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METHOD AND APPARATUS FOR REGISTERING 

A KNOWN DIGITAL OBJECT TO SCANNED 3-D MODEL 

BACKGROUND OF THE INVENTION 

A. Field of the Invention 

This invention relates generally to the fields of dentistry and orthodontics. More 

particularly, the invention relates to methods and apparatus for registering an object of known 

predetermined geometry to scanned three-dimensional data such that the object's location in 

10 space may be verified. Such a known object may comprise a three-dimensional (3-D) digital 

object such as a virtual dental appliance (e.g., a virtual tooth bracket) or other like object. 

Knowledge of such an object's location is generally helpful in planning orthodontic 

treatment, particularly where the location of the appliance needs to be determined or 

confirmed or where incomplete or poor scan data is obtained. Aspects of the present 

15 invention provide methods of effectively verifying bracket location and displaying bracket 

locations using a computer and three-dimensional virtual models of teeth. 

B. Description of Related Art 

In orthodontics, a patient suffering from a malocclusion is typically treated by 

bonding brackets to the surface of the patient's teeth. The brackets have slots for receiving 

20 an archwire. The bracket-archwire interaction governs forces applied to the teeth and defines 

the desired direction of tooth movement. Typically, the orthodontist makes the bends in the 

wire manually. During the course of treatment, the movement of the teeth is monitored so as 

to track the movement of the teeth. Corrections to bracket positions and/or wire shape can 

made manually by the orthodontist. 

25 One key efficiency in treatment and maximum quality in results is a realistic 

simulation of the treatment process. Today's orthodontists have the possibility of taking 

plaster models of the upper and lower jaw, cutting the model into single tooth models and 

sticking these tooth models into a wax bed, and lining them up in the desired position. This 

approach allows for reaching a desired occlusion while minimizing guess work. A next step 

30 is bonding a bracket at every tooth model. This would tell the orthodontist the geometry of 

the wire to run through the bracket slots to receive a desired result. 

Different types of bracket bonding methods may be implemented. In a first method, a 

bracket placement tray is used. In the bracket placement tray method, a placement tray is 
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utilized to bond the various brackets to the tooth. With the bracket placement tray method, 

the general location of bracket placement is known. Each bracket and bracket location can be 

stored in memory for future retrieval. 

Alternatively, a more traditional manual method may be used where the treating 

5 physician manually bonds a bracket to each tooth. In such a manual process, the actual 

bracket placement is not generally known and therefore cannot be stored for future retrieval 

during the treatment planning phase. 

Hand-held scanners for in-vivo scanning of dentitions have now become available. 

One such scanner is described in the PCT Patent Application of OraMetrix, Inc. WO 

10 01/80761. Because a hand-held scanner allows for scans of the dentition in a relatively short 

time frame, the scanner can be used to perform an original scan of the patient's dentition. 

Based on this original scan, an original 3-D virtual model of the patient's dentition can be 

derived, including a virtual model of each individual tooth. This information is then digitally 

recorded in some fashion, preferably in a patient record stored in a memory of a scanning 

15 node in the scanner system or in an orthodontic workstation. 

The scanner becomes an important tool throughout the monitoring treatment process. 

For example, as the treatment progresses, the movement and position of the teeth can be 

quantified with a relatively high degree of precision. One way to monitor the movement and 

position is by performing dentition monitoring scans throughout the various phases of 

20 treatment. Monitoring scans, like the original scan, provide a three dimensional virtual image 

of the dentition, including dental appliances, such as bonded brackets, archwires, and inlays. 

Performing monitoring scans provide certain advantages. For example, one such 

advantage is that monitoring scans allow an orthodontist to discern whether correction in an 

archwire configuration may be required. For example, during the treatment process, certain 

25 biological influences may affect tooth movement. As disclosed in the above-referenced 

published PCT Application WO 01/80761, treatment planning software can be used to 

determine whether such corrections need to be made. For example, the treatment planning 

software on a workstation displays the current situation, and also the target situation. A new 

customized archwire may be designed on the computer. The relevant information for making 

30 the new archwire is sent to a precision appliance service center and a new archwire is 

fabricated according to revised patient requirements and then shipped to the clinic. 

Monitoring scans are also useful to measure and quantify progress while detecting 

deviations from the expected treatment. Since each of the tooth objects of a current patient's 

2 
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dentition is already stored as a virtual tooth model after completion of an original scan, the 

monitoring scan need not be of the entire dentition. Rather, during a monitoring scan, the 

subsequent scanning may need only be of one surface, such as the occlusal surface, or the 

lingual surface, or alternatively, some combination of the two. 

5 Performing certain monitoring scans after treatment has been initiated, however, often 

presents certain challenges. For example, for certain scanning technologies utilizing reflected 

projected patterns such as described in WO 01/80167 to be successful, the scanning requires 

that the surface of the scanned object allow for good reflectivity in order for the scan to 

adequately capture the image. There are, however, a number of complications that often arise 

10 during a monitoring scan that can often result in obtaining either incomplete or inaccurate 

three dimensional surface information. 

For example, monitoring scans are often result in providing an orthodontist 

incomplete scan data of the entire dentition. Because of the incomplete nature of certain 

monitoring scans, the resulting incomplete scan data makes the analysis of the patient's 

15 dentition difficult. 

In addition, monitoring scans often attempt to acquire accurate and complete scan 

results of dental devices having small or minute geometrical structures. For example, a 

monitoring scan often involves scanning pre-positioned bonded brackets. The size of the 

bracket, and the bracket component parts, also pose problems in obtaining accurate scan data. 

20 For example, Figure lA illustrates a typical arrangement of a bracket structure 5 of a 

bracket bonded to a patient's tooth. As shown in Figure IA, the bracket structure 5 

comprises a number of straight edge portions 4a, b, c, and d extending out into space in the x, 

y, and z directions. The bracket also includes an archwire slot 3 having a very narrow width. 

These portions contain sharp edges as well as certain well defined lines. This bracket 

25 arrangement 5 also comprises two bracket wings la and lb. As can be seen from Figure lA, 

these bracket wings la,b have a defined length Land a defined width W equal to the length 

of the slot 3. Obtaining accurate scan data of these types of sharp edges and lines is often 

difficult since these geometrical structures cause scattering and poor image acquisition. 

Scattering concerns are even more prevalent where a bracket structure is even more defined, 

30 for example, where the bracket structure includes more than two bracket wings. 

The size of the bracket also is a concern in obtaining accurate scan data. For example, 

conventional brackets are often only 3 x 4 x 3 mm in size or thereabouts. The small 

dimension of the bracket, and therefore the bracket component parts (wings, slot, etc.) makes 

obtaining accurate bracket scan data even more challenging. 

3 
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These various bracket edges make it difficult to obtain accurate and complete scan 

information, thereby making it difficult to obtain accurate and complete scan data and 

therefore construct a 3-D virtual model of the dentition plus brackets. Due to the small size 

of bracket wings, bracket slots and their related geometries, the size of the bracket structure 

5 further causes complications due to the resolution of a projected pattern that may be used in 

various 3D scanning technologies. For example, where a scanner utilizes a resolution of 

approximately 0.25 mm, obtaining a complete and accurate scan data from a wing of a 

bracket will be difficult. For example, wings la,b of bracket 5 may only be 0.8mm. 

Furthermore, obtaining complete and accurate scan data for the slot 3 will be difficult not 

10 only because of the slot width but also because of shadowing issues. 

Incomplete and inaccurate scan data makes it difficult to construct an accurate three­

dimensional model and thereby determine where the bonded bracket actually resides in three­

dimensional space. And, since it is difficult to determine the exact position in 3-D space of 

the bracket, there will be further difficulty in detennining the exact position of the archwire 

15 slot, and therefore the required archwire configuration. These scanning inefficiencies may be 

further prevalent where the dentition is scanned in-vivo, that is, where the object being 

scanned ( dental appliance) is covered with light scattering elements such as water, saliva, or 

other types of moisture. 

Another scanning quality issue that may arise during treatment concerns performing a 

20 monitoring scan after a patient's teeth have moved, as a result of the treatment or biological 

process. For example, the treatment process oftentimes begins with an orthodontist making 

an original dentition scan of a patient beginning the treatment process and deriving an 

original three dimensional virtual model of the patient's dentition. As previously described, 

an original scan will establish an original virtual 3-D model of each tooth without any type of 

25 dental appliance previously installed. In such a situation, the complete virtual model would 

contain an individual virtual tooth model for each tooth, excluding dental appliances. 

Therefore, the previously described scanning quality concerns relating to either incomplete or 

inaccurate scan data would not be present. 

However, for certain patients, sometime after a first scan is completed and an original 

30 three-dimensional virtual model has been derived, a bracket placement tray is fabricated. The 

bracket placement tray enables the brackets to be bonded to the teeth. Some time later, after 

the bracket tray is fabricated and only after the brackets have been bonded to the dentition, 

the patient will undergo a monitoring scan. One reason for the monitoring scan is to confirm 

accurate bracket positioning (i.e., to confirm that the bracket placement tray placed the 

4 
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bracket at the desired location). Because of certain inherent logistical delays, the monitoring 

scanning process may take place a certain amount of time after the original scan was 

completed. For example, in certain circumstances, bracket bonding may occur 3 to 5 weeks 

after the original 3-D virtual model had been obtained. But during this interim 3 to 5 week 

5 time period, the teeth may have already shifted. Therefore, the resulting subsequent 

monitoring scan may confirm that the original virtual 3-D model is no longer correct and 

must therefore be updated to reflect various new tooth positions. 

Consequently, based on such scanning concerns, there is a general need for a scanning 

method that can accurately locate an object such as an orthodontic appliance having a 

10 predetermined geometry in three-dimensional space. This need arises in the context where 

both complete and incomplete scan data is present. Alternatively, there is a general need for 

a process that can generate an accurate virtual model of the teeth and the appliance and 

thereby locate manually bonded brackets. There is a further need to provide a scanning 

method that compensates for flawed scan data that can oftentimes arise from performing an 

15 incomplete scan, particularly where the scan involves scanning a dental appliance. There is 

also a general need to be able to accurately obtain a three-dimensional detention model 

including both teeth and a dental appliance, such as bonded brackets. Another need arises 

where it is generally not possible to scan an object due to restrictions in certain types of 

scanning technologies (e.g., scan resolutions). There is also a general need to obtain a virtual 

20 3-D tooth model of a patient's entire dentition where the patient's dentition includes a dental 

appliance, such as bonded brackets. 

5 
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SUMMARY OF THE INVENTION 

A method and apparatus is provided for registering a virtual three dimensional model 

to scan data. In one arrangement, a method is provided for constructing a virtual three­

dimensional model of an object. This method includes the step of scanning the object and 

5 creating a three-dimensional virtual model. The three-dimensional virtual model has a first 

portion corresponding to scanning of a known structure forming a part of the object. The 

known structure has a predetermined three-dimensional configuration. The first portion is a 

less than an ideal three-dimensional representation of the known structure. A three­

dimensional virtual object is retrieved from a memory and corresponds to the known 

10 structure. The method includes the step of registering the three-dimensional virtual object to 

the first portion of the three-dimensional virtual model to form a three-dimensional surface. 

The virtual three-dimensional model of the object is formed and includes the three­

dimensional surface. 

In an alternative arrangement, a workstation is adapted to form three-dimensional 

15 virtual models of objects. The workstation includes a central processing unit and a memory 

storing a three-dimensional virtual model of an object. The three-dimensional virtual model 

has a first portion corresponding to scanning of a known structure forming a part of the 

object. The memory stores a three-dimensional virtual object corresponding to the known 

structure. The workstation includes software that is executable by the central processing unit 

20 for registering the three-dimensional virtual object to the first portion to form a three­

dimensional surface and for forming a virtual three-dimensional model of the object. The 

virtual three-dimensional model of the object includes the three-dimensional surface. 

In yet an alternative arrangement, an apparatus for constructing a virtual three­

dimensional model of an object is provided. The apparatus includes a means for scanning the 

25 object and a means for creating a three-dimensional virtual model of the object from a 

scanning step with the aid of a computer. The three-dimensional virtual model has a first 

portion that corresponds to scanning of a known structure forming a part of the object. The 

known structure is of predetermined three-dimensional configuration. The first portion is a 

less than an ideal three-dimensional representation of the known structure. The apparatus 

30 includes means for retrieving a three-dimension virtual object from a memory, the three­

dimensional virtual object corresponding to the known structure. Means for registering the 

three-dimensional virtual object to the first portion of the three-dimensional virtual model to 

form a three-dimensional surface is also provided. The apparatus also includes a means for 

6 
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forming the virtual three-dimensional model of the object, wherein the three-dimensional 

model includes the three-dimensional surface. 

In yet an alternative arrangement, a method of constructing a virtual three­

dimensional model of an object having a predefined geometry from a scanner, a data 

5 processing system, and at least one machine-readable memory accessible to the data 

processing system is provided. The method includes the steps of: 

15 

20 

25 

(a) scanning the object with the scanner in order to receive a data set related to the 

object; 

(b) obtaining a stored digital image of the object having a known geometry; and 

( d) processing the data set resulting from the scan so as to register the scan data 

relative to the stored digital image. 

In yet another arrangement, a method of determining a location of a virtual three­

dimensional model of an object of known geometry is provided. This method includes the 

steps of: 

a) 

images; 

b) 

c) 

scanning the known object in a series of scans, each scan generating a set of 

converting the set of images into a point cloud; 

pulling a digital representation of the virtual three-dimensional known object 

from memory; and 

d) registering the point cloud to said digital representation to thereby verify in three­

dimensional space a position of the virtual three-dimensional model. 

These and many other aspects and features of will be explained in more detail in the 

following description of a present invention implementation. 

7 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Presently preferred embodiments of the invention are described below in conjunction 

with the appended drawing figures, where like reference numerals refer to like elements in 

the various views, and wherein: 

5 Figure lA is an illustration of a conventional bracket used in orthodontics. 

Figure lB is an illustration of an orthodontic care system incorporating a hand-held 

scanner system, suitable for perfom1ing both original and monitoring scans. 

Figure 2 is a block-diagram of a scanning system, suitable for use in the orthodontic 

care system of Figure lB. 

10 Figure 3 is a perspective view of a hand-held scanner used to acquire information of 

an object (of known or unknown geometry), suitable for use in the orthodontic care system of 

Figure lB. 

Figure 4 is an illustration of an operator performing a scan ( either an original or 

monitoring scan) of a patient with the hand-held scanner of Figure 3. 

15 Figure 5 is a block diagram of the back office server of Figure lB showing the 

elements used to calculate the digital model of the patient's dentition and display the digital 

model on a screen display of the server. 

Figure 6 is a flow diagram illustrating a sequence of steps used by the processing unit 

in the scanning station to calculate three-dimensional information of an object (of known or 

20 unknown geometry) from images captured by the scanner illustrated in Figure 3. 

Figure 7 is an illustration of a two-dimensional bitmap image of a tooth and 

associated anatomical structures captured by the electronic imaging device of the scanner 

illustrated in Figures 1, 2, 3 and 4 with a virtual bracket marker (VBM) assigned to a virtual 

tooth. 

25 Figure 8 provides a screen shot representing a sub-set of scan data of the 2-D bit map 

image identified by the bracket marker illustrated in Figure 7. 

Figure 9 provides a digital bracket image extracted from a virtual bracket library for 

use in the orthodontic system of Figure lB. 

Figure 10 illustrates the extracted virtual bracket of Figure 9 positioned on a tooth 

30 based on the location of the bracket marker illustrated in Figure 7. 

Figures 1 lA-C provide a process for finding a best fit between the digital bracket 

model of Figure 9 and the bracket scan data illustrated in Figure 8. 

Figure 12A illustrates a point cloud of scan data. 

8 
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Figure 12B illustrates a digital bracket model registered to the point cloud of scan data 

illustrated in Figure 12A. 

Figure 13 is an illustration of the closeness factor or quality index, measured as the 

magnitude of the net normal vector N net showing how the quality index can improve with 

5 successive iterations of the registration process. 

Figure 14 is a screen-shot of the bracket model registered to the bracket scan data 

after bracket registration has been completed. 

Figure 15 is a screen shot of a close up view the virtual tooth after the bracket 

registration process is completed. 

10 Figure 16 provides a process for finding a best fit between a virtual tooth model and 

the tooth scan data illustrated in Figure 15. 

Figure 17 is a screen shot of the virtual image of Figure 14 with the bracket scan data 

omitted. 

Figure 18 is a screen shot of the virtual image of Figure 13 with the tooth void 

15 registered to the tooth scan data after tooth model registration. 

Figure 19 is a screen-shot of a virtual tooth after bracket and tooth registration. 

9 
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DETAILED DESCRIPTION OF PREFERRED E:MBODIMENT 

Overview 

Figure lB is an illustration of an orthodontic care system 10 incorporating a scanner 

system 12. The scanner system 12 includes a hand-held scanner 14 that is used by the 

5 orthodontist or his assistant to acquire three-dimensional information of the dentition and 

associated anatomical structures of a patient. The images are processed in a scanning node or 

workstation 16 having a central processing unit, such as a general-purpose computer. The 

scanning node 16, either alone or in combination with a back-office server 28, generates a 

three-dimensional computer model 18 of the dentition and provides the orthodontist with a 

10 base of information for diagnosis, planning treatment, and monitoring care for the patient. 

The model 18 is displayed to the user on a monitor 20 com1ected to the scanning node 16. 

The orthodontic care system consists of a plurality of orthodontic clinics 22 which are 

linked via the futemet or other suitable communications medium 24 (such as the public 

switched telephone network, cable network, etc.) to a precision appliance service center 26. 

15 Each clinic 22 has a back office server work station 28 having its own user interface, 

including a monitor 30. The back office server 28 executes an orthodontic treatment planning 

software program. The software obtains the three-dimensional digital data of the patient's 

teeth from the scanning node 16 and displays the model 18 for the orthodontist. 

The treatment planning software includes features to enable the orthodontist to 

20 manipulate the model 18 to plan treatment for the patient. For example, the orthodontist can 

select an archform for the teeth and manipulate individual tooth positions relative to the 

archform to arrive at a desired or target situation for the patient. The software moves the 

virtual teeth in accordance with the selections of the orthodontist. The software also allows 

the orthodontist to selectively place virtual brackets on the tooth models and design a 

25 customized archwire for the patient given the selected bracket positions. 

When the orthodontist has finished designing the orthodontic appliance for the 

patient, digital information regarding the patient, the malocclusion, and a desired treatment 

plan for the patient are sent over the communications medium to the appliance service center 

26. A customized orthodontic archwire and a device for placement of the brackets on the 

30 teeth at the selected location is manufactured at the service center and shipped to the clinic 

22. After the customized archwire has been applied to the patient's teeth, the software can be 

used to perform monitoring scans of the patient. fu this manner, the effect the archwire has 

on the movement and rotation of the patient's teeth may be monitored. This enables the 

orthodontist to correct or amend treatment if necessary. 

10 
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The scan data for the upper and lower arches is processed to "cut" individual tooth 

objects from the model. Each individual tooth model is a three-dimensional tooth object 

having a single set of points defining the boundaries of the tooth. The sum of these points for 

each image comprises a "frame." The individual tooth model reduces the amount of data 

5 required to represent the tooth, as compared to the data representing the tooth after a 

cumulative registration of a large number of frames. Individual tooth models are also 

invaluable in interactive orthodontic treatment planning since they can be independently 

moved relative to each other in simulation of treatment scenarios. The process of separating 

virtual teeth is described in further detail in published PCT application of OraMetrix, Inc. 

10 WO 01/80761 the content of which is incorporated entirely herein by reference. 

Also stored as three-dimensional computer models in computer memory is a library of 

template dental appliances, such as brackets, archwires, retainers, inlays, etc. For example, 

the library of dental appliances could include the various types of brackets and other 

structures from various dental appliance manufactures such that the back office server 

15 workstation 28 could, based on some type of operator input data, retrieve a digital three 

dimensional model of a specified dental appliance. Such a digital model could be retrieved 

during the monitoring scanning process where patient identification data is entered into the 

system. Alternatively, such models could be retrieved where the user inputs a dental 

appliance manufacturer, a dental appliance identification number, or other identifying 

20 characteristics of the dental appliance. In yet another alternative scenario, these models may 

be retrieved automatically by a registration algorithm, as discussed in detail below. 

25 

As with the virtual three-dimensional tooth model, the various individual dental 

appliance models in the library of three-dimensional models are three-dimensional models 

having a single set of points defining the boundaries of the object. 

Individual appliance models are also invaluable in interactive orthodontic treatment 

planning since they can be independently manipulated relative to each other in simulation of 

treatment scenarios. As further discussed in detail below, the individual appliance models 

also facilitate 3-D registration of objects of known geometry such as teeth models and other 

models of various types of dental appliances including brackets, archwires, removable 

30 aligning devices, retainers, Herbst appliances, etc. to scan data. 

As shown in Figure lB, the precision appliance service center 26 includes a central 

server 32, an archwire manufacturing system 34 and a bracket placement manufacturing 

system 36. These details are not particularly important to the scanning system 12 per se and 

are therefore omitted from the present discussion for sake of brevity. For more details on 

11 
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these aspects of a representative orthodontic care system, the interested reader is directed to 

the above cited published PCT application and the patent application of Ri.idger Rubbert et 

al., entitled "Interactive and Archwire-Based Orthodontic Care System Based On Intra-Oral 

Scanning of Teeth," Serial no. 09/835,039 filed April 13, 2001, the contents of which are 

5 incorporated by reference herein. 

Figure 2 is a more detailed block-diagram of the scanning system 12, suitable for use 

in the orthodontic care system of Figure lB. The scanning system 12 is a mechanism for 

capturing three-dimensional information of an object 40, which in the present example is the 

dentition and surrounding anatomical structures of a human patient, e.g., gums, bone and/or 

10 soft tissue. The captured 3-D image may include a dental appliance. The scanning system 12 

includes a scanner 14 which is used for image capture, and a processing system, which in the 

illustrated example consists of the main memory 42 and central processing unit 44 of the 

scanning node or workstation 16. 

The scanner 14 includes a projection system 46 that projects a pattern onto the object 

15 40 along a first projection axis 48. The projected pattern is formed on a slide 50 which is 

placed in front of a light source 53. In the illustrated embodiment, the light source 53 

comprises the terminus of a fiber-optic cable 51. The cable 51 carries a high intensity flash 

generated by a flash lamp 52 located in a base unit 54 for the scanner. A suitable flash lamp 

is the model FX- 1160 flash unit available from Perkin Elmer. The illuminations of the flash 

20 lamp 52 cause the pattern contained in the slide 50 to be projected onto the three-dimensional 

surface of the object. Further details on the types of patterns suitable for the pattern are set 

forth in the following co-pending patent applications of Rfrdger Rubbert et al., Serial no. 

09/254,755 filed March 9, 1999; Serial no. 09/560,131 filed April 28, 2000, and Serial no. 

09/673,863 filed November 30, 2000 assigned to the assignee of the present invention, the 

25 contents of which are entirely incorporated by reference herein. 

The electronic imaging device 56 forms an image of the projection pattern after 

reflection of the pattern off of the surface of the object 40. The reflected patterns imaged by 

the imaging device contain three-dimensional information as to the surface of the object, and 

this information needs to be extracted from the images. Each image captured by the imaging 

30 device 56 is converted to a 3-D point cloud, refen-ed to herein as a "frame." The scanning 

system therefore includes a processing subsystem which is used to extract this information 

and construct a three-dimensional virtual model of the object 40. In the preferred 

embodiment, this processing subsystem consists of a memory 42 storing calibration 

information for the scanner, and at least one processing unit, such as the central processing 

12 



WO 03/094102 PCT/0S03/09481 

unit 44 of the scanning workstation 16. The location of the memory and the processing unit 

is not important. They can be incorporated into the scanner 14 per se. Alternatively, all 

processing of the images can take place in the back office server 28 or in another computer. 

Alternatively, two or more processing units could share the processing in order to reduce the 

5 amount of time required to generate the three-dimensional information. 

The memory 42 stores a calibration relationship for the scanner 14. The calibration 

relationship, which can be in the form of a table or one more mathematical functions, 

comprises information used to compute three-dimensional coordinates of points on the object 

that reflected the projection pattern onto the imaging device. The information is obtained 

10 during a calibration step, performed at the time of manufacture of the scanner 14. The 

calibration information includes an array of data storage locations that contain two pieces of 

information. Firstly, a calibration table stores pixel coordinates in X and Y directions for 

numerous portions of the projection pattern that are imaged by the electronic imaging device 

56, when the pattern is projected onto a calibration surface at two different distances during a 

15 calibration procedure. Secondly, the table stores distance information, (e.g., in units of tenths 

of millimeters), in X and Y directions, for the portions of the projection pattern imaged at the 

two different distances. For more details on these aspects of the presently preferred scanner, 

calibration, and illustrated orthodontic care system, the interested reader is directed to the 

patent application of Rlidger Rubbert et al., entitled "Methods for Registration of Three-

20 Dimensional Frames to Create Three-Dimensional Virtual Models Of Objects," Serial no. 

09/835,009 filed April 13,2001, the entire contents of which are incorporated by reference 

herein. The present invention can be practiced with other types of conventional 3-D scanner 

systems, which are known in the art. 

The scanning system requires at least one processing unit to perform image 

25 processing, three-dimensional calculations for each image, and registration of frames to each 

other. The processing unit also performs various registration processes during monitoring 

scans, including dental appliance registration and, when required, tooth registration. The 

processing unit 44 in the illustrated embodiment is the central processing unit (CPU) of the 

scanning work station 16. The CPU 44 processes the image of the pattern after reflection of 

30 the pattern off the surface of the object 40 and compares data from the image to the entries in 

a calibration table. From that comparison, the processing unit 44 derives spatial information, 

in three dimensional space, of points on the object that reflect the projected pattern onto the 

electronic imaging device. The sum of these points for each image comprises a "frame." 
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Basically, during operation of the scanner, to scan an object surface configuration, 

hundreds or thousands of images are generated of the projection pattern as reflected off of the 

object in rapid succession as the scanner and object are moved relative to each other. The 

scanner may be used to scan an unknown object (such as scanning a dentition of a first time 

5 patient). Alternatively, the scanner may also be used to scan an object of known geometry 

(such as a previously scanned tooth, bonded bracket or other type of dental appliance). By 

known geometry, it is generally meant that a digital three dimensional representation of the 

object is stored in memory, preferably in the memory located at the scanning node or 

workstation in the system illustrated in Figure IB. As the hand-held scanner is moved 

10 relative to the object, a series of images are recorded of the projection pattern as reflected off 

the object in rapid succession, each image converted to a frame. The frames are then 

registered to each other to create the 3-D virtual model of the object. 

For each image, pixel locations for specific portions, i.e., points, of the reflected 

pattern are compared to entries in a calibration table. X, Y and Z coordinates (i.e., three 

15 dimensional coordinates) are obtained for each of these specific portions of the reflected 

pattern. For each image, the sum total of all of these X, Y and Z coordinates for specific 

points in the reflected pattern comprise a three-dimensional "frame" or virtual model of the 

object. When hundreds or thousands of images of the object are obtained from different 

perspectives, as the scanner is moved relative to the object, the system generates hundreds or 

20 thousands of these frames. These frames are then registered to each other to thereby generate 

a complete and highly accurate three-dimensional model of the object 40. 

Figure 2 also shows a few other features of the presently preferred scanning system 

12. After the CCD imaging device 56 captures a single image, the analog voltage signals 

from the device 56 are amplified in an amplifier 57 and fed along a conductor 59 to an analog 

25 to digital converter 60. The digital signal is converted into a bitmap stream of digital image 

data. The data is formatted by a module 61 into an IEEE 1394 "firewire" format for 

transmission over a second conductor 62 to the main memory 42 of the scanner work station 

16. The scanning system includes an optical scanner holder 64 for the user to place the 

scanner after the scanning of the dentition is complete. 

30 The scanning work station 16 also includes the monitor 20 for displaying the scanning 

results as a three-dimensional model 18 of the dentition in real time as the scanning is 

occurring. The user interface also includes a keyboard and mouse for manipulating the 

virtual model of the object, and for entering or changing parameters for the scanning, 

identifying sections or segments of scans that have been obtained, performing dental 
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appliance and tooth registration, as well as other features. The unit may also include a foot 

switch, not shown, for sending a signal to the CPU 44 indicating that scanning is 

commencing and scanning has been completed. The base station may alternatively include a 

voice recognition module that is trained to recognize a small set of voice commands such as 

s START, STOP, AGAIN, REPEAT, SEGMENT, ONE, TWO, THREE, FOUR, etc., thereby 

eliminating the need for the foot switch. Scanner start and stop commands :from the CPU 44, 

in the form of control signals, are sent to the light source 52, thereby controlling the 

illumination of the lamp 52 during scanning. 

Figure 3 is a perspective view of a hand-held scanner 14 used to acquire information 

10 of an object under scrutiny, suitable for use in the orthodontic care system of Figure lB. The 

projection system 46 and the electronic imaging device 56 of Figure 2 are contained in the 

housing 65 for the scanner. The housing 65 is sized and shaped to be held in a human hand. 

The scanner 14 includes an elongate distal portion 66 having a tip 68. The tip 68 has a mirror 

sized and shaped such that it can be inserted into and moved within an oral cavity of a human 

15 so as to enable scanning of anatomical structures inside the oral cavity. 

Figure 4 is an illustration of a patient 70 being scanned with the hand-held scanner 14 

of Figure 3. The patient 70 may or may not have dental appliances and may be undergoing 

an original or a monitoring scan. The cheeks and lips are retracted :from the teeth and the tip 

68 of the scanner is moved over all the surfaces of the patient's teeth, brackets, archwires, and 

20 other dental appliances in a sweeping motion at a velocity of perhaps 1-2 centimeters per 

second. The entire upper or lower jaw may need to be scaimed in a series of scans, one for 

the left side, one for the right side, and one for the front. These individual scans are 

registered to each other. In addition, where the patient's 70 dentition includes devices of 

known geometry such as brackets and/or other type of dental appliance, the individual scans 

25 comprising scan data will enable the treatment software to register the derived scan data to a 

stored digital model of the dental appliance. 

Voice commands or activation of a foot switch (not shown) indicates when each 

scanning segment is initiated and terminated. The entire process takes just a few minutes. 

Depending on the color and translucency of the object and the illumination intensity and 

30 :frequency of the light source in the scanner, it may be necessary to apply a very thin coating 

of a reflective substance such as Titanium Dioxide to the object. Preferably, where the 

patient's dentition includes a dental appliance (such as brackets), a very thin coating of a 

certain composition of matter, such as Titanium Dioxide mixed with a binder and volatile 

alcohol base, is applied over these surfaces. For more details on these aspects of this 
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composition of matter, the interested reader is directed to the patent application of Nancy 

Butcher et al., entitled "Method of "Wet Field" Scanning," Serial No. 10/099,042 filed March 

14, 2002, the entire contents of which are incorporated by reference herein. 

Figure 5 is a block diagram of the back office server of Figure 1B showing the 

5 elements used to calculate the digital model of the patient's dentition. After the scanning 

workstation has processed all the images captured by the scanner and generated a set of three 

dimensional frames, the frame data is transmitted to the back office server 28. The back 

office server 28 performs a cumulative registration process for the frames and ultimately 

generates and displays the digital model on a screen display 30. The back office server 28 

10 can also perform a dental appliance registration process for any dental appliance within the 

digital model. In the event that a dental appliance registration process is performed, the back 

office server 28 could also initiate a tooth registration process. 

The raw scanner data in the form of three-dimensional frames is stored in the main 

computer memory 72. The frame data for N captured images, i == 1 ... N from the scanner 

15 is stored in the hard disk 76. The hard disk also stores a set of (N -1) transformation 

matrices [T] i, for i = 2 - N. The transformation matrices basically contain information as to 

how each frame of three-dimensional points needs to be translated and rotated in a three-axis 

Cartesian coordinate system in order to be registered with the other frames in a best-fit 

manner. The transformation matrices also contain infom1ation as to how each frame of three-

20 dimensional points needs to be translated and rotated in order to be registered with known 

three dimensional objects, such as dental appliances and/or virtual tooth models. 

Ii is generally known that in order to arrange several three-dimensional objects with 

respect to one another, there are essentially two options. The first option relates to 

referencing all of the data to a common co-ordinate system. For example, if one component 

25 of an object would be located 1000 mm higher (i. e. in Z direction) than another component, 

the Z-coordinates of that first component would show values that are in general 1000mm 

greater than the Z-coordinates of the other component. While this approach is easy to 

understand and straightforward, it has a disadvantage of being very inflexible. 

In utilizing the above mentioned transformation matrices, applicants are using a 

30 different option to handling independent virtual three-D objects that are positioned in 3-D 

space. For example, where an object is composed of several components, such an object will 

be defined in such a way that each component of an object has its own (local) coordinate 

system. The data points belonging to such a component are then referenced to the local 
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coordinate system. Only one additional information is then needed. This additional 

information relates to the location of that local coordinate system (reflecting a component of 

the object) within the (global) coordinate system of the object. 

In this manner, an object may be composed solely from various components, so no 

5 data point would be referenced directly to the global coordinate system. Only the locations of 

the local co-ordinate systems would be referenced to the global system. Therefore, an 

efficient method of referencing a local coordinate system to a global system is a vector 

defining the translatory offset, and a 3x3 matrix defining the rotational offset. The vector and 

the matrix can also be combined to a 4x4 matrix, where the first three rows contain the values 

10 of the rotational matrix, and the last row contains the vector. Only the left three columns of 

the matrix would be utilized in that case. Such a 4x4 transformation matrix holds the 

rotational offsets as well as the translatory offset and is therefore convenient to handle. fu 

other embodiments, the forth column of the transformation matrix could be used to define the 

zoom factor of the component, thus enabling not only to modify the location and orientation 

15 of the component, but also its size. This aspect, however, is not taken into consideration 

within this application. One advantage of applicant's concept is that a component of an 

object can be efficiently re-located by simply changing the values in the 4x4 matrix. The 

values of the component itself, since they are referring to the local co-ordinate system, remain 

untouched. 

20 

25 

30 

As will be discussed in greater detail below, a preferred arrangement of applicant's 

bracket registration follows this concept. In this preferred arrangement, we are dealing with 

objects or components of objects that have their own local coordinate system. Therefore, 

they can be arranged to any desired composition by assigning a transformation matrix to 

those objects or components. 

In a broader sense, applicants are looking at objects or components or portions of 

objects, assuming that those components and portions have their own independent definition, 

and can be arbitrarily located and oriented, no matter if this is achieved by using local 

coordinate systems and/or transformation matrices or an other applicable mathematical 

approach. 

Returning now to Figure lB, importantly, the hard disk 76 stores a library of three­

dimensional virtual models. For example, such a library could include a composite set of 
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digital models representing bracket three-dimensional models. The library may also include 

a library of patient records, each patient record including information relating to the three­

dimensional tooth models and appliance models of existing patients. 

Upon completion of the scan and upon generation of a virtual model of the patient's 

5 dentition, the above information from the treatment planning software is recorded in a patient 

record and sent over a suitable communications medium 24 in digital form to a precision 

appliance service center 26. (see Figure IA). The service center manufactures a customized 

archwire and a bracket placement tray for placement of the brackets at the intended location 

on the teeth in the malocclusion. 

10 Basically, the position of the bracket slots, and the shape of the brackets, when the 

teeth are in a target situation, is information that is ultimately developed and stored by the 

treatment planning software. This position of the bracket slots and the shape of the slot (e.g., 

the length) is known in three dimensions. A digital image of each bracket used to fabricate a 

patient's bracket tray is recorded in the patient record and also stored for later retrieval. A 

15 patient data record is maintained to include the bracket tray information, including a digital 

representation of a three-dimensional model of each bracket bonded to the patient's teeth. 

Other relevant information on relevant bracket data may also be stored including a 

manufacturer's own bracket number, as well as other important bracket identification 

information. Where the brackets are bonded manually (rather than by way of a bracket 

20 placement tray), patient data record may not contain this information. 

The bracket placement tray is separately manufactured using stereolighography or 

other similar technique. The treatment planning software superimposes the brackets on the 

teeth to generate a three-dimensional model comprising the three-dimensional tooth objects 

plus the virtual brackets at their intended locations in the observed stage or malocclusion. 

25 This three-dimensional model is supplied to a stereolithography (SLA) instrument. 

The SLA instrument manufacturers a plastic model of the teeth with the model and a 

thermoplastic foil placed within a pressure chamber. The chamber is pressurized so that the 

foil envelops the dentition and the brackets. After cooling, the foil is removed from the 

model. The foil, now in the shape of a transfer tray, has small indentations where the 

30 brackets are located. Real brackets are placed in these indentations. The orthodontist uses 

indirect bonding techniques to bond the brackets to the teeth. The transfer tray positions the 

brackets on the teeth at the desired location. After the bonding is complete, the orthodontist 

removes the transfer tray, resulting in the brackets bonded to the teeth at presumably the 

desired location. The treatment planning software stores the precise bracket data used for 
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each patient and can, upon an operator interface or at the initiation of the treatment planning 

software, access and retrieve a virtual three dimensional model representative of each of the 

brackets used to fabricate the transfer tray. 

One important aspect of the treatment planning software records the type of bracket 

5 bonded to each particular tooth. For example, for each bracket used in the bracket bonding 

tray, the type and make of each bracket will be stored in the patient record by the treatment 

planning software. In this manner, during the various phases of treatment planning, the 

orthodontist or other treatment initiator will be able to retrieve the specific parameters of each 

bracket previously bonded to a patient's teeth. As will be discussed in greater detail, such a 

10 library of bracket information (including virtual tooth models) provides other advantages 

during the registration process. 

Once the actual brackets have been bonded to the teeth, an orthodontist will proceed 

with the treatment process by initiating monitoring scans of the dentition to obtain bracket 

position and tooth movement information. Any unwanted deviation in the bracket position 

15 can be accounted for by modification of the archwire. Alternatively, the bracket may have to 

be removed and re-bonded. In the case where an individual is a first time patient but already 

has an archwire or other dental appliance, an original scan will be required so that an original 

3-D virtual model of the dentition may be obtained so that tooth movement can be monitored. 

In one arrangement of the present invention, the monitoring scan data is used to register 

20 bracket scan data to a 3-D model of the bracket. 

Figure 6 provides a general flowchart 80 illustrating the various steps relating to 

performing a registration algorithm. First, at step 82, a patient is scanned and the scan data is 

obtained. This scan data comprises data for the teeth and, where a patient has a dental 

appliance, scan data from the appliance. Next, at step 84, the scan data is processed so that a 

25 three dimensional virtual model of the dentition is obtained. During this step, a patient record 

may be created and/or updated. Next, at step 86, where the patient requires bracket bonding, 

the brackets may be bonded manually or with a bracket tray. If a bracket tray is required a 

tray is generated and at step 88, the brackets are applied to the patient's teeth. The patient 

data record is updated to include relevant bracket data, including the specific type and 

30 geometry of each bonded bracket. Where the brackets are bonded manually, no patient data 

record may exist. 

Next, the treatment facilitator initiates the treatment process, including performing 

various monitoring scans. 
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Generally, after a monitoring scan is performed, a registration process is used such 

that new scanned data relative to the existing virtual tooth model may be registered to the 

original virtual model derived during the original scan. By way of subsequent monitoring 

scans, the registration process may derive a current or an updated three-dimensional virtual 

5 model of the dentition at the point in time of treatment. For more details on these aspects of 

generating such a three-dimensional virtual model, the interested reader is directed to the 

commonly assigned patent application of Rubbert et al. entitled "Methods for Registration of 

Three-Dimensional Frames to Create Three-Dimensional Virtual Models of Objects," Serial 

No. 09/835,007 and filed April 13, 2001, the entire contents of which are incorporated by 

1 o reference herein. 

Study of this virtual model and comparison to the target virtual model of the teeth and 

the virtual model at the beginning of treatment can indicate whether the contemplated 

treatment is progressing as anticipated. Alternatively, such a comparison can indicate if 

additional correction to the orthodontic appliance needs to be made. Certain required 

15 corrections will typically be carried out as wire changes in an archwire orthodontic treatment 

regime, in which new bends are placed in the orthodontic archwire. 

However, after the original three dimensional image has been derived and the brackets 

bonded to the patient's teeth, future treatment requires rescanning of the dentition. The 

results of subsequent dentition rescans may be compared to the original digital template of 

20 the expected bracket position. If a bracket is placed incorrectly, the bracket may need to be 

removed and re-bonded to the tooth. Alternatively, corrections to the archwire may be made 

to account for displacement of the brackets from their expected position. Basically, this is 

accomplished by simulating the position of the teeth with the actual bracket placement at the 

target situation and correcting the shape of the archwire as necessary. Alternatively, a new 

25 archwire based on the actual placement of the brackets may be obtained. 

At step 90, a monitoring scan is performed wherein a scan is made of the patient's 

dentition, including any dental appliances. In the scenario where the system does not have an 

existing three-dimensional virtual image of the patient's dentition, the monitoring scan 

provides information that will be used to comprise an "original" scan of the patient as well. 

30 Certain scan data derived from this monitoring scan will also be used to register a stored 

digital model to a subset of the resulting scan data. 

Then, at step 92 a bracket registration process is initiated in order to replace poor scan 

data from the bracket with more complete 3-D surface data from a stored 3-D model of this 

bracket. This process is performed for each tooth. As will be discussed in greater detail 
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below, a first step in the bracket registration process is the positioning of a virtual bracket 

marker (VBM) on a subject bracket data. A digital representation of the bracket is retrieved 

from a digital library and the treatment software finds a best fit between the bracket scan data 

and this known digital virtual model of the bracket. In this manner, the precise 3-D location 

5 of a bracket bonded to the tooth can be identified and confinned. Where the bracket was 

manually bonded and no patient data record information exists, the precise bracket location of 

each bracket can be determined. Step 92 is described in more detail below. The result of step 

92 is a 3-D surface that represents the bracket bonded to the tooth in a much more complete 

and accurate manner, compared to the scan data. 

1 o Once the bracket registration is complete, the scanned bracket data is then extracted 

from the virtual model at step 94. This extraction process generates a void in the three 

dimensional model. A second registration process 98 is performed so that the tooth void is 

filled or "smoothed" with tooth data. In this manner, the tooth scan data from the monitoring 

scan is registered to a virtual tooth model obtained during step 84. Where no previous 3-D 

15 model exists for the patient (new patient, corrupted data, etc.) the system at step 98 pulls a 

template virtual tooth model from a digital library and performs a best fit algorithm so as to 

register the known virtual tooth model to the tooth scan data derived from step 90. 

After a monitoring scan is completed, a 3-D model of the patient's dentition is 

obtained. For example, Figure 7 provides a screen shot of a three dimension model 100 of a 

20 portion of a patient's complete 3-D dentition model. The three dimension model 100 

includes scan data 102 that comprises both tooth scan data 104 and bracket scan data 103. 

Methods for perfom1ing a frame to frame registration to create the model 100 shown 

in Figure 7 is disclosed in related application "Methods for Registration of Three­

Dimensional frames to Create three-Dimensional virtual Models of Objects, " serial no. 

25 09/835,007 incorporated by reference and to which the reader is directed to for further details. 

Figure 7 shows a set of a scan data derived from a monitoring scan, such as a 

monitoring scan performed on the patient of Figure 4. The scan data 102, comprised of a 

point cloud, includes both tooth scan 104 data as well as bracket scan data 103. The 

complete scan data 102 could be the result of an original scan (new patient) or the result of a 

30 monitoring scan ( existing patient). 

Bracket data 103 provides a virtual representation of a structure of the actual bracket 

bonded to the tooth that is virtually represented by the tooth data 104. Such a bonded bracket 

could have a configuration similar to the bracket 5 illustrated in Figure IA. However, 

because of the difficulties associated with obtaining complete and accurate bracket scan data 
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as previously discussed in detail above, the bracket scan data 103 can be a poor 

representation of the actual bracket bonded to tooth. For example, both the wings and hooks 

of the virtual bracket 103 are difficult to recognize and therefore make it difficult to actually 

know the position of the actual bracket on the actual tooth. 

5 As will be discussed in detail below, a method of retrieving a stored digital bracket 

model from a digital library and registering this digital model against this poor bracket scan 

data allows for precisely identifying the actual location of the bracket on the tooth. In one 

embodiment, the digital stored model is retrieved from the back office server workstation 28 

or at central server 32 illustrated in Figure lB and the bracket registration process begins at 

10 step 92. 

A user initiates the bracket registration process by identifying a subject bracket scan 

data for registration. This can occur by applying a landmark, in this case a virtual bracket 

marker (VBM) 106, to the bracket data as a preliminary step in initiating registering the 

bracket positioned over a tooth. Alternatively, the bracket registration process may be 

15 initiated by automatically detecting a portion of the scan that may be fragmented or isolated. 

For example, there may be a certain recognizable scan data patterns that the registration 

algorithm can be programmed to identify or recognize as indicating that these patterns should 

be automatically interpreted as bracket scan data. 

As illustrated in Figure 7, the VBM 106 is manually positioned at a VBM point 

20 location 112 on the user interface of the workstation or scanning mode. The VBM point 

location 112 provides an indication to the bracket registration engine as to where in 3-D 

space to position, at least approximately, a virtual digital model of the bracket. Therefore, it 

is preferred that the VBM is placed as close to the actual bracket location as possible. 

However, complete accuracy in locating the VBM on the bracket scan data is not necessary 

25 for accurate bracket registration. 

The VBM also comprises a VBM orientation element 108. This VBM orientation 

element 108 is represented in Figure 7 by an arrow. In one possible arrangement, to place the 

VBM 106 on the bracket scan data 102, the user clicks on a tooth number provided in a menu 

of the treatment software. Tooth numbers are provided along a row of numbers provided on 

30 a user interface. The user can then drag a cursor with a hand held device (mouse) to the 

surface on the virtual tooth data where they wish to place the VBM 106. The user then 

releases the cursor, and the VBM appears on the tooth. Under most circumstances, the user 

will try to place the bracket marker in the center of the scan bracket data. 
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The VBM orientation element 108 may be manipulated so that the arrow points in the 

direction of an incisal edge 110 of the virtual tooth data 104. Using various control icons, the 

user can manipulate the VBM to place the arrow in the proper orientation by simply clicking 

on the VBM and turning the mouse one way or the other. 

s After the VBM has been positioned on the subject bracket data, the registration engine 

determines a best fit between the bracket scan data and previously stored bracket model 

pulled from a digital library of bracket models. Generally, the algorithm then looks at each 

point of the bracket scan data that is within a certain distance within the digital 3-D bracket 

model, and determines how to translate and rotate the virtual bracket model as to find a best 

10 fit between the bracket model and the scan data. 

Once the VBM has been placed in an initial registration position (Figure 7), a scan 

data subset is extracted from the 3-D virtual model of the patient's dentition. This scan data 

subset will represent only a relevant portion of the patient's dentition, thereby excluding 

unnecessary scan data. In one arrangement, such an extracted area comprises a volume of 

15 scan data of only the data for one entire tooth. An extracted volume of scan data can be 10 

mm wide, 10 mm high, and 10 mm wide. 

Figure 8 illustrates a screen shot 120 that includes a sub-set of data 122 extracted 

from the three dimension virtual model 100 illustrated in Figure 7. Based on this sub-set of 

extracted data 120, the registration process begins the best fit process. The extracted sub-set 

20 of data 122 comprises the entire data set of points that will be processed by the bracket 

registration process. As illustrated in Figure 8, the VBM is no longer provided on the scan 

data. 

Based on information provided by the operator, the registration algorithm extracts a 

stored 3-D digital model of a bracket from a digital library. For example, the operator may 

25 input certain patient information so that data from the patient record may be extracted from 

storage. Alternatively, known bracket data information is automatically retrieved by the 

treatment planning software from the digital library. For example, Figure 9 illustrates such a 

digital bracket model 130 that may be retrieved from a library of digital bracket models. 

Similarly, where the registration algorithm is used to register other types of dental appliances, 

30 such as retainers, Herbst appliances, or expansion devices, a stored digital model of the 

retainer or other device would be retrieved from a library of digital models. 

Now, based on this retrieved bracket model 130 and the VBM point location 

identified by the VBM point locator 112, the registration algorithm places the retrieved 

digital model 130 on the tooth. 
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Figure 10 illustrates the extracted bracket model 130 illustrated in Figure 9 residing 

on the sub-set tooth structure illustrated in Figure 8. Because this virtual bracket model will 

not be placed exactly where the actual bracket resides in three-dimensional space, the bracket 

model 130 must be registered to the bracket scan data illustrated in Figure 8 to find a best fit 

5 between the model 130 and the scan data. 

Point cloud to object registration is a preferred process for registering the scan data to 

the digital model of the bracket. For example, Figure 12A illustrates a point cloud 140 

comprising both tooth scan data 142 and bracket scan data 144. The point cloud to object 

registration process will then find a best-fit in tenns of translation and rotation of the virtual 

10 bracket model to make points in the point cloud agree with a digital model, such as the digital 

bracket model illustrated in Figure 9. For example, Figure 12B illustrates the result of the 

bracket registration process wherein the digital bracket model has been registered to the 

bracket data scan of Figure 12A. 

Figures llA-llC is a flow chart of a point cloud to object registration process for 

15 point cloud and an object of known three-dimensional shape. Here, the object is a known 

digital object (such as a virtual tooth, tooth template, bracket, dental appliance, tooth, etc.). 

The registration process is used to find a best fit between the point cloud relative to the 

known object, and thereby provide a more accurate three-dimensional model for the scanned 

object. 

20 The end result of the frame to model registration is a substantially exact three 

dimensional model of the scanned object positioned in three-dimensional space. This model 

is represented by a large set of point coordinates in computer memory. The result can also be 

represented as a set of transformation matrices providing infom1ation as to how individual 

frames forming the point cloud should be translated and rotated in three dimensions in order 

25 to fit to the known model. Alternatively, the result may be represented as a set of a set of 

transformation matrices providing information as to how the object should be translated and 

rotated in three dimensions in order to fit to the point cloud. 

Referring now to Figure 1 lA-C, the registration procedure begins with step 1, 209 in 

Figure llA. At step 1, minimum distance vectors 248 (Nl, N2, ... ) are calculated from 

30 every point in the point cloud representing the scan data to the surface of the digital object. 

The surface of an object can be obtained by connecting neighborhood points together with a 

triangle or other polygon. The minimum distance vector, for each point in the point cloud, is 

defined as the distance vector having a magnitude which is the minimum of the following 

three vectors: 1) the shortest vector from the point intersecting a triangle surface of the object 
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normal to the triangle surface; 2) the shortest vector from the point orthogonal to the edge of 

a triangle surface of the object, and 3) the shortest vector from the point to the nearest point 

of the object. Most often, but not always, this will be a normal vector, type 1) above. 

At step 1 (210 in Figure llA) an initial closeness factor MA is generated. The 

5 relevance of the closeness factor will be described with respect to step 12 (232) of Figure 

12B. 

At step 2 (212), three exclusion criteria are applied to the minimum distance vectors 

of step 1, in order to eliminate non-overlapping data points between the point cloud and the 

object and to eliminate stray data points. First, all minimum distance vectors that relate to a 

10 boundary element ( edge or point) in the point cloud are excluded. Second, remaining 

minimum distance vectors with an amount exceeding a certain predefined value R, likely 

indicating stray data points, are excluded. Thirdly, only triangle surfaces are taken into 

consideration which form the outside surface with respect to the scanner viewing direction. 

Each surface has by definition two sides. The "outside" surface is regarded as the surface of 

15 the object that is oriented towards the scanner. 

At step 3 (214) the vector sum of all the minimum distance vectors N 1 . . . NN is 

computed. 

At step 4 (215), the median minimal distance vector (t) is computed by multiplying 

the vector sum 254 by the scalar 1/N. The median minimal distance vector basically 

20 constitutes a measure of how the point cloud should be translated in X Y and Z directions in 

order to better fit to the digital object. Now, the registration process computes a rotation 

factor, which is explained by steps 5-8 of Figure l lB, to indicate how the point cloud needs 

to be rotated in order to better fit the digital object. fu an alternative arrangement, a rotation 

factor could be computed to indicate how the digital object would need to be rotated in order 

25 to better fit the point cloud. 

In Figure llB, at step 5 (216), the X, Y and Z components of the median minimal 

distance vector is subtracted from every point in the point cloud. This is performed by 

making a copy of the point cloud coordinates and operating on the copy as an interim step in 

the procedure, the underlying data from the point cloud is unchanged. At the same step the 

30 "center of mass" of the points of the point cloud which are not excluded by step 2 is 

calculated. The "center of mass" is defined as the vector sum of position vectors of all 

mentions points scaled by the inverse of the number of points. 

At step 6 (218) a calculation is made of the cross product of two vectors for every 

point in the point cloud. The two vectors are as follows: 1) a position vector Vi extending 
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from the origin 253 of the global coordinate system to the points in the point cloud, 

subtracted by the vector of the center of mass of the remaining points of the point cloud as 

calculated in step 5, and 2) the identified minimum distance vector Ni for that point. 

At step 7 (220), a calculation is made of the vector sum of the cross vectors calculated 

5 in step 6, that is the net cross vector ~)v1 x n;) for all i points in the frame i, where xis the 
j 

cross product operator. 

At step 8 (222), the vector sum of step 7 is weighted against the inverse of the sum of 

all squares of the position vectors (Vi) of the points in the point cloud, to arrive at a rotation 

vector U. U is interpreted as follows: The direction of U gives us the rotation axis and the 

10 magnitude ofU is the angle or amount of rotation. In particular, ifwe consider Vi to be the 

position vectors from the origin of the coordinate system to the vertex of every point, and Ni 

being the minimal distance vectors defined above, then the weighting is as follows : 

~)v1 xn1) 

u --'1~· ~--

I vJ 
j 

The reasoning behind this weighting is as follows. If you imagine the distance 

15 vectors as the realization of linear spring elements, the vector sum of the cross products 

represents the aggregate moment, or rotational discrepancy, generated between the point 

cloud and the object. In the case of small deviations between the position of the point cloud 

and its final position, it can be assumed that the rotational moment also determined the 

direction of the necessary adjustment. The scaling with the help of the inverse of the sum of 

20 the squares of the position vectors considers the global extension of the point cloud. That is, 

the larger the distances of the points from the center, the larger is the ratio of rotational 

moment and angle between the present position and the target position. In a global sense, the 

mentioned factor (inverse of the sum of squares of position vectors) describes this ratio. 

At step 9, the result of step 8 is scaled with an empirical "acceleration factor" f. The 

25 factor f serves to possibly accelerate this convergence. A value of f of greater than 1 is 

appropriate for relatively large rotational displacements, but in any event has to be 

determined empirically. 

At step 10 (226), the result of step 9 is interpreted as an axis of rotation, the 

magnitude of which indicates the amount by which the point cloud has to be rotated in order 

30 to make the local overlapping areas of the point cloud and the object lie within each other. 

The magnitude of the rotation vector is interpreted as the angle around which the point cloud 
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has to be rotated. fu an alternative arrangement, a magnitude of rotation vector may derived 

so as to describe an angle around which the object is rotated. 

A rotation transformation matrix [T] (R) is calculated for the point cloud. This 

formula shows how to convert the rotation vector resulting from step 9, where B is the 

5 original length of the net cross vector which equals the angle of rotation that is required to fit 

the overlapping areas of frame i to the digital object and u is the unit vector of U, , u = !~I 

[ 

(1- cos /J)u; + cos fJ 

[T](R) = (1-cos /J)uyux + uz sin /J 

(1-cos /J)u2 ux -uy sin /J 

(1- COS /J)uxuy -uz sin /J (1- COS /J)uxuz + Uy sin /JJ 
(1- cos /J)ui + cos /J (1- cos fJ)uyuz - ux sin /J 

(1- cos fJ)u
2
uY + ux sin /J (1- cos /J)u; + cos /J • 

10 To obtain a unique transfonnation operator for calculating the translation and the rotation 

transformation in a closed manner a 4x4 matrix representation is used. The relation between 

the 4x4 representation and the three dimensional rotation represented by 3x3 Matrix [T](R) 

is as follows 

15 and between the 4x4 representation and the three dimensional translation, represented by 

vector (t) 

1 0 0 tx 

0 1 0 ty 
[T:i](t) = 

0 0 1 tz 

0 0 0 1 

To apply this 4x4 matrix on the three dimensional vectors the following convention is made: 

A three dimensional vector is transformed into the 4 dimensional vector space by identifying 

20 the first three components of the 4 vector with the components of the three dimensional 

vector but the fourth component is always unique. (x, y, z f ➔ (x, y, z, lf 

At step 11 (228 in Figure l IC), a transformation matrix for the point cloud, [T4](i), is 

calculated by multiplying the rotation matrix [T4] (R) (from right) by the translation matrix 

[T4](t) from step 4 [I'.i](i) = [I'.i](R)[[I'.i](t). 
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The point cloud can be separately and independently operated on by the rotation 

matrix and the translation vector. Alternatively, the digital object can be separately and 

independently operated on by a rotation matrix and a translation vector. 

At step 12 (230), a calculation is made of the square root of the sum of the squares of 

5 the minimum distance vectors calculated in step 1 (210) of Figure l lA, which denotes the 

closeness factor quality of the registration in this iteration, value MA below. At step 13 (232) 

the closeness factor MA is compared to the required closeness factor MA computed at step 1 

(210). (e.g., this closeness factor for certain known digital images (such as dental appliances) 

may be 100 microns). If the value MA is larger than the required closeness factor to 

1 o terminate the registration process, in which case the registration process returns to Step 2 

(212) and is repeated another iteration. 

If the closeness factor MA is less than the quality index, than registration process 

ends. For example, this may occur when the closeness factor MA does not improve by at 

least some amount per iteration (say 1 percent) after 10 iterations, the process is deemed 

15 complete. 

Figure 12 illustrates that a range variable R can be used to filter or limit the number of 

points that are used when calculating net normal vectors, triangle surface, cross vectors, etc. 

The purpose of the range variable R is to screen out stray data points far from the triangle 

surface of the point cloud. The stray data has the effect of skewing the entries of the 

20 transformation matrix and increasing the number of iterations until the quality index is met. 

Figure 13 illustrates two ways in which the point cloud to object registration process 

may terminate. As shown by line 260, the process may terminate when the closeness factor 

MA goes below the quality index threshold. For example, where the digital image is a 

bracket bonded to a tooth, this quality index may be set at 100 microns. Alternatively, the 

25 closeness factor MA may level off at some value above the quality index, despite further 

iterations of steps 1-13 of Figure 1 lA-C. This is indicated by line 262. When the closeness 

factor MA does not improve by at least some amount per iteration (say 1 percent) after 10 

iterations, the process is deemed complete. Here, the designation x indicates the iteration in 

which the amount of improvement in the quality index from the previous iteration to that 

30 iteration was first less than a threshold, e.g., 1 percent. 

Once the bracket registration algorithm has been completed, a registered bracket 

model can be displayed on a display. For example, Figure 14 illustrates a screen shot 

comprising a subset of screen data 280. This sub-set of scan data 280 now includes the tooth 

scan data 104 illustrated in Figure 8 with the digital bracket image registered to the bracket 
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scan data 103 such that the bracket model is now positioned in 3-D space according to the 

previously described registration algorithm. The digital bracket model 130 is illustrated as 

registered on the tooth scan data 104. A comparison of Figure 10 (bracket scan data prior to 

registration) and Figure 14 (bracket scan data after registration) illustrates how the digital 

5 bracket model is rotated and translated in three-dimensional space to find a best fit to the 

bracket scan data. 

The scan data 280 may now be used to revise the complete 3-D dentition model or 

rather update the patient's original scan containing the poor original bracket scan data. 

Figure 19 illustrates a three-dimensional model of the tooth with the registered bracket model 

10 in Figure 18. The bracket registration process is performed for the other remaining b!ackets 

of the patient's dentition. 

Oftentimes, certain errors may arise during the bracket registration process. For 

example, there may be actual differences between what in the registration process illustrates 

in Figure 18 and how the actual bracket looks. For example, because of poor scanning 

15 techniques or discrepancies bracket model infonnation, there may circumstances where the 

resulting scan data is so poor that the registration algorithm is unable to register the model. 

In these situations, the best-fit operating parameters of the processing may need to be 

modified, including the MA value. 

In addition, there may also be situations wherein the operator initiating the 

20 registration process perceives a discrepancy between the registered bracket and the actual 

bracket. The operator may not agree with the resulting registration result or may wish to alter 

the result for a particular reason. For example, the operator may note that the registered 

bracket data (bracket location) is in conflict with the actual bracket location. Such a conflict 

may arise where the bracket has certain deformities (bent wing, scratch, broken, etc.). In one 

25 arrangement, the operator initiating the bracket registration process will be able to override 

the bracket registration results and reposition the digital bracket model in space. This model 

manipulation may take place using various model manipulation icons. 

After bracket registration has been completed, there may be a further need to obtain a 

new or a revised virtual model of the tooth underlying the registered bracket in the model. 

30 For example, the orthodontist may wish to see if the tooth has undergone movement since the 

previous scan or since treatment has begun. Alternatively, a tooth model may be required 

since an original tooth model does not already exist. This may occur, for example, where the 
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patient undergoing the treatment is a new patient of the treating orthodontist and already has 

brackets installed on the teeth, or for one reason or another, the patient had not already 

undergone an original scan without any alliance placed on the teeth. 

In such a situation, after bracket registering and, if required, operator override, the 

5 process will begin by modeling the tooth underlying the bonded bracket. That is, the 

previously described frame to object registration algorithm will now determine where the 

tooth resides in three-dimensional space. 

Figure 16 provides a flowchart 292 for tooth registration after bracket registration has 

been completed. As a first step 294, the tooth registration process will delete the scan data 

10 that is in close vicinity to the registered bracket model (e.g., 0.3 mm). Deleting this 

registered bracket data will provide a virtual tooth model having a data void. For example, 

Figure 17 illustrates a screen shot 310 comprising a scan data set 312. Scan data set 312 

includes scan data for various teeth, including the subject tooth 314. Comparing the screen 

shot 310 of Figure 17 and the screen shot 280 of Figure 14, one can see that the registered 

15 bracket image 130 of Figure 14 has been omitted thereby creating a scan data void 316. 

Next, at step 296, the process determines whether a patient data record exists. Where 

the patient is a new patient, the operator will have to initiate creating a patient data record. In 

this scenario, no preexisting virtual model of the tooth 314 exists. Therefore, a digital object 

having a predefined geometry such as a template virtual tooth is pulled from a digital library 

20 at step 298, preferably stored either at the back office server workstation 28 or the central 

server 32 (Figure lB). Once this digital object is pulled, the process begins by registering the 

tooth scan data to the digital object at step 302, similar to the process described in detail in 

Figures 1 lA-C. 

If the process determines that a patient data record already exists at step 296, the 

25 virtual model for the tooth is pulled from the data record at step 300. Once the known digital 

tooth model is pulled from the patient record, the process begins to register the tooth scan 

data to the digital model at step 302. Once the tooth registration process has been completed, 

the scan data void 316 at step 304 is filled the 3-D surface resulting from the registration 

process. 

30 Figure 18 illustrates a modified screen shot 18 of what is illustrated in Figure 1 7. In 

Figure 18, the scan data 332 includes the tooth model 314 having the tooth void 316 (Figure 

17) filled with registered tooth surface 334. Now that both bracket and tooth registration has 
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been completed, a new 3-D tooth model may be constructed. The patient data record may 

now be updated with this new information. Figure 19 illustrates a virtual 3-D tooth having 

both a bracket surface and tooth surface resulting from the registration process. 

5 Summary 

In summary, applicants have invented a novel method of constructing a virtual three­

dimensional model (18) of an object. The method comprises the steps of: 

scanning the object (70); 

creating a three-dimensional virtual model (18) of the object (100) from the scanning 

step with the aid of a computer (28, 32). The three-dimensional virtual model has a first 

portion (103) thereof corresponding to scanning of a known structure (130) forming a part of 

the object (102). The known structure of predetem1ined three-dimensional configuration and 

wherein the first portion (103) is a less than an ideal three-dimensional representation of the 

15 known structure (130); 

retrieving a three-dimension virtual object (130) from a memory (28,32), the three­

dimensional virtual object corresponding to the known structure; 

registering the three-dimensional virtual object to the first portion (103) of said three­

dimensional virtual model to form a three-dimensional surface (209-232); and 

20 forming the virtual three-dimensional model of the object, the three-dimensional 

model including the three-dimensional surface (290). 

Applicants have also invented a novel workstation adapted to form three-dimensional 

virtual models (18) of objects. The workstation includes a central processing unit (28,32) and 

a memory storing a three-dimensional virtual model (18) of an object. The three-dimensional 

25 virtual model has a first portion (103) thereof corresponding to scanning of a known structure 

forming a part of said object. The memory further stores a three-dimensional virtual object 

(130) corresponding to the known structure. Software is executable by the central processing 

unit for registering the three-dimensional virtual object to the first portion to form a three­

dimensional surface and for forming a virtual three-dimensional model of the object. (340) 

30 The virtual three-dimensional model of the object including the three-dimensional surface. 

Applicants have also invented a novel apparatus for constructing a virtual three­

dimensional model of an object. The apparatus comprises: 

means for scanning (66) said object; 

means for creating a three-dimensional virtual model (22) of said object from said 
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scanning step with the aid of a computer, said three-dimensional virtual model having a first 

portion thereof corresponding to scanning of a known structure forming a part of said object, 

said known structure of predetermined three-dimensional configuration, wherein said first 

portion is a less than an ideal three-dimensional representation of said known structure; 

means for retrieving a three-dimension virtual object from a memory, said three­

dimensional virtual object corresponding to said known structure; 

means for registering said three-dimensional virtual object to said first portion of said 

three-dimensional virtual model to form a three-dimensional surface; and 

means for forming said virtual three-dimensional model of said object, said three-

10 dimensional model including said three-dimensional surface. 

Applicants have also invented a novel method of constructing a virtual three­

dimensional model of an object having a predefined geometry from a scanner (66), a data 

processing system (22, 26)), and at least one machine-readable memory accessible to the 

data processing system. The method includes the steps of: 

15 (a) scanning the object with the scanner in order to receive a data set related to said 

object; 

( c) obtaining a stored digital image of said object having a known geometry; and 

( d) processing said data set resulting from said scan so as to register said scan data 

relative to said stored digital image. 

20 Applicants have also invented a method of constructing a virtual three-dimensional 

model of an object having a predefined geometry from a scanner, a data processing system, 

and at least one machine-readable memory accessible to the data processing system. The 

method includes the steps of: 

(a) scanning the object with the scanner and thereby obtaining a first and a second 

25 two-dimensional image of the object, wherein during scanning the scanner and object are 

moved relative to each other; 

30 

( d) processing the first and second image with the data processing system so as to 

convert the two-dimensional images into a data set representing a point cloud 

comprising individual points, each point expressed as a location in a three­

dimensional coordinate system; 

(e) obtaining a stored digital image of the object having a predefined geometry; and 

( d) further processing the data representing the point cloud with the data processing 

system so as to register the point cloud relative to the stored digital image to thereby produce 

a three-dimensional virtual model of the object substantially consistent with the frame. 
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Applicants have also invented a novel method of determining a location of a virtual 

three-dimensional model of an object of lrn.own geometry. The novel method includes the 

steps of: 

a) 

images; 

d) 

e) 

d) 

scanning said lrn.own object in a series of scans, each scan generating a set of 

converting said set of images into a point cloud; 

retrieving a digital representation of said virtual three-dimensional known object 

from memory; and 

registering said point cloud to said digital representation to thereby verify in 

1 o three-dimensional space a position of said virtual three-dimensional model. 

It is contemplated that the inventive registration system and method of registration 

can be used on virtually any type of digital object of lrn.own geometry. The basic idea is that 

a virtual object is retrieved from memory and a registration is performed of the stored virtual 

object to the scan data, and then replace the scan data with the resulting 3-D surface from the 

15 registration. The medical field is only one example of where three - dimensional information 

of a surface may be a valuable piece of information, and can be easily and quickly attained 

with the scanning system of the present invention. These other possible uses of the scanner 

for other types of objects are considered within the scope of the invention. 

In one disclosed arrangement, if a component of an object having a predetermined 

20 three-dimensional configuration is to be located with respect to the object, a registration 

process will be the first step in order to receive the best fit of a digital representation of the 

component, retrieved from a computer memory, and the surface data acquired of the object 

and its component. Having received the best fit, the next step is to utilize this result. 

Depending on the task to be fulfilled, there are several options. 

25 

30 

In one example, it is possible to simply "merge" the surfaces of the digital 

representation with the surfaces acquired by the scanning process. Doing this, missing parts 

or intentional voids in the scan data could be completed in order to provide a more complete 

representation of the object and its components than could be provided by the scan. The 

result would be an improved or a complete representation of a surface of the object. 

Another option would be to export the transformation matrix as a result of the 

registration process. For example, other algorithms could import these data sets for further 

processing. For instance, if a printed circuitry board has been scanned, it would be possible 

to retrieve the lrn.own digital representations of the components used on this board (e.g., 
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transistors, capacitors, integrated circuits etc.) and perform a registration for each component 

and sub-element in order to receive a best fit of the digital representations to the scan data. In 

one arrangement, the transformation matrices could be exported to PC board layout software, 

thus enabling this software to arrange the components according to the scanned PC board. 

5 In an orthodontic application, these transformation matrices could be useful in order 

to design a wire that is supposed to run through the various slots of bonded orthodontic 

brackets. If the brackets are being scanned, and their location with respect to each other or 

with respect to the teeth is detennined by the registration process, the transformation matrices 

could be fed into an algorithm that has knowledge of the location of the bracket slot with 

1 o respect to the local coordinate system of the bracket. Therefore, such an algorithm could 

define the shape of the wire by first calculating the location of the local bracket coordinate 

system by using the transformation matrix. And then in a second step, calculate the location 

of the slot basing on the location of the local coordinate system. 

A further option would be to export the complete component after the best fit has 

15 been received. Doing this, the transformation matrix resulting from registration would be 

applied to the component, thus referencing each data point of the component not to its local 

coordinate system any more, but to the global coordinate system. 

Another option would be to perform this step only to portions of the component that 

are of particular interest. Such a portion could be the data defining the slot of a bracket. As 

20 used herein, locating an object is therefore a general term that is meant to refer to providing 

data resulting from receiving the best fit. 

25 

Variations from the illustrated techniques is contemplated without departure from the 

scope of the invention. This true scope is to be ascertained by reference to the appended 

claims. 
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CLAIMS 

1. A method of constructing a virtual three-dimensional model of an object, 

comprising the steps of: 

scanning said object; 

creating a three-dimensional virtual model of said object from said scanning step with 

the aid of a computer, said three-dimensional virtual model having a first portion thereof 

corresponding to scanning of a known structure fonning a part of said object, said known 

structure of predetermined three-dimensional configuration, wherein said first portion is a 

less than an ideal three-dimensional representation of said known structure; 

retrieving a three-dimension virtual object from a memory, said three-dimensional 

virtual object corresponding to said known structure; 

registering said three-dimensional virtual object to said first portion of said three­

dimensional virtual model to form a three-dimensional surface; and 

forming said virtual three-dimensional model of said object, said three-dimensional 

15 model including said three-dimensional surface. 

2. The method of claim 1, wherein said three-dimensional virtual object comprises a 

three-dimensional virtual model of an orthodontic appliance. 

20 3. The method of claim 2, further comprising the steps of storing a library of virtual 

three-dimensional models of orthodontic appliances and selecting one of said virtual 

orthodontic appliances for said step of registration. 

4. The method of claim 1, wherein said step of scanning is performed with a hand-held 

25 scanner using a projection pattern and an image pick-up to acquire three-dimensional 

information as to said object. 

5. The method of claim 1, wherein said object comprises an anatomical structure. 

30 6. The method of claim 5, wherein said anatomical structure comprises teeth and 

wherein said known structure comprises an orthodontic appliance. 

7. The method of claim 6, wherein said orthodontic appliance comprises an orthodontic 

bracket. 
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8. The method of claim 1, further comprising the steps of deleting said first portion of 

said three-dimensional virtual model of said object and replacing said first portion of said 

three-dimensional model with said three-dimensional surface resulting from said registration 

5 step. 

9. The method of claim 1, further comprising the step of deleting said first portion of 

said three-dimensional virtual model of said object, and forming a second three-dimensional 

virtual model of said object by replacing said first portion of said three-dimensional model 

10 with a second three-dimensional surface representing said object without said known 

structure. 

10. The method of claim 9, wherein said object comprises at least one tooth and a bracket, 

and wherein said known structure comprises said bracket. 

15 

11. A workstation adapted to form three-dimensional virtual models of objects, 

comprising: 

a central processing unit; 

a memory storing a three-dimensional virtual model of an object, said three-

20 dimensional virtual model having a first portion thereof corresponding to scanning of a 

known structure forming a part of said object; 

said memory further storing a three-dimensional virtual object corresponding to said 

known structure; 

software executable by said central processing unit for registering said three-

25 dimensional virtual object to said first portion to form a three-dimensional surface and for 

forming a virtual three-dimensional model of said object, said virtual three-dimensional 

model of said object including said three-dimensional surface. 

11. The workstation of claim 10, wherein said three-dimensional virtual object comprises 

30 a three-dimensional virtual model of an orthodontic appliance. 

12. The workstation of claim 11 wherein said memory further comprises a library of 

virtual three-dimensional models of orthodontic appliances and selecting one of said virtual 

orthodontic appliances for registering said three-dimensional virtual object to said first 
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portion. 

13. The workstation of claim 10, further comprising a hand-held scanner using a 

projection pattern and an image pick-up to acquire three-dimensional information as to said 

5 object. 

14. The workstation of claim 10, wherein said object comprises an anatomical structure. 

15. The workstation of claim 14, wherein said anatomical structure comprises teeth and 

1 o wherein said known structure comprises an orthodontic appliance. 

15 

16. The workstation of claim 15 wherein said orthodontic appliance comprises a tooth 

bracket. 

17. The workstation of claim 10, wherein said first portion of said three-dimensional 

virtual model of said object is deleted and is replaced with said three-dimensional surface 

resulting from said registration step. 

18. The workstation of claim 10, wherein said first portion of said three-dimensional 

20 virtual model of said object is deleted, and thereby forms a second three-dimensional virtual 

model of said object by replacing said first portion of said three-dimensional model with a 

second three-dimensional surface representing said object without said known structure. 

19. The workstation of claim 18, wherein said object comprises at least one tooth and a 

25 bracket, and wherein said known structure comprises said bracket. 

30 

20. An apparatus for constructing a virtual three-dimensional model of an object, 

comprising: 

means for scanning said object; 

means for creating a three-dimensional virtual model of said object from said 

scanning step with the aid of a computer, said three-dimensional virtual model having a first 

portion thereof corresponding to scanning of a known structure forming a part of said object, 

said known structure of predetermined three-dimensional configuration, wherein said first 

portion is a less than an ideal three-dimensional representation of said known structure; 
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means for retrieving a three-dimension virtual object from a memory, said three­

dimensional virtual object corresponding to said known structure; 

means for registering said three-dimensional virtual object to said first portion of said 

three-dimensional virtual model to form a three-dimensional surface; and 

means for forming said virtual three-dimensional model of said object, said three­

dimensional model including said three-dimensional surface. 

21. The apparatus of claim 20, wherein said three-dimensional virtual object comprises a 

three-dimensional virtual model of an orthodontic appliance. 

22. The apparatus of claim 20, further comprising a library of stored virtual three-

dimensional models of orthodontic appliances, wherein one of said virtual orthodontic 

appliances is selected for registering said three-dimensional virtual object to said first portion 

of said three-dimensional virtual model to form a three-dimensional surface. 

23. The apparatus of claim 20, further comprising a hand-held scanner using a projection 

pattern and an image pick-up to acquire three-dimensional information as to said object. 

24. The apparatus of claim 20, wherein said object comprises an anatomical structure. 

25. The apparatus of claim 24, wherein said anatomical structure comprises teeth and 

wherein said known structure comprises an orthodontic appliance. 

26. The apparatus of claim 25, wherein said orthodontic appliance comprises an 

25 orthodontic bracket. 

30 

27. The apparatus of claim 20, wherein said first portion of said three-dimensional virtual 

model of said object is deleted and said first portion of said three-dimensional model is 

replaced with said three-dimensional surface resulting from said registration step. 

28. The apparatus of claim 20, wherein said first portion of said three-dimensional virtual 

model of said object is deleted, and thereby forms a second three-dimensional virtual model 

of said object by replacing said first portion of said three-dimensional model with a second 

three-dimensional surface representing said object without said known structure. 
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29. The apparatus of claim 28, wherein said object comprises at least one tooth and a 

bracket, and wherein said known structure comprises said bracket. 

30. A method of constructing a virtual three-dimensional model of an object having a 

predefined geometry from a scanner, a data processing system, and at least one machine­

readable memory accessible to the data processing system, comprising the steps of: 

(a) scanning the object with the scanner and responsively obtaining a three-

dimensional surface of said object; 

10 (b) obtaining a stored digital three-dimensional model of said object from said 

memory; and 

( c) registering said three-dimensional surface to said stored three-dimensional model. 

31. A method of constructing a virtual three-dimensional model of an object having a 

15 predefined geometry from a scanner, a data processing system, and at least one machine­

readable memory accessible to the data processing system, comprising the steps of: 

20 

(a) scanning the object with the scanner and thereby obtaining a first and a second 

two-dimensional image of the object, wherein during scanning the scanner and object are 

moved relative to each other; 

(b) processing the first and second images with the data processing system so as to 

convert the two-dimensional images into a data set representing a point cloud comprising 

individual points, each point comprising a location in a three-dimensional coordinate system; 

( c) obtaining a stored three-dimensional model of the object; and 

( d) further processing the data representing the point cloud with the data processing 

25 system so as to register the point cloud relative to the stored digital model to thereby 

produce a three-dimensional virtual model of the object. 

32. The method of claim 31, wherein a spatial transformation relationship is derived for 

the point cloud and stored in the memory, the spatial transformation relationship indicating 

30 how the points in the point cloud should be translated and rotated in a three-dimensional 

coordinate system to register the point cloud relative to the stored digital model. 

34. The method of claim 31, wherein in step ( d) an operator manipulates the constructed 

virtual three-dimensional model. 
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3 5. The method of claim 31, wherein step ( d) is initiated by placing a virtual marker on a 

representation of the object. 

5 36. The method of claim 31 wherein the object comprising an orthodontic appliance and 

wherein the two-dimensional images of the object are obtained during a monitoring scan 

initiated after orthodontic treatment using the appliance has commenced. 

37. The method of claim 31 wherein the three-dimensional model is stored in a digital 

10 library comprising a plurality of three-dimensional models. 

15 

20 

25 

38. The method of claim 31, wherein the scanner comprises a hand-held scanning device 

and the object is scanned by moving said hand-held scanning device over said object. 

39. The method of claim 31, wherein the object comprises a dental appliance. 

40. The method of claim 39, wherein the dental appliance comprises a bracket. 

41. The method of claim 31, wherein the data processing system is incorporated into a 

work station for said scanner. 

42. A method of determining a location of a virtual three-dimensional model of an object 

of known geometry, comprising the steps of: 

a) scanning said known object and generating a set of images; 

b) converting said set of images into a point cloud; 

c) retrieving a digital representation of said virtual three-dimensional known object 

from memory; and 

d) registering said point cloud to said digital representation to thereby verify in 

three-dimensional space a position of said virtual three-dimensional model. 

30 43. A method of registering a first digital model of a dental appliance to a three-

dimensional representation of said dental appliance as a result of scanning, comprising the 

steps of: 

a) scanning said dental appliance and generating a first set of images; 
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b) converting said first set of images into a three-dimensional representation of said 

dental appliance; 

c) retrieving said first digital model of said dental appliance from a digital library; 

c) fitting said three-dimensional representation to said first digital model to thereby 

5 register said first digital model to said three-dimensional representation and generate a 

revised three dimensional representation of the dental appliance. 

10 

44. The method of claim 43 further comprising the steps of 

scanning a second known object and generating a second set of images; 

converting said second set of images into a second point cloud; 

erasing said registered digital model from said virtual three dimensional model; 

pulling a second digital model of said second known object from a digital library; 

calculating a best fit analysis of said frames in each of the series of scans to said 

second digital model to thereby register said second digital model to said second set of scan 

15 data and generate a second revised three dimensional image. 

46. The method of claim 45 wherein said second digital model is a virtual digital tooth 

model. 

41 



WO 03/094102 

FIG. 1A 

.!Q. 

22 

1/15 

T 
_L 

4a 

4c 

OTHER 
CLINICS 

PCT/0S03/09481 

y 

24 
-----, r-- I 

I I 
I ARCHWIRE CENTRAL I 
I 34 MFG. SERVER II I SYSTEM 
I I 
I I 
I 32 I 
I BRACKET I 
I 3p PLACEMENT I 
I '- TRAY I 
II MFG. SYST. I 

__ J L __ ·---------------,~-~-



WO 03/094102 

FIG. 2 

SCANNER 
HOLDER 

2/15 

62 

64 

MAIN 

ME~~RY 14-~ CPU 1----t--------, 

42 

16 

44 

TO BACK 
OFFICE 
SERVER 

WORKSTATION 28 

PCT/0S03/09481 

54 

20 



Wo 03/094102 

Jfls 

FIG. 3 

@fUJ rr@im all@' 
~
 

14 

FIG. 4 



WO 03/094102 

SCANNER 
NODE 

SCANNER 
3-D DATA 

MAIN 
MEMORY 

(RAM) 

'---30~ ~ 
C 
C 

4/15 

74 

76 

CPU 

HARD 
DISK 

PCT/0S03/09481 

FIG. 5 

• FRAME DATA 
FORN FRAMES 

SET OF 
TRANSFORMATION 
MATRICES 



WO 03/094102 

FIG. 6 

5/15 

START 
82 

OBTAIN SCAN DATA 

OBTAIN ORIGINAL 
3-D MODEL 

GENERATE BRACKET 
PLACEMENT TRAY 

APPLY BRACKETS & 
UPDATE PATIENT RECORD 

PERFORM 
MONITORING SCAN 

PERFORM BRACKET 
REGISTRATION 

DELETE REGISTERED 
BRACKET DATA 

PERFORM TOOTH 
REGISTRATION 

END 

PCT/0S03/09481 

50 

84 

86 

88 

90 

92 

94 

98 



WO 03/094102 PCT/0S03/09481 
6/15 

FIG. 7 

FIG. 8 



WO 03/094102 
7/15 

FIG. 9 

FIG. 10 
:\i 

,?::/~\.~ 

EL ., ,,,(::;i;;;; 

;;r,:f:, 
1?''11/) 

::;;\\;i;/i• I ~ ~ 
';,~,./'·;, ,,,~,­

\:t-1\~:,f,?°'11'," •• 

' '. 

PCT/0S03/09481 

{30 

104 



WO 03/094102 
8/15 

FIG._11A 

FROM STEP 13 
(232) 

CALCULATE MINIMUM DISTANCE 
VECTORS FOR POINTS OF PT. 

CLOUD TO SURFACE OF OBJECT 

RETRIEVE QUALITY INDEX 
FORMA 

APPLY EXCLUSION CRITERIA 
TO MINIMUM DISTANCE VECTORS 

CALCULATE SUM OF DISTANCE 
VECTORS 

CALCULATE MEDIAN DISTANCE 
VECTOR AND FORM TRANSLATION 

MATRIX [T] (t}i 

PCT/0S03/09481 

209 

STEP1A 

210 

STEP 18 

212 

STEP2 

214 

STEP3 

215 

STEP4 



WO 03/094102 
9/15 

FIG. 11 B 

SUBTRACT MEDIAN DISTANCE VECTOR 
FROM EVERY POINT IN PT. CLOUD 

CALCULATE CROSS-PRODUCT OF 
POSITION VECTOR V1 AND MINIMUM 

DISTANCE VECTORS V2 FOR ALL POINTS 
IN PT.CLOUD 

CALCULATE SUM OF ALL CROSS-VECTORS 

WEIGHT SUM OF CROSS-VECTORS 

SCALE RESULT WITH ~MPIRICAL 
"ACCELERATION FACTOR" f. 

SET UP ROTATION TRANSFORMATION 

MATRIX [T] (R)i 

PCT/0S03/09481 

STEP5 

216 

,,__ STEPS 

218 

STEP7 

STEPS 

STEP9 

STEP 10 



WO 03/094102 

END 

10/15 

FIG. 11C 

COMPUTE TRANSFORMATION MATRIX 
FOR DIGITAL OBJECT 

CALCULATE "CLOSENESS" FACTOR 
MA 

RETURN TO 
STEP 2 (212) 

232 

STEP13 

PCT/0S03/09481 

228 

--STEP11 

230 

STEP12 



WO 03/094102 
11/15 

FIG. 12A 

QUALITY INDEX 

200 

40 

30 

0 t 
STOP 

X 

PCT/0S03/09481 

FIG. 12B 
142 

FIG. 13 

X+ 10 
t 

STOP 

REGISTRATION 
ITERATION 



WO 03/094102 PCT/0S03/09481 
12/15 

FIG. 14 280 
/ 

290 

) 



WO 03/094102 
13/15 

START 

DELETE BRACKET 
RESIGNATION DATA 

YES 

PULL IMAGE 
FROM PATIENT 

RECORD 

PERFORM SCAN DATA 
TO IMAGE REGISTRATION 

FILL TOOTH 
VOID 

END 

304 

PCT/0S03/09481 

FIG. 16 

294 

298 

PULL TOOTH 
DIGIT AL IMAGE 

300 

302 



WO 03/094102 
14/15 

FIG. 17 

FIG. 18 

334 314 

PCT/0S03/09481 

310 

) 

,,,,-312 
_/ 

330 

~ 

~332 



WO 03/094102 PCT/0S03/09481 
15/15 

FIG. 19 

340 

} 



INTERNATIONAL SEARCH REPORT 
International application No. 

PCT/US03/09481 

A. CLASSIF1CATION OF SUBJECT MATTER 
IPC(7) : G06K9/00 
USCL : 382/132, 131,128; 433/24,213,29 

Accordinf! to International Patent Classification (IPC) or to both national classification and IPC 
B. FIELDS SEARCHED 

Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 382/132, 131,128; 433/24,213,29; 434/263; 700/98; 705/3,2; 345/635 

Documentation searched other thaD roioi:mnm documentation to the extent that such documents are included in the fields searched 
East 

Electronic data base consulted dnring the international search (name of data base and, where practicable, search terms used) 
Please See Continuation Sheet 

c. DOCUMENTS CONSIDERED TO BE RELEVANT 
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No. 

A,P / US 6,405,071 Bl (ANALOUI) 11 June 2002,J-· column 3, lines 17 - 46. 1-46 

A ,,,,-· US 6,049,743 A (BABA) 11 April 20CJ9, column 2, lines 12 - 58. 1-46 

A,P US 6,488,503 Bl (LICHKUS et al) 03 December 200~, column3, lines 17 - 63. 1-46 
/ 

A,P ✓- US 6,512,994 Bl (SACHDEVA) 28 January 2003; column 4, lines 8 - 63. 1-46 

□ Further documents are listed in the continuation of Box C. □ See patent family annex. 

* Special categories of cited documents: "T" later document published after the intematiooal filing date or priority 
date and mt in coollict with the applicatioo but cited to understand the 

"A" document defining the general state of the art which is not coosidered to be principle or theory underlying the inventioo 
of particular relevance 

"X" document of particular relevance; the claimed inventim cannot be 
"E" earlier application or patent published oo or after the intematiooal filing date coosidered novel or cannot be coosidered to involve an inventive step 

when the document is taken aloo.e 
"L" document which may throw doubts en priority claim(s) or which is cited to 

establish the publicatioo date of another citation or other special reason (as "Y" document of particular relevance; the claimed inventiro cannot be 
specified) coosidered to involve an inventive step when the document is 

canbined with ooe or more other such documents, such canbinatioo. 
"0" document referring to an oral disclamre, use, exhibitioo. or other means being obvious to a persoo skilled in the art 

"P" document published prior to the intematiooal filing date but later than the "&" document member of the same patent family 
priority date claimed 

Date of the actual completion of the international search Date of mailing of the international search report 

22 Mav 2003 (22.05.2003) 3 0 JUN ;r,r,i 
Name and mailing address of the ISA/US Authorized of:fice:11~· - .. 

~ 
Canmissimer of Patents and Trademarks 

Barry Choobin , / }.LJ ~. ~ Box PCT 
Washingtm, D.C. 20231 j .,. -

Facsimile No. (703)305-3230 Telephone No. 703-3( -39~ 

Form PCT/ISA/210 (second sheet) (July 1998) . 



PCT /US03/09481 
INTERNATIONAL SEARCH REPORT 

Continuation of B. FIELDS SEARCHED Item 3: 
(tooth or teeth or dental$4 or orthodont$4) same (model$4 or simulat$4 or virtual.$4) same ( (3-d or (three near2 dimension$4)) 

Form PCT/ISA/210 (second sheet) (July 1998) 




