern projector 104. The projector
104 illuminates a portion of a surface 108 of object 102 with a light pattern. The
object may be any physical object capable of being imaged. In an embodiment,
the object may be dentitioﬁ or dental items including molds, castings, dentition,

prepared dentition and the like.

{0021} Tight reflected from the surface 108 is captured by the camera 106.
Based on the reflected light pattern, three-dimensional data representative of the
illuminated surface 108 may be generat,ed.. The three-dimensional data may be
processed to generate a three-dimensional image of the illuminated surface 108.
The camera 106 may be characterized by a local coordinate system XY, and the

projector 104 characterized by a local coordinate system XY,

[0022] Referring to Figure 2, pattern projector 204 projects a pattern duting
a capture or read period. The pattern may be considered to be an assembly of
multiple points. The number of points may be finite or substantially infinite. The
size of the points may be finitc or infinitesimal. An example of such a pattém isa

pattern consisting of multiple lines. The pattern may be structured white light.

[0023] In an embodiment, camera 206 is a high-speed camera that images
general patterns or multiple line patterns. The camera 206 may also capture
multiple line patterns during a re’ad period. The relationship shown in Figure 2
refers to a single point in such a line pattern. A triangulation axis R may be
defined as passing through an intersection of an axial ray from camera 206 and an
axial ray of projector 204. The axis R may be perpendicular to an axial ray from

camera 206 and an axial ray of projector 204. The triangulation axis R also may.
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be substantially parallel to Y and Y’. A minimum angle 0 between a valid ray
between the projector 204 relative to a valid axial ray of the camera 206 is non-

ZET0.

[0024] A line projected by projector 204 represents a connected series of
points or curvilinear segments where a normal vector # at any point along the

curve obeys the following equation or rule:

ln-RlZ% (1)

According to Equation (1), the angle between a point on the curve and the
triangulation axis R is greater than or equal to about 45 degrees. The line may
have a cross-sectional intensity characterized by a function that is independent of
Equation 1. The cross-sectional intensity may have a sinusoidal variation, a

Gaussian profile, or any other function for cross-sectional intensity.

[0025] The local coordinate system XY of the camera 206 may be further
characterized by a coordinate system XYZ, where the XY coordinate system
defined by the camera include axis Z, which is substantially perpendicular to both
the X-axis and the Y-axis. The axis Z includes a range of values for Z based on

optics limitations. The values for Z may be based on distances d; and d, such that
d<z3d, 4 single point from a projected line incident on a plane perpendicular
to Z will appear to be displaced in the X direction by AX. Based on a

triangulation angle, the following condition exists:

Az = Ax
Tanb

@
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[0026] In a projceted line pattern having multiplc lines L;-Ly, a given line
L; may be characterized by a unique function 6(x). For a given Hne L;, the
location of line L; with respect to the coordinate system XYZ of the camera 206

for various values of z where % <2< may be determined through calibration or

similar process.

{0027} For an observed line L, a closest calibrated line position may be
selected, and the x and z coordinates (x.,z.) of the calibrated line determined, The
camera 206 may oBserve multiple lines during projected on an object 102. For
each observed point on the line, as captured or observed by the camera 206, the
XY coordinates of that surface point may be directly observed as (Xobsemd,y‘,bs:md).

A point Zpgeneg May be determined by observing the displaced Ax (where Ax =

Kobserved-Xc), 10 compute Az, The z coordinate may then be computed as:
Zopserved = Z; T 2. (3)

The maximum displacement for any line in the volume may be determined by:

Ax=(d, - d, )Tond )
[0028] A maximum number of simultaneously distinguishable lines n,,
may be determined as:
X

Poe =0 d, Yanf) @

mx

10029] The maximum number of simultaneously distinguishable lines »,,,

increases with a decreasing depth of field dy~d; The maximum number of
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simultaneously distinguishable lines n_,, also increases with as "™ decreases.

X

2

max.

The accuracy of the determination also may also decrease with smaller
values. Also, decreasing a depth of field may result in a less useful volume for
digitizing.

[0030] Figure 3 illustrates a line pattern having multiple lines L;-L,
pfojected toward an object 302. Each line L;-L, represents a connected series of
points or curvilinear segments where a normal vector r at any point along the
curve obeys equation 1 above. The multiple lincs Ly-L, are projected toward and

incident onto a surface 308 of the object 302.

[0031) Multiple patterns of lines Li-L; may be projected toward the object
302 during a capture period. The light patterns may be referred to as A; where i =
1, 2, ....x, where the first light pattern having L;-L; lines is referred to as A; and
subsequent line patterns are referred to as A; to A,. The number of lines # in

pattern A; may be selected so that # < 7.

{0032] Accarding to Equation (4), each linc in pattern A, incident on the
surface 308 may be uniquely labeled or identified. For each line pattern A, the x,
yandz coordinalesrmay be determined for each point on the line using the above
equations. For each line L; data—poiﬁts representative of characteristics of the
surface 308 along the line L; may be generated. From the data points, a three-
dimensional representation of the surface 302 along the line L; is formed. From all

the lines of pattern A, an approximation of the surface of the object being

digitized may be determined.

-10-
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[0033] For the subsequent patterns A;, where i= 2, ....x, let n; represent the
number of lines for the pattern A;. For i <j the condition #; < #; holds. Also, r; >
Mgy TOr each i. Because equation (4) no longer holds, labeling or identifying lines

for A; may be resolved during a prior calibration step.

[0034] In a calibration step, each line in A; is characterized on a flat plane
for different Z values. Based on the characterization, and an approximation
surface, the approximate locations of each labeled line in A; is eslimated by
intersecting a known light plane corresponding with each labeled line with the
approximation surface 308, The estimation may be compared to the observed line

pattern for A; incident on the surface 302, and observed lines accordingly labeled.

[0035] Figure 4 illustrates an approximate line patiern estimated from a
first pattern frame scan 410 compared with an actual line pattern 412 for a
subsequent frame as observed by camera 206. By choosing closest curves, a
unique labeling of the multiple lines Ly-L, is jobtained. A new approximation
surface is thus obtained by repeated application of equation (4) on cach labeled
line. This may be repeated using a new and enhanced approximation surface of

the surface and a higher density line pattern.

[0036] Figure 5 illustrates non-rectangular regions of distinguishability. In
an embodiment, non-rectangular regions of distinguishability may be defined as
areas between adjacent projection lines Ly — L,. For example, a non-rectangular
region of distinguishability may be defined as the region between a first line L; of
the multiple line pattern and a second line 1, of the light pattern. For each line

that may be projected onto a planar surface placed at z values between d, and d,,

9

11-




WO 2005/027770 PCT/US2004/030433

the region of distinguishability defines the smallest envelope that always includes
that line as imaged by the imaging system. Other lincs L; will have separate

regions of distinguishability. Therefore, in the exemplary embodiment, each line
maLy be projected to a discrete arca where substantially no overlap exists between

adjacent areas.

[0037] Figure 5 illustrates an exarmple of a pattern where three lines are
being projected, with non-ovetlapping regions of distinguishability. By allowing
non-rectangular regions of distinguishability, the limitations of equation (4) may
be minimized or eliminated altogether by allowing non-rectangular regions for
each line, where the non-rectangular regions may be compressed without
substantial overlap or ambiéuity. The number of simultaneous projected lines may
be increased by allowing the distinguishable regions around each line to follow a
shape of the line instead of a defined rectangular area. Accordingly, the maximum

number of simultaneous lines may be increased.

[0038) An embodiment for a projector for a high speed multiple line three-
" dimensional digitization system may include a modulated laser source having a
two-axis orthogonal mirror scanmer. The scanner may have a single two axis
mirror, two orthogonally mounted single axis mirrors, or the equivalents. The
scanner may project a two-dimensional light pattern having multiple lines L;-L,
through optics toward a surface of an object. The light pattern illuminates the
surface. Light reflected from the surface may be captured by a camera. The
patterns incident on the objcét may be viewed through additional optics, a CCD,

CMOS digital camera, or similar device. The line patterns are analyzed and

10
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converted to three-dimensional coordinates representative of the illuminated

surface.

0039] Referring to Figure 6, an embodiment having two laser sources 620,
622 is shown. The two laser sources 620, 622 each project a laser beam. The
laser beams pass through a focusing lens 624 and a line lens 626 that transforms
the single point from each laser source 620, 622 into a line. Each line then passes
through two different diffraction gratings 628 that split the line into multiple
substantially parallel lines. The multiple minimal patterns may be produced

without substantial moving parts.

[0040] Referring to Figure 7, an embodiment having a single laser source
720 is shown. The laser source 720 may be switched using a liquid crystal (LC),
cell 734. 'The laser light beam from the single laser source 720 passes through a
wave plate 732 to polarize the light. The wave plate 732 may be a 2 wave plate.
The laser light is polarized based on the LC cell 734, in a particular direction
and/or o‘rientation, where the direction may be switched by switching the LC cell
734. Two possible paths for the light may pass through the beam splitter 736 so
that the single laser beam may be split to two paths. The laser point may be

processed as described.

[0041] In an embodiment for a high speed multiple line three-dimensional
digitization syster“n, a scanner and camera may be configured as described
according to co-pending US patent application serial no. 10/749,579, entitled
LASER DIGITIZER SYSTEM FOR DENTAL APPLICATIONS, filed on

December 30, 2003, the description of which 1s incorporated herein in its entirety.

11
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The scanner may be a modulated laser source, coupled to a two axis orthogonal
mirror scanner. An embodiment for a high speed multiple line three-dimensional
digitization system may include a modulated laser source, coupled to a two axis
orthogonal mirror scanner. The scanner may have a single two axis mirror, two
orthogonally mounted single axis mirrors, or the equivalents. By varying the
rotation of the mirror(s), and by modulating the laser beam, a two-dimensional
pattern. may be traced. The pattern may be projected through optics onto the
physical object, and the patterns incident on the object viewed through additional
optics, a CCD, CMOS digital camera, or similar device. The line patterns are

analyzed and converted to three-dimensional coordinates for the surface.

[6042] It is intended in the appended claims to cover all such changes and
modifications which fall within the true spirit and scope of the invention.
Therefore, the invention is not limited to the specific details, representative
embodiments, and illustrated examples in this description. Accordingly, the
invention is mot to be restricted except in light as necessitated by the

accompanying claims and their equivalents.

-14-
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CLAIMS

What is claimed is:

L. A method for digitizing a physical object, comprising:

(a)  projecting a plurality of sequential light patterns onto a
surface of an object, where each of the plurality of sequential patterns includes a
plurality of distinguishable curvilinear lines, where a first pattern includes a first
number of distinguishable curvilinear lines, and a subsequent pattern includes at
least the same number of lines than the first number of distinguishable curvilinear
lines;

(b)  capturing light reflected from the surface; and

(¢)  determining coordinates X, y, z of points on the surface

according to the captured light.

2. The method of claim | where the plurality of sequential patterns

comprises white light.

3. The method of claim 1 where each of the plurality of distinguishable
curvilinear lines is characterized by an intensity profile being substantially

constant over time.

4. The method of claim 1 where step (a) further comprises generating a
light pattern according to tracing a laser point with a two axis mirror to generate

the plurality of distinguishable curvilinear lines.

5. The method of claim 4 where each of plhuality of distinguishable

curvilinear lines is characterized by a modulated intensity pattern.

6. The method of claim 1 where step (a) further comprises generating a
light pattern according to tracing a laser point with a plurality of arthogonally
mounted single axis mirrors to generate the plurality of distinguishable curvilinear

lines.

13
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7. The method of claim 1 further comprising optically gencrating the

plurality of distinguishable curvilinear lines.

8. The method of claim 7 where each of the plurality of distinguishable
curvilinear lines is characterized by a modulated intensity pattern and a scan

speed.

9. The method of claim 8 where the scan speed and modulation are

variable.

10.  The method of claim 1 further comprising optically projecting
multiple laser points through a plurality of optical elements to generate a plurality

of static patterns of illuminated lines.

11.  The method of claim 10 further comprising a single laser source to

generate the plurality of distinguishable curvilinear lines.

12. The method of claim 11 further comprising producing the plurality

of distinguishable curvilinear lines using a mechanical switch.

13, The method of claim 12 where the mechanical switch comprises a

IITor.

14.  The method of claim 13 where the plurality of distinguishable

curvilinear lines are produced using an electro-optical switch.

15.  The method of claim 14 where the electro-optical switch comprises

an LC switch.

16.  The method of claim 1 further comprising processing the

coordinates in a computer systen.

17.  The method of claim 1 where the subsequent pattern includes a

greater number of lines than the first number of distinguishable curvilinear lines.

-16-
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18.  (d)  The method of claim 1 further comprising displaying the

coordinates as a visual representation of the surface.

19. A dental imaging system, comprising:

(a)  means for projecting a plurality of sequential patterns toward
a dental item, each of the plurality of sequential patterns including a plurality of
distinguishable curvilinear lines, where a first pattern includes a first number of
distinguishable curvilinear lines, and a subsequent pattern includes a greater
number of lines than the first number of distinguishable curvilinear lines;

(b)  means for capturing light reflected from a surface of the
dental item;

(c)  means for delermining data points associated with
characteristics of the surface according to the captured light reflected from the
surface; and

(d)  means for displaﬁlg the a three-dimensional representation

of the surface of the dental item according io the data points. )

20. A dental digitizing system, comprising:

(a)  aprojector configured to illuminate a dental object during
each of sequence of exposure periods with a light patterns including a plurality of
distinguishable curvilinear lines, where a first light pattern includes a first number
of distinguishable curvilinear lines, and a subsequent pattern includes a greater
number of distinguishable curvilinear lines than the first number of distinguishable
curvilinear lines;

(b)  acamera configured to capture an image according to light
reflected during each exposure period;

(c)  acontroller configured to determine a st of points
associated with characteristics of a surface of the object according to each image,
and to compile each of the captured images to form an image of the object; and

(d) adisplay for displaying the image of the object.

17-
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21. The dental digitizing system of claim 20 where the projector comprises
a laser source configured to optically generate the plurality of distinguishable curvilinear

lines from a single point laser source.

22. The dental digitizing system of claim 20 where the projector comprises
a plurality of laser sources configured to generate the plurality of distinguishable

curvilinear lines.

23. A method for digitizing a physical object, the method being
substantially as hereinbefore described with reference to any one of the embodiments as

that embodiment is shown in the accompanying drawings.

24. A dental digitizing system being substantially as hereinbefore described
with reference to any one of the embodiments as that embodiment is shown in the
accompanying drawings.

DATED this Thirtieth Day of April, 2009
D4D Technologies, L.P.
Patent Attorneys for the Applicant

SPRUSON & FERGUSON
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FIGURE 3
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