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(54) Title: CODED STRUCTURED LIGHT 

4.3 4.4 

M (57) Abstract: The present invention is a system and method for creating a three-dimensional model of a surface comprising a light 
0 source 1.2 that projects a pattern of continuous line segments onto the surface, wherein each line segment is coded with a unique 
:, pattern along the line segment, a detector 1.3 that records an image of the surface with said projected pattern, and a computer for 
;;, transforming said image to a three-dimensional model of the surface utilizing said projected pattern. 
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Coded structured light 

The present invention relates to a system and a method for creating a three­

dimensional model of a surface using coded structured light. 

All patent and non-patent references cited in the application, or in the present 

application, are also hereby incorporated by reference in their entirety. 

Background of invention 

A method for producing a digital three-dimensional model of a physical object [1.1] is to 

project a known light pattern [1.2] onto the surface of the object, record the projected 

pattern with a camera [1.3] from a different angle (Figure 1) and then compute the 

shape of the surface from the recorded deformation of the pattern. When the relative 

15 positions and the internal parameters of the projector and the camera are known then 

the three-dimensional shape of the illuminated part of the object can be computed 

using triangulation. This is known as structured light scanning and described in the 

prior art. 

20 The identification of features in the pattern presents a problem that has been solved in 

a number of different ways in existing systems. Salvi et al. (2004) gives an extensive 

overview of existing pattern coding strategies. The primary categories are: 

25 

• Projecting only a single line. If only a single line is projected there is no risk of 

erroneous identification (assuming that there is no external illumination of the 

object), but only a single thin stripe of the object's surface will be covered so a 

large number of scans from different angles will be necessary to cover the 

surface. This takes time and requires controlled movement of the object or 

projector and camera which adds complexity to the scanner system. 

• Projecting lines or dots coded with different colors or grayscales. Individual lines 

30 or dots can be identified if they have different colors/grayscales provided that 

35 

'I 
the object is of (almost) uniform color or that an image of the object can be 

recorded in uniform illumination. Acquiring images of the object both in uniform 

illumination and with the projected pattern requires that the system is stationary 

between the two recordings and this is thus not suitable for hand-held scanners 

or moving objects. Furthermore using color introduces potential inaccuracies 

CONFIRMATION COPY 
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(reduced resolution) because light of different colors has different angles of 

refraction in the camera and projector lenses, and because of the technology 

used in typical camera chips. An example of a color coded light system can be 

found in US Patent No 6,147,760. Pages et al. (2004) describes another such 

system that applies colored lines. 

• Time-varying patterns. Projecting several different patterns where e.g. different 

lines are visible can give certain line identification, but again this requires 

acquiring several images with stationary object, camera and projector. It also 

requires a projector capable of changing the pattern and such a projector will be 

more expensive than one with a fixed image. An example of a system applying 

a time-varying coding is described in US Patent No 4,653,104. 

Scanning in a small cavity as e.g. the mouth or the ear canal limits the possible size of 

a scanner, and furthermore a handheld device will often be the most user-friendly and 

15 cost-efficient solution for such an application. If the scanner is handheld one cannot 

expect to have a stationary scene over time, even if the user is instructed to hold the 

device steady. This means that time-varying patterns will be problematic and that the 

movement between the consecutively acquired images may be unknown, so it is 

desirable to have as much information as possible in a single image. 

20 

Summary of invention 

The present invention provides a solution to the above-mentioned problems in that the 

present invention provides a system and a method that are usable in relation to a 

25 dynamic scene since the present invention offers computing from a single-frame (ie. 

one-shot) image in order to provide a three-dimensional model. 

30 

35 

Accordingly, in one aspect the present invention relates to a system for creating a 

three-dimensional model of a surface comprising 

(a) a light source that projects a pattern of continuous line segments onto the surface, 

wherein each line segment is coded with a unique pattern along the line segment, 

(b) a detector that records an image of the surface with said projected pattern, and 
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(c) a computer for transforming said image to a three-dimensional model of the surface 

utilizing said projected pattern. 

In a further aspect the invention relates to a method for creating a three-dimensional 

5 model of a surface comprising the steps of 

10 

15 

(a) from a light source projecting a pattern of continuous line segments onto the 

surface, wherein each line segment is coded with a unique pattern along the line 

segment, 

(b) recording an image of the surface with said projected pattern, and 

(c) transforming said image to a three-dimensional model of the surface utilizing said 

projected pattern. 

Description of Drawings 

Figure 1: Structured light scanner with camera and projector. 

20 Figure 2: Structured light pattern projected onto a simple surface. 

25 

Figure 3: Structured light pattern projected onto a complex surface. 

Figure 4: Binary coding along lines. 

Figure 5: Frequency coding with eight different frequencies and two sequences with 

different phase. 

Figure 6: Vertical height and position of bits is preserved independently of the object's 

30 shape. 

Figure 7: An ear with projected bit coded pattern. 

Figure 8: Slide with coded line pattern. 

35 
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Figure 9: Interpolating the surface between lines using triangles. 

Definitions 

Along the line: means in the direction of the line. 

5 Continuous line segment: means a line segment of continuous points or pixels, having 

no visible gaps on the image. 

10 

Three-dimensional model: A set of data representing the spatial distribution of the 

surface of the object being modeled within the accuracy of the data collection process. 

Unique pattern: A predetermined recognizable modulation of a line segment identifying 

said line segment either relative to any other line segment projected by the light source 

or relative to proximal line segments. A unique pattern may be repeated in line 

segments belonging to the same line. In another definition, a unique pattern is a 

15 predetermined recognizabl_e modulation of a line segment making said line segment 

distinguishable from any other line segment projected by the light source or 

distinguishable from close line segments. Here close line segments are defined as line 

segments wherein a line segment viewed by the detector may be identified as 

originating from the correct original line segment projected by the light source or 

20 identified as a close line segment. Said identification may also be more or less 

ambiguous between the correct and any close line segments. A unique pattern may be 

repeated in line segments belonging to the same line. 

Frequency and phase: A sinusoidal modulation of a line segment where said 

25 modulation is recognizable through the frequency and/or phase of said modulation. The 

phase of said modulation is often measured relative to a reference, such as an 

identifiable point, line or other pattern. 

30 

Detailed description of the invention 

The objective of the invention is a new improved coding method that solves the 

problem of identifying the projected lines in a structured light scanner, whereby the 

coding method may be used in a simple and cheap embodiment of small physical size. 
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The projected light pattern consists of a pattern of continuous line segments. Each line 

segment is provided with a unique coding. In one embodiment the continuous line 

segments are arranged in lines, whereby said lines are consisting of the continuous 

line segments. The line segments may be arranged in a line with a gap between two 

5 continuous line segments, or the line segments may be arranged in a continuity in the 

line. Lines consisting of continuous line segments are arranged having a 

10 

predetermined distance from one line to the next, such as parallel lines, when projected 

onto the surface. In one embodiment the continuous line segment are straight 

continuous line segments. 

The unique coding along the continuous line segments may be carried out in any 

suitable manner allowing identification of each continuous line segment in the image. In 

one embodiment the same unique pattern is coded along all continuous line segments 

in a line, it is however also possible to vary the unique coding pattern from continuous 

15 line segment to continuous line segment in a line, as long as it is possible to identify 

one line from neighbouring lines. 

The unique coding pattern may be any suitable pattern that may be applied along the 

continuous line segments. Accordingly, the unique pattern may consist of a periodically 

20 change in the width of the continuous line segment, such as the examples shown in the 

Figures of this application. 

Alternatively or in combination therewith the unique coding pattern may consist of a 

periodically change in colour in the continuous line segment. For example a line 

25 segment may consist of alternating red and green parts along the line segment. 

30 

Furthermore, the unique coding pattern may consist of a periodically change in 

greyscale in the continuous line segment either alone or in combination with any of the 

above mentioned coding patterns. 

The pattern may be unique for each line or continuous line segment in the image. 

However, in practice it is only necessary that the uniqueness of the pattern is sufficient 

to distinguish it from immediate neighbour lines. Therefore, in one embodiment the 

unique pattern is repeated for every n lines in the pattern, and n is an integer of at least 
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2, such as at least 3, such as at least 4, such as at least 5, such as at least 1 0, such as 

at least 25. 

As described below in greater detail, the continuous line segments may be coded using 

5 a binary or n-ary sequence or by changing frequency and/or phase. 

The line segments as defined herein are continuous, wherein the term continuous is 

used in its conventional meaning, i.e. that there are no gaps in the continuous line 

segment. The provision of continuous line segments provides for a more effective 

10 transformation of the image into a three-dimensional model, since even a short part of 

a continuous line segment may be identified, because no gap disturbs the identification 

process. 

In one embodiment it is preferred that the length of each continuous line segment in the 

15 image is at least two times the smallest width of the continuous line segment, such as 

at least three times the smallest width of the continuous line segment, such as at least 

four times the smallest width of the continuous line segment, such as at least five times 

the smallest width of the continuous line segment, such as at least ten times the 

smallest width of the continuous line segment, such as at least 25 times the smallest 

20 width of the continuous line segment, such as at least 50 times the smallest width of 

the continuous line segment. 

In a further embodiment the light source further projects lines having a predetermined 

angle in relation to the continuous line segments onto the surface, such as lines being 

25 perpendicular to the continuous line segments. 

30 

It is preferred that the coded lines segments in the image are perpendicular to the axis 

between the focal line of the detector and the light source, such as described in further 

details below. 

The light source used according to the present invention may be any suitable light 

source. Accordingly, any structured light may be used, such as the light source in a 

conventional projector, or a laser light, or a blitz light. The light source may emit visible 

light, near-visible or invisible light as is suitable for the image and the surface. In 
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particular for creating a three-dimensional model of a surface of a human being or an 

animal it may be preferred to use invisible light. 

The detector according to the present invention may be any suitable detector, such as 

5 a digital camera. The system may include two or more detectors if suitable. 

As an example the present invention may be used in a system as described in any of 

the patent applications PCT/DK01/00564 and PCT/DK2005/000507. 

10 By projecting a pattern of continuous line segments on the surface it is possible to 

create a three-dimensional model from an image of the surface. To reconstruct the 

surface from the recorded image, it must be possible to identify the projected features 

in the recording, i.e. the individual lines. Figure 2 shows a pattern of lines [2.1] 

projected onto a ball. In Figure 3 the same pattern is projected onto a more complex 

15 surface where determining which segments belong to which line is far more 

complicated to do in an automated procedure. 

To be able to distinguish the projected lines in a recorded image the invention 

proposes using a coding along the lines as e.g. varying line width or intensity. This 

20 could e.g. be a binary coding as shown in Figure 4 or a frequency and/ phase coding 

as shown in Figure 5. 

With a binary coding one could define the length of a bit [4.1]/[4.2] to be e.g. 1/100 of 

the total height of the projected image and a thin line [4.1] as 0 and a wide line [4.2] as 

25 1. This would give the line [4.3] the code 010010010 ... (top-down) and the line [4.4] the 

code 110110110 .... With just a short segment of a line, in this case at least 

corresponding to the length of 3 bits, one is able to identify the segment. 

In another embodiment of the invention the line width could change as a sinusoidal 

30 function of the distance from the top with different frequency and phase for each line. In 

the example in Figure 5 one can see that the line [5.1] has a higher frequency than the 

line [5.2]. A Fourier transform of a band of pixel values along a line segment in the 

recorded image will give the frequency that identifies the line. The length of a line 

segment should preferably be at least as long as the cycle of the sinusoidal for certain 

35 identification. 
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It is important to realize that the vertical position of the bits (in case of bit coding) and 

the line frequency (in case of frequency coding) in the recorded image is not affected 

by the shape of the object but only by the relative position and orientation of the 

5 projector and camera. This is true if the coded lines in the source image in [1.2] are 

perpendicular to the axis between the focal line of the camera and the projector. The 

shape of the object only shifts the lines perpendicular so the coding is preserved in the 

recorded image. 

1 O As illustrated in Figure 6 a rotation of the projector relative to the camera gives a linear 

transformation of vertical features on the lines. If [6.1] is the source image then [6.2] 

could be the image recorded when projecting [6.1] onto an irregular object. The 

illustration demonstrates that the lines are shifted horizontally depending on the surface 

but the vertical positions of the bits are only linearly transformed because of the 

15 projector/camera rotation. The inverse linear transformation can be applied to the 

recorded image for simpler line identification. 

20 

Another example of this property is shown in Figure 7 where the direction of the 

horizontal lines [7.1] are clearly unaffected by the varying surface of an ear. 

Determining the linear transformation of the coding and other system parameters 

needed for obtaining absolute object measurements can be done by recoding a 

number of calibration images with an object of known dimensions. To support the 

calibration process a number of horizontal lines [5.3] [7.1] can be inserted in the source 

25 image. 

The scanner hardware of the system and the method may consist of a projector and a 

camera. The projector could be a simple slide projector where the slide contains the 

coded lines (see Figure 8), it could be a LCD/DMD projector or the pattern could be 

30 generated by one or more lasers. A TV-camera or digital camera (typically CCD or 

CMOS based) connected to a computer supplies the images. A number of algorithms 

for detecting lines in digital images are known in the prior art. Assuming that there is no 

other light on the object than that from the projector a simple threshold approach can 

be used, where all pixel values above a threshold value are considered as being part of 

35 a line. If the lines are wider than one pixel in the recorded image the center must be 

Shenzhen Jimuyida 
Exhibit 1005



WO 2007/059780 PCT /DK2006/000664 

9 

determined by e.g. finding the brightest pixel or as the maximum of a polynomial fitted 

through the pixel values across the line. Once the lines are found they must be 

identified based on the coding as described above, and at last the three dimensional 

position of each pixel along each line can be computed using triangulation. Algorithms 

5 for connecting the points in space to a continuous surface are also described in the 

prior art. One way to do this is to connect neighbouring points with triangles as shown 

in Figure 9. 

The invention may be applied in any scanning of surfaces for producing three-

1 O dimensional models, in particular in relation to hand-held scanners and/or dynamic 

scenes. Therefore, the invention has many possible applications. One could be hand­

held small cavity scanners for use in the hearing aid or dental industry. More and more 

hearing aids are custom made from a 3D model of the patient's ear, and methods for 

acquiring this 3D model as fast and painless as possible for the patients are desired. 

15 Likewise dental restorations and orthodontics are frequently based on a digital 3D 

model of the patient's mouth. Thus, surface may be the surface of the auditory canal of 

a person or a surface of a three-dimensional model of the auditory canal. In another 

embodiment the surface is a teeth or tooth surface or a surface of a three-dimensional 

model of teeth or a tooth. 

20 

Other applications are scanning of objects for quality control in mass production, quality 

control, reverse engineering, virtual reality and computer game model making, mould 

making or scanning of hand made clay models for design. 

References 

25 US Patent No 4,653,104 (binary coding over time). 

US Patent No 6,147,760 (rainbow colored light). 
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Claims 

1. A system for creating a three-dimensional model of a surface comprising 

5 (a) a light source that projects a pattern of continuous line segments onto the surface, 

wherein each line segment is coded with a unique pattern along the line segment, 

(b) a detector that records an image of the surface with said projected pattern, and 

10 (c) a computer for transforming said image to a three-dimensional model of the surface 

utilizing said projected pattern. 

15 

2. The system according to claim 1, wherein the light source projects a pattern of lines 

onto the surface, each line consisting of a plurality of said continuous line segments. 

3. The system according to claim 2, wherein each line consists of a continuity of said 

continuous line segments. 

4. The system according to any of the preceding claims, wherein the same unique 

20 pattern is coded along all continuous line segments in a line. 

5. The system according to any of the preceding claims, wherein the unique pattern 

consists of a periodically change in the width of the line segment. 

25 6. The system according to any of the preceding claims, wherein the unique pattern 

consists of a periodically change in colour in the line segment. 

30 

7. The system according to any of the preceding claims, wherein the unique pattern 

consists of a periodically change in greyscale in the line segment. 

8. The system according to any of the preceding claims, wherein the unique pattern is 

repeated for every n lines in the pattern, and n is an integer of at least 2. 

9. The system according to any of the preceding claims, wherein the continuous line 

35 segments are coded using a binary sequence. 
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1 0. The system according to any of the preceding claims, wherein the continuous line 

segments are coded by changing frequency and/or phase. 

5 11 . The system according to any of the preceding claims, wherein the length of each 

continuous line segment is at least two times the smallest width of the continuous line 

segment. 

12. The system according to any of the preceding claims, wherein the light source 

10 emits visible light. 

13. The system according to any of the preceding claims 1-11 , wherein the light source 

emits invisible light. 

15 14. The system according to any of the preceding claims, wherein the detector is a 

camera. 

15. The system according to claim 1, wherein the light source further projects lines 

having a predetermined angle in relation to the continuous line segments onto the 

20 surface. 

16. A method for creating a three-dimensional model of a surface comprising the steps 

of 

25 (a) from a light source projecting a pattern of continuous line segments onto the 

surface, wherein each line segment is coded with a unique pattern along the line 

segment, 

30 

(b) recording an image of the surface with said projected pattern, and 

(c) transforming said image to a three-dimensional model of the surface utilizing said 

projected pattern. 

17. The method according to claim 16, having one or more of the features defined in 

35 any of the claims 1-15. 
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18. The method according to claim 16 or 17, wherein the surface is the surface of the 

auditory canal of a person or a surface of a three-dimensional model of the auditory 

canal. 

19. The method according to claim 16 or 17, wherein the surface is a teeth or tooth 

surface or a surface of a three-dimensional model of teeth or a tooth. 
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2003, PISCATAWAY, NJ, USA,IEEE, 
6 October 2003 (2003-10-06), pages 
293-300, XP010662707 
ISBN: 0-7695-1991-1 
abstract 
sections 3.1, 3.2 and 3.3; figures 1-4 
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cited in the application 
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Form PCT/\SA/210 (continuation of second sheet) (April 2005) 

International application No 

PCT/DK2006/000664 

Relevant to claim No. 

1-16,18, 
19 

1-16,18, 
19 

1-16,18, 
19 

page 2 of 2 

Shenzhen Jimuyida 
Exhibit 1005



INTERNATIONAL SEARCH REPORT 

International application No. 
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This International Search Report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons: 

1. D Claims Nos.: 
because they relate to subject matter not required to be searched by this Authority, namely: 

2. [!] Claims Nos.: 17 
because they relate to parts of the International Application that do not comply with the prescribed requirements to such 
an extent that no meaningful International Search can be carried out, specifically: 

see FURTHER INFORMATION sheet PCT/ISA/210 

3. D Claims Nos.: 
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a). 

Box Ill Observations where unity of invention is lacking (Continuation of item 3 of first sheet) 

This International Searching Authority found multiple inventions in this international application, as follows: 

1. D As all required additional search fees were timely paid by the applicant, this International Search Report covers all 
searchable claims. 

2. D As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment 
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3. D As only some of the required additional search fees were timely paid by the applicant, this International Search Report 
covers only those claims for which fees were paid, specifically claims Nos.: 
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restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 
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Claims Nos.: 17 

International Application No. PCT/DK2006 /000664 

Claim 17 is formulated as a method claim but refers to an arbitrary 
combination of apparatus features from apparatus claims 1-15, thereby 
rendering the scope of protection unclear. Even if formulated as method 
features, some of the numerous possible combinations of features would 
lead to methods that are impossible to carry out or not covered by the 
description. Therefore, no meaningful search can be carried out. 

The applicant's attention is drawn to the fact that claims relating to 
inventions in respect of which no international search report has been 
established need not be the subject of an international preliminary 
examination (Rule 66.l(e) PCT). The applicant is advised that the EPO 
policy when acting as an International Preliminary Examining Authority is 
normally not to carry out a preliminary examination on matter which has 
not been searched. This is the case irrespective of whether or not the 
claims are amended following receipt of the search report or during any 
Chapter II procedure. If the application proceeds into the regional phase 
before the EPO, the applicant is reminded that a search may be carried 
out during examination before the EPO (see EPO Guideline C-VI, 8.5), 
should the problems which led to the Article 17(2) declaration be 
overcome. 

Shenzhen Jimuyida 
Exhibit 1005



NTERNATIONAL SEARCH REPORT 
International application No 

Information on patent family members 
PCT/DK2006/000664 

Patent document Publication I Patent family I Publication 
cited in search report date member(s) date 

us 5680216 A 21-10-1997 DE 4426424 Al 01-02-1996 
WO 9603617 Al 08-02-1996 
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