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UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www .uspto.gov 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

67368US004 1096 

ISSUE NOTIFICATION 

The projected patent number and issue date are specified above. 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(application filed on or after May 29, 2000) 

The Patent Term Adjustment is 274 day(s). Any patent to issue from the above-identified application will 
include an indication of the adjustment on the front page. 

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that 
determines Patent Term Adjustment is the filing date of the most recent CPA. 

Applicant will be able to obtain more detailed information by accessing the Patent Application Information 
Retrieval (PAIR) WEB site (http://pair.uspto.gov). 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the 
Office of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee 
payments should be directed to the Application Assistance Unit (AAU) of the Office of Data Management 
(ODM) at (571)-272-4200. 

APPLICANT(s) (Please see PAIR WEB site http://pair.uspto.gov for additional applicants): 

James H. McQueston, Winchester, MA; 
Ilya A. Kriveshko, Littleton, MA; 

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location 
for business investment, innovation, and commercialization of new technologies. The USA offers tremendous 
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation 
works to encourage and facilitate business investment. To learn more about why the USA is the best country in 
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov. 
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Electronic Patent Application Fee Transmittal 

Application Number: 14000446 

Filing Date: 20-Aug-2013 

Title of Invention: SPACE CARVING IN 3D DATA ACQUISITION 

First Named Inventor/Applicant Name: James H. McQueston 

Filer: Lance L. Vietzke/Paula Bick 

Attorney Docket Number: 67368US004 

Filed as Large Entity 

Filing Fees for U.S. National Stage under 35 USC 371 

Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Basic Filing: 

Pages: 

Claims: 

Miscellaneous-Filing: 

Petition: 

Patent-Appeals-and-Interference: 

Post-Allowance-and-Post-Issuance: 

Utility Appl Issue Fee 1501 1 960 960 
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Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Extension-of-Time: 

Miscellaneous: 

Total in USO($) 960 
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Electronic Acknowledgement Receipt 

EFSID: 24362425 

Application Number: 14000446 

International Application Number: 

Confirmation Number: 1096 

Title of Invention: SPACE CARVING IN 3D DATA ACQUISITION 

First Named Inventor/Applicant Name: James H. McQueston 

Customer Number: 32692 

Filer: Lance L. Vietzke/Paula Bick 

Filer Authorized By: Lance L. Vietzke 

Attorney Docket Number: 67368US004 

Receipt Date: 15-DEC-2015 

Filing Date: 20-AUG-2013 

Time Stamp: 11:39:19 

Application Type: U.S. National Stage under 35 USC 371 

Payment information: 

Submitted with Payment yes 

Payment Type Deposit Account 

Payment was successfully received in RAM $960 

RAM confirmation Number 11037 

Deposit Account 133723 

Authorized User VIETZKE, LANCE 

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows: 

Charge any Additional Fees required under 37 C.F.R. 1.492 (National application filing, search, and examination fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.17 (Patent application and reexamination processing fees) -5-



Charge any Additional Fees required under 37 C.F.R. Section 1.19 (Document supply fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.20 (Post Issuance fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.21 (Miscellaneous fees and charges) 

File Listing: 

Document 
Document Description File Name 

File Size(Bytes}/ Multi Pages 
Number Message Digest Part /.zip (if appl.) 

397832 

1 Issue Fee Payment (PTO-85B) 
lssue_Fee_Transmittal_67368U 

no 1 
S004.pdf 

4251fdc1 af259ff37d2f5Sc970e0874ece8fe 
67 

Warnings: 

Information: 

30977 

2 Fee Worksheet (SB06) fee-info.pdf no 2 
f82b8e 730bdd4c0f8ced60aaff8a 131 e6c6a 

ccS 

Warnings: 

Information: 

Total Files Size (in bytes) 428809 

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents, 
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a 
Post Card, as described in MPEP 503. 

New Agglications Under 35 U.S.C. 111 
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR 
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this 
Acknowledgement Receipt will establish the filing date of the application. 

National Stage of an International Agglication under 35 U.S.C. 371 
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35 
U.S.C. 371 and other applicable requirements a Form PCT /DO/EO/903 indicating acceptance of the application as a 
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course. 

New International Agglication Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary components for 
an international filing date (see PCT Article 11 and MPEP 181 O), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/1 OS) will be issued in due course, subject to prescriptions concerning 
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of 
the application. 
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UNITED STA IBS p A IBNT AND TRADEMARK OFFICE 
UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria., Virginia 22313-1450 
www.uspto.gov 

NOTICE OF ALLOWANCE AND FEE(S) DUE 

32692 7590 11/02/2015 

3M INNOVATIVE PROPERTIES COMPANY 
PO BOX 33427 
ST. PAUL, MN 55133-3427 

APPLICATION NO. FILING DATE 

14/000,446 08/20/2013 

FIRST NAMED INVENTOR 

James H. McQueston 

TITLE OF INVENTION: SPACE CARVING IN 3D DATA ACQUISITION 

EXAMINER 

WILSON, NICHOLAS R 

ART UNIT PAPER NUMBER 

2611 

DATEMAILED: 11/02/2015 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

67368US004 1096 

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE 

nonprovisional UNDISCOUNTED $960 $0 $0 $960 02/02/2016 

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT. 
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS. 
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON 
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308. 

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE 
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS 
STATUTORY PERIOD CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES 
NOT REFLECT A CREDIT FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS 
PREVIOUSLY BEEN PAID IN THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM 
WILL BE CONSIDERED A REQUEST TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW 
DUE. 

HOW TO REPLY TO THIS NOTICE: 

I. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that 
entity status still applies. 

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above. 

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled 
"Change in Entity Status (from status indicated above)". 

For purposes of this notice, small entity fees are 1/2 the amount of undiscounted fees, and micro entity fees are 1/2 the amount of small entity 
fees. 

IL PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office 
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b" 
of Part B - Fee(s) Transmittal should be completed and an extra copy of the form should be submitted. If an equivalent of Part B is filed, a 
request to reapply a previously paid issue fee must be clearly made, and delays in processing may occur due to the difficulty in recognizing 
the paper as an equivalent of Part B. 

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to 
Mail Stop ISSUE FEE unless advised to the contrary. 

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of 
maintenance fees. It is patentee's responsibility to ensure timely payment of maintenance fees when due. 

Page 1 of 3 
PTOL-85 (Rev. 02/11) 
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PART B - FEE(S) TRANSMITTAL 

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 

or Fax 
Alexandria, Virginia 22313-1450 
(571)-273-2885 

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks I through 5 should be completed where 
appropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as 
indicated unless corrected below or directed otherwise in Block I, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for 
maintenance fee notifications. 

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block I for any change of address) 

Note: A certificate of mailing can only be used for domestic mailings of the 
Fee(s) Transmittal. This certificate cannot be used for any other accompanying 
papers. Each additional paper, such as an assignment or formal drawing, must 
have its own certificate of mailing or transmission. 

32692 7590 11/02/2015 

3M INNOVATIVE PROPERTIES COMPANY 
PO BOX 33427 
ST. PAUL, MN 55133-3427 

APPLICATION NO. FILING DATE 

14/000,446 08/20/2013 

Certificate of Mailing or Transmission 
I hereby certify that this Fee(s) Transmittal is being deposited with the United 
States Postal Service with sufficient postage for first class mail in an envelope 
addressed to the Mail Stop ISSUE FEE address above, or being facsimile 
transmitted to the USPTO (571) 273-2885, on the date indicated below. 

(Depositor's name) 

(Signature) 

(Date) 

FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO. 

James H. McQueston 67368US004 1096 

TITLE OF INVENTION: SPACE CARVING IN 3D DATA ACQUISITION 

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE 

nonprovisional UNDISCOUNTED $960 

EXAMINER ART UNIT 

WILSON, NICHOLAS R 2611 

I. Change of correspondence address or indication of "Fee Address" (37 
CFR 1.363). 

0 Change of correspondence address ( or Change of Correspondence 
Address form PTO/SB/122) attached. 

0 "Fee Address" indication (or "Fee Address" Indication form 
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer 
Number is required. 

PUBLICATION FEE DUE PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE 

$0 $0 

CLASS-SUBCLASS 

345-424000 

2. For printing on the patent front page, list 

(I) The names of up to 3 registered patent attorneys 
or agents OR, alternatively, 

(2) The name of a single firm (having as a member a 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 
listed, no name will be printed. 

$960 02/02/2016 

2 ______________ _ 

3 ______________ _ 

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type) 

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for 
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment. 

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY) 

Please check the appropriate assignee category or categories (will not be printed on the patent) : 0 Individual O Corporation or other private group entity O Government 

4a. The following fee(s) are submitted: 

0 Issue Fee 

0 Publication Fee (No small entity discount permitted) 

0 Advance Order - # of Copies _________ _ 

5. Change in Entity Status (from status indicated above) 

0 Applicant certifying micro entity status. See 37 CFR 1.29 

0 Applicant asserting small entity status. See 37 CFR 1.27 

0 Applicant changing to regular undiscounted fee status. 

4b. Payment ofFee(s): (Please first reapply any previously paid issue fee shown above) 

0 A check is enclosed. 

0 Payment by credit card. Form PTO-2038 is attached. 

0 The director is hereby authorized to charge the required fee( s ), any deficiency, or credits any 
overpayment, to Deposit Account Number ( enclose an extra copy of this form). 

NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue 
fee payment in the micro entity amount will not be accepted at the risk of application abandonment. 

NOTE: If the application was previously under micro entity status, checking this box will be taken 
to be a notification of loss of entitlement to micro entity status. 

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro 
entity status, as applicable. 

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signature requirements and certifications. 

Authorized Signature _______________________ _ 

Typed or printed name ______________________ _ 

PTOL-85 Part B (10-13) Approved for use through 10/31/2013. 

Page 2 of3 

0MB 0651-0033 

Date ____________________ _ 

Registration No. ________________ _ 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
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UNITED STA IBS p A IBNT AND TRADEMARK OFFICE 

APPLICATION NO. FILING DATE 

14/000,446 08/20/2013 

32692 7590 11/02/2015 

3M INNOVATIVE PROPERTIES COMPANY 
PO BOX 33427 
ST. PAUL, MN 55133-3427 

FIRST NAMED INVENTOR 

James H. McQueston 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria., Virginia 22313-1450 
www.uspto.gov 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

67368US004 1096 

EXAMINER 

WILSON, NICHOLAS R 

ART UNIT PAPER NUMBER 

2611 

DATEMAILED: 11/02/2015 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(Applications filed on or after May 29, 2000) 

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance. 

Section l(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the 
requirement that the Office provide a patent term adjustment determination with the notice of allowance. See 
Revisions to Patent Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer 
providing an initial patent term adjustment determination with the notice of allowance. The Office will continue to 
provide a patent term adjustment determination with the Issue Notification Letter that is mailed to applicant 
approximately three weeks prior to the issue date of the patent, and will include the patent term adjustment on the 
patent. Any request for reconsideration of the patent term adjustment determination ( or reinstatement of patent term 
adjustment) should follow the process outlined in 37 CPR 1.705. 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of 
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be 
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571 )-272-4200. 

Page 3 of 3 
PTOL-85 (Rev. 02/11) 
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0MB Clearance and PRA Burden Statement for PTOL-85 Part B 

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and 
Budget approval before requesting most types of information from the public. When 0MB approves an agency 
request to collect information from the public, 0MB (i) provides a valid 0MB Control Number and expiration 
date for the agency to display on the instrument that will be used to collect the information and (ii) requires the 
agency to inform the public about the 0MB Control Number's legal significance in accordance with 5 CFR 
1320.5(b). 

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain 
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is 
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete, 
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary 
depending upon the individual case. Any comments on the amount of time you require to complete this form 
and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and 
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT 
SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 
1450, Alexandria, Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to 
respond to a collection of information unless it displays a valid 0MB control number. 

Privacy Act Statement 

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your 
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Amendments to the Claims 

Please amend the claims according to the following claim listing, which replaces all prior 

versions of claims in this application: 

1. (Currently amended) A method comprising: 

storing a spatial matrix in a memory, the spatial matrix including information for a 

plurality of voxels in a mesh of a scan space; 

obtaining three-dimensional data from an object within the scan space using a scanner; 

identifying a one of the plurality of voxels in the mesh that is unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from the one 

of the plurality of voxels, thereby identifying a prohibited volume within the scan space; and 

processing a portion of the three-dimensional data that is not in the prohibited volume 

according to an unmodified processing and processing a second portion of the three-dimensional 

data that is in the prohibited volume according to the modified processing, wherein the modified 

processing includes detecting a point in the prohibited volume and displaying the point for a 

decay time with the second portion of the three-dimensional data. 

2. (Original) The method of claim 1 wherein identifying the one of the plurality of 

voxels includes identifying a plurality of points on a ray between the scanner and the object that 

are unoccupied. 

3. (Original) The method of claim 1 further comprising providing a spatial margin of 

one or more voxels adjacent to a surface of the object for which processing cannot be prohibited. 

4. (Original) The method of claim 3 wherein the spatial margin is a multiple of a 

standard deviation of a z-axis measurement for the scanner. 

5. (Canceled) 
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6. (Original) The method of claim 1 wherein the modified processing includes omitting 

any points in the prohibited volume from a surface mesh of the object created with the three­

dimensional data. 

7. (Original) The method of claim 6 wherein the mesh divides the scan space into a 

spatial grid substantially identical to a second spatial grid used to create the surface mesh. 

8. (Original) The method of claim 1 wherein the modified processing includes omitting 

any points in the prohibited volume from a high-accuracy refinement of the three-dimensional 

data. 

9. (Original) The method of claim 1 wherein the mesh of the scan space is subdivided 

into voxels having a substantially cubic shape. 

10. (Original) The method of claim 9 wherein the substantially cubic shape measures 

about 250 microns on each edge. 

11. (Original) The method of claim 1 wherein the prohibited volume includes more than 

one of the plurality ofvoxels. 

12. (Original) The method of claim 1 wherein the spatial matrix includes a binary flag 

for each one of the plurality of voxels that indicates whether processing is permitted or forbidden 

for a corresponding volume of the scan space. 

13. (Currently amended) A computer program product comprising computer executable 

code embodied on a non-transitory computer readable medium that, when executing on one or 

more computing devices, performs the steps of: 

storing a spatial matrix in a memory, the spatial matrix storing information for a plurality 

of voxels in a mesh of a scan space; 

obtaining three-dimensional data from an object within the scan space using a scanner; 

Page 3 of9 
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identifying one of the plurality ofvoxels in the mesh of the scan space that is unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from the one 

of the plurality ofvoxels that contains the point, thereby identifying a prohibited volume within 

the scan space; and 

processing a portion of the three-dimensional data in the prohibited volume according to 

the modified processing and processing a second portion of the three-dimensional data that is not 

in the prohibited volume according to an unmodified processing, wherein the modified 

processing includes detecting a point in the prohibited volume and displaying the point for a 

decay time with the second portion of the three-dimensional data. 

14. (Original) The computer program product of claim 13 wherein identifying the one of 

the plurality of voxels includes identifying a plurality of points on a ray between the scanner and 

the object that are unoccupied. 

15. (Original) The computer program product of claim 13 further comprising code for 

providing a spatial margin of one or more voxels adjacent to a surface of the object for which 

processing cannot be prohibited. 

16. (Original) The computer program product of claim 15 wherein the spatial margin is a 

multiple of a standard deviation of a z-axis measurement for the scanner. 

17. (Canceled) 

18. (Original) The computer program product of claim 13 wherein the modified 

processing includes omitting any points in the prohibited volume from a surface mesh of the 

object created with the three-dimensional data. 

19. (Original) The computer program product of claim 18 wherein the mesh divides the 

scan space into a spatial grid substantially identical to a second spatial grid used to create the 

surface mesh. 
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20. (Original) The computer program product of claim 13 wherein the modified 

processing includes omitting any points in the prohibited volume from a high-accuracy 

refinement of the three-dimensional data. 

21. (Original) The computer program product of claim 13 wherein the mesh of the scan 

space is subdivided into voxels having a substantially cubic shape. 

22. (Original) The computer program product of claim 21 wherein the substantially 

cubic shape measures about 250 microns on each edge. 

23. (Original) The computer program product of claim 13 wherein the prohibited volume 

includes more than one of the plurality ofvoxels. 

24. (Original) The computer program product of claim 13 wherein the spatial matrix 

includes a binary flag for each one of the plurality of voxels that indicates whether processing is 

permitted or forbidden for a corresponding volume of the scan space. 

25. (Currently amended) A system comprising: 

a scanner configured to obtain three-dimensional data from an object within a scan space; 

a memory configured to store a spatial matrix that includes information for a plurality of 

voxels in a mesh of [[a]] the scan space; and 

a processor configured to identify a point in the scan space that is unoccupied, to store an 

indication in the spatial matrix for a modified processing of data from a one of the plurality of 

voxels that contains the point, thereby identifying a prohibited volume within the scan space, to 

process a portion of the three-dimensional data that is not in the prohibited volume according to 

an unmodified processing, and to process a second portion of the three-dimensional data that is 

in the prohibited volume according to the modified processing, wherein the modified processing 

includes detecting a point in the prohibited volume and displaying the point for a decay time 

with the second portion of the three-dimensional data. 
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26. (Canceled) 

27. (New) A computer program product comprising computer executable code embodied on 

a non-transitory computer readable medium that, when executing on one or more computing 

devices, performs the steps of: 

storing a spatial matrix in a memory, the spatial matrix storing information for a plurality 

of voxels in a mesh of a scan space; 

obtaining three-dimensional data from an object within the scan space using a scanner; 

providing a spatial margin of one or more voxels adjacent to a surface of the object for 

which processing cannot be prohibited, wherein the spatial margin is a multiple of a standard 

deviation of a z-axis measurement for the scanner. 

identifying one of the plurality ofvoxels in the mesh of the scan space that is unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from the one 

of the plurality of voxels, thereby identifying a prohibited volume within the scan space; and 

processing a portion of the three-dimensional data in the prohibited volume according to 

the modified processing and processing a second portion of the three-dimensional data that is not 

in the prohibited volume according to an unmodified processing. 

28. (New) The computer program product of claim 27 wherein the modified processing 

includes omitting any points in the prohibited volume from a surface mesh of the object created 

with the three-dimensional data. 

29. (New) The computer program product of claim 28 wherein the mesh divides the scan 

space into a spatial grid substantially identical to a second spatial grid used to create the surface 

mesh. 
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REMARKS 

Status of the Claims 

Claims 1, 13 and 25 are amended. Claims 5, 17 and 26 are canceled. New claims 27-29 

are added. Claims 1-4, 6-16, 18-25 and 27-29 are presented for examination, with claims 1, 13, 

25 and 27 being independent. 

Claim Objections 

Claims 5 and 17 are objected to for referring to a display of a point "with a decay time" 

rather than "for a decay time." The applicant has canceled these claims and incorporated the 

subject matter into independent claims 1 and 13, where the language has been revised as 

suggested by the examiner. 

Claim 13 is objected to as containing an apparent typographical error. The applicant has 

amended claim 13 to remove this language and more closely correspond to the language of claim 

1. 

Claim 25 is objected to as using an improper antecedent basis, more specifically for 

referring to "a scan space" rather than "the scan space" for the second instance of this term in the 

claims). The applicant has amended claim 25 to address this informality. 

Claim 26 is objected to because of certain informalities that are mooted by the 

cancelation of claim 26. 

The applicant requests reconsideration and withdrawal of the outstanding claim 

objections based on the foregoing. 

Allowable Subject Matter 

The applicant appreciates the indication of allowable subject matter in dependent claims 

4, 5, 16 and 17. 

The subject matter of claim 5 (displaying a point for a decay time) has been incorporated 

into claims 1, 13 and 25, which should place these claim in condition for allowance. 

The subject matter of claim 4 (and intervening claim 3) has been added to the text of 

originally-filed claim 1 and presented here as new claim 27. This claim is also believed to be in 
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condition for allowance. 

The remaining claims depend from an allowable base claim and are likewise believed to 

be in condition for allowance. The applicant respectfully requests reconsideration and allowance 

of the pending claims. 
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Conclusion 

In view of the foregoing, the applicant believes that the currently pending claims are in 

condition for allowance and respectfully requests a corresponding Notice of Allowance. 

The applicant believes that all of the pending claims have been addressed. However, the 

absence of a reply to a specific rejection, issue or comment does not signify agreement with or 

concession of that rejection, issue or comment. In addition, because the arguments made above 

may not be exhaustive, there may be reasons for patentability of any or all pending claims ( or 

other claims) that have not been expressed. 

Nothing in this paper should be construed as intent to concede any issue with regard to 

any claim, except as specifically stated in this paper. The amendment of any claim does not 

necessarily signify concession of unpatentability of the claim prior to its amendment. 

The Director is hereby authorized to charge any fees or to credit any overpayments 

associated with this filing to Deposit Account No. 50-4262. If the Examiner believes a telephone 

conference would expedite prosecution of this application, please telephone the undersigned at 

(617) 916-2658. 

October 23, 2015 

Respectfully submitted 

STRATEGIC PATENTS, P.C. 

/Robert Mazzarese/ 
Robert A. Mazzarese 
Reg. No. 42,852 
Tel.: (617)-916-2658 
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DETAILED ACTION 

1. The present application is being examined under the pre-AIA first to invent 

provisions. 

CLAIM INTERPRETATION 

2. The following is a quotation of 35 U.S.C. 112(f): 

(f) Element in Claim for a Combination. - An element in a claim for a combination may be 
expressed as a means or step for performing a specified function without the recital of 
structure, material, or acts in support thereof, and such claim shall be construed to cover the 
corresponding structure, material, or acts described in the specification and equivalents 
thereof. 

The following is a quotation of pre-AIA 35 U.S.C. 112, sixth paragraph: 

An element in a claim for a combination may be expressed as a means or step for performing 
a specified function without the recital of structure, material, or acts in support thereof, and 
such claim shall be construed to cover the corresponding structure, material, or acts 
described in the specification and equivalents thereof. 

Claim limitation "storing means for storing a spatial matrix that includes 

information for a plurality of 

voxels in a mesh of a scan space," "scanning means for obtaining three­

dimensional data from an object within the scan 

Page 2 

space," "processing means for identifying a point in the scan space that is 

unoccupied ... " has/have been interpreted under 35 U.S.C. 112(f) or pre-A IA 35 U.S.C. 

112, sixth paragraph, because it uses/they uses means coupled with functional 

language "for storing a spatial matrix that includes information for a plurality of 

voxels in a mesh of a scan space," "for obtaining three-dimensional data from an 

object within the scan 
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space," "for identifying a point in the scan space that is unoccupied ... " without 

reciting sufficient structure to achieve the function. Furthermore, means is not preceded 

by a structural modifier. 

Since the claim limitation(s) invokes 35 U.S.C. 112(f) or pre-AIA 35 U.S.C. 112, 

sixth paragraph, claim(s) 26 has/have been interpreted to cover the corresponding 

structure described in the specification that achieves the claimed function, and 

equivalents thereof. 

A review of the specification shows that the following appears to be the 

corresponding structure described in the specification for the 35 U.S.C. 112(f) or pre­

AIA 35 U.S.C. 112, sixth paragraph limitation: 

Storing means The computer 108 may be, for example, a personal computer 

or other processing device. In one embodiment, the computer 

108 includes a personal computer with a dual 2.8GHz Opteron 

central processing unit, 2 gigabytes of random access 

memory, a TY AN Thunder K8WE motherboard, and a 250 

gigabyte, 10,000 rpm hard drive. See applicant's specification 

as filed paragraph [0030] 

Scanning means The scanner 102 may include any camera or camera system 

suitable for capturing images from which a three-dimensional 

point cloud may be recovered. See applicant's specification as 

filed paragraph [0025] 

Processing means The computer 108 may be, for example, a personal computer 
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or other processing device. In one embodiment, the computer 

108 includes a personal computer with a dual 2.8GHz Opteron 

central processing unit, 2 gigabytes of random access 

memory, a TY AN Thunder K8WE motherboard, and a 250 

gigabyte, 10,000 rpm hard drive. See applicant's specification 

as filed paragraph [0030] 

in conjunction with a specific algorithm 

If applicant wishes to provide further explanation or dispute the examiner's 

interpretation of the corresponding structure, applicant must identify the corresponding 

structure with reference to the specification by page and line number, and to the 

drawing, if any, by reference characters in response to this Office action. 

If applicant does not intend to have the claim limitation(s) treated under 35 

U.S.C. 112(f) or pre-AIA 35 U.S.C. 112 , sixth paragraph, applicant may amend the 

claim(s) so that it/they will clearly not invoke 35 U.S.C. 112(f) or pre-AIA 35 U.S.C. 112, 

sixth paragraph, or present a sufficient showing that the claim recites/recite sufficient 

structure, material, or acts for performing the claimed function to preclude application of 

35 U.S.C. 112(f) or pre-AIA 35 U.S.C. 112, sixth paragraph. 

For more information, see MPEP § 2173 et seq. and Supplementary Examination 

Guidelines for Determining Compliance With 35 U.S.C. 112 and for Treatment of 

Related Issues in Patent Applications, 76 FR 7162, 7167 (Feb. 9, 2011 ). 
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Claim Objections 

3. Claims 5 and 17 are objected to because of the following informalities: the 

Page 5 

limitation "with a decay time" in line 2 appears to be a typographical error. It appears the 

applicant intended to indicate the point is displayed for a decay time (For example, data 

within the prohibited volume may be excluded from display, or may be displayed 

temporarily using a brief decay time such as 0.5 seconds or any other short interval. 

See applicant's specification as filed paragraph [0073]). Appropriate correction is 

required. 

4. Claim 13 is objected to because of the following informalities: "that contains the 

point" in line 9 appears to be a typographical error which is inconsistent with the rest of 

the independent claims. Removal of this language will overcome the objection. 

Appropriate correction is required. 

5. Claim 25 is objected to because of the following informalities: "a scan space" in 

line 4 appears to be a typographical error of "the scan space". Appropriate correction is 

required. 

6. Claim 26 is objected to because of the following informalities: "indication in 

storing means" in line 7 appears to be a typographical error of "indication in the storing 

means". Appropriate correction is required. 
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7. In the event the determination of the status of the application as subject to AIA 35 

U.S.C. 102 and 103 (or as subject to pre-AIA 35 U.S.C. 102 and 103) is incorrect, any 

correction of the statutory basis for the rejection will not be considered a new ground of 

rejection if the prior art relied upon, and the rationale supporting the rejection, would be 

the same under either status. 

8. The following is a quotation of pre-AIA 35 U.S.C. 103(a) which forms the basis 

for all obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described 
as set forth in section 102 of this title, if the differences between the subject matter sought to 
be patented and the prior art are such that the subject matter as a whole would have been 
obvious at the time the invention was made to a person having ordinary skill in the art to which 
said subject matter pertains. Patentability shall not be negatived by the manner in which the 
invention was made. 

9. This application currently names joint inventors. In considering patentability of the 

claims under pre-AIA 35 U.S.C. 103(a), the examiner presumes that the subject matter 

of the various claims was commonly owned at the time any inventions covered therein 

were made absent any evidence to the contrary. Applicant is advised of the obligation 

under 37 CFR 1 .56 to point out the inventor and invention dates of each claim that was 

not commonly owned at the time a later invention was made in order for the examiner to 

consider the applicability of pre-AIA 35 U.S.C. 103(c) and potential pre-AIA 35 U.S.C. 

102(e), (f) or (g) prior art under pre-AIA 35 U.S.C. 103(a). 

10. Claims 1-3,6, 8, 9, 11, 13-15, 18, 20, 21, 23, 25 and 26 are rejected under pre-

AIA 35 U.S.C. 103(a) as being unpatentable over Sundaresan et al. (US 

2009/0232353)(Hereinafter referred to as Sundaresan) in view of Curless et al. ("A 
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Volumetric Method for Building Complex Models from Range Images," ACM, 

1996.)(Hereinafter referred to as Curless). 

Page 7 

11. Regarding claim 1, Sundaresan teaches a method (The present invention further 

is related to a completely automated end-to-end markerless motion capture system and 

method. See paragraph [00061) comprising: storing a spatial matrix in a memory, 

the spatial matrix including information for a plurality of voxels in a mesh of a 

scan space ( The human body model estimation algorithm was tested on different 

subjects using laser scan data which provide 3-0 meshes. Voxels can be computed 

from 3-0 meshes by determining if points on a regular 3-0 grid lie inside the mesh 

structure. See paragraph [0188])(Further, the 3-0 voxel reconstruction is performed by 

adding the arrays for all cameras 1 ... n in block 7 4 ''Add sj. Further. the resulting arrav 

sum obtained in block 74 is thresholded in block 76 "Threshold" to obtain 30 voxels 

representation. X. in block 7S "3-0 voxels". See paragraph [01161); obtaining three­

dimensional data from an object within the scan space using a scanner ( The 

results of the experiments are presented herein on synthetic data sets obtained from 

animation models, as well as real data sets obtained both from 3-0 laser scans and 

multiple cameras. See paragraph [01801), but is silent to identifying a one of the 

plurality of voxels in the mesh that is unoccupied; storing an indication in the 

spatial matrix for a modified processing of data from the one of the plurality of 

voxels, thereby identifying a prohibited volume within the scan space; and 

processing a portion of the three-dimensional data that is not in the prohibited 

volume according to an unmodified processing and processing a second portion 
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of the three-dimensional data that is in the prohibited volume according to the 

modified processing. Curless teaches a way to label voxels as empty ( The key to our 

algorithm lies in classifying all points in the volume as being in one of three states: 

unseen, empty, or near the surface. Holes in the surface are indicated by frontiers 

between unseen regions and empty regions (see Figure 6). Surfaces placed at these 

frontiers offer a plausible way to plug these holes (dotted in Figure 6). Obtaining this 

classification and generating these hole fillers leads to a straight forward extension of 

the algorithm described in the previous section: 1. Initialize the voxel space to the 

"unseen" state. 2. Update the voxels near the surface as described in the previous 

section. As before, these voxels take on continuous signed distance and weight values. 

3. Follow the lines of sight back from the observed surface and mark the corresponding 

voxels as "empty". We refer to this step as space carving. 4. Perform an isosurface 

extraction at the zero-crossing of the signed distance function. Additionally, extract a 

surface between regions seen to be empty and regions that remain unseen. See page 

306, right col., paragraph 3 and items 1-4). Curless also teaches that there are three 

extremal voxel states and there are two types of isosurfaces created based on the 

unseen portion or the near the surface portion (In (b), we identify the three extremal 

voxel states with their corresponding function values. See figure 6b, Empty, Unseen, 

Near surface)( Unseen portions of the surface will appear as holes in the reconstruction. 

While this result is an accurate representation of the known surface, the holes are 

esthetically unsatisfying and can present a stumbling block to follow on algorithms that 

expect continuous meshes. See page 306, left col. section 4 Hole Filling, paragraph 
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t)(prohibited volume can be considered unseen and empty and not prohibited volume 

can be near surface)(Two different types of lsosurfaces are created, a Hole fill 

isosurface and an observed isosurface, see figure 6a)(unmodified processing is creating 

the observed isosurface by the near surface voxels, modified processing is the hole 

filling surface between the unseen and empty portions essentially removing voxels in 

the empty portion and unseen portion to create a surface between the two portions). 

Because both Sundaresan and Curless teach of modeling voxels and Curless teaches 

that by representing voxels as different states smoothed isosurfaces can be created to 

fill holes. Therefore, it would have been obvious to one of ordinary skill in the art at the 

time of the invention to combine the system of Sundaresan with the Hole filling 

techniques of Curless such that the system could render a smooth aesthetically 

pleasing output to the user. 

12. Regarding claim 2, Sundaresan in view of Curless teaches the method of claim 

1 wherein identifying the one of the plurality of voxels includes identifying a 

plurality of points on a ray between the scanner and the object that are 

unoccupied ( Curless; Follow the lines of sight back from the observed surface and 

mark the corresponding voxels as "empty". We refer to this step as space carving. See 

page 306, right col., item 3. And figure 5). 

13. Regarding claim 3, Sundaresan in view of Curless teaches the method of claim 

1 further comprising providing a spatial margin of one or more voxels adjacent to 

a surface of the object for which processing cannot be prohibited (2. Update the 
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voxels near the surface as described in the previous section. As before, these voxels 

take on continuous signed distance and weight values. See page 306, right col., item 2). 

14. Regarding claim 6, Sundaresan in view of Curless teaches the method of claim 

1 wherein the modified processing includes omitting any points in the prohibited 

volume from a surface mesh of the object created with the three-dimensional data 

( Curless; Additionally. extract a surface between regions seen to be emptv and regions 

that remain unseen. See page 306, right col. Item 4.). 

15. Regarding claim 8, Sundaresan in view of Curless teaches the method of claim 

1 wherein the modified processing includes omitting any points in the prohibited 

volume from a high-accuracy refinement of the three-dimensional data ( Curless; 

Additionally. extract a surface between regions seen to be emptv and regions that 

remain unseen. See page 306, right col. Item 4.). 

16. Regarding claim 9, Sundaresan in view of Curless teaches the method of claim 

1 wherein the mesh of the scan space is subdivided into voxels having a 

substantially cubic shape (Sundaresan; The human body model estimation algorithm 

was tested on different subjects using laser scan data which provide 3-0 meshes. 

Voxels can be computed from 3-0 meshes by determining if points on a regular 3-0 grid 

lie inside the mesh structure. See paragraph [0188])(Curless; See figure 5, element 

voxeo. 

17. Regarding claim 11, Sundaresan in view of Curless teaches the method of 

claim 1 wherein the prohibited volume includes more than one of the plurality of 

voxels ( Curless; 1. Initialize the voxel space to the "unseen" state. 2. Update the voxels 
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near the surface as described in the previous section. As before, these voxels take on 

continuous signed distance and weight values. 3. Follow the lines of sight back from the 

observed surface and mark the corresponding voxels as "empty". We refer to this step 

as space carving. See page 306, right col., items 1-3). 

18. Regarding claim 13, Sundaresan teaches a computer program product 

comprising computer executable code embodied on a non-transitory computer 

readable medium that, when executing on one or more computing devices, 

performs the steps of ( The results of data processing are recorded in a memory 18 of 

the computer (processor unit) 16, as well they are displayed at a display unit 20 for 

observation by a user. The data processor unit operates in accordance with an 

algorithm 180 which includes subroutines for processing images to build 3-0 voxel 

reconstruction, mapping the 3-0 voxel structure to the Laplacian Eigenspace, 

segmentation and registration of 1-0 representations of body parts, model/pose 

estimation, and pose tracking. See paragraph [0100]): storing a spatial matrix in a 

memory, the spatial matrix storing information for a plurality of voxels in a mesh 

of a scan space ( The human body model estimation algorithm was tested on different 

subjects using laser scan data which provide 3-0 meshes. Voxels can be computed 

from 3-0 meshes by determining if points on a regular 3-0 grid lie inside the mesh 

structure. See paragraph [0188])(Further, the 3-0 voxel reconstruction is performed by 

adding the arrays for all cameras 1 ... n in block 74 ''Add sj. Further. the resulting arrav 

sum obtained in block 74 is thresholded in block 76 "Threshold" to obtain 30 voxels 

representation. X. in block 7S "3-0 voxels". See paragraph [0116]); obtaining three-
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dimensional data from an object within the scan space using a scanner (The 

results of the experiments are presented herein on synthetic data sets obtained from 

animation models, as well as real data sets obtained both from 3-0 laser scans and 

multiple cameras. See paragraph [01801), but is silent to identifying one of the 

plurality of voxels in the mesh of the scan space that is unoccupied; storing an 

indication in the spatial matrix for a modified processing of data from the one of 

the plurality of voxels that contains the point, thereby identifying a prohibited 

volume within the scan space; and processing a portion of the three-dimensional 

data in the prohibited volume according to the modified processing and 

processing a second portion of the three-dimensional data that is not in the 

prohibited volume according to an unmodified processing. Curless teaches a way 

to label voxels as empty ( The key to our algorithm lies in classifying all points in the 

volume as being in one of three states: unseen, empty, or near the surface. Holes in the 

surface are indicated by frontiers between unseen regions and empty regions (see 

Figure 6). Surfaces placed at these frontiers offer a plausible way to plug these holes 

(dotted in Figure 6). Obtaining this classification and generating these hole fillers leads 

to a straight forward extension of the algorithm described in the previous section: 1. 

Initialize the voxel space to the "unseen" state. 2. Update the voxels near the surface as 

described in the previous section. As before, these voxels take on continuous signed 

distance and weight values. 3. Follow the lines of sight back from the observed surface 

and mark the corresponding voxels as "empty". We refer to this step as space carving. 

4. Perform an isosurface extraction at the zero-crossing of the signed distance function. 
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Additionally, extract a surface between regions seen to be empty and regions that 

remain unseen. See page 306, right col., paragraph 3 and items 1-4). Curless also 

teaches that there are three extremal voxel states and there are two types of 

isosurfaces created based on the unseen portion or the near the surface portion (In (b), 

we identify the three extremal voxel states with their corresponding function values. See 

figure 6b, Empty, Unseen, Near surface)( Unseen portions of the surface will appear as 

holes in the reconstruction. While this result is an accurate representation of the known 

surface, the holes are esthetically unsatisfying and can present a stumbling block to 

follow on algorithms that expect continuous meshes. See page 306, left col. section 4 

Hole Filling, paragraph t)(prohibited volume can be considered unseen and empty and 

not prohibited volume can be near surface)(Two different types of lsosurfaces are 

created, a Hole fill isosurface and an observed isosurface, see figure 6a)(unmodified 

processing is creating the observed isosurface by the near surface voxels, modified 

processing is the hole filling surface between the unseen and empty portions essentially 

removing voxels in the empty portion and unseen portion to create a surface between 

the two portions). Because both Sundaresan and Curless teach of modeling voxels and 

Curless teaches that by representing voxels as different states smoothed isosurfaces 

can be created to fill holes. Therefore, it would have been obvious to one of ordinary 

skill in the art at the time of the invention to combine the system of Sundaresan with the 

Hole filling techniques of Curless such that the system could render a smooth 

aesthetically pleasing output to the user. 
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19. Regarding claim 14, Sundaresan in view of Curless teaches the computer 

program product of claim 13 wherein identifying the one of the plurality of voxels 

includes identifying a plurality of points on a ray between the scanner and the 

object that are unoccupied ( Curless; Follow the lines of sight back from the observed 

surface and mark the corresponding voxels as "empty". We refer to this step as space 

carving. See page 306, right col., item 3. And figure 5). 

20. Regarding claim 15, Sundaresan in view of Curless teaches the computer 

program product of claim 13 further comprising code for providing a spatial 

margin of one or more voxels adjacent to a surface of the object for which 

processing cannot be prohibited (2. Update the voxels near the surface as described 

in the previous section. As before, these voxels take on continuous signed distance and 

weight values. See page 306, right col., item 2). 

21. Regarding claim 18, Sundaresan in view of Curless teaches the computer 

program product of claim 13 wherein the modified processing includes omitting 

any points in the prohibited volume from a surface mesh of the object created 

with the three-dimensional data ( Curless; Additionally. extract a surface between 

regions seen to be emptv and regions that remain unseen. See page 306, right col. Item 

4.). 

22. Regarding claim 20, Sundaresan in view of Curless teaches the computer 

program product of claim 13 wherein the modified processing includes omitting 

any points in the prohibited volume from a high-accuracy refinement of the three-
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dimensional data ( Curless; Additionally. extract a surface between regions seen to be 

emptv and regions that remain unseen. See page 306, right col. Item 4.). 

23. Regarding claim 21, Sundaresan in view of Curless teaches the computer 

program product of claim 13 wherein the mesh of the scan space is subdivided 

into voxels having a substantially cubic shape ( Sundaresan; The human body 

model estimation algorithm was tested on different subjects using laser scan data which 

provide 3-0 meshes. Voxels can be computed from 3-0 meshes by determining if points 

on a regular 3-0 grid lie inside the mesh structure. See paragraph [0188J)(Curless; See 

figure 5, element voxeO. 

24. Regarding claim 23, Sundaresan in view of Curless teaches the computer 

program product of claim 13 wherein the prohibited volume includes more than 

one of the plurality of voxels ( Curless; 1. Initialize the voxel space to the "unseen" 

state. 2. Update the voxels near the surface as described in the previous section. As 

before, these voxels take on continuous signed distance and weight values. 3. Follow 

the lines of sight back from the observed surface and mark the corresponding voxels as 

"empty". We refer to this step as space carving. See page 306, right col., items 1-3). 

25. Regarding claim 25, Sundaresan teaches a system (The present invention 

further is related to a completely automated end-to-end markerless motion capture 

system and method. See paragraph [0006]) comprising: a scanner configured to 

obtain three-dimensional data from an object within a scan space (The results of 

the experiments are presented herein on synthetic data sets obtained from animation 

models, as well as real data sets obtained both from 3-0 laser scans and multiple 
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cameras. See paragraph [01801); a memory configured to store a spatial matrix that 

includes information for a plurality of voxels in a mesh of the scan space (The 

human body model estimation algorithm was tested on different subjects using laser 

scan data which provide 3-0 meshes. Voxels can be computed from 3-0 meshes by 

determining if points on a regular 3-0 grid lie inside the mesh structure. See paragraph 

[0188])(Further, the 3-0 voxel reconstruction is performed by adding the arrays for all 

cameras 1 ... n in block 74 ''Add sj. Further. the resulting arrav sum obtained in block 74 

is thresholded in block 76 "Threshold" to obtain 30 voxels representation. X. in block 7S 

"3-0 voxels". See paragraph [01161), but is silent to and a processor configured to 

identify a point in the scan space that is unoccupied, to store an indication in the 

spatial matrix for a modified processing of data from a one of the plurality of 

voxels that contains the point, thereby identifying a prohibited volume within the 

scan space, to process a portion of the three-dimensional data that is not in the 

prohibited volume according to an unmodified processing, and to process a 

second portion of the three-dimensional data that is in the prohibited volume 

according to the modified processing. Curless teaches a way to label voxels as 

empty ( The key to our algorithm lies in classifying all points in the volume as being in 

one of three states: unseen, empty, or near the surface. Holes in the surface are 

indicated by frontiers between unseen regions and empty regions (see Figure 6). 

Surfaces placed at these frontiers offer a plausible way to plug these holes (dotted in 

Figure 6). Obtaining this classification and generating these hole fillers leads to a 

straight forward extension of the algorithm described in the previous section: 1. Initialize 
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described in the previous section. As before, these voxels take on continuous signed 

distance and weight values. 3. Follow the lines of sight back from the observed surface 

and mark the corresponding voxels as "empty". We refer to this step as space carving. 

4. Perform an isosurface extraction at the zero-crossing of the signed distance function. 

Additionally, extract a surface between regions seen to be empty and regions that 

remain unseen. See page 306, right col., paragraph 3 and items 1-4). Curless also 

teaches that there are three extremal voxel states and there are two types of 

isosurfaces created based on the unseen portion or the near the surface portion (In (b), 

we identify the three extremal voxel states with their corresponding function values. See 

figure 6b, Empty, Unseen, Near surface)( Unseen portions of the surface will appear as 

holes in the reconstruction. While this result is an accurate representation of the known 

surface, the holes are esthetically unsatisfying and can present a stumbling block to 

follow on algorithms that expect continuous meshes. See page 306, left col. section 4 

Hole Filling, paragraph t)(prohibited volume can be considered unseen and empty and 

not prohibited volume can be near surface)(Two different types of lsosurfaces are 

created, a Hole fill isosurface and an observed isosurface, see figure 6a)(unmodified 

processing is creating the observed isosurface by the near surface voxels, modified 

processing is the hole filling surface between the unseen and empty portions essentially 

removing voxels in the empty portion and unseen portion to create a surface between 

the two portions). Because both Sundaresan and Curless teach of modeling voxels and 

Curless teaches that by representing voxels as different states smoothed isosurfaces 
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can be created to fill holes. Therefore, it would have been obvious to one of ordinary 

skill in the art at the time of the invention to combine the system of Sundaresan with the 

Hole filling techniques of Curless such that the system could render a smooth 

aesthetically pleasing output to the user. 

26. Regarding claim 26, Sundaresan teaches A system (The present invention 

further is related to a completely automated end-to-end markerless motion capture 

system and method. See paragraph [00061) comprising: storing means ( The results 

of data processing are recorded in a memory 18 of the computer (processor unit) 16, as 

well they are displayed at a display unit 20 for observation by a user. The data 

processor unit operates in accordance with an algorithm 180 which includes subroutines 

for processing images to build 3-0 voxel reconstruction, mapping the 3-0 voxel 

structure to the Laplacian Eigenspace, segmentation and registration of 1-0 

representations of body parts, model/pose estimation, and pose tracking. See 

paragraph [01001) for storing a spatial matrix that includes information for a 

plurality of voxels in a mesh of a scan space (The human body model estimation 

algorithm was tested on different subjects using laser scan data which provide 3-0 

meshes. Voxels can be computed from 3-0 meshes by determining if points on a 

regular 3-0 grid lie inside the mesh structure. See paragraph [0188])(Further, the 3-0 

voxel reconstruction is performed by adding the arrays for all cameras 1 ... n in block 74 

''Add sj. Further. the resulting arrav sum obtained in block 74 is thresholded in block 76 

"Threshold" to obtain 30 voxels representation. X. in block 7S "3-0 voxels". See 

paragraph [01161); scanning means for obtaining three-dimensional data from an 
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object within the scan space (The results of the experiments are presented herein on 

synthetic data sets obtained from animation models, as well as real data sets obtained 

both from 3-0 laser scans and multiple cameras. See paragraph [01801), but is silent to 

and processing means for identifying a point in the scan space that is 

unoccupied, storing an indication in storing means for a modified processing of 

data from a one of the plurality of voxels that contains the point, thereby 

identifying a prohibited volume within the scan space, processing a portion of the 

three-dimensional data that is not in the prohibited volume according to an 

unmodified processing and processing a second portion of the three-dimensional 

data that is in the prohibited volume according to the modified processing. 

Curless teaches a way to label voxels as empty ( The key to our algorithm lies in 

classifying all points in the volume as being in one of three states: unseen, empty, or 

near the surface. Holes in the surface are indicated by frontiers between unseen 

regions and empty regions (see Figure 6). Surfaces placed at these frontiers offer a 

plausible way to plug these holes (dotted in Figure 6). Obtaining this classification and 

generating these hole fillers leads to a straight forward extension of the algorithm 

described in the previous section: 1. Initialize the voxel space to the "unseen" state. 2. 

Update the voxels near the surface as described in the previous section. As before, 

these voxels take on continuous signed distance and weight values. 3. Follow the lines 

of sight back from the observed surface and mark the corresponding voxels as "empty". 

We refer to this step as space carving. 4. Perform an isosurface extraction at the zero­

crossing of the signed distance function. Additionally, extract a surface between regions 
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seen to be empty and regions that remain unseen. See page 306, right col., paragraph 

3 and items 1-4). Curless also teaches that there are three extremal voxel states and 

there are two types of isosurfaces created based on the unseen portion or the near the 

surface portion (In (b), we identify the three extremal voxel states with their 

corresponding function values. See figure 6b, Empty, Unseen, Near surface)( Unseen 

portions of the surface will appear as holes in the reconstruction. While this result is an 

accurate representation of the known surface, the holes are esthetically unsatisfying 

and can present a stumbling block to follow on algorithms that expect continuous 

meshes. See page 306, left col. section 4 Hole Filling, paragraph t)(prohibited volume 

can be considered unseen and empty and not prohibited volume can be near 

surface)(Two different types of lsosurfaces are created, a Hole fill isosurface and an 

observed isosurface, see figure 6a)(unmodified processing is creating the observed 

isosurface by the near surface voxels, modified processing is the hole filling surface 

between the unseen and empty portions essentially removing voxels in the empty 

portion and unseen portion to create a surface between the two portions). Because both 

Sundaresan and Curless teach of modeling voxels and Curless teaches that by 

representing voxels as different states smoothed isosurfaces can be created to fill 

holes. Therefore, it would have been obvious to one of ordinary skill in the art at the 

time of the invention to combine the system of Sundaresan with the Hole filling 

techniques of Curless such that the system could render a smooth aesthetically 

pleasing output to the user. 
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unpatentable over Sundaresan et al. (US 2009/0232353)(Hereinafter referred to as 

Sundaresan) in view of Curless et al. ("A Volumetric Method for Building Complex 

Models from Range Images," ACM, 1996.)(Hereinafter referred to as Curless) in view of 

Kaufman et al. (US 2004/0125103)(Hereinafter referred to as Kaufman). 

28. Regarding claim 7, Sundaresan in view of Curless teaches the method of claim 

6, but is silent to wherein the mesh divides the scan space into a spatial grid 

substantially identical to a second spatial grid used to create the surface mesh. 

Kaufman teaches that in voxelization techniques it is common to select the grid 

resolution to correspond to a single voxel representing the smallest size discernable by 

the human eye when it is rendered (In conventional voxelization methods, when a 

surface is 30 scan converted into a 30 volume grid, the resolution of the grid is 

commonly chosen such that the size of a single voxel represents the smallest area that 

can be discerned by the human eye when it is rendered. See paragraph [03201). 

Because both Sundaresan in view of Curless and Kaufman teach of voxelization 

techniques and Kaufman teaches that the size of the grid is chosen to represent the 

smallest discernable size, therefore it would have been obvious to one of ordinary skill 

in the art at the time of the invention to combine the system to Sundearesan in view of 

Curless with the grid sizing technique of Kaufman such that the rendered output surface 

would appear to be smooth instead of blocky. 
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29. Regarding claim 19, Sundaresan in view of Curless teaches the computer 

program product of claim 18, but is silent to wherein the mesh divides the scan 

space into a spatial grid substantially identical to a second spatial grid used to 

create the surface mesh. Kaufman teaches that in voxelization techniques it is 

common to select the grid resolution to correspond to a single voxel representing the 

smallest size discernable by the human eye when it is rendered (In conventional 

voxelization methods, when a surface is 30 scan converted into a 30 volume grid, the 

resolution of the grid is commonly chosen such that the size of a single voxel represents 

the smallest area that can be discerned by the human eye when it is rendered. See 

paragraph [0320]). Because both Sundaresan in view of Curless and Kaufman teach of 

voxelization techniques and Kaufman teaches that the size of the grid is chosen to 

represent the smallest discernable size, therefore it would have been obvious to one of 

ordinary skill in the art at the time of the invention to combine the system to 

Sundearesan in view of Curless with the grid sizing technique of Kaufman such that the 

rendered output surface would appear to be smooth instead of blocky. 

30. Claims 10 and 22 are rejected under pre-AIA 35 U.S.C. 103(a) as being 

unpatentable over Sundaresan et al. (US 2009/0232353)(Hereinafter referred to as 

Sundaresan) in view of Curless et al. ("A Volumetric Method for Building Complex 

Models from Range Images," ACM, 1996.)(Hereinafter referred to as Curless) in view of 

J. Morita Mfg. Corp., ("3D Accuitomo 170," 2009)(Hereinafter referred to as Morita). 
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31. Regarding claim 10, Sundaresan in view of Curless teaches the method of 

claim 9, but is silent to wherein the substantially cubic shape measures about 250 

microns on each edge. Morita teaches an imaging device that scans to include voxel 

sizes of various ranges from 82 micron to 250 micon (Select voxel size, 80 µm, 125 µm, 

160 µm, 200 µm, or 250 µm, that best suits your diagnostic needs See page 5, section 

Five Resolution Levels)(lsotropic cubic voxel, page 8). Because both Sundaresan in 

view of Curless and Morita teach of imaging system the utilize voxels and Morita 

teaches that by having the ability to select the desired size based on the diagnostic 

needs of the patient (Select voxel size, 80 µm, 125 µm, 160 µm, 200 µm, or 250 µm, 

that best suits your diagnostic needs See page 6, section Five Resolution Levels). 

Therefore, it would have been obvious to one of ordinary skill in the art at the time of the 

invention to combine the system of Sundaresan in view of Curless with the voxel 

selection capabilities of Morita such that the user with have the ability to set the 

resolution level based on the patients diagnostic needs. 

32. Regarding claim 22, Sundaresan in view of Curless teaches the computer 

program product of claim 21, but is silent to wherein the substantially cubic shape 

measures about 250 microns on each edge. Morita teaches an imaging device that 

scans to include voxel sizes of various ranges from 82 micron to 250 micon (Select 

voxel size, 80 µm, 125 µm, 160 µm, 200 µm, or 250 µm, that best suits your diagnostic 

needs See page 5, section Five Resolution Levels)(lsotropic cubic voxel, page 8). 

Because both Sundaresan in view of Curless and Morita teach of imaging system the 

utilize voxels and Morita teaches that by having the ability to select the desired size 
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based on the diagnostic needs of the patient (Select voxel size, 80 µm, 125 µm, 160 

µm, 200 µm, or 250 µm, that best suits your diagnostic needs See page 6, section Five 

Resolution Levels). Therefore, it would have been obvious to one of ordinary skill in the 

art at the time of the invention to combine the system of Sundaresan in view of Curless 

with the voxel selection capabilities of Morita such that the user with have the ability to 

set the resolution level based on the patients diagnostic needs. 

33. Claims 12 and 24 are rejected under pre-AIA 35 U.S.C. 103(a) as being 

unpatentable over Sundaresan et al. (US 2009/0232353)(Hereinafter referred to as 

Sundaresan) ) in view of Curless et al. ("A Volumetric Method for Building Complex 

Models from Range Images," ACM, 1996.)(Hereinafter referred to as Curless) in view of 

Snow et al. ("Exact Voxel Occupancy with Graph Cuts," IEEE, 2000.)(Hereinafter 

referred to as Snow) 

34. Regarding claim 12, Sundaresan in view of Curless teaches the method of 

claim 1, but is silent to wherein the spatial matrix includes a binary flag for each 

one of the plurality of voxels that indicates whether processing is permitted or 

forbidden for a corresponding volume of the scan space. Snow teaches a system in 

which a 1 is given to occupied voxels and a O is given to empty voxels ( Our output will 

be a binary labeling of V, where a voxel is labeled with 1 if it is occupied and O if it is 

empty. We will write a labeling as f, and for any voxel v E V we will write the label that f 

assigns to v as fv. See page 2, right col., second paragraph). Because both Sundaresan 
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in view of Curless and Snow teach of voxel representations of imaged data and Snow 

teaches that the labeling is used in the determination of the final output of the surface. 

Therefore, it would have been obvious to one of ordinary skill in the art at the time of the 

invention to combine the system of Sundaresan in view of Curless with the labeling 

technique of Snow such that the near surface voxels could be easily distinguised from 

the unseen and empty voxels to create a rough model for viewing prior implementing 

intensive hole filling techniques. 

35. Regarding claim 24, Sundaresan in view of Curless teaches the computer 

program product of claim 13, but is silent to wherein the spatial matrix includes a 

binary flag for each one of the plurality of voxels that indicates whether 

processing is permitted or forbidden for a corresponding volume of the scan 

space. Snow teaches a system in which a 1 is given to occupied voxels and a 0 is given 

to empty voxels ( Our output will be a binary labeling of V, where a voxel is labeled with 

1 if it is occupied and O if it is empty. We will write a labeling as f, and for any voxel v E 

V we will write the label that f assigns to v as fv. See page 2, right col., second 

paragraph). Because both Sundaresan in view of Curless and Snow teach of voxel 

representations of imaged data and Snow teaches that the labeling is used in the 

determination of the final output of the surface. Therefore, it would have been obvious to 

one of ordinary skill in the art at the time of the invention to combine the system of 

Sundaresan in view of Curless with the labeling technique of Snow such that the near 

surface voxels could be easily distinguised from the unseen and empty voxels to create 

a rough model for viewing prior implementing intensive hole filling techniques. 
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36. Claims 4, 5, 16 and 17 are objected to as being dependent upon a rejected base 

claim, but would be allowable if rewritten in independent form including all of the 

limitations of the base claim and any intervening claims. 

37. The following is a statement of reasons for the indication of allowable subject 

matter: The best prior art of record regarding claims 4, 5, 16 and 17 is Sundaresan in 

view of Curless. 

38. Regarding claim 4, Sundaresan in view of Curless teaches the method of claim 

3, but is silent to wherein the spatial margin is a multiple of a standard deviation 

ofa z-axis measurement for the scanner. The limitation "wherein the spatial margin 

is a multiple of a standard deviation of a z-axis measurement for the scanner," 

when read in light of the rest of the limitations to which it depends make claim 4 contain 

allowable subject matter. 

39. Regarding claim 5, Sundaresan in view of Curless teaches the method of claim 

1, but is silent to wherein the modified processing includes detecting a point in the 

prohibited volume and displaying the point for a decay time. The limitation 

"wherein the modified processing includes detecting a point in the prohibited 

volume and displaying the point for a decay time," when read in light of the read of 

the limitations to which it depends make claim 5 contain allowable subject matter. 

40. Claims 16 and 17 contain similar subject matter to claim 4 and 5 respectively in a 

different form and are allowable for the same reasons as recited above. 
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41. The prior art made of record and not relied upon is considered pertinent to 

applicant's disclosure. 

42. Kutulakos et al. ("A Theory of Shape by Space Carving," International Journal Of 

Computer Vision, 2000.), generally describes the technique of space carving. 

43. Lorensen et al. ("Marching Cubes: A High Resolution 3D Surface Construction 

Algorithm," ACM, 1987.), general surface reconstruction from 3D voxel data. 

44. Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to NICHOLAS R. WILSON whose telephone number is 

(571 )272-0936. The examiner can normally be reached on Monday-Friday 7:30PM-

5:00PM EST. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Kee M. Tung can be reached on 571-272-7794. The fax phone number for 

the organization where this application or proceeding is assigned is 571-273-8300. 
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Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a 

USPTO Customer Service Representative or access to the automated information 

system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

/N. R. W./ 
Examiner, Art Unit 2611 

/XIAO M. WU/ 
Supervisory Patent Examiner, Art Unit 2613 
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i:::: (57) Abstract: A scanning system that acquires three-dimensional images as an incremental series of fitted three-dimensional data 
Q sets is improved by testing for successful incremental fits in real time and providing a variety of visual user cues and process mod-
0 ifications depending upon the relationship of newly acquired data to previously acquired data. The system may be used to aid in 
M error-free completion of three-dimensional scans. The methods and systems described herein may also usefully be employed to scan 
0 complex surfaces including occluded or obstructed surfaces by maintaining a continuous three-dimensional scan across separated 
> subsections of the surface. In one useful dentistry application, a full three-dimensional surface scan may be obtained for two dental 
~ arches in occlusion. 
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THREE-DIMENSIONAL SCAN RECOVERY 

RELATED APPLICATIONS 

(0001) This application claims priority to U.S. App. No. 11/337,182 filed on 

5 January 20, 2006. 

BACKGROUND 

1. Field of the Invention. 

[0002} The invention relates to three-dimensional scanning, and more 

10 particularly to techniques for resuming a three-dimensional scan after losing data 

acquisition. 

2. Description of the Related Art. 

[0003) A wide range of techniques exist for acquiring three-dimensional data 

15 from a subject. These techniques range from techniques using structured laser 

illumination or other controlled stimulus (such as x-rays, ultrasound, or magnetic 

resonance) to techniques that operate directly on video data captured from one or more 

cameras. While many criteria can be devised for sorting and comparing these techniques, 

one broad category employs continuous scanning in which incremental three-dimensional 

20 data is acquired and assembled into a full three-dimensional model. 

(0004) In this latter category, regardless of the particular sensing technology, a 

scanning process can be divided into abstract steps of incremental data capture, 

incremental derivation of three-dimensional data, and registration of the incremental data 

to a common coordinate system. The final registration step brings the incremental data 

25 together into a single three-dimensional model of a scan subject. Typical implementations 

separate acquisition from registration, with registration being performed in a post­

processing step after completion of the data acquisition. Whlle this permits relatively 

exhaustive processing, it poses a significant disadvantage because accuracy and 

completeness of the overall scan CaJ?llOt be evaluated until after the s~an has been 

30 terminated. Unrecoverable errors or gaps in incremental data cannot be identified and 

fixed without initiating a new scan -- possibly a full scan to completely replace the 
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defective results. In commercial applications, this may create delays and inconvenience 

that increase the effective cost of scanning. 

[0005] In certain instances~ recovery of lost or unusable scan segments may be 

addressed by using robotics, independent references, or other techniques that can reliably 

5 position a scanning device within a global coordinate system. In addition to imposing 

further equipment costs, this approach can only be used to continue a previous scan if the 

subject of the scan has also retained its position and orientation within the same global 

coordinate system. 

[0006J There remains a need for processing techniques that identify and aid in 

10 recovery from errors in incremental scans. There also remains a need for real time 

feedback systems to support recovery from a lost scanning sequence while the scan is in 

progress. 

SUMMARY 

15 [0007] A scanning system that acquires three-dimensional images as an 

incremental series of fitted three-dimensional data sets is improved by testing for 

successful incremental fits in real time and providing a variety of visual user cues and 

process modifications depending upon the relationship of ne"\\'."lY acquired data to 

previously acquired data. The system may be used to aid in error-free completion of 

20 three-dimensional scans. The methods and systems described herein may also usefully be 

25 

1 

employed to scan complex surfaces including occluded or obstructed surfaces by 

maintaining a continuous three-dimensional scan across separated subsections of the 

surface. In one useful dentistry application, a full three-dimensional surface scan may be 

obtained for two dental arches in occlusion. 

(0008} In one aspect, a method disclosed herein may include acquiring three-

dimensional surface data from a subject as a sequence of three-dimensional images, each 

one of the sequence of three-dimensional images fitted to at least one previous one of the 

sequence of three-dimensional images, and acquiring an image set for a next three­

dimensional image. When the image set can be converted into the next three-dimensional 

30 image and the next three-dimensional image can be fitted to the three-dimensional surface 

data, the three-dimensional surface data and the next three-dimensional image are 

superimposed onto a two-dimensional image of the subject in a display. Further, when the 
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image set cannot be converted into the next three-dimensional image or the next three­

dimensiqnal image cannot be fitted to the three-dimensional surface data,. a recover mode 

is entered. The recover mode may include superimposing a current two-dimensional 

image of the subject onto a previous two-dimensional image of the subject in the display. 

5 The two-dimensional image represents a view of the subject from a position from which 

one of the sequence of three-dimensional images was acquired. Additionally the current 

two-dimensional image represents a view of the subject from a position from which the 

image set was acquired. The recover mode further may include acquiring at least one 

subsequent three-dimensional image and test fitting it to one or more of the sequence of 

10 three-dimensional images. 

[0009] The method may further include adding the next three-dimensional image 

to the three-dimensional surface data when the image set can be converted into the next· 

three-dimensional image and the next three-dimensional image can be fit to the three­

dimensional surface data. In the method, the previous two-dimensional image and the 

15 current two-dimension image may include video frames. The method may further include 

manually entering the recover mode in response to a user input. Also, the method may 

further include automatically entering the recover mode in response to a detection of a lost 

acquisition. The detection of a lost acquisition may include, for example, a detection of 

motion blur. The detection of lost acquisition may also include a detection of an 

20 insufficient recovery of three-dimensional data. In the method, the recover mode may 

include the step of highlighting a region on the subject for attempting a recovery. Also the 

highlighted region may include a plurality of previous ones of the sequence of three­

dimensional images. The recover mode may include the step of test fitting at least one 

subsequent three-dimensional image to one or more additional images acquired during the 

25 recover mode and test fitting may include selecting a reference image from the sequence 

of three-dimensional images based on a suitability for test fitting. The suitability for test 

fitting may be based upon an entropy of image data in the previous three-dimensional 

image. Also, the suitability for test fitting may be based upon an amount of three­

dimensional data in the previous three-dimensional image. Also, or instead, the suitability 

30 for test fitting may be based upon a placement of three-dimensional data within a range 

and a field of view of an imaging device. Determining the suitability for test fitting may be 

based upon a temporal proximity of the at least one subsequent three-dimensional image to 
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one or more of the sequence of three-dimensional images. Determining the suitability for 

test fitting may be based upon a spatial proximity of the at least one subsequent three­

dimensional image to one or more of the sequence of three-dimensional images. The 

recover mode may include the step of manually selecting one or more of the sequence of 

5 three-dimensional images. The recover mode may also include selecting a reference image 

from a beginning or an end of the sequence of three-dimensional images. 

[0010} In another aspect, a method is disclosed herein may include providing 

three-dimensional surface data for a subject, and acquiring an image set for a three­

dimensional image of the subject. When the image set cannot be fitted to the three-

IO dimensional surface data, the method may enter a landing mode which may include 

superimposing a current two-dimensional image of the subject onto a previous two­

dimensional image of the subject in the display, the current two-dimensional image 

representing a view of the subject from a position from which the image set was acquired, 

and the previous two-dimensional image representing a view of the subject from which at 

15 least a portion of the three-dimensional surface data was acquired; acquiring at least one 

subsequent three-dimensional image; fitting the at least one subsequent three-dimensional 

image to a second three-dimensional surface reconstruction; and test fitting the at least one 

subsequent three-dimensional image to the three-dimensional surface data. When the 

image set can be fitted to the three-dimensional surface data, the method superimposes the 

20 three-dimensional surface data and the next three-dimensional image onto a two­

dimensional image of the subject in a display and adds the second three-dimensional 

surface reconstruction to the three-dimensional surface data. 

[0011] In the method, the previous two-dimensional image and the current two­

dimension image may include video frames. The method may further include manually 

25 entering the landing mode in response to a user input. In the landing mode, the method 

may include highlighting a region on the subject for attempting a landing. The highlighted 

region may include a portion of the three-dimensional surface data. Test fitting may 

include selecting a reference image from the three-dimensional s~ace data based on the 

reference image's suitability for test fitting. Suitability for testing may be based on any 

30 one or more of the following: entropy of image data in the previous three-dimensional 

image~ amount of three-dimensional data in the previous three-dimensional image> 

placement of three-dimensional data within a range and a field of view of an imaging 
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device, and spatial proximity of the image set to a portion of the three-dimensional surface 

data. The method may further include manually selecting a region of the three­

dimensional surface· data for test fitting. Test fitting may include selecting a reference 

image from a beginning or an end of a sequence of three-dimensional images used to 

5 construct the three-dimensional surface data. The previous two-dimensional image and 

the current two-dimension image may include video frames. The method may further 

include manually entering the recover mode in response to a user input. Additionally, the 

method may further include manually selecting a region from the three-dimensional 

surface data for test fitting. 

IO [0012] In another aspect, a system is disclosed herein may include a scanning 

device that acquires three-dimensional surface data from a subject as a sequence ofthree­

dimensional images, each one of the sequence of three-dimensional images fitted to at 

least one previous one of the sequence of three-dimensional images. The scanning device 

may include an acquisition mode in which one or more additional three-dimensional 

15 images are acquired and added to the three-dimensional surface data. Additionally the 

device may include a recovery mode in which one or more additional three-dimensional 

images are tes~ fit to one or more of the sequence of three-dimensional images to recover 

the acquisition mode, and a display may be adapted to provide one or more visual 

indicators distinguishing between the acquisition mode and the recovery mode. 

20 [0013] In the system, the display may be further adapted to provide guidance to 

an operator in manipulating the subject in the recovery mode. 

[0014] In another aspect, a method is disclosed herein including performing a 

first acquisition of a first set of three-dimensional data from a first subject, placing a 

second subject in a fixed orientation relative to the first subject, and performing a second 

25 acquisition of a second set of three-dimensional data starting at a location on a surface of 

the first subject and including at least a portion of the second subject. In the method, the 

:first subject and the second subject each may be a rigid body. 

[0015] In the method, the location on the surface of the first subject may include 

a plurality of spatially proximate ones of a sequence of three-dimensional images used to 

30 derive the three-dimensional data from the first subject. Also, in the method, the location 

on the surface of the first subject may include a plurality of temporally proximate ones of 

a sequence of three-dimensional images used to derive the three-dimensional data from the 
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first subject. Alternatively, in the method, the first subject may include a first dental arch. 

At least a portion of the second set of three-dimensional data may be fitted to at least a 

portion of the first set of three-dimensional data to provide a unified set of three­

dimensional data. 

5 [0016] The method may further include terminating the second acquisition at a 

location on a surface of the second subject, removing the first subject, and performing a 

third acquisition of three-dimensional data starting at the location on the surface of the 

second subject. The location on the surface of the second subject may include a plurality 

of spatially proximate ones of a sequence of three-dimensional images used to derive the 

10 three-dimensional data from the second subject. Alternatively, the location on the surface 

of the second subject may include a-plurality of temporally proximate ones of the 

sequence of three-dimensional images used to derive the three-dimensional data from the 

second subject. 

[0017] The method may further include combining the first set of three-

15 dimensional data, the second set of three-dimensional data, and the third set ofthree­

dimensional data into a unified set of three-dimensional data. In the method, the second 

subject may include a second dental arch, and the fixed orientation may include the first 

dental arch and the second dental arch in occlusion. 

[0018] In another aspect, a system disclosed herein may include an acquisition 

20 means for performing a first acquisition of a first set of three-dimensional data from a first 

subject, and a positioning means for placing a second subject in a fixed orientation relative 

to the first subject. In the system, the acquisition means may include a means for 

performing a second acquisition of a second set of three-dimensional data starting at a 

location on a surface of the first subject and including at least a portion of the second 

25 subject. In the system, the first subject and the second subject each may be a rigid body. 

(0019) In the system, the location on the surface of the first subject may include 

a plurality of spatially proximate ones of a sequence of three-dimensional images used to 

derive the three-dimensional data from the first subject. Alternatively, the location on the 

surface of the first subject may include a plurality of temporally proximate ones of a 

30 sequence of three-dimensional images used to derive the three-dimensional data from the 

first subject. The first subject may include a first dental arch. At least a portion of the 

second set of three-dimensional data may be fitted to at least a portion of the first set of 
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three-dimensional data to provide a unified set of three-dimensional data. The system may 

further include a control means for terminating the second acquisition at a location on a 

surface of the second subject, the positioning means may include a means for removing 

the first subject; and the acquisition means may include a means for performing a third 

5 acquisition of three-dimensional data starting at the location on the surface of the second 

subject. The location on the surface of the second subject may include a plurality of 

spatially proximate ones of a sequence of three-dimensional images used to derive the 

three-dimensional data from the second subject. Alternatively, the location on the surface 

of the second subject may include a plurality of temporally proximate ones of the 

10 sequence of three-dimensional images used to derive the three-dimensional data from the 

second subject. The system may further include a computing means for combining the first 

set of three-dimensional data, the second set of three-dimensional data, and the third set of 

three-dimensional data into a unified set of three-dimensional data. In the system, the 

second subject may include a second dental arch, and the fixed orientation may include the 

15 first dental arch and the second dental arch in occlusion. 

[0020] In another aspect, a method disclosed herein may include placing a first 

subject in a fixed orientation relative to a second subject, acquiring a first set of three­

dimensional data including a first portion of the first subject and a first portion of the 

second subject, acquiring a second set of three-dimensional data from the first subject in 

20 isolation starting at a location on a surface of the first subject and including a second 

portion of the first subject different from the first portion of the first subject, and 

combining the first set of three-dimensional data with the second set of three-dimensional 

data. 

[0021) In the method, the first subject and the second subject may be a rigid 

25 body. Alternatively, the first subject may include a first dental arch. The location on the 

surface of the first subject may include a plurality of spatially proximate ones of a 

sequence of three-dimensional images used to derive the three-dimensional data from the 

first subject. Alternatively, the location on the surface of the first subject may include a 

· plurality of temporally proximate ones of a sequence of three-dimensional images used to 

30 derive the three-dimensional data from the first subject. The method may further include 

acquiring a third set of three-dimensional data from the second subject in isolation starting 

at a location on a surface of the second subject and including a second portion of the 
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second subject, and combining the third set of three-dimensional data with the first and 

second sets of three-dimensional data. The location on the surface of the second subject 

may include a plurality of spatially proximate ones of a sequence of three-dimensional 

images used to derive the three-dimensional data from the second subject. Alternatively, 

5 the location on the surface of the second subject may include a plurality of temporally 

proximate ones of the sequence of three-dimensional images used to derive the three­

dimensional data from the second subject. The second subject may include a second dental 

arch, and the fixed orientation may include the first dental arch and the second dental arch 

in occlusion. 

10 (0022] In another aspect, a method disclosed herein may include providing a first 

set of three-dimensional data from a subject, scanning the subject to acquire one or more 

additional three-dimensional images, test fitting each one of the one or more additional 

three-dimensional images to the set of three dimensional dat~ and upon a successful fit, 

adding the one or more additional three-dimensional images to the set of three-

15 dimensional data. 

(0023] The method may include fitting each new one of the one or more 

additional three-dimensional images to one another to provide a second set ofthree­

dimensional dat~ and upon a successful fit, adding the second set of three-dimensional 

data to the first set of three-dimensional data. The three-dimensional data may include 

20 three-dimensional surface data. Alternatively, the one or more additional three­

dimensional images may include surface data derived from two-dimensional image sets of 

the subject. In the method, the set of three-dimensional data may include three­

dimensional surface data acquired·from a subject as a sequence of three-dimensional 

images, each one of the sequence of three-dimensional images fitted to at least one 

25 previous one of the sequence of three-dimensional images. 

(0024] In another aspect, a system disclosed herein may include a storage means 

for providing a first set of three-dimensional data from a subject, an acquisition means for 

scanning the subject to acquire one or more additional three-dimensional images, and a 

computing means for test fitting each one of the one or more additional three-dimensional 

30 images to the set of three diinensional data. The computing means may further include a 

means for detecting a successful fit and~ upon detecting a successful fit, may add the one 

or more additional three-dimensional images to the set of three-dimensional data. 
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(0025] In the system, the computing means may include a means for fitting each 

new one of the one or more additional three-dimensional images to one ano~her to provide 

a second set of three-dimensional data, and upon a successful fit, may add the second set 

of three-dimensional data to the first set of three-dimensional data. In the system, the 

5 three-dimensional data may include three-dimensional surface data. Alternatively in the 

system, the one or more additional three-dimensional images may include surface data 

derived from two-dimensional image sets of the subject. The set of three-dimensional data 

may include three-dimensional surface data acquired :from a subject as a sequence of 

three-dimensional images, each one of the sequence of three-dimensional images may be 

10 fitted to at least one previous one of the sequence of three-dimensional images. 

[0026) In another aspect, a computer program product disclosed herein may 

include computer executable code which may be embodied on a computer readable 

medium that, when executing on one or more computing devices, performs the steps of 

providing a first set of three-dimensional data from a subject, scanning the subject to 

15 acquire one or more additional three-dimensional images, test fitting each one of the one 

or more additional three-dimensional images to the set of three dimensional data, and upon 

a successful fit, adding the one or more additional three-dimensional images to the set of 

three-dimensional data. 

[0027] The computer program product may further include code to perform the 

20 steps of fitting each new one of the one or more additional three-dimensional images to 

one another to provide a second set of three-dimensional da~ and upon a successful fit, 

adding the second set of three-dimensional data to the first set of three-dimensional data. 

[0028] In the computer program product, the three-dimensional data may include 

three-dimensional surface data. Alternatively, in the computer program product, the one or 

25 more additional three-dimensional images may include surface data derived from two­

dimensional image sets of the subject. The set of three-dimensional data may include 

three-dimensional surface data acquired from a subject as a sequence of three-dimensional 

images, each one of the sequence of three-dimensional images may be fitted to at least one 

previous one· of the sequence of three-dimensional images. 

30 (00291 In another aspect, a method disclosed herein may include providing a first 

set of three-dimensional data from a subject, scanning the subject to acquire one or more 

additional three-dimensional images, test fitting each one of the one or more additional 
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three-dimensional images to the first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 

[0030] In the method, providing real time visual feedback may include 

superimposing the first set of three-dimensional data and the one or more additional three-

s dimensional images on a video image of the subject when a test fit is successful. Providing 

real time visual feedback may include displaying one or more navigation cues when a test 

fit is unsuccessful. \,\lhen the test fitting is unsuccessful, the method may further include 

fitting each new one of the one or more additional three-dimensional images to one 

another to provide a second set of three-dimensional data. Upon a successful fit, the 

10 method may further include adding the second set of three-dimensional data to the first set 

of three-dimensional data. The three-dimensional data may include three-dimensional 

surface data. The one or more additional three-dimensional images may incJud~ surface 

data derived from two-dimensional image sets of the subject. Additionally. the set of 

three-dimensional data may include three-dimensional surface data acquired from a 

15 subject ~s a sequence of three-dimensional images, each one of the sequence ofthree­

dimensional images fitted to at least one previous one of the sequence ofthree­

dimensional images. 

(0031] In another aspect, a system disclosed herein may include a storage means 

for providing a first set of three-dimensional data from a subject, an acquisition means for 

20 scanning the subject to acquire one or more additional three-dimensional images~ a 

computing means for test fitting each one of the one or more additional three-dimensional 

images to the first set of three-dimensional data in real time, and a display means for 

providing real time visual feedback to a user relating to the test fitting. 

[0032) In the system, providing real time visual feedback may inciude 

25 superimposing the first set of three-dimensional data and the one or more additional three­

dimensional images on a video image of the subject when a test fit is successful. 

Alternatively, providing real time visual feedback may include displaying one or more 

navigation cues when a test fit is unsuccessful. The computing means may include means 

for, when the test fitting is unsuccessful, fitting each new one of the one or more 

30 additional three-dimensional images to one another to provide a second set ofthree­

dimensionaJ data, and upon a successfu] fit, adding the second set of three-dimensional 

data to the first set of three-dimensional data. Alternatively, the three-dimensional data 
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may include :three-dimensional surface data. The one or more additional three-dimensional 

images may include surface data derived from two-dimensional image sets of the subject. 

The set of three-dimensional data may include three-dimensional surface data acquired 

from a subject as a sequence of three-dimensional images, each one of the sequence of 

5 three-dimensional images fitted to at 1east one previous one of the sequence ofthree­

dimensional images. 

[0033] In another aspect, a computer program product disclosed herein may 

include computer executable code embodied on a computer readable medium that,, when 

executing on one or more computing devices, performs the steps of providing a first set of 

10 three-dimensional data from a subject, scanning the subject to acquire one or more 

additional three-dimensional images, test fitting each one of the one or more additional 

three-dimensional images to the first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 

(0034) In the computer program product,, providing real time visual feedback 

15 may include superimposing the first set of three-dimensional data and the one or more 

additional three-dimensional images on a video image of the subject when a test fit is 

successful. Alternatively, providing real time visual feedback may include displaying one 

or more navigation cues when a test fit is unsuccessful. The computer program product 

may further include computer code that performs the steps of, when the test fitting is 

20 unsuccessful, fitting each new one of the one or more additional three-dimensional images 

to one another to provide a second set of three-dimensional data, and upon a successful fit, 

adding the second set of three-dimensional data to the first set of three-dimensional d_ata. 

The three-dimensional data may include three-dimensional surface data. The one or more 

additional three-dimensional images may include surface data derived from two-

25 dimensional image sets of the subject. The set of three-dimensional data may include 

three-dimensional surface data acquired from a subject as a sequence of three-dimensional 

images, each one of the sequence of three-dimensional images fitted to at least one 

previous one of the sequence of three-dimensional images. 

30 BRIEF DESCRIPTION OF THE FIGURES 

[0035] The invention and the following detailed description of certain 

embodiments thereof may be understood by reference to the following figures. 
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[0036] 

[0037} 

[0038] 

[0039] 

PCT/US2007/001287 

Fig. 1 shows an image capture system. 

Fig. 2 shows a process for operating an image capture system .. 

Fig. 3 shows a process for operating an image capture system. 

Fig. 4 depicts a view of a user interface for an image capture system. 

[0040] Fig. 5 depicts a view of a user interface for an image capture system in an 

acquisition mode. 

[0041} Fig. 6 depicts a view ofa user interface for an image capture system in an 

acquisition mode. 

[0042) Fig. 7 depicts a view of a user interface for an image capture system in a 

10 recover mode. 

[0043] Fig. 8 depicts a view of a user interface for an image capture system in a 

recover mode. 

[0044] Fig. 9 depicts a view of a user interface for an image capture system after 

reacquiring a scan. 

15 [0045] Fig. 10 is a three-dimensional view of a first component of a scanning 

subject. 

[0046] Fig. 11 is a three-dimensional view of a first and second component of a 

scanning subject. 

[0047) Fig. 12 is a three-dimensional view ofa second component ofa scanning 

20 subject. 

DETAILED DESCRIPTION 

[0048] Described below is a technique for providing real time visual feedback to 

a user operating an incrementaJ three-dimensional scanning device. However, it will be 

25 appreciated that the inventive concepts disclos~d herein are not limited to such 

applications, and may be usefully employed in a number of imaging applications. For 

example, while visible light, video-based systems are described in some detail, the 

techniques described herein may be usefully applied to other imaging modalities based on, 

for example, x-rays, infrared or ultraviolet light, ultrasound, laser light, and so forth. As 

30 another example, the systems described herein may be usefully employed i:h two.:. 

dimensional imaging systems or other applications where user feedback and correction 

might be augmented by real time visual feedback. As a further example, the systems and 
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methods described herein may be employed in an automated:, robotic system to automate 

rescanning of regions of a subject w:here incremental image data has. been lost or degrades 

in quality below a predetermined threshold. All such variations and alternative 

embodiments as would be apparent to one of ordinary skill in the art are intended to fall 

5 within the scope of this disclosure. 

[0049] In the following description, the term "image" generally refers to a set of 

two-dimensional pixels forming a two-dimensional view of a subject within an image 

plane. The term "image set" generally refers to a set of related two dimensional images 

that might be resolved into three-dimensional data. The term "point cloud" generally 

10 refers to a set of three-dimensional points forming a three-dimensional view of the subject 

reconstructed from a number of two-dimensional views. In a three-dimensional image 

capture system, a number of such point clouds may also be registered and combjned into 

an aggregate point cloud constructed from images captured by a moving camera. Thus it 

will be understood that pixels generally refer to two-dimensional data and points generally 

15 refer to three-dimensional data, unless another meaning is specifically indicated or clear 

from the context. 

(00501 Fig. 1 shows an image capture system. In general, the system I 00 may 

include a scanner 102 that captures images of a subject 104 within an image plane 106, 

and forwards the images to a computer 108, which may include a display 110 and one or 

20 more user input devices such as a mouse 112 or a keyboard I 14. 

(0051] The scanner 102 may include any camera or camera system suitable for 

capturing images from which a three-dimensional point cloud may be recovered. For 

example~ the camera 102 may employ a multi-aperture system as disclosed, for example, 

in U.S. Pat. Pub. No. 20040155975 to Hart et al.~ the entire contents of which is 

25 incorporated herein by reference. While Hart discloses one multi-aperture system, it will 

be appreciated that any multi-aperture system suitable for reconstructing a three­

dimensional point cloud from a number of two-dimensional images may similarly be 

employed. In one multi-aperture embodiment, the scanner 102 may include a plurality of 

apertures including a center aperture positioned along a center optical axis of a lens and 

30 any associated imaging hardware. The scanner 102 may also, or instead, include a 

stereoscopic, triscopic or other multi-camera or other configuration in which a number of 

cameras or optical paths are maintained in fixed relation to one another to obtain two-
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dimensional images of an object from a number of slightly different perspectives. The 

scanner 102 may include suitable processing for deriving a three-dimensional point cloud 

from an image set or a number of image sets, or each two-dimensional image set may be 

transmitted to an external processor such as contained in the computer 108 described 

5 below. In other embodiments, the scanner 102 may employ structured light, laser 

scanning, direct ranging, or any other technology suitable for acquiring three-dimensional 

data, or two-dimensional data that can be resolved into three-dimensional data. In one 

embodiment, the scanner 102 is a handheld, freely positionable probe having at least one 

user input device, such as a button, lever, dial, thumb wheel, switch, or the like, for user 

10 control of the image capture system 100 such as starting and stopping scans. 

[0052) Although not shown in Fig. 1, it will be appreciated that a number of 

supplemental lighting systems may be usefully employed during image capture. For 

example, environmental illumination may be enhanced with one or more spotlights 

illuminating the subject 104 to speed image acquisition and improve depth of field (or 

15 spatial resolution depth). The scanner I 02 may also, or instead, include a strobe, flash, or 

other light source to supplement illumination of the subject 104 during image acquisition. 

[0053] The subject 104 may be any object, collection of objects, portion of an 

object, or other subject matter. While illustrated in Fig. 1 as a simple geometric ~orm, the 

subject 104 may include much more complex surfaces, and any number of separate 

20 elements. For example, in a dental imaging application, the subject l 04 may include a 

tooth,. a quadrant of teeth, or a full collection of teeth including two opposing arches from 

which a virtual dental impression is desired. The subject 104 may also, or instead, include 

a dental prosthesis such as an inlay, a crown, or any other dental prosthesis, implant, or the 

like. The subject l 04 may include a dental model, such as a plaster cast, wax-up, 

25 impression, or negative impression of a tooth, teeth, soft tissue, or some combination of 

these. In certain instances, an optical or textured imaging agent may be applied to surfaces 

of the subject I 04 to improve capture of three dimensional points. In other embodiments, 

the subject 104 may be a human head. or a portion thereof. from which a three­

dimensional model is desired for custom fitting of a hearing aid, eyegl~ses, goggles, or 

30 the like. In other embodiments, the subject 104 may be a physical model of an object for 

use in digital animation, such as a miniature, physical model for use in a three-dimensional 

digital animation process. From the preceding examples, it will be apparent that a system 
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using the techniques described herein may be suitably adapted to a wide range of 

applications for relatively short range, high resolution three-dimensional image 

acquisition. However, one skilled in the art will appreciate that suitable adaptations to the 

image capture system 100 may be made for a variety of other three-dimensional imaging 

5 applications based upon multi-aperture or multi-camera systems, as well as other three­

dimensional imaging systems and technologies, and all such variations are intended to fall 

within the scope of this disclosure. 

[0054] The image plane 106 may include a two-dimensional field of view of the 

camera 102. It will be appreciated that the term "image plane" as used in this paragraph, 

10 refe.rs to a plane in the imaging environment rather than a plane within an optical sensor 

( such as film or sensors) where an image is captured. Though illustrated as a rectangle the 

image plane 106 may, for example, form a square, a circle, or any other geometry 

provided by the scanner 102. In general, the scanner 102 will have a depth of field or 

range of depth resolution for image acquisition within the image plane 106 determined by 

15 the physical construction of the scanner I 02 and environmental conditions such as ambient · 

light. 

[0055] The computer 108 may be, for example, a personal computer or other 

processing device. In one embodiment, the computer 108 includes a personal computer 

with a dual 2.8GHz Opteron central processing unit, 2 gigabytes of random access 

20 memory, a TYAN Thunder K8WE motherboard, and a 250 gigabyte, 10,000 rpm hard 

drive. This system may be operated to capture approximately 1,500 points per image set 

in real time using the techniques described herein, and store an aggregated point cloud of 

over one million points. More generally, processing capabilities of the computer 108 may 

vary according to the size of the subject 104, the speed of image acquisition, and the 

25 desired spatial resolution of three-dimensional points. The computer 108 may also include 

peripheral devices such as a keyboard 114, display 110, and mouse 112 for user 

interaction with the camera system 100. The display 110 may be a touch screen display 

capable of receiving user input through direct, physical interaction with the display 110. 

[0056) Communications between the computer 108 and the scanner 102 may use 

30 any suitable communications link including, for example, a wired connection or a wireless 

connection based upon, for example, IEEE 802.11 (also known as wireless Ethernet), 

BlueTooth, or any other suitable wireless standard using, e.g., a radio frequency, infrared, 
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or other wireless communication medium. In medical imaging or other sensitive 

applications, wireless image transmission from the scanner 102 to the computer 108 may 

be secured. The computer 108 may generate control signals to the scanner 102 which, in 

addition to image acquisition commands, may include conventional camera controls such 

5 as focus or zoom. 

[0057) In an example of general operation of a three-dimensional image capture 

system 100,. the scanner I 02 may acquire two-dimensional image sets while the scanner 

102 is passed over a surface of the subject. The two-dimensional image sets may be 

forwarded to the computer I 08 for derivation of three-dimensional point clouds. The 

10 three-dimensional data for each newly acquired two-dimensional image set may be 

derived and fitted or "stitched" to existing three-dimensional data using a number of 

different techniques. One useful example of such a technique is described in commonly­

owned U.S. App. No. 11/270,135, filed·on November 9, 2005, the entire contents of which 

is incorporated herein by reference. However, it will be appreciated that this example is 

15 not limiting, and that the principles described herein may be applied to a wide range of 

three-dimensional image capture systems. 

[0058) From time to time in such incremental data acquisition systems, the 

fitting or stitch may fail for reasons described in greater detail below. In such situations, a 

user may be notified through visual feedback that a recover mode has been entered. In the 

20 recover mode, the system 100 may seek to reacquire the previous scan by test fitting new 

scan data to previously acquired data, and providing visual feedback fo a user to assist in 

navigating back to a scan location on the subject where the re-acquisition is being 

attempted. In a related landing mode, a user may attempt to initiate a new scan registered 

or connected to an existing three-dimensional model. Similar visual feedback tools may 

25 be provided to guide a user to an appropriate scan location, and notify a user when the 

scan has been reacquired. These techniques are now described in greater detail, beginning 

with a detailed description of the processes for a stitch recovery and a landing> described 

with reference to Figs. 2 and 3. The corresponding user interface is described in greater 

detail with reference to Figs. 4 et seq. 

30 (0059] Fig. 2 depicts a process for three-dimensional scanning. The process 200 

may begin 202 by acquiring a candidate frame from a sensor, such as an image set from 

the scanner 102 described above, as shown in step 204. During this phase of the process 
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200, a video image such as a video image of the subject from a position or point of view of 

the scanning device, may be rendered on the display 110. This view may assist a user of 

the image capture system 100 in positioning the scanner 102 relative to the subject 104. In 

such embodiments, the view will continuously shift as the user moves the scanner 102 

5 about the subject 104, always maintaining a visual display of the point of view of the 

scanner 102 on the subject 104. In other embodiments, the subject 104 may be displayed 

in a static, non-moving orientation within the display 110, while a visual cue may be 

provided within the user interface as to a position and orientation of the scanner. 

(0060) As shown in step 206, three-dimensional data may be derived from the 

10 candidate frame. Stated alternatively, the two-dimensional data, such as an image set, may 

be converted into three-dimensional dat~ or a three-dimensional image. As used herein, 

the terms three-dimensional data, three-dimensional representation, three-dimensional 

model, three-dimensional image, three-dimensional surface map, and the like are used 

interchangeably to describe the three-dimensional representation assembled from 

1 S incremental scan results captured by the scanning device, or a portion thereof, unless a 

different meaning to these phrases is explicitly stated or clear from the context. 

[0061] A number of techniques may be employed to calculate three-dimensional 

point values from the candidate frame. For example, stereoscopic matching techniques 

include probabilistic measures of image similarity such as mutual information or 

20 correlation of pixel intensities. Other types of suitable derivations include, for example, 

optical flow using spatial and/or temporal gradients. In a stereoscopic camera 

configuration; for example, the image set typically includes two images. However, three 

or more images may be included in an image set using a multi-aperture camera 

configuration, such as a three or four aperture camera, or similar can1era systems. It 

25 should also be appreciated that each set of three-dimensional data need not include all, or 

even most, of the points that might be recovered from the candidate frame. The point 

cloud may, for example, be calculated from a sparse mesh of a candidate frame image set 

(relative to the pixel density of the original i?Tiage set). This arrangement may be 

particularly suitable for acce·lerating processing in real time imaging applications. The 

30 sparse mesh may be obtained from any subset of pixels in the image set. Regular 

rectangular grids, for example, are particularly suited to hierarchical methods using 

subsampling of images. However, other meshes may be used, such as triangular, square, 
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quadrilateral, or the like, to select regularly or irregularly spaced pixels within the image 

set for derivation of a point cloud. In some embodiments, a relatively sparse subset of 

pixel data may be employed for real time rendering and feedback, while a denser or 

complete version of pixel data is stored for use in a more computationally intensive post-

5 processing step, which might yield greater accuracy and density. 

(0062] It will be appreciated that three-dimensional surface <;tata consisting of a 

point cloud of three-dimensional points is one type of three-dimensional data that may be 

readily derived from two-dimensional image sets. However, other forms of three­

dimensional data may also be obtained using various techniques known in the art. This 

10 may include, for example, three-dimensional surface data consisting of a three­

dimensional map of interconnected polygons, such as triangles or other regular or irregular 

polygons, or volumetric three-dimensional data reflecting interior as well as surface points 

of the subject. All such variations are intended to fall within the scope of this disclosure. 

[0063] As shown in step 208, once three-dimensional data has been derived, it 

15 may be evaluated to determine whether the derivation was successful. In general, this 

tests the recovery of incremental data for internal consistency, rather than by comparison 

to the full three-dimensional model reconstructed from incremental scans. For example, 

movement of the scanner laterally off the subject may result in an insufficient amount of 

derived data. or a complete lack of derived data. Similarly, with certain imaging 

20 technologies, rapid scanner motion may cause blurring in acquired two-dimensional image 

sets that interferes with conversion to three-dimensional data. This motion blur may 

render an image set unsuitable for derivation of three-dimensional data, or reduce the 

quality of derived three-dimensional data. Other scanner motions, such as movement 

outside the scanner's physical scanning range (again, this may be technology dependent), 

25 such as too close or too far away from the subject, may result in low quality or insufficient 

derived three-dimensional data. Other imaging artifacts may similarly render a particular 

image set unsuitable (or less suitable) for deriving three-dimensional data, such as lack of 

texture on a surface of the subject, poor optical focus or resolution, illumination anomalies 

such as specularities or shadows, distortion and aberration artifacts in components in the 

30 optical path, and so forth. Other factors such as physical properties of the subject may 

cause deterioration of data acquisition. For example, highly reflective surfaces may 

interfere with three-dimensional conversion. Various quantitative measures of success 
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may be employed, and in various embodiments, numerical thresholds may be user­

specified according to a desired accuracy of the resulting three-dimensional model. If it is 

determined that the two-dimensional data ( or other sensor da~ as discussed generally 

above) has been successfully converted into three-dimensional data, then the process 200 

5 may proceed to step 210. Ifit is determined that the two-dimensional data has not been 

successfully converted into three-dimensional data, then the process may proceed to step 

224. 

[0064] In step 21 (), a determination may be made as to whether there is a 

reference frame or image, such as a previously acquired image set or derived three-

10 dimensional data. In one embodiment, a reference frame will always be available, except 

when the currently acquired frame is the first frame in a sequence. In various 

embodiments, different data types may be employed for comparison of incremental data, 

such as two-dimensional source data, converted three-dimensional data points, and so 

forth. However, in step 210, the process 200 is only testing for the existence of a 

15 reference frame, not the quality ofthe image frame. If a.reference frame is present, the 

process 200 may proceed to step 212. If a reference frame is not present, the process 200 

may proceed to step 220. 

[0065) As shown in step 212, the incremental three-dimensional image data may 

be fitted or stitched to the existing three-dimensional model. In one embodiment, this 

20 process is performed by deriving scanner motion between positions or points of view for 

successive image captures. However, other techniques may be employed~ such as direct 

fitting of features from the new three-dimensional image to the previously acquired three­

dimensional model., All such techniques that might usefully be employed to register new 

three-dimensional data to existing three-dimensional data are intended to fall within the 

25 scope of this disclosure. Once a fit has been attempted in step 212, the process 200 may 

proceed to step 214. 

[0066) In step 214, the fit obtained in step 212, which may be considered a test 

fit until accepted for addition to the previously acquired three-dimensional data, may be 

tested for success. This test fitting may employ any number of quantitative techniques for 

30 comparing some or all of the newly acquired three-dimensional data to the previously 

acquired three-dimensional data. Tests such as correlation or feature matching may be 

employed to obtain a confidence score or other objective measure of fitting. Further, 
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where a quantitative limit or range is employed to measure a successful fit, the limit or 

range may be user-controlled either by explicit selection of a numeric fit parameter or by 

selection of a qualitative fit parameter (e.g., tight, moderate, loose, etc.). User evaluation 

and feedback may also be incorporated into a fitting algorithm, which may, for example, 

5 be in response to a frequently recurring failure to fit, or to a specific failure event. It will 

be appreciated that, while a single test fit is shown in step 214, any number of test fits may 

be performed during this step. In this manner, a number of sequentially acquired three­

dimensional images used in whole or in part to constitute the three-dimensional model 

may each be test fitted to the newly acquired three-dimensional data. This approach may 

10 have particular utility where test fitting employs two-dimensional image set data instead 

of, or in addition to, any three-dimensional data derived therefrom. 

[0067] In one example embodiment, a number of different reference frames (also 

referred to herein as reference images) may be selected for a test fit. The number of 

reference frames may be selected using various criteria. For example, reference frames 

15 may be selected according to temporal proximity to the new incremental data. That is, a 

group of most recent image sets or three-dimensional data sets may be employed for test 

fitting. As another example, reference frames may be selected according to spatial 

proximity to the new incremental data. That is, a group of image sets or three-dimensional 

data sets that are physically closest to the last known point on the subject may be used. 

20 Other techniques may be suitably employed for selecting candidate reference frames, 

either alone or in combination, including image entropy~ data density, data quantity, and/or 

scanning parameters (such as focal distance or location within field of view). In one 

embodiment reference frames may be selected from a beginning of the sequence of 

incremental three-dimensional images used to create the three-dimensional model, such 

25 that a user may attempt reacquisition from where the original scan was initiated. In one 

embodiment, reference frames may be selected for an end of the sequence ofincremental 

three-dimensional images used to create the three-dimensional model, such that a user may 

attempt reacquisition from where the original scan was lost. In one embodiment, a user 

may specifically select a point or region on the three-dimensional model for test fitting. 

30 This user selection may be used to derive a pool of candidate frames based upon the 

techniques described above. Manual selection will be discussed in greater detail with 

reference to the stitch recover mode in Fig. 3. Generally, the manual selection may be 
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achieved through operation of the user interface to select one or more points on the 

existing three-dimensional model. 

(0068] If the new three-dimensional data is successfully fitted to the existing 

three-dimensional data, then the process may proceed to step 216. If the new three-

s dimensional data is not successfully fitted to the existing three-dimensional data, then the 

process may proceed to step 226. 

(0069] As shown in step 216, new or incremental three-dimensional data may be 

added to the three-dimensional model. In one embodiment using camera·motion 

estimation, this step may include a rigid transformation of the incremental three-

10 dimensional data to the coordinate system of the three-dimensional model, as depicted in 

step 218. However~ it will be appreciated that any suitable technique for registering new 

three-dimensional data to existing three-dimensional data may be usefully employed in 

step 216, and the choice of a particular technique may vary according to the scanning 

technology and/or sensor data of a particular image capture system. 

15 [0070] As shown in step 220, the new or incremental three-dimensional data may 

next be selected as a candidate reference frame for subsequent acquisitions of one or more 

sequential data sets from the scanner 102. At this point, the process 200 may proceed to 

step 222. 

[0071] As shown in step 222, a determination may be made as to whether the 

20 scan is finished. This may include, for example, user input received through the input 

device 116 on the scanner 1027 through the mouse 112, the keyboard 114, or, for a touch 

screen embodiment, through the display 110. It will be appreciated that in certain 

embodiments, the process 200 may be stopped at any point upon receipt of such a user 

input. If it is determined that the scan is finished, the process 200 may proceed to step 228 

25 and end. If it is determined that the scan is not finished, the process may return to step 204 

where a new ~andidate frame may be acquired from the scanner I 02. In a subsequent pass 

through the following processing steps, the "newly acquired" three-dimensional data may 

be used as a reference frame for subsequent fitting steps. 

(0072] As shown in step 224, when a derivation of three-dimensional data is 

30 unsuccessful (which may also be understood as a species of unsuccessful fitting, discussed 

with reference to step 214), the process 200 may proceed to determine whether at least one 

reference frame exists. If no reference frame exists, then the process may proceed to step 
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222, and subsequently to step 204 where a new candidate frame may be acquired. If a 

reference frame does exist, the process may proceed to step 226, which more generally 

represents a stitch recovery mode 226. 

[0073] In the stitch recover mode 226 the process 200 may attempt to reacquire 

5 or resume a scan by test fitting each newly acquired data set to some portion of the three­

dimensional model. During this phase, the process may optionally begin ass~mbling a 

new three-dimensional model from sequential, incremental three-dimensional data sets. In 

this manner, once the original scan is reacquired with a successful fit to the original three­

dimensional model, all of the three-dimensional data acquired during the recover mode 

IO may be immediately registered to the original three-dimensional model. Although not 

explicitly depicted, it will be appreciated that in certain embodiments a user may manually 

select the recover mode 226, such as where a scan is purposely interrupted by the user. It 

will be noted that the terms "reacquire'~ "resume" and are used interchangeably herein to 

refer to either scans that have been lost due to signal degradation or scans that have been 

15 explicitly stopped through user operation. 

[0074] In one aspect, the process 200 described herein, and systems embodying 

this process, include two operating modes. In an acquisition mode, normal acquisition, 

conversion to three-dimensional data, and test fitting to the three-dimensional model may 

take place, as described generally above. In a recover mode, or in the landing mode 

20 described below, newly acquired incremental data is test fitted to the three-dimensional 

model, but may also be fitted to a second model so that useful three-dimensional data may 

continue to be acquired during the recover mode, which is described in greater detail with 

reference to Fig. 3. 

[0075] In another aspect, visual cues or indicators may be provided to a user 

25 through the monitor 110 with respect to whether the image capture system 100 is in a 

recover mode or a normal acquisition mode. For example, in the normal acquisition mode, 

the display 110 may show a video image ofthe subject 104, as viewed from the scanner 

102. The computer may render the three-dimensional model, which may be a three­

dimensional point cloud of surface data acquired for the subject I 04, superimposed on the 

30 video image. The surface data may be rendered with shading, or a wireframe or other 

visual techniques to visualize the three-dimensional shape of the surface data. In this 

mode, the user experience may be one of virtually spray painting a surface of the subject 
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104 with points or other surface rendering (such as polygons) that reflects the acquired 

three-dimensional model. In the recover ( or landing) mode, the computer may render the 

video image of the subject 104 as viewed from the scanner 102; however, the computer 

l 08 may remove or stop rendering the three-dimensional model. This may provide 

5 immediate user feedback that acquisition has been lost. In addition, the computer may 

render a previous video image of the subject 104 from a previous position of the scanner 

l 02, in particular, a previous position or location on the subject 104 selected as a reference 

frame for re-acquisition, superimposed on the current video image. The superimposed 

video image from the previous location may be rendered in a different color~ or with 

l O different opacity to provide a visual offset from the current video image. By 

superimposing the previous video image, as centered on the location where re-acquisition 

is being algorithmically test fitted, the system can provide feedback to a user that will 

ass~st the user in re-centering the scanner 102 at the desired position on the subject l 04. 

Thus the user may be provided with visual cues as to the acquisition mode and the recover 

15 mode. The recover mode, in particular, may provide visual feedback to assist a user in re­

acquiring three-dimensional data acquisition for the original three-dimensional model. It 

will be appreciated that other techniques may be employed, such as directional arrows or 

verbal cues, to coach a user back to an appropriate location relative to the subject 104. 

Using the computer I 08 described above, the visual cues or indicators may be rendered at 

20 a video rate consistent with image capture, so that the system provides real time visual 

feedback to a user. 

[0076] The recover mode will now be described in greater detail. 

[0077} As shown in Fig. 3, a recover mode process 300 may begin by entering a 

stitch recover mode 302. This may occur through any of the circumstances described 

25 above with reference to Fig. 2, including manual selection of the recover mode by a user. 

[0078) As shown in step 304, a suitable reference frame may be selected. This 

may include one or more reference frames, which may be selected using any of the 

techniques described above with reference to step 214 of Fig. 2. It will be appreciated that 

the reference frames for the recover mode are reference frames selected from the three-

30 dimensional model assembled during the acquisition mode of Fig. 2. After one or more 

reference frames have been selected, the process 300 may proceed to step 306. 
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[0079] As shown in step 306, a reference frame may be assigned for display. 

This may be a video image corresponding to one of the reference frames selected in step 

304, as well as any corresponding two-dimensional or three-dimensional data suitable for 

use in display thereof. More generally, the content of the reference frame may vary 

5 according to a particular imaging technology and/or techniques used to fit incremental 

data. 

(0080] As shown in step 308, a new frame of data may be acquired from the 

scanner 102, including a current video image. 

(0081] As shown in step 310, the current video image may be displayed on the 

10 monitor 110 superimposed on a reference video image selected in step 306. The images 

may be superimposed on the monitor 110 as a visual indicator for the user. The reference 

video image may be superimposed on a current video image captured from a current 

position of the scanner, with each video image distinguished using a visual cue such as 

color, opacity, or the like. This superposition may indicate to a user both where the 

15 scanner is currently positioned and where the scanner should be positioned in order to 

reacquire a scan, so that a user may manipulate the scanner to a suitable position for 

recovery. 

20 

[0082) As shown in step 312, three-dimensional data may be derived from the 

new frame of data, as described for example with reference to step 206 of Fig. 2. 

[0083] As shmvn in step 314, success of the derivation may be evaluated, as 

described for example with reference to step 208 of Fig. 2. If the derivation is successful, 

the process 300 may proceed to step 316. If the derivation is unsuccessful, the process 

300 may proceed to step 308 where a new frame of data may be acquired. 

[0084] As shown in step 316, the newly derived three-dimensional data may be 

25 test fitted to the reference frame(s) from the acquisition mode, using techniques such as 

those described above with reference to step 212 of Fig. 2. 

[0085) As shown in step 318, the test fit may be evaluated for success. If new 

data is successfully test fitted to the reference frame(s), the process 300 may proceed to 

step 320 and exit the recover mode. If the new data is not successfully test fitted to the 

30 reference frame(s), then the process 300 may return to step 308 where a new frame of data 

may be acquired from the scanner 102. At this point. the newly derived three-dimensional 

data may be fitted to three-dimensional data previously derived in the recover mode. In 
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this manner, a new three-dimensional model may be created within the recover mode. 

When a successful test fit is made to the original ( acquisition mode) three-dimensional 

model, the entire new three-dimensional_ model, or a selected portion thereof, may be 

registered to the original three-dimensional model using a transformation based upon the 

5 successfully fitted frames or three-dimensional images . 

. (0086] It will be appreciated that the above steps may be varied, such as by using 

optical flow techniques to determine correspondence between pixels in adjacent image sets 

in step 212, and that the order of steps may be changed, such as by providing manual 

inputs to stop, start, or restart (recover) a scan that override the sequence of steps depicted 

10 in Fig. 2, or by performing derivation and test-fitting steps together. As another example, 

the reference frame selection process may be automated by, for example, capturing a scan 

from a region of a subject where data has been previously acquired, and registering the 

newly captured scan to the acquired three-dimensional model. At this point, selection of 

subsequent reference frames for test fitting and/or fitting may be based upon image sets 

15 captured from around the registered location of the newly acquired data. Additionally, 

certain steps may be added or omitted, or multiple steps may be combined. Similarly, in 

certain computing environments some steps may be performed in parallel ( such as test 

fitting to multiple reference frames), or certain steps may be distributed among more than 

one process or processor. In one variation, the scanner may remain in a fixed· position, and 

20 three-dimensional image capture may be performed by moving the subject within an 

image plane of the scanner. All such variations and modifications are intended to fall 

within the scope of this disclosure. 

{0087] It will be appreciated that the above process may be realized in hardware, 

software, or any combination of these suitable for the three-dimensional imaging 

25 techniques described herein. The process may be realized in one or more microprocessors, 

microcontrollers, embedded microcontrollers~ programmable digital signal processors or 

other programmable device, along with internal and/or external memory. The process 

may also, or instead, include an application specific integrated circuit~ a programmable 

gate array, programmable array logic, or any other device that-may be configured to 

30 process electronic signals. It will further be appreciated that the process may be realized 

as computer executable code created using a structured programming ianguage such as C, 

an object oriented programming language such as C-H-, or any other high-level or low-
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level programming language (including assembly languages. hardware description 

languages, and database programming languages and technologies) that may be stored, 

compiled or interpreted to run on one of the above devices, as well as heterogeneous 

combinations of processors, processor architectures, or combinations of different hardware 

5 and software~ At the same time, processing may be distributed across the camera and/or 

computer in a number of ways, or all of the functionality may be integrated into a 

dedicated, standalone image capture device. AH such permutations and combinations are 

intended to fall within the scope of the present disclosure. 

[0088] It will also be appreciated that means for performing the steps associated 

10 with the processes described above with reference to Figs. 2 and 3 may include any 

suitable components of the image capture system 100 described above with reference to 

Fig. 1, along with any software and/or hardware suitable for controlling operation of same. 

The following figures describe the systems and methods disclosed herein with reference to 

a user interface that might be rendered, for example, within the display 110 of the image 

15 capture system 100 of Fig. I. 

[0089) Fig. 4 depicts a view of a user interface for an image capture system. The 

user interface 400 may include a window 402 rendered on a monitor such as the display 

110 of Fig. 1. Within the window 402, a video image may be displayed including a field 

of view of a scanner, such as the scanner 102 of Fig. 1. Within the field of view, a subject 

20 404, such as the subject I 04 of Fig. I may be displayed~ along with one or more user 

controls 406. Fig. 4 specifically depicts the user interface before any image acquisition 

steps. As such, there is no rendering of an acquired three-dimensional model or any 

superposition of reference images onto the current video image. 

[0090} The user controls 406 may generally include one or more controls for 

25 manipulating the three-dimensional model (e.g., rotating, scaling, panning, and the like), 

selecting a landing target~ controlling operation of the image capture system (e.g., starting 

or stopping an acquisition), and so forth. The one or more controls may be manipulated, 

for example, using any of the user input devices described above with reference to Fig. 1, 

including physical interaction with the monitor, where the display 110 includes a touch 

30 screen. 

[0091] Fig. 5 depicts a view of a user interface for an image capture system, such 

as described above with reference to Fig. 4, in acquisition mode. In this view, an initial 
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acquisition of a three-dimensional image 502 consisting of a set of three-dimensional 

points has occurred. The three-dimensional image, a first element of a three-dimensional 

model, may be rendered within the user interface as superimposed on the video image of 

the subject 104, as depicted by a number of X's in Fig. 5. It will be appreciated that, while 

5 shown as X's for purposes of distinguishing from subsequent three-dimensional images, 

these points may, in practice, be rendered simply as points or pixels within th~ user 

interface. In such a rendering, techniques such as shading of pixels in accordance with 

simulated lighting may be used, or any other techniques that provide visual cues to 

contours of the captured three-dimensional points so that a human viewer can more readily 

IO interpret the three-dimensional shape captured by the scan. 

[0092] Fig. 6 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-5, in acquisition mode. In this view, a second 

acquisition of a three-dimensional image 602 consisting of a set of three-dimensional 

points has occurred. The second set of three-dimensional points in this view have been 

15 successfully fitted to the first three-dimensional image 502 and added to a three­

dimensional model. It will be appreciated that, while shown as O's for purposes of 

distinguishing from other three-dimensional images, these points may, in practice, be 

rendered simply as points or pixels within the user interface. Over a number of successive 

acquisitions and fits, a large three-dimensional model may be acquired, and the aggregate 

20 point cloud may be rendered with shading to simulate a three-dimensional view of the 

point cloud, all of which may be superimposed on a current video image of the subject. 

(0093] Fig. 7 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-6, in a recover mode. In this view, scan 

acquisition has been lost, such as due to a failure to derive adequate three-dimensional 

25 data or a failure to fit a new three-dimensional image to a three-dimensional model. To 

indicate to a user that the system is in a recover mode, a number of visual cues may be 

provided. For example, as depicted in Fig. 7, three-dimensional points 502, 602 for the 

model may be omitted. As another example, a previous video image 702 of the subject 

may be superimposed on a current video image 404 of the subject. Each image 702, 404 

30 may be rendered in a different color or opacity to indicate its nature. Navigation 

info1:Illation is provided in t~is format. For example, in order to align the current video 

image 404 with the previous video image 702, a user may move the scanner to the right, 
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thus shifting the current video image 404 of the subject to the left and into alignment with 

the previous video image 702. The previous video image 702 may be selected as 

described generally above with reference to Fig. 3 according to its relationship to one or 

more reference frames for re-acquisition of a scan. In general, when the previous video 

5 image 702 and the current video image are aligned (including scaling and rotation), a 

newly acquired image set or three-dimensional image should successfully fit to one of the 

reference frames, or have an elevated probability of successfully fitting to one of the 

reference frames. It will be appreciated that Fig. 7 may also, or instead, depict a landing 

mode in which a user seeks to reacquire a scan for a stored three-dimensional model. 

10 (0094] Fig. 8 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-7, in a recover mode. Fig. 8 provides a 

general comparison to Fig. 7, in which a user has manipulated a scanner to more closely 

align the current video image 404 to the previous video image 702. It will be appreciated 

that Fig. 8 may also, or instead, depict a landing mode in which a user seeks to reacquire a 

15 scan for a stored three-dimensional model. 

[0095] Fig. 9 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-8, after reacquiring a scan. In this figure, a 

user has realigned the current video image 404 so that a newly acquired three-dimensional 

image could be successfully fitted to one of the reference images. Upon thus exiting the 

20 recover mode, the system returns to acquisition mode and begins acquiring additional 

three-dimensional data to add to the three-dimensional model. The point cloud 902 of the 

three-dimensional model, optionally including data acquired during the recover mode, is 

superimposed on the current video image 404 to communicate reacquisition to a user. 

This visualization also lets the user know where scanning has been performed and where 

25 additional scanning may be appropriate. 

[0096] In other embodiments, a landing mode may be provided in which a user 

attempts to initiate a new scan registered or connected to an existing three-dimensional 

model. In the landing mode~ the system may optionally create a supplemental three­

dimensional model by fitting sequential frames to one another before a successful fit to the 

30 original three-dimensional model. In various embodiments, the landing mode may also be 

distinguished by a user? s ability to select a point on the original three-dimensional model 

for re-acquisition of a scan. 
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[0097] In one aspect, the systems and methods described herein improve real 

time scanning operations by providing real time user feedback concerning loss and 

reacquisition of a scan. In another aspect, the systems and methods described herein may 

be employed in combination with stored three-dimensional models to enhance the 

S functionality of an image capture system. A number of examples of such enhanced 

functionality are described below. 

[0098) In one embodiment multiple scans of an object, including scans taken at 

different times, may be interpreted as a single scan. For example, in a dental application, a 

tooth surface may be scanned before and after a surface preparation for dental prosthetic. 

10 By starting the second, post-preparation scan, by reacquiring a scan of an unprepared tooth 

surface, the pre-scan and post-scan structure of the prepared surface may be combined into 

a sing)e surface representation that encloses a space to be filled by the dental prosthetic. 

[0099] In another embodiment, the user interface may be modified to permit 

reorientation of the scanner. This may be particularly useful in dental applications where a 

15 full dental arch scan might be most conveniently performed in two halves, with a user 

changing hands or scanner orientation around the midpoint of the arch. The scan could be 

deliberately interrupted, either by rapidly pulling the remote sensor away from the teeth to 

affect a stitch loss, or by pressing a "pause" button which may be any of the user input 

devices described above. At this point, a user may reorient the scan, including one or 

20 more reference images, by 180 degrees (or some other amount) within the user interface. 

This may rotate the system coordinates both for the purposes of display and image 

correlation in the stitch recovery mode. The operator may then rotate the scanner 180 

degrees and attempt to recover a stitch using the recover mode described above. Once the 

stitch is recovered, the scan can proceed in the normal fashion to capture the remaining 

25 teeth. 

[00100] In another embodiment, the user interface may be modified to permit 

selection of a point or region of a subject where reacquisition is to be attempted. The 

interface may. for example, display a point cloud for the three-dimensional model, which a 

user may rotate, translate, or scale within the interface. A control~ which may be 

30 accessible using a mouse, keyboard, input device on the scanner~ or through a touch screen 

display, may be provided to select a point or area fo~ recovery of the scan. Using a 

selection process as described generally above, one or more reference frames may be 
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selected according to spatial or temporal proximity to the selected point, or according to 

any other suitable selection criteria. Reference frames, image sets, or three-dimensional 

data may then be selected from historical scan data according to the user selection. After 

completion of the selection process, a user may enter the recover mode and attempt to 

5 recover a lost stitch using the techniques described above. 

[00101] In another embodiment, the techniques described herein may be applied 

to allow scanning of complex, articulated. closed, or otherwise difficult surfaces with a 

scanning device that acquires three-dimensional data as a continuous sequence ofthree­

dimensional images. An application of this is illustrated below with reference to a pair of 

10 articulated dental arches. 

{00102) Fig. IO is a three-dimensional view of a first component of a scanning 

subject. The first component I 002 is viewed here in isolation, i.e., separate from a second 

component (not shown) that relates to the first component 1002. The first. component 

1002 in this example is a lower arch of human dentition, including surrounding soft tissue. 

15 The objective ofa scan may be to acquire a surface map oflower and upper arches of 

dentition in occ1usion. A scan of the arch using the i_mage capture system 100 described 

above may include a continuous scan of exposed tooth surfaces from within a dental 

patient's mouth, choosing any convenient location 1004 as a starting point, and continuing 

in a scan path 1006 that passes over any exposed regions, and concluding at another 

20 location 1008 on the exterior surface. At this point, the scan may be manually terminated, 

or terminated through a manipulation such as moving the scanner rapidly outside of 

scanning range for the first component 1002. According to one of the embodiments of the 

recover mode described above, one or more reference frames may be established at the 

end of this scan. By scanning the exposed surfaces,.a complete three-dimensional surface 

25 scan of the first component 1002, the lower arch, may be acquired. At the same time, a 

convenient reacquisition point may be established by forcing the system into recovery 

mode at a desired location. It will be appreciated that, while the scan path 1006 as 

illustrated passes below the arch,· which would be appropriate for a dental model, a live 

scan of a patient's dentition captured intraorally would typically only pass over exposed 

30 surfaces. 

[00103) Fig. 11 is a three-dimensional view of a first and second component of a 

scanning subject. The first component 1002 may be the lower arch of Fig. 10. The second 
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component 1102 may an upper arch in occlusion with the lower .arch. Initiating a second 

scan from the recover mode, the scan may be reacquired around the location 1008 on the 

lower arch where the first scan was terminated. The scan may then be continued onto a 

location 1104 on the second component, where the scan may once again be terminated in 

5 recover mode. 

[00104] Fig: 12 is a three-dimensional view ofa second component ofa scanning 

subject. Fig. 12 depicts the second component 1102 in isolation. An arrow 1201 

illustrates a third scan beginning at the location 1104 where the scan was previously 

terminated. The scan may be reacquired at this location 1104 from within the recover 

IO mode. After stitch recovery, the scan may be completed of some or all of the second 

component 1102, ending at a location 1202 on the surface thereof. While depicted 

generally as encircling the second component 1102, it will be appreciated that a surface 

scan such as an intraoral scan of human dentition would typically only be possible for 

exposed surfaces. Scanning in this manner, a complete, three-dimensional surface map 

15 may be obtained for the upper arch and lower arch in occlusion may be obtained from a 

series ofintraoral scans of human dentition. This digital version of a dental bite 

registration may be useful in the fabrication of dental prosthetics involving one or more 

occluded tooth surfaces. More generally, this technique may be suitably adapted to a 

number of scanning environments. For example., this technique may be applied to obtain a 

20 full three-dimensional surface scan of the interior and exterior ofa closed box with a lid, 

or any other components that may be separated for access to interior regions. 

[00105] While the technique described with reference to Figs. 10-12 talces 

advantage of a recover mode that selects reference frames from an area where stitching 

was lost, it will be appreciated that a number of adaptations and variations are possible. 

25 For example, in one embodiment test fitting in the recover mode may be performed for the 

beginning and the end of a scan for which acquisition has been lost. Using such a recover 

mode, the technique may begin with a scan that spans two objects in fixed relationship, 

starting on the first object and ending on the second object. When the objects are 

separated, two separate recoveries may be initiated from the beginning and the end of the 

30 initial scan. In another embodiment, a user interface that permits selection of a point for 

reference frames may be employed to permit a number of different scan orders provided at 

least one scan spans both objects in their desired orientation. In a further variation, any 
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number of separate objects may be sequentially or otherwise scanned in one or more 

orientations by straightforward extension of the techniques described above. Thus there is 

disclosed herein systems and methods for scanning a plurality of objects, which may be 

rigid bodies, in a fixed orientation relative to one another. 

5 [00106] While the invention has been disclosed in connection with certain 

preferred embodiments~ other embodiments will be recognized by those of ordinary skill 

in the art, and all such variations, modifications, and substitutions are intended to fall 

within the scope of this disclosure. Thus, the invention is to be understood with reference 

to the following claims, which are to be interpreted in the broadest sense allowable by law. 
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CLAIMS: 

What is claimed is: 

A method comprising: 

acquiring three-dimensional surface data from a subject as a sequence o~ three­

dimensional images, each one of the sequence of three-dimensional images fitted to at 

least one previous one of the sequence of three-dimensional images; 

acquiring an image set for a next three-dimensional image; 

10 when the image set can be converted into the next three-dimensional image and the 

next three-dimensional image can be fitted to the three-dimensional surface data, 

superimposing the three-dimensional surface data and the next three-dimensional image 

onto a two-dimensional image of the subject in a display; and 

when the image set cannot be converted into the next three-dimensional image or 

15 the next three-dimensional image cannot be fitted to the three-dimensional surface data, 

entering a recover mode comprising the steps of: 

20 

25 

2. 

superimposing a current two-dimensional image of the subject onto a 

previous two-dimensional image of the subject in the display, the previous two­

dimensional image representing a view of the subject from a position from which 

one of the sequence of three-dimensional images was acquired, and the current 

two-dimensional image representing a view of the subject from a position from 

which the image set was acquired; 

acquiring ~t least one subsequent three-dimensional image; and 

test fitting the at least one subsequent three-dimensional image to one or 

more of the sequence of three-dimensional images. 

The method of claim 1 further comprising adding the next three-dimensional image 

to the three-dimensional surface data when the image set can be converted into the next 

three-dimensional image and the next three-dimensional image can be fit to the three-

30 dimensional surface data. 
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3. The method of claim 1 wherein the previous two-dimensional image and the 

current two-dimension image include video frames. 

4. The method of claim 1 further comprising manually entering the recover mode in 

5 response to a user input. 

5. The method of claim 1 further comprising automatically entering the recover mode 

in response to a detection of a lost acquisition. 

10 6. The method of claim 5 wherein the detection of the lost acquisition includes a 

detection of a motion blur. 

7. The method of claim 5 wherein the detection of the lost acquisition includes a 

detection of an insufficient recovery of three-dimensional data. 

15 

8. The method of claim 1 wherein the recover mode includes the step of highlighting 

a region on the subject for attempting a recovery. 

9. The method of claim 8 wherein the region includes a plurality of previous ones of 

20 the sequence of three-dimensional images. 

10. The method of claim I wherein the recover mode includes the step oftest fitting 

the at least one subsequent three-dimensional image to one or more additional images 

acquired during the recover mode and test fitting inc1udes selecting a reference image 

25 from the sequence of three-dimensional images based on a suitability for test fitting. 

30 

11. The method of claim 10 further comprising determining the suitability for test 

fitting based upon an entropy of image data in the previous three-dimensional image. 

12. The method of claim 10 further comprising determining the suitability for test 

fitting based upon an amount of three-dimensional data in the previous three-dimensional 

image. 
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13. The method of claim 10 further comprising determining the suitability for test 

fitting based upon a placement of three-dimensional data within a range and a field of 

view of an imaging device. 

14. The method of claim 10 further comprising determining the suitability for test 

fitting based upon a temporal proximity of the at least one subsequent three-dimensional 

image to one or more of the sequence of three-dimensional images. 

15. The method of claim 10 further comprising determining the suitability for test 

fitting based upon a spatial proximity of the at least one subsequent three-dimensional 

image to one or more of the sequence of three-dimensional images. 

16. The method of claim 1 wherein the recover mode includes the step of manually 

15 selecting one or more of the sequence of three-dimensional images. 

20 

25 

30 

l 7. The method of claim 1 wherein the recover mode includes selecting a reference 

image from a beginning or an end of the sequence of three-dimensional images. 

18. A method comprising: 

providing three-dimensional surface data for a subje~t; 

acquiring an image set for a three-dimensional image of the subject; 

when the image set cannot be fitted to the three-dimensional surface data, entering 

a landing mode comprising the steps of: 

superimposing a current two-dimensional image of the subject onto a 

previous two-dimensional image of the subject in the display, the current two­

dimensional image representing a view of the subject from a position from which 

the image set was acquired, and the previous two-dimensional image representing 

a view of the subject from which at least a portion of the three-dimensional surface 

data was acquired; 

acquiring at least one subsequent three-dimensional jmage; 
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fitting the at least one subsequent three-dimensional image to a second 

three-dimensional surface reconstruction; 

test fitting the at least one subsequent three-dimensional image to the three­

dimensional surface data; and 

when the image set can be fitted to the three-dimensional surface data, 

superimposing the three-dimensional surface data and the next three-dimensional image 

onto a two-dimensional image of the subject in a display and adding the second three­

dimensional surface reconstruction to the three-dimensional surface data. 

19. The method of claim 18 wherein the previous two-dimensional image and the 

current two-dimension image include video frames. 

20. The method of claim 18 further comprising manually entering the landing mode in 

response to a user input. 

21. The method of claim 18 further comprising, in the landing mode, highlighting a 

region on the subject for attempting a landing. 

22. The method of claim 21 wherein the region includes a portion of the three-

20 dimensional surface data. 

23. The method of claim 18 wherein test fitting includes selecting a reference image 

from the three-dimensional surface data based on a suitability for test fitting. 

25 24. The method of claim 23 wherein the suitability is based on an entropy of image 

data in the previous three-dimensional image. 

25. The method of claim 23 wherein the suitability is based on an amount ofthree-

dimensional data in the previous three-dimensional image. 

30 

26. The method of claim 23 wherein the suitabiJity is based on a p)acement ofthree-

dimensional data within a range and a field of view of an imaging device. 
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27. The method of claim 23 wherein the suitability is based on a spatial proximity of 

the image set to a portion of the three-dimensional surface data. 

28. The method of claim 18 further comprising manually selecting a region of the 

three-dimensional surface data for test fitting. 

29. The method of claim 18 wherein test fitting includes selecting a reference image 

from a beginning or an end of a sequence of three-dimensional images used to construct 

IO the three-dimensional surface data. 

15 

20 

30. The method of claim 18 wherein the previous two-dimensional image and the 

current two-dimension image include video frames. 

31. The method of claim 18 further comprising manually entering the recover mode in 

response to a user input. 

32. The method of claim 18 further comprising manually selecting a region from the 

three-dimensional surface data for test fitting. · 

33. A system comprising; 

a scanning device that acquires three-dimensional surface data from a subject as a 

sequence of three-dimensional images> each one of the sequence of three-dimensional 

images fitted to at least one previous one of the sequence of three-dimensional images, the 

25 device including an acquisition mode in which one or more additional three-dimensional 

images are acquired and added to the three-dimensional surface data, and the deyice 

including a recovery mode in which one or more additional three-dimensional images are 

test fit to one or more of the sequence of three-dimensional images to recover the 

acquisition mode; and 

30 a display adapted to provide one or more visual indicators distinguishing between 

the acquisition mode and the recovery mode. 
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34. The system of claim 33, the display further adapted to provide guidance to an 

operator in manipulating the subject in the recovery mode. 

35. A method comprising: 

5 performing a :first acquisition of a first set of three-dimensional data from a first 

subject; 

placing a second subject in a fixed orientation relative to the first subject; and 

performing a second acquisition of a second set of three-dimensional data starting 

at a location on a surface of the first subject and including at least a portion of the secon.d 

10 subject. 

15 

36. The method of claim 35 wherein each of the first subject and the second subject"is 

a rigid body. 

37. The method of claim 35 wherein the location on the surface of the first subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

used to derive the three-dimensional data from the first subject. 

38. The method of claim 35 wherein the location on the surface of the first subject 

20 includes a .plurality of temporally proximate ones of a sequence of three-dimensional 

images used to derive the three-dimensional data from the first subject. 

25 

39. The method of claim 35 further comprising: 

terminating the second acquisition at a location on a surface of the second subject; 

removing the first subject; and 

performing a third acquisition of three-dimensional data starting at the location on 

the surface of the second subject. 

40. The method of claim 39 wherein the location on the surface of the second subject 

30 includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

used to derive the three-dimensional data from the second subject. 
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41. The method of claim.39 wherein the location on the surface ofthe second-subject 

includes a plurality of temporally proximate ones of the sequence of three-dimensional 

images used to derive the three-dimensional data from the second subject. 

42. The method of claim 39 further comprising combining the first set of three-

dimensional data, the second set of three-dimensional data, and the third set of three­

dimensional data into a unified set of three-dimensional data. 

43. The method of claim 35 wherein the first subject includes a first dental arch. 

44. The method of claim 43 wherein the second subject includes a second dental arch, 

the fixed orientation including the first dental arch and the second dental arch in occlusion. 

45. The method of claim 35 wherein at 1east a-portion of the second set of three-

15 dimensional data is fitted to at least a portion of the first set of three-dimensional data to 

provide a unified set of three-dimensional data. 

46. A system comprising: . 

acquisition means for performing a first acquisition of a first set of three-

20 dimensional data from a first subject; 

positioning means for placing a second subject in a fixed orientation relative to the 

first subject; and 

the acquisition means including means for performing a second acquisition of a 

second set of three-dimensional data starting at a location on a surface of the first subject 

25 and including at least a portion of the second subject. 

30 

47. The system of claim 46 wherein each of the first subject and the second subject is a 

rigid body. . 

48. The system of claim 46 wherein the location on the surface of the first subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

used to derive the three-dimensional data from the first subject. 
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49. The system of claim 46 wherein the location on the surface of the first subject 

includes a plurality of temporally proximate ones of a sequence of three-dimensional 

images used to derive the three-dimensional data from the first subject. 

50. The system of claim 46 further comprising: 

control means for terminating the second acquisition at a location on a surface of 

the second subject; 

the positioning means including means for removing the first subject; and 

IO the acquisition means including means for performing a third acquisition of three-

dimensional data starting at the location on_ the surface of the second subject. 

51. The system of claim 50 wherein the location on the surface of the second subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

15 used to derive the three-dimensional data from the second subject. 

20 

25 

30 

52. The system of claim 50 wherein the location on the surface of the second subject 

includes a plurality of temporally proximate ones of the sequence of three-dimensional 

images used to derive the three-dimensional data from the second subject. 

53. The system of claim 50 further comprising computing means for combining the 

first set of three-dimensional data, the second set of three-dimensional data, and the third 

set of three-dimensional data into a unified set of three-dimensional data. 

54. The system of claim 46 wherein the first subject includes a first dental arch. 

55. The system of claim 54 wherein the second subject includes a second dental arch, 

the fixed orientation including the first dental arch and the second dental arch in occlusion. 

56. The system of claim 46 wherein at least a portion of the second set of three-

dimensional data is fitted to at least a portion of the first set of three-dimensional data to 

provide a unified set of three-dimensional data. 
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57. A method comprising: 

placing a first subject in a fixed orientation relative to a second subject; 

acquiring a first set of three-dimensional data including a first portion of the first 

5 subject and a first portion of the second subject; 

acquiring a second set of three-dimensional <lat~ from the first subject in isolation 

starting at a location on a surface of the first subject and including a second portion of the 

first subject different from the first portion of the first subject; and 

combining the first set of three-dimensional data with the second set of th.ree-

l O dimensional data. 

58. The method of claim 57 wherein each of the first subject and the second subject is 

a rigid body. 

15 59. The method of claim 57 wherein the location on the surface of the first subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

used to derive the three-dimensional data from the first subject. 

60. The method of claim 57 wherein the location on the surface of the first subject 

20 includes a plurality of temporally proximate ones of a sequence of three-dimensional 

images used to derive the three-dimensional data from the first subject. 

61. The method of claim 57 further comprising: 

acquiring ofa third set of three-dimensional data from the second subject in 

25 isolation starting at a location on a surface of the second subject and including a second 

portion of the second subject; and 

30 

combining the third set of three-dimensional data with the first and second sets of 

three-dimensional data. 

62. The method of claim 61 wherein the location on the surface of the second subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

used to derive the three-dimensional data from the second subject. 
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63. The method of claim 61 wherein the location on the surface of the second subject 

includes a plurality of temporally proximate ones of the sequence of three-dimensional 

images used to derive the three-dimensional data from the second subject. 

64. The method of claim 57 wherein the first subject includes a first dental arch. 

65. The method of claim 64 wherein the second subject includes a second dental arch, 

the fixed orientation including the first dental arch and the second dental arch in occlusion. 

10 

66. A method comprising: 

providing a first set of three-dimensional data from a subject; 

scanning the subject to acquire one or more additional three-dimensional images; 

test fitting each one of the one or more additional three-dimensional images to the 

15 set of three dimensional da~ and 

upon a successful fit, adding the one or more additional three-dimensional images 

to the set of three-dimensional data. 

67. The method of claim 66 further comprising fitting each new one of the one or more 

20 additional three-dimensional images to one another to provide a second set of three­

dimensional data, and upon a successful fit, adding the second set of three-dimensional 

data to the first set of three-dimensional data. 

68. The method of claim 66 wherein the three-dimensional data includes three-

25 dimensional surface data. 

69. The method of claim 66 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

30 70. The method of claim 66 wherein the set of three-dimensional data includes three-

dimensional surface data acquired from a subject as a sequence of three-dimensional 

42 

-116-



5 

WO 2007/084589 PCT/US2007/001287 

images,. each one of the sequence of three-dimensional images fitted to at least one 

previous one of the sequence of three-dimensional images. 

71. A system comprising: 

storage means for providing a first set of three-dimensional data from a subject; 

acquisition means for scanning the subject to acquire one or more additional three­

dimensional images; and 

computing means for test fitting each one of the one or more additional three-

dimensional images to the set of three dimensional data, the computing means further 

10 including means for detecting a successful fit and, upon detecting a successful fit, adding 

the one or more additional three-dimensional images to the set of three-dimensional data. 

72. The system of claim 71 wherein the computing means includes means for fitting 

each new one of the one or more additional three-dimensional images to one another to 

15 provide a second set of three-dimensional data, and upon a successful fit, adding the 

second set of three-dimensional data to the :first set of three-dimensional data. 

73. The system of claim 71 wherein the three-dimensional data includes three-

dimensional surface data. 

20 

74. The system of claim 71 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

75. The system of claim 71 wherein the set ofthree-dimensionaJ data includes three-

25 dimensional surface data acquired from a subject as a sequence of three-dimensional 

images, each one of the sequence of three-dimensional images fitted to at least one 

previous one of the sequence of three-dimensional images. 

76. A computer program product comprising computer executable code embodied on a 

30 computer readable medium that, when executing on one or more computing devices, 

performs the steps of: 

providing a first set of three-dimensional data from a subject; 
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scanning the subject to acquire one or more additional three-dimensional images; 

test fitting each one of the one or more additional three-dimensional images to the 

· set of three dimensional data, and 

upon a successful fit, adding the one or more additional three-dimensional images 

5 to the set of three-dimensional data. 

77. The computer program product of claim 76 further comprising code to perform the 

steps of fitting each new one of the one or more additional three-dimensional images to 

one another to provide a second· set of three-dimensional data, and upon a successful fit, 

10 adding the second set of three-dimensional data fo the first set of three-dimensional data. 

78. The computer program product of claim 76 wherein the three-dimensional data 

includes three-dimensional surface data. 

15 79. The computer program product of claim 76 wherein the one or more additional 

three-dimensional images include surface data derived from two-dimensional image sets 

of the subject. 

80. The computer program product of claim 76 wherein the set of three-dimensional 

20 data i11:clude~ three-dimensional surface data acquired from a subject as a sequence of 

three-dimensional images, each one of the sequence of three-dimensional images fitted to 

at least one previous one of the sequence of three-dimensional images. 

25 

30 

81. A method comprising: 

providing a first set of three-dimensional data from a subject; 

scanning the subject to acquire one or more additional three-dimensional images; 

test fitting each one of the one or more additional three-dimensional images to the 

first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 
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82. The method of claim 81 wherein providing real time visual feedback includes 

superimposing the first set of three-dimensional data and the one or more additional three­

dimensional images on a video image of the subject when a test fit is successful. 

83. The method of claim 81 wherein providing real time visual feedback includes 

displaying one or more navigation cues when a test fit is unsuccessful. 

84. The method of claim 81 further comprising, when the test fitting is unsuccessful, 

fitting each new one of the one or more additional three-dimensional images to one 

IO another to provide a second set of three-dimensional data, and upon a successful fit, 

adding the second set of three-dimensional data to the first set of three-dimensional data. 

85. The method of claii;n 81 wherein the three-dimensional data includes three-

dimensional surface data. 

15 

86. The method of cJaim 81 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

87. The method of claim 81 wherein the set of three-dimensional data includes three-

20 dimensional surface data acquired from a subject as a sequence of three-dimensional 

images, each one of the sequence of three-dimensional images fitted to at least one 

previous one of the sequence of three-dimensional images. 

25 

88. A system comprising: 

storage means for providing a first set of three-dimensional data from a subject; 

acquisition means for scanning the subject to acquire one or more additional three­

dimensional images; 

computing means for test fitting each one of the one or more additional three-

dimensional images to the first set of three-dimensional data in real time, and 

30 display means for providing real time visual feedback to a user relating to the test 

fitting. 
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89. The system of claim 88 wherein providing real time visual feedback includes 

superimposing the first set of three-dimensional data and the one or more additional three­

dimensional images on a video image of the subject when a test fit is successful. 

90. The system of claim 88 wherein providing real time visual feedback includes 

displaying one or more navigation cues when a test fit is unsuccessful. 

91. The system of claim 88 wherein the computing means includes means for, when 

the test fitting is unsuccessfu], fitting each new one of the one or more additional three-

IO dimensional images to one another to provide a second set of three-dimensional data, and 

upon a successful fit, adding the second set of three-dimensional data to the first set of 

three-dimensional data. 

92. · The system of claim 88 wherein the three-dimensional data includes three-

15 dimensional surface data. 

93. The system of claim 88 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

20 94. The system of claim 88 wherein the set of three-dimensional data includes three­

dimensional surface data acquired from a subject as a sequence of three-dimensional 

images, each one of the sequence of three-dimensional images fitted to at least one 

previous one of the sequence of three-dimensional images. 

25 95. A computer program product comprising computer executable code embodied on a 

computer readable medium that, when executing on one or more computing devices, 

performs the steps of: 

providing a first set of three-dimensional data from a subject; 

scanning the subject to acquire one or more additional three-dimensional images; 

30 test fitting each one of the one or more additional three-dimensional images to the 

first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 
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I 

96. The computer program product of claim· 95 wherein providing real time visual 

feedback includes superimposing the first set of three-dimensional data and the one or 

more additional three-dimensional im~ges on a video image of the subject when a test fit is 

5 successful. 

10 

. 15 

97. The computer program product of claim 95 wherein providing real time visual 

feedback includes displaying one or more navigation cues when a test fit is unsuccessful. 

98. The computer program product of claim 95 further comprising computer code that 

performs the steps of7 when the test fitting is unsuccessful, fitting each new one of the one 

or more additional three-dimensional images to one another to provide a second set of 

three-dimensional data, and upon a successful fit, adding the second set ofthree­

dimensional data to the first set of three-dimensional data . 

99. The computer program product of claim 95 wherein the three-dimensional data 

includes three-dimensional surface data. 

100. The computer program product of claim 95 wherein the one or more additional 

20 three-dimensional images include surface data derived from two-dimensional image sets 

of the subject. 

l O I. The computer program product of claim 95 wherein the set of three-dimensional 

data includes three-dimensional surface data acquired from a subject as a sequence of 

25 three-dimensional images, each one of the sequence of three-dimensional images fitted to 

at least one previous one of the sequence of three-dimensional images. 
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HYBRID STITCH.ING 

FIELD Of' INVENTION 

!OOOf! This invt,n!:ion relates gt,ncrally to 1hree.dimen~ional imaging and mC1n: 

specifically tedmiqucs !cir combining disparate sc;ms ofa cC1mmon Hmx:-dimcnsional surface. 

BACKGROUND 

!0002J In one technique for three-dimensional image reconstruction, a number l)f 

images or image sets \)fan \)bje{'.t arc captured with a can1crn that travels in a path over the 

surface ofthe object A tlm.:c-dirncnsional model of the ol~iect c,m then be obtained frorn a 

description of the camera path and individual thn,-e•dimensionoJ meosurcrnents captured along the 

c~1mera path. Jn certain applications, data from a :mrface of an object is available in multiple, 

disparn1e dma sds, suc.h as where a scan is interruptt,d prior to compktion or where additional 

sc:ms are performed to augment :m initial sca.n. The resulting multiple modds can he regis1ered lo 

one anotber 10 obtain a cornbined modd. \Vhile c(mventionaJ registration techniques can 

minimize an error in alignment between two such resuhing modds, this approach docs noi afford 

an oppo1tunity to refine the individual rnodd~ in vinv oflhc combined data. 

100031 

diniension .. 1! data set,;;.. panicu!arly disp,:1.r,:1.tc data ;;et:s based uixm a P<tth (,f pC!ses of a !lll\:,e­

dimensiona! scanner .. 

SUl\fMARY 

100041 

of frames of data along a camera path, disparate sequences arc related to on.: :mother through a 

number of geometric stitches obtained by direct registration ofthrce-dimcnsiona! data hct,:vt'Cn 

frames in the disparnie sequences. These gco:mciric stitches an.: then used in addition io or in 

plact, of other camera path relationships to form a single virtual stitch graph fbr !he combined 

modd, upon 1vhidi an intq;ra1ed global path optimization can b(: [K:rfom1cd, 

BRIEF JJESCIUPTION O.F TUE HRA \VfNGS 

[00051 The invention and the folkwving detailed description of certain (~mbodiments 

thereof may be understood by rderence to the folkw,ting figure;;, 

{OOOt,J Fig, l shows a three-dirnensional scanning system . 

. 1 
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scanner. 

!0008] Fig, 3 shows a pmce~~ing pipeline for obtaining thtei:-dimcnsional data from a 

v:id.::o sc,umer. 

IOOOl)] Fig. 4A and 4B illuslrnte c,imcn, paths fQr B thrc.::-dimen31onal scanner. 

IOOHI] Fig. 5 shows a DS('.r inkrfa(:e image where :iddilional data is t"t'.que3ted hy a. 

~()ilware to()!. 

IOOlll Fig, 6A and 6B illw;trnte accumulated error in camera paths, 

10012] Fig, 7 i, a llm-v dmrt of a tbnx:-dimcnsional nx:onstrnttion pnx:ess including 

global paih optimiza,ion for improved accuntc,:y. 

100131 Fig. Ii is a flow chart of a dental object recons!rnction prncess using numerical 

optimization, 

{00141 Fig, 9 h a flow chaii ofa hybrid stitching pnx:<:$:,, for combining disparate 

three-dimensional scans ofa common surface, 

{ll015J Fig, !O is a flow chart of a process for creating of a virtual stitch graph. 

UETAILEn IWSCRIPTlON 

{OOH>I In the fol!owing text, refi::rernxs to items in the singular should be understood 

to include items in the plnrnl, and vice versa, unlt:ss t:xplieit!y staled othenvis(: (lr dea:r from ,he 

text Grammatical c011itmctiom; arc intended to express any and al! disjunctive and conjunc!ive 

combinations of conjoined clauses. sentences, words, and the like, unless othenv1se stated or dear 

from the c,:oukxL 

[00171 fo the systems and methods described herein, a number oftcchmqucs for 

global motion optirnization arc ('.mployed to improve accuracy of!hree-dimensional 

reconstructions based uixm camera path. 

The fbllmving description details specific scanning technologies and focuses 

on dental applications ofthree-dimensic,nul imaging; however, ii will he appreciated lhat 

variations, ,ul.,ptai.iorn;, and c:ombinatirnis nf the mcthodf; and systcmi, b,:dm:v will be apparent to 

mic of ordinary s.ki!l in the urL For ex.ample, while an image.,based system is described, non-, 

image ba~cd 3C,mning techniques such H3 infrared time-of- !light techniques or i,lnJClurcd !ighi 

techniques using patterned projections may :c;imifar!y employ reconstrnction based on camera path 

1hat may benefit from the irnpmvemenls (k&c,:ribed h{:rdn. As ,moth{:r t:xampk, while digital 

dentist!')' is one useful application of the improved accuracy that results from the icdmiqnes 

desc,:ribi:d lwrdn, global path optimization may also usefully be employed to refine three-

2 
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diinenskmi:it aninrntion lJl\)dds or three-dimensional scans for rnachim:: vi:.:inn app!icatkms or for 

mapping 11pplication~. AH sud1 variation,;;., adapta1ions, and cumbination,;;. ari.'. intended to foll 

wiihin thi.'. scope of this d.isdosure. 

IOI.Ji 9] In the fo!lm:ving description., the krm "image" gi.'.ncntl(y rdi.'.r,;;. to a two-

dimensinnal ;;1.:.~1: ofpi:<ds forming a tw,,-<limensional vie\V of a ,;;.objc<:t within an irnagc pkrni.'.. 

Tilt~ tcnn "imag(' sef' gent•rnlly rd'<:•r:: to ii set ofrd;ited t\.V<Hlimen~ional image,;; that mighi be 

resoh't~d inl(l three-dimem;ional data. The term "point ckmd" g,:nerally refors to ;:1 thr,:e­

dimensional set of points forming a tlu-ee-dimcn;;ional view of the wbjed tc(:onstrnetcd frorn a 

number of t\ViH.iimensional images. In a 111ree-dimen~iona1 image (:aptiue system, a number of 

;_.;udi point clouds may also be registered and rnmbined int(1 an aggregate point cloud ('.Ons,ructed 

from images captured by a moving camera, Thus it wi!! he understood that pixels generally refor 

to l\vo-dimensional data and points generally rekr to ihrcc-dimcnsional data, lmkss another 

meaning is specifically indicated or clear from the context. 

[1)020] The terms "threc~dimensional ml)de!", ''three-dimensional ::;urfacc 

representation",. "digital surface representation", "three~dimensional ~m:face map", and lhe like, 

it~ used herein, arc intended to refor to any ihrce-dirnensional surface map of an ol::ject such as a 

point cloud of surface data, a set oftwrHiimensiona! polygons, or any othi.:.~r data representing all 

or some ofihe Mi.rfacc of an object, as rnigh! be (>btaincd through the cap1ure and/or processing of 

three-dimensional ,-can da1a, lmlcss a difforcni meaning is c:xplk:illy prnvided or oth(:n,+s(: dear 

frmn tht• conic'.:,;t. _A. "three-dimensional rcprc,;;.entation" may indudt'. any of!J1c thrct--dimensional 

surface representations described above, as well as volumctnc and other representations, unless u 

different me,ming i,;; expliciti:y prnvidcd or (ll:henvisc dear from th,~ context. 

[0021 l In genera!, the terms ''render" or "rendering" refer w a two-dimensional 

visualiz1ition of a. three-dimc'.nswnal object ,;;.uch a" for display on a monitor. However, it \'iill be 

understood tha! a variety of three-dimensional rendering tcchnologks exi$t and nrny he U$Cfully 

employed with the systc.m.s and methods disclosed htrein. For example, the s::,-·stcm and methods 

(kscrihed herein may u.~d'ul!y (:mploy a hologrnph:it display, an autosl.::n::oscopic display, an 

anaglyph display, a hcad-mounkd stereo display, or nny other two-dinwnsional andiot three­

dimcnsinnaJ (faplay ... '\.,;; slleh, rendering as descrthed herein slwnld he interpreted broadly unless 

a narrmNcr meaning is explicitly provided o:r othcPNis;;:: clear from the contexJ. 

{0022] The term. "dental object", as u:-.cd htrdn, is intended to rder bn.:iadly to 

subject nrnt!cr related to dentistry. Thi,- rnay indmk :intrnoral stnictures such as dentition, and 

more 1ypically human dentition,. such as individual teeth, quadrnnts, foll arches, pairs of ard1es 

(which may be separate or in (X:clu~fon of various types), :;on tissue, and the like, as wd! bones 

3 
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and any other supporting or surrounding strncttffes. As used herein, the term "intraoral strncture5" 

n:fern io both na1ui-al stmcti.m.:s within a mouth as described ahove and arti:!kia! slrnctnres such as 

any of the, dental objects described below that n:1ight be ptesent in the mmrth. DenHtl object;; may 

iudude "restor;rtion.s'', which m~,y be gen{:rnlly umkrstood to include compomin1s !hat restore 1he 

sirnciure or function of existing dentition, Sllch a, ctO\Vt1s, bridges, vcn<,x:r&, inlays, onlays, 

arna.!gams, compo&ites, and v;i.rions :rnhstn1cmre& such as copings and tht~ like, as well as 

1t~mpon1ry res-tor,rtions for use ,vhilc ;i permanent resKirnnon is being fabricated. Denrn! objects 

may abo indude a ''pmsthe::;is" Hmt replaces dentition '1-Vith removabk or permanent s!rm:.:!ures, 

,;uch a5 dentures, partial di:mture~, iniplant&, retained denture::., and the like. Dental objech may 

al:;;o indude "applianc:es" used to c;)1Tcct, align, m othef\:vise tem1x1rnr-ily or pem11rnen1ly <tdjusi: 

dentition, such 11s removable orth()(iontic appliances, surgical stcnh, brllxism appliances, $!lore 

guards, indirect bracket placcme!lt applia:nce:;;, and the like, Dcmal ot~cch may also indude 

"hardw,;1:re" a:ffixc:d w demition for an cxrcnded pcriixl, ::;uc.h as implant fixhtres, implam 

abuirncnt:s, orihodon1.k brackets, a.mi other rnthodonti(: components. Dcnml objcds may abo 

indude "interim components" of cknral manufo~,ture such as dcnlal models (foll and/or paniai), 

,.vaX-llfh, inv(:,-1rneni mold,-, and the Hke, a~ ,veH as lrays, bases, dies, ami other components 

employed. in the fabricaiion ofrestorntim1s, prostheses, ,md th(: like. Dental object& may also he 

cakgorized as natural dental o~iects such as the teeth. bone, and o!hcr intrnornl &tructnrc~ 

described ahove or a:;; artificial dental objeGl:t .$UCh as the restorations, prosthe.S('.&, appfomc(:&, 

hari:.!ware, and interim components of denwl manufacture a$ described above, 

[0023] Temis such as ''digital dental model", "digital dental imprc&&ion'' and the 

like, tire intended to rcfi:r to three-dimensional repmscntati(m:,; of denial ohjcns that may be used 

in variou;; aspecis of acqui:::ition, analysis, prescripuon, and mamrfacture, m1!e:::.s a different 

meaning i;; othenvise provided or dear from the context. Temi,:; such as "dt'.tltal rnodd" or "dental 

impression" m-e intended ti) refor to a physical mNkl, such as a cast, printed, or otherwl$c 

fabricated physical instance of.:i dental ,)bject. Unkss specified, the tenn "lrl()dd", when u$cd 

atone, may n:fcr to either or both of a phy::;ical model and a digital rnodd. 

{0024] It \Vil! further he understood 1hm 1ern1s such .is ''t!xil'' or "control'', -,,,-,hen used 

to describe a,~pects ofa user interface, are intended to refer generally to a variety oftcdmiqucs 

that may be employed within ~, graphical user interface or other U$er interfrtce lo receive user 

input that stimulates or controls processing including ·without limitation drop-,fown ]i$tS, radio 

bu1tons, cursor an1.1ior mouse a<:tiont {sd.ed:ions by point, selections by ar(:a, drag-and-drop 

operations, and so forth), cheek boxes, command lines, text input fields, messages and a.lens, 

progress bars, and so fonh. A tool or c<mtrol may a!so include any physical hardware relating w 
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the us.i;;r input, such as a mouse, keyboard, display, keypad, trnck hall, and/or any other device 

that n.:cdvcs physical input fn)n1 a user and convc1ts the physical input into an input for use in a 

~,(>lll{RHeri.zed system. Tlrns in il!e foHo,ving; descriplion the terms "tool'', "control'' and the like 

should be broadly constrrn:d unless a mcm,'. &pccific rne,ming is cilhen.~0ise provided or dear from 

1he crn:!lext. 

!0025] Fig. l depi.ci.s a thr>X'.•dimensiona! sc,nming system tha! may he used with ,he 

systems and methods dt~&c:ribed herein. In gencrnL the syslern .100 may im;lude a scanner 102 thai 

rnpitm'.s images from a surfoce 106 oLm o~iect 104, snch as a dental patient, and fon:vards ,he 

irnages IO a comptHt~r JOS, which may include a display 1 Hl and one or m(lt\'. user- inpui: devices 

l l 2, l 14 such as a mouse I l 2 or a k eyb{lard ! 14, T1w ~canner I 02 may a ls(l include an integrated 

input or output device i 16 such as a control input (for example, button, toudipad, tlmmhwhed, 

de,) or a display (fbr example, LCD or LED display) to provide status int<.)rmation, 

{00261 The scanner I 02 may include any camern or camera system suitable for 

capH.rring images from which a ihrce•dimcnsional point c!oud or other thrcc•dimcnsional dat.a 

may be recover~xL Fw ~\Xamplc, th~) scanner 102 may employ H multi-apcrtnre system as 

disdos(:d in US Pat. No .. 7)72Ji42 to Rohaly et a!, \Vhik Rohaly di~closcs one mtilti--apeni.m: 

system, i; \,-·ill he appreciaied 1ha1 any nml!i-aper1ure system suitable for rccons!:rncting a three-­

dimensional point cloud from a number oftw<1-dirncnsional images may similarly be employed . 

.!n om~ n:mhi•apcnurc embodiment, 1he scanner !02 may indude a plurnliiy of ap1.~rtm:cs induding 

a tenter aperture positioned along a ccnkr optk<1! axis of a lens that provides a center chmmd f(}r 

tile ;;cannt'.r l02, along with any a:;;:;;ocimed imaging hard.,varc. ln .~uch t'.mbodimt'.tlts. !he center 

chamid may provide il (:zmventional video image of the ~;canned subject rnatter, while a m1mbcr 

of axially offs(:\ chmmeh yield imag(• wts containing di~panty information that can be emp!»yed 

in thrce~dim;:,nsiona! recHrn.aruction of a surface. In oth~~r embodiments, a ~('.p;i.ratc v1de<i camera 

and\)r channel may be provided to aehkvc the ~axne n.':S1.1lt, that is, a vide\) of an object 

corresponding temp(,rally to a. tllrec-dimen~fona! scan of ihe object, prdernh!y fr(lm the sarne 

p(:rspectivc'., or from a pernpt.,ctive having a fixed, known rdationship tn the pcr:;pcc1ive of the 

s~,.umcr lil2. The scanner 102 may alw, or insl!c":ad, i.ndudo:: a sten.:'1>8copie, triscopic or other 

inuhi-camera or Nhcr configuration in which a number Qi' cameras or optical paths arc maintained 

in fixed relation io one another to obtain hvo-dimcn.sional image~ ofan object from a number of 

different per:;pcctivcs, The scanner 102 may include suitabk pruccssing for deriving a thn::c:• 

dim~nsional poin! cloud from an image sc1 or a num!)(:r ofimag1.~ ~1.~ts, or ('.ach !:wt,-dimensiona! 

image sd n:iay be trmi$miued to an external processor such as contained in the cornputcr 108 

described below, In other eml:iodi ments, !J1c ~canner I 02 may employ structured !igh t, laser 

5 
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scanning, direct rnnging, or any other lcdmology $Uitablc for acquiring tbree-dhr1e11sional data. ,)r 

lwo-dimem,ional data that can be resolved inio three-dimen,,:;ional dah1. While the techniques 

dascrihed hclov..- can lL"'-efully employ video da!a ac:quinxl by a. video-bilscd threc-dimen,;ional 

sc,Hming system,. it ,vill h<: 1mdernt,x1d thal any other three-dimensional ,;canning system may be 

snppkmenkd \Vith avideo m.:qllisition system that caplure,; &uitabk vid,w da!a 

cnnkmponmtuusly \Vith, .. or otherwi,;,('. synchroniz,!d with, th~, acquh.ihon ofi:hrne-d.imen:c;iona! 

data. 

100271 ln one embodiment, the scanner 102: is a handhcld, fredy-posiuonabk probe 

having at !east one w,;er- inpu1 dt,vi(.;e l 16, such as a hutkm, lever, dial, thumb ,vheel, S\Vii:di, or 

ihc like, for w;er C{ll1lrol of the image capture system 10-0 rnch as &tarting and &topping sc,ms. In 

an emb()diment, the S(.;,mner !02 may be siiaped and sized for dental scanning. ?viore partin!lar!y, 

the scanner may he shaped and sized for intrnornl scanning and data capture, such as by inscmon 

into a mouth of an imaging subject and passing over an intrnorn! surface I 06 at a suitahle distance 

to acquire surface data from teeth, gums, and so forth. The scanner !(i2 may, thrnugh such a 

continuous data acquisition process, captme a point cloud of surfr1.ce d,1.la h,1.ving su:fficient spatial 

rcsoluiion and accuracy to prepan: dental objects such as prmth<:tk:s, han:hv:ire, appliances, and 

the like therefrom, either directly or through a variety of intermediate processing »tcps. ln other 

('.tnbodiments, smfac:e data may be acquired from a dental model such ;is a dcma{ prosthetic, w 

ensure proper fiii.ing using a previnus scan of corresponding dentition, snch as a J:oo:!h surface 

prepared J'\:ir the prosthetic. 

{00281 A!lhough not shown in Fig. l. it \ViII be appreciated that a mimbcr of 

s:upplcmentul lighting systerns: may be usdhlly employed during imag.:' capture. For exampk, 

C'.nvironmcnm.l illumination muy he enhanced with ot1t) or more sp,)llights i!lm11inafrng the object 

104 to sp('.ed imag('. ;;1fi.Jt1isit10n and improve depth of field (or spatial rc.so{lltion depth). The 

scanner 102 may abo, or instead, include a strobe, flash, or other light somc.e to suppltwncnt 

illrnrnnatkm (1fthe object 104 during image a(:quisitiotL 

[00.29] The object Hl4 may be any object, collection of objects, portion of an obied, cir 

other subject rnatkr. ~-lore particularly with respect to the dental iedmiques discussed herein, the 

objact l04 may include human dentition captured intrnora!!y from a dental patient's mouth. A 

scan may capture a three-dimensional representation of some or aII of the dcntitil)n according lo 

particular purp(ise of the scan. Thus the sctm may capture a digital model of a tooth, a quadrant of 

kdh, or a full co!k:cdon of teeth including tvm opposing mdi<:$, as v.·dl as soft tissue or any 

oth('.r rdcvant intrnoral strnctures. The scan may capture multiple re.presentations, ~uch a,;; a tooth 

stirfare before and afier preparation for a restora1k111, As will be nottxl be!,}w, this data may he 

6 

-135-



WO 2012/.115863 PC'l'/U S 20l 2/ll25554 

crnpit,ycd for sub~egucn1 modding such as dcsignil1g a restorntkm or dcten:nining a margin line 

for same, During the scan, a center cbannd of the scanner 102 or a sep,irnte vidt") ;;ystcm may 

rnpturc vi<ko of the dentition frorn the point of viev...- of the sc,irmer Hl2. In 01her embodiments 

when-;,_ for cxmnpk, a cnmplded fabricati(}n is being dr!:uaily test fit1ed to a sm:foce preparation, 

1hc :;.can rn:r_y include a dental prosthesis such as mi inlay, a cnY<Nn, or a:ny other dental proi;1hesis, 

dental hardware, dtntal app!ianct', m the like. The object Jn4 may aho, or instead, include a 

dental model, sm::h as a plaster cas,, \Vax-up, m1press10n, nr ncgalive in1pression of a tooth, teeth,. 

soft tissui:', or some combination of these. 

!0030] The computer l(}}l may include, for cxampk, a pt'rsona! C(Hnpu1er or other 

prnc:essing ch~,--icc. hi one t:!mbodiment, the unnputer !O~ indudes 11 personal computer wi1h a 

dual L8Glh: Opteron centrnl prnce%ing unit, 2 gigabytes of random ace():,:, memory, a T"YAN 

Tlmnd.er K!:i\\/E motherboard, and a 250 gigabyte, !0,000 rpm hard drive . .In om:: current 

embodiment, 1he ;;y,:.tem ca.n be operated to capture more than five thousand ixiinB per image ,:.c:1 

ill real iime using the kdmiqtie,:. described herein., and st.ore an aggt\~gatcd pDint dond ofsc:vernl 

million points. Of course, this point doud may further processed lo acccurnrnxlate snhseqnent 

data handling, ~uch as by decimating the point cloud data 1)r generating a corresponding mesh of 

surface data. As u,-e;1 herein, ihc term "real time" mc,ms generally· ·with no observable latency 

between proc~\ssing and di~play. In a video-ba,-ed semming system, real time more spcdfical!y· 

rcfors to prnccssi:ng within the time between frames of video data, wJ1kh may vary accnrding !o 

specilk vid~'o technologies between <1bout fitken frames per sernnd and about thirty frames per 

second. ~-lore genc:ratly, prnrnssing capabilities of the computer !08 may vary ac('.ording to !he 

size ofthe object i 04, the speed of imagi:.: acqui&iiion, and the desired spatial re~o!utioti ()f!hree• 

dimensional pmnl:s. The compukr l!l8 may also ine.lude peripheral devices stK:h as a keyboard 

114, disp!Hy HO, and mouse ! !2 for us(:r mtcrnction wHh the camera system 100. Th,:., di~play 

l 10 may be a. touch screen display capable of receiving user input through direct, physical 

interaction -with the display I H.l. In another aspect, the display may include an autostereoscopk 

display capable of displa:ying &k\n,x, images. 

!OKHJ Communk<rtions between the CQmputer lOS and the scanner rn2 may use any 

s11it~bk cmrn:nunications link including, fnr exmnp!e, a wired c<mnccti(>n or a wireless connection 

based ttpon, for example, lEEE 802.l l (also known as wirdc% Ethernet), BlucTooth, or any 

other sui1,1bk wi.rclt.~ss standard m,ing, :for cxmnpk a radio frcquenc)', infrared, or other ,virek~~ 

communicaiion med.iBm, In medical imaging or other s~~nsitivc application,:., wireless image 

transmission fwm lhc ;;canner Hl2 to the computer i08 may be secured. The computer 108 may 

., 
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gc:ncrnte control signals io the sc,,nner 102 which, in additimi tn imag{~ acqui$ition c1)mrnand~. 

may induck co11,'entional cmnern control.s such as focus (it zoom, 

!0032J In an example ofgencrn! ()J)Ctation <.)fa three-dimcn~ional image capture 

,;y$tem 100, the s.c,umc:r 102 may acquire two--ditnc'.nsional image ;;ctii i:lt a vi(k:o rntc whik the 

sGumer !02 iii paiiiied ovc:r a iimJace ,,fthc iiuhjt\ct. The two-dirnc11sional image sctii may be 

fi:wward,x! 10 ih,~ compwcr WS for d,~rivation of1hrc,~-dimcnsionai point clornk The thrnc­

dimensiorial d;rta for each ne\vly ac,1uired l,vo-dimen.sional image set may b(: tkrived and fitted Cir 

"stitched" io t•xisii.ng tilmc-dimcnsiona! data using a m.tmbcr ofd1!'forcnt techniqu-t:s. Such a 

sy$tem employs camera rnotion eiitimation to ;rvoid the need for im:lcpNKknt 1racki11g ofi:he 

positi()n of the scanner 102. One use!'\.!! example of sud1 a tedrnique is d(\Scribed in comm(mly­

(}'Nned lJ.S. App. No. l !/270, 135, filed on Novcmbt'r 9, 2005. llO\\/cver, it will be appreciated 

that this e!'i:Hl)pk is not limiting, and that the principles described herein may be applied to a 'Nide 

range ofihree-.. Hmeit~ional image captnre sy,;tems. 

[00331 The display l 10 may include ,my display suitable fi)r videD or (,th,:r rnic 

rrndcring m a !evd ofdctai! corresponding to the acquired (bta. Suitable displays include cathodi:o 

ray tube displays, liquid cryMal displa:ys, Hg.ht emitting diode di~play$ and 1he like. In g_(:ncrn!, ihe 

(fop lay l lO may be operntivdy eoupled to, and capable of r\~cei ving (faplay signab fi·rnr1, the 

computer 108. This display may inch.1de a CRT or flat pand monitor, a th.rec-dimensional display 

(such as mi anaglyph di.splay), an autostcrcoscopic threc--dimcnsiomiJ di.splay or any other sui!ahk 

two•dimrnswnal or thrce-dimcn;;ional rend('.fing hardware. In ;;ome embodiments. !he dispfay 

may include a toudi sci..;~~n interface using, for example capacitive, resistive, or surface acoustic 

wave (also reforred to <1S dispersive signal) tonch screen technologies, or any other suitable 

techno!ogy for scnsmg physical wteraction '>Vith the display l Hl 

[00341 The sy~tem 100 may include a cornpuier-us.abk or C(:,mputer-readab!e medium. 

The computer-usabk medium l lB may include one or more mcmmy chip~ (or other chips, :c.uch 

as. a processor, ihM include memory), optical disk~, magnetic disks or Nher magnetic media, i'lnd 

so fonh. The compu1cr-usabk mcdimxi I I 8 nmy in rnriolls embodiment~ indode removable 

mt.,n:mry (such af. a USB device, tape drive, •a\Xl!::nrnl hard drivt.\ ,md ,m fonh), remote storngt., 

(such as network attached storage), volatile m non--volati!e compukr memory, and $0 forth, The 

lX>mpu1cr-uwbk medium I l 8 may contain u,mpnler-r~adabk instructions for execution by the 

l~ompuie.r !Oil lo p;::rform the processes described hc:tdn such as lfo: pnX:ess dz:~cribcd in detail 

wiih re:forence to rig '.\. The computer-usable niedium l !8 may abo, or ins!ead. storn data 

rcCl\ived from the scanner 102, store a !hrce-dimcnsionul model of the objccl HM, store compu!er 

code for rendering and display, and so forth. 
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!0035] Fig, 2 depicts an optical system 200 for a three-dimensional scanner that may 

b(;' nscd \Vith the syst(:ms and rnet!mds describi:)d herein, s,ud:1 as for the scanner 102 des,cribcd 

abovt~ wiih rdl~r;;_~nee to Fig, l . 

!01136] The 1)ptica! system 200 may indt1de a primary optical facility 202, which may 

be employed in any kind of irnagi:) prnct.~ssing sysicm. In general, a primary optical facility rcfors 

herdn to an optic,ll system having one optical dla.nnd. Typically, 1his optical channel shart'.s at 

km,! one lcm;, and has a ,:;hart~d image plmK: ,,vithin the optical system, although in the fo!lmving 

description, variations to !his may be explicitly described or otherwi,:;c clear from the conlexL The 

optica! s,ystem 20() may include a single primary lens, a group of lenses, ;m object kn;;;, mirror 

sy$kms (induding traditional mirrors, digital mirrnr systems, digital light processor,, or 1he iih\_!, 

confocal mirrors, and any other optical facilities suit.able fon1se with the systems described 

herein, The optical system 200 may be med, for cxampk in a stereoscopic or other mulnp!c 

image camera sy:stem. Orher optical facilities may include holographic optical dements or ihe 

lih. In va:rious configu:mtion:s, the primary optical fi:1d!ity 202 may indudc one or more lenses, 

:such as an objt.~ct lens (or group ,,flenses) 202h, a field lens 202d, a rday· !ens 202f, and so forth, 

The object lens 202b may he located at or near mi entrance pupil 202a of the optical system 200. 

The fidd lens 202d may be located ,,t or near a first image plane 202c ofihe optical system 200. 

TtK'. rday lens 202f may rday bmidlcs of light mys ·within the optical ~ystem 200. The optical 

:system 200 may fonher indnde components Sl!di as apntore ek:ments 208 ,vith on{: C1r morn 

apc1iures 212, a refocusing facility 210 with OlK'. or mon:: rd'ocusing clcmn1ts 204, one or more 

sampling foci!i1ies 218, and/or a nurnber of scm;nrs 2 !4a, 214b, 214c, 

{110371 The oplical sys.em 200 may he dc,~igm:xl frir active wavefront 8amp!ing, \vlrich 

should be understood to encompass any technique ust'd to sample a series or collection of optical 

data from an object 220 or ob_iects, including optical data med to hdp detect t\:vo- or three­

dimensional characteristics of the obJect 220, rn;ing optical data to detect motion, using optical 

data for vdodmetry or O~kct tracking, or the like, Flather details of ,m optical ~:{stem that may 

be employed ,is the optical s,ystem 200 ofFig. 2 arc provided in U.S, Pat. No. 7)72,642, wfore 

gcner,dly, it will be under~tood that, \Vhik Fig. 2 depicts one ei:nbodirnent of an optical system 

200, nnrncmu,;; ·variations arc possible. OH ,;alient fcaiur('. of 1l1e optical s,ysk:m related io the 

discussion below is the ll'>C of a center optical channel that captures conventional video or still 

images al one nhhe se11sors 214b c(mctirrent with various offset data (at, for example., 214a and 

214c} us,ed IO c:apture 1hree-dirnensional measurement;;;. This centt:r channel imag(: may he 

presented in a user inK:rfacc lo permit inspection, marking, and other manipulation by a user 

during a user session as describe hdm-v. 
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!0038] Fig, 3 sh,w,-s a three-dimensional n:.-constrnction system 30(} employing ah igh­

specd pipdine and. a higl:HKcumcy pipdinc. !n gcnernL 1he high•spced. processing pipeline :no 
aims Io provide threc-dirn~\nsimiat data. in n:.\a[ tirm::, such a:;; at a ,,ideo frnrnc rnlc used by an 

a:,socia:ted display, whik tb~~ high--accurncy processing p1pd1nc 350 aim:;; to pn:rvidc ihc high(::;;! 

acc:nracy possihle from scarni(:r ll"K\il&urcmcnts, subject to any ex!crna! crn:nputaiion or time 

cnnstm.ints imposed hy system hardv>'arc or an ini:,,nded n,;;e ofHrn l\!SB!ts. A data wnrc,, 3 !O such 

as the scanner !02 described above provides image data or ihe !ike to ihe system 300. The data 

source 3 ! (} may for example include hm\hvarc such as LED ring lights, \vand srnsors, a frame 

grabber, a comptH~~r, an operating system and any other suitable h.ardwarz: and/or sofhvare for 

ob1aining data ust~d in a thm,:--dim(:n;,ional recon;;lrnction. Images from the dala szrnrce 310, such 

it~ center channd images containing conventional video images and side channels containing 

disparity data used to recover depth information may be passed to ihc real-time processing 

controller 3 I 6. The real-time processing controller 316 may also prnvklc camera contrnl 

information or other f;;..'edback to the data :;;omce 3 !Oto he used in subsequent data acquisition or 

for speci:f\·ing data alt{:mly obtained in the data source 310 that is neede,l by 1he rca!-,imc 

processing controller 3 l 6. full resolution images and related inmge data may be retained in a fu!! 

resn!n1ion in1age swre 322. The stored images may,. for example. be pmvided l.o the hig;h-­

acuirncy pr<icessing controller 324 during processing, or he rc!Hined for image revie,v hy a 

hm:mm u,SCI during subsequent procc,-sing stt:ps. 

[00391 The real-time processing contrulkr 3 l 6 may provide images or frames to the 

high-speed !video rat(:) processing pipdine 330 for rcemhtrnction ol"thrne-dimensiona1 Stll'foccs 

fmrn 1he two--dinwnsional soun:e dma in rea! time. In an (~x~~mplary embodimen1, two-­

dinwnsional images from an image set such as side channel images, may be registered by a two­

dim@sional image rcgis1mtion modtile 332. Based on the result~ of!he t\vo-dimensional imag.:., 

registration, a three-dimensional point cloud generniion module 334 may create a three­

dimen~ional point doud or other three-dimensi(ma! rcpre:-»:.'n!ati<.HL The thret)•dimenskmal p-omt 

clouds fmm individna! inmge sets rnay be c,,mbined by a thrcc-dimenskmal stitching modlllc 336. 

Finally, the sfached mcasm:ements may he combined into 1ln integrated three~dime11simml m<ldd 

by 11 threc-dimcnsiorn1l rnodd creation module 338. The rc~ulting model may be $tored as a high­

speed three-dimensional rnodd 340. 

!004{1] Th;:: high•accn11Ky prnecssing conl.rnller 324 may pnn'ide images or frames tn 

1hc high••acc:llrncy processing pipeline 350. Separate image sets may h;'lve !wo--dimensiona! iHwgc 

registration pctforrned by a two.dimensional image registration modn!e 352. Based on the results 

of the two-dimensiona! image r(:gistrntion ;i thre(:--dimern;iomi.l point cloud or other three--
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dimensitinal representation may be generated hy a thrcc-din1cnsicmtll point doud gcn1:.~rntion 

moduk 354. The lhree~dimensional point clouds from individual irrnigc sets may be cmmcctcd 

using a three-dimensional 5titchlng module 356. Global motion optii:nization, also referred to 

herein a" global path optimizaiion or glnba! carnern path optirniz<>tion, may be iX:rfonn<:d by a 

global rno1ion op1imiz,1tion rnoduk 357 in order 1 o nxluee ;;;rrorn in the r;;;sulting thre;;;­

dimen"irnm! modd 358. In genera.!, lh('. pa!:h ol'ttm camera as it obta.ins the image !'rn.me:c; may b,~ 

eakuhlled aii a part of ,he thrne-dimensional recom;1mc1ion prncess. In a post-processing 

refinement pro('.edure, Hie calculation of camern path may be optimized • that is, the 

au.:m:nula1ion of errors along the length ol'the camera path may be minimin,d by i,illpplemental 

frame-to-frame rno,ion Ci,ilima,ion with some or a.!I oftht\ global path infonnation. Based on 

global information s:uch as: individual frames: of data in !he image siore 322, tlw high-speed thrcc­

dimcmional model 340, and intermediate rewhs in the high-accumcy processing pipeline 350, 

the higIHiccuracy modd 370 may be pmce:s:sed to reduce errors in the camera path and resuliing 

artifacts in ihe rccor1s1ruckd rnndd. As a furiher refinement, a rnc.~h may be projccicd onto th<: 

high-spctxl modd by a me~h projt'.ction nwduk 360. The rc~uliing irnag;;;s may b;;; ·warped or 

deformed by a warping m(lduk 362. \Varpcd images may be uliliz.,xl to eas,'. alignment and 

stitching between images, such as by reducing the initial error in a motion estimation. The warped 

images may be provided to the tw,,.(!imensional image registration 1rnxlnk 352. The feedback of 

ttw high-accuracy 1hn.:e-dimern;ii)nal modd 370 into lhe pipeline ma;i be rept,attxl ontil some 

metric is obtained, such a5 a stitching accuracy or a minimum error threshold, 

{00411 Various aspects of the systern :mo o fFig. 3 are described in gH:akr detail 

below. Ii should be understoQd that various pn:,ccss:ing modules. i:ir !he steps implied by the 

module~, shown in ihis figure urn e>;('.mplary in nature and that the order orproc<:'.s~ing, or the 

steps of the processing sequence, may be modified, omiitl'd, repc'att'd, 1"C-ordcrcd, or 

supplemented, ,vithout departing from the scope ofthi~ disclosure. 

[00421 Fig. 4A shows an obJCt't 4l O for imaging, along with a path 4 ! 5 that a carncra 

may Jbllov,· tvhik obtaining a three-dimensim1al scan of n surface of the object 410. The direction 

of the path 4!5 is indicated generally by an arro,v 416. The object 410 nnty be an upper dental 

impression (as shown) or any Nher ohjl'Ct from which three-dimensional surface darn is sought 

Starting ihe camern at a starting point 420, the camera may follow an arc 430 lo a second point 

422. The canKn, may then follow a segment 432 rn a third point. 424. The camera may then 

follnw a ,-ecnnd arc 434 10 a fourth point 426. Th(: camera may Jlien frillow a second segment 436 

w return approximately 10 the starting point 420" It should be noted that the palh 415 !'oHl)wcd by 

the camera may he irn:gular rather than ;;mooth, and th.at ,vhik a particular path 415 i& depict.;,d". 
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more generally any path may be taken by the rnrnern including paths that double hack upon 

ihcrnsch-·($, cro,% on)r idcntk:al regions l\VO or rn,ffc times, and/or entirely ~kip vm:km~ surfr1ecs 

oftlw objt~ct 41(!, lt should also be n"!cd lhm lhe cmncrn palh 415 :may usefully return to the 

starting point 420, but thi;; i;; not strictly required for lhrec-dimcnsiomtl rccon;;tnietion as 

tk;;crihed herein. The (:tm,cra may take hllndreds or thousaw:ls of imag(:s or nmre as the cm11ern 

!rnverses lh('. paHi arnund such a denial object 4 ! 0. 

100431 Fig. 4B shows locations ,vhcrc additional scan data might usefully be acquired 

to improve !he accuracy ofa three-dimensional reconstruction. For e~ampk, arcs 440,442,444, 

and 446 may be scanned (for example, lravcrsc<l by the camern paih) to provide cross link111g 

between various lengths of the camera path, Data niight u.seful!y be acquired, for example, from 

any area that can improve computational accuracy (1f a tht0()•dinwt1sional rcc{mstr:uction such a.s 

regions when:, the length of a canwm path between two memmrernents of the surface (for 

exampk, image sctB nr image data) is significarnly greaier than ihe disiancc bet1,vccn the t,vo 

corresponding surface location,- in the world coordinalc system forthc camera path. !t will he 

apprceiaicd 1hat this may ht) a Eudidcan di$tam:.:: or any suitnble prnX)i fbr distance. For example, 

the kngth oftbe camera path may he measured in te1ms 1)fthc number of camera path segment;;, 

or the numix:r of c,unera paih segment,- from key frame to be::::,,' frame, bet1Ne(:n two camera poses 

in Euclidean space. As another example, this may include regions where s(:parnte 1hree­

dinwnsional measurement,- l<w a general region of th(: recon$trtJ(:t,x! ihree-dimen~imial mndd fail 

to register to one another, or other indicia of accumulated error in the global camcrn p,1th might 

be present 

{110441 Fig. 5 shows a us;;,r in,erfac(: dcpi.:ting a gniphic11l request for ,idditional ~can 

du!a. Afrer the camern follo\vs the path 415 illu:;tni.ted above, a software tool may be utilized to 

identify various locutions where additional data might usefully be acquired to reduce accumulated 

error in a global camera path, st1ch as two frames of imag(\ data that represent a candidate for an 

accumulated error in camera path rdat:ivc ti.) one another using, for example, <my ofthe 

lcdmiques dcscri!wd above. A m(,;1ifor 510 may dbplay iln image 520 ~uch as a thrcc­

dim('.JlSional reconstruction of scanned subject matter, and an arrow 530 i:nay be di~pfoycd o:n the 

monitor 5 l O indicating where additional scanning is recommended, The user may then proceed to 

use a scanner, such a~ the scanner Jill from Fig. l. to scan the area indicated by the arrow 530. 

1\fore generally, areas for additional scanning may be identified to a user in a graphical user 

i:ni.erfacc that display,;; a n::constructed three-dimensional model from the camera path, along with 

arrows or other identifiers or grnphic:al annotations that illustrate a recommended scan pa:tb. After 

a user augments a carne.ra pa,h ,.vith additiomil scans, !:ht: rtsuhing data can be (:mp!oyed to 
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resolve ditforcnces {_that is, errors) in the global camera path, as described genemlly tlmrnghout 

this disdosur('., 

101145] Fig. 6A illus1ratcs a simpk camera path in a \\·ork! rnordinale system The 

camera starts al a ,;;tarting point 6!0 and foH,Yws a path 620 in a cotm1en::!l)d,wise din::ction as 

irniica!i:.xl by an a1rnw 625, returning IO .in endiI1g point cuirn:ident with the ,;tarting point 6 l O in a 

fiX(!d coordinate system, such a,; an m'bitrnrily sekckd world ('.O(inlirnite system. 

10046] Fi.g, 6B shi)ws a timple carn{:n1 pmh in a camt,ra ,xa)n.iinatc sys!em. \Vb.en a 

camera trawrses the p::1th 620 in the world coordinate system, errors may accumuhlte in a 

calculated carncra p;11h 635 so that a nicastirnd ending point 640 appear;_; to be locaicd mvay :from 

1he memmred :;tarting point 630 in the can:mra coonlinale sysit\m, {:ven tlK!ugh thctc point:, are 

identical in the world co<lrdinate system, ln one aspect, one or more cross links such a~ those 

described above wilh reference to Fig. 4 may be employed to mitigate accun:mlated errors in the 

calculated camera path 635. 

{00471 Fig, 7 is a flow chart ofa three-dimensional n,-i;;onstruction process including 

global path optimizati{)n for improved accuracy, 

{00481 The process 700 may begin with preprocessing as shown in step 7 lO, lt will be 

understood ihat preprocessing as described herein presupposes ihe availabiliiy o:fa mm:1lx:r of 

frames of inrnge data from Yvhich a camera path and three-dimensional model can be 

reconsiruded. The information for tbe thrce,,dimensional reconstruction nmy he g(:neratcd in 

mimerous \Vays including coming from structured light pr(:ienion, shading based three­

dimensional recons1ruction, or di;;p,ll'ity dma. Disparity data may be generated by· a convemional 

image pit!~ one or nt()rc other charmcls ()f side chan.nds, The prepn:,ccssing may include 

determining the number ofavt1ilabit' frames, the time duration ovt'r which all !he frame,; were 

takt~n, the amount of o-verlap between neightx,ring frame;;, idenlificatkm and elimination of 

frames with blurted or badly distorted images, and any other suitable prqxoccssing steps, An 

estirni:ite of the nw:nber of desired key frames may he initially determined during the 

preprocessing .step. 

101149] .As shmvn in step 712, key :frames may be sckcted from among all of the 

frames of data i:icquired fi:N11 i:i scanner along a camera path, In general, computational C.O$!S can 

be reduced by stewing certain data and performing certain caku!ations and processing $teps 

exdusi,,dy with n::fcn::ncc to key frnmes. Tn principle, thest' h::y frame~ should be related to one 

another in a manner ihat permit,;; charaderization of a camera path., typically through th(: 

regi~irntion of o,·t\rlapping 1hree-din:1cnsional data in respective key frames. Various methods are 

knovm in the art ·for st~Iecting a subset of frm:nes of data as key frames, including techniques 
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ba~ad nn image overlap, eainern path disia11ce, lh(: immlx:r of inlerv{~ning rll)t!·•key founes and so 

fonh. For (:xarnpk key Frame~ may be sekck:d bascd 011 tinw duration from an irrnmxlfately 

pweading key frame. Key frnrnes may also or in~iead be sekctcd based opon an amoonl of image 

overlap from tht~ prnc:eding h:y frame and/or ;i .,:,,mdidat.: fix a fo!lowing h~y fram('. {iJ available). 

Too litik overlap makes !hmR~-1c1-frarne registration. difficult. Too mndi overlap drives larger 

nrnnbers of key fr,nnef> and Hu:,mfore larger amoimt-s or data to amilyn'.. Key frn.m(:s may bt'. 

selected based on spa.ial displacement, meaning that an upper limit rnay b(: placed on the a.mount 

of overlap from one key frame to the next Key frames may aho be sdectcd based cm s~'quentia! 

displacement. This 1ype of sequential displacement coutd mean that every ten!.h frame is 

determined to be a key frame, n.w exarnple. ln one aspect, key frmnes may be selected a.s data ls 

acquired based on any rn.imber of rnitilble criteria. In ,rn(1!her aspec!, key lrame pairs may he 

determined post hoc by examining all pos,;;lble candidate key frarnes, AH possible key frame pairs 

may be'. cxarni:ned and candidates rnay he remm·ccl, for ex.ample, v:,,.hcre there i:;; insnffidern 

overlap to form a stitch. Still more generally, any technique suitable for sdccting a suhsct of 

frames in a data set may· be usefully employed to select key frames for proce~~ing in order to 

nxluce c:Nnputati,)nal complexity, 

[0050] Once key frames have !x:en sdectcd, additional pnx:essir1g may be perfrmncd. 

For example, foll image data (for example. full resolution center and .~idc chamid irna.ges) may be 

$"lored for each key frame, along with image signature data, ixiinl doud C(:ntroid cakllb!:ions, and 

an:y oihcr i:neasm:ed or cak:ulmed data to support use of the key frames in a thrnc-dirncnsional 

recons.1rnction process as described hereinc 

[005l] Aii shown in step 714, candidate stitches may be identified, In g\:ncral, a. iit1tch 

b a relationship between two separnte three-dimens.iomi] measurement~ from !\VO difl'ero:.'.nt 

cam.eni positions, Once a stitch is esi~1b!ished, a rotation and a translation may be determined for 

the path of a carnera. between the two di!forent camera positions:. In a c.ompkmentary fashion, the 

three-dimen::;ional measurements from the tw<l dffforent camera positions may he combined into a 

portion ofa threi>dirncnsional mod,d. Candidate stiid1es rnay· be analyzed around each key 

frnme, such as from !hc h~y frnme to some or all of the frames of data het<.vcen the key frame and 

ndg:hbming key· frnmes, Stitchc" may be b,tscd nn the originally imaged frame.~. It may alsn be 

u::;cful to defonn or warp t-,,10-dimensional images during registration and 1)lher steps in a 

stitching process in order to lrnprovc accuracy andi1)r speed each stitch cakulatimi. Stitches may 

al:;;o or instead he based on other observed epipolar relationships in sornce data. 
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101152] .. :\.~ slwv..-n in step 716, stitd1es may he selected for the complete camcm. paih 

from the univ;;)rsc of c,rndidak stikhes. The sdection of stitches m.ay he made lmscd npzm, for 

t'.Xarnpk, the lov .. cs! calculated error iH rtsulting 1xinions of the three-dimensional m,xld. 

10053] A$ :;;hmvn in step 7 l 8, a graph analy$1s rnay bt\ pcr:fon:tK'd using tlw kt~y frmncs 

and the m;so(:iated $titching to calculate a global path for the camera used to obtain a three­

d.i1m~nsiona! modd. The graph analysis may consider eadi key fran,e as a node or vcrh.')( and each 

sti!d1 as an edge bchvet'.n a pair of nodes . .,:\ key frame is sekcmd as a slarting point A bR:adth­

or depth-first search may be perf'omied thrm1gh the graph to identify ~aitches which may conned 

the current key frame to anol:her key frame. Each bty frame i$ maTked as the graph is proceeded 

ihrongh. A check may be perfomied to see if all key frames have lK!en reached within !h(! graph. 

If all key frnn1es have not been reached through traversing stitches in the graph analysis, the 

largest sub-graph is identified. This sub-gmph may be examined to see if the entire three­

dirnrnsional image may be: rnodeled. 

[00541 H may be ihat cenain snb .. grnphs are nol r-,::quired to complete the thn-_x .. 

dimensional imaging. lfthe camera lingered over a particular reginn of a ,;urt'i1ce ofan objed, nr 

ifihe camc:ra looped on a region multipk times, the associated sub .. grnph(s) may not be needed. If 

a separate ~uh-graph i~ idemified, V>'hich i~ needed to complek: the !l-1ree .. di:mensiona! imaging,. an 

optional branch back to step 7 l 2 may be performed. For example, a set of key frames may have 

been sekcied which did no1 have suffici{:nt stitching from om~ key frame to th{: next kt'.y frame. 

By choosing a diJfrreni set of key fril.Hl('.S, sufficient stitching may be obta.ind. in order to obtain a 

complete graph of aH needed aspect<; of the thrcc-din:1ensional imaging. A key frame whi(:h is too 

sparse, meaning ii ha$ insuffici{:11t stitch{:s to aid m building a gm.ph, may indicak thal 11 different 

set of key frmnes should be sdected. Based on the graph analysi~, a g.klbal path may b(:.' sdected, 

and tl:rn graph may then be analyzed to optimize !he path calculation, 

{00551 As shown in step 720, a numerical optimization may be perfonned to reduce 

,xrnts in the calculated camera path bas(:.'d upon availahk dato. frx the compk!C can1era path web 

as, for e:cmi.pl.c, cross linb that inlcrrdak !cmporally dit;i:i.111: rneasm:cmcnb. !n gcncwL the 

objective ofnume:rkal optimization is to minimize H calculated c-rror based upon an error fonction 

for the camera path and/or reconstructed thn,~~dimensiono.l model. A usefol fi.)rmulo.tfon of!he 

error minimization probkm for a global camera path is presenlcd hdow. 

10056] There rnay be a set of candidate (:aim.:ra positions aml orientations rdercm:e:d tn 

a ·wor!d coordinatt.: sysiem. A camera position and (iriemation coHecfrvdy rnay bt'. reforrcd to us a 

camera pose. T!iere nm:)' be a ,;;('.[ ofnicasmt:d l'rarne-to-frnme camera motions. A camera 

transhltion and rotafom colkctivdy may be referred 10 as a camera motion. A measured camern 
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motion may he rde:renced in the coordiiiate system ofnm: camera pose .. An example sd of three 

key foxmcs may be'. ,ibtai:ncd from three canwrn 1x1sitiGn.s, A, B, and C, each of whid1 may he 

rderenced to ,ln origin, 0. of a world coordinate system in three-din:iensionnl spHcc. In addition ic, 

ihc posii:io:n of these points, a carncm. at each of these points may have a different orientation. A 

comhinmion oflht~ IK•siti,,n and orientati,,n is genen1!1y re:forred to as a camera pose:. Betvveen 

each of these points at\~ motion p,ll'arnders including a trnnsbl:ion (a diange in position) and a 

rotaiion (a change in orie.n1ation}. The relationship betv;,',xn a point, .Y. exprcsst~d in the world 

CO{lrdinate system as Xu and the same point expressed in the A coordinate system, X .. 1 may be 

given by equation (1): 

Ro.-: i~ the rotation, taking points frmn the world to the A ct,ordimlte sy$lCrn. 711A is !he 

1rnnsla:tion of the world coordinate system as repn::,;;cnled in 1he A coordirnite system. lt ,;;houid be 

underswod that symbols X and T may represent a vector, rather than a scalar, for example where 

X indl!(ks x, y, andz coordinate values. Further, it should be unckrstood that syrnbo! R may 

n:prescnt a matrix. Equations (2) and (3) may similarly represent a transfrirm tran:;fonnation 

betv,c;;~n th(: \.vnr1d and ,he R ,md C coordinme ;;yst~,ms r(:spcciiv{:ly: 

!01157] By rearranging, equation (I) and t'quation 0) may be n,pre;;nl!:ed a,;; shmvn in 

equation (4.): 

{ll058J The representation of a point in one camera's coordinate sy,;tem may he rdaled 

to the same point in another coordinate :;.ystem, For c>;ampk, as in equation~ 1-3, rnordinatc,; of a 

point, X. may be 1:nmsforrned from the A coordinate sy~tem tG the B coordirnHe system as foilmvs: 

{00591 The rotation 11.,;; rotates poinls from the A to the B coordinate sy8tem and r; 11 is 

the position translation of the origin of the J coordinate system iu the H cnordin.aic system, 

[110601 fo an optimiza1ion,. the pose ofevt:r:ii camern may he optimin~d bast~d on 

measured trnnsfomis between camera poses. That ls, a number of cam .. ~rn-to-v,..orld or wor!d-to­

Gamera rotations and translations, for example, R /)N and T1;,, may bt) pt!dormed. It \'.itll be 

appreciated that the ,vorld coordinate system i~ arbitrary, and one ofthese transforms may 

c:onveniently be an identity rotation with :1.cm translation, or a constmt motion lrnnsfor can be 

applied to all camern post:& without altering the underlying optimization. 
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101161] The mtaiions and trnnslatlons may be measn.red for many pairs of camerns, .For 

the i'Jh such nl('.asi.ncd frame-li)-frarnc nH>tion, let one oftlw cameras oftlw pair be camera'' and 

1hc other be rnmern H This may a!so be considered lhe iii t,1i1ch that relates the cameni poses f'or 

ct and 1.1 • Let 11 _;1, he the measured rotation taking points in the A &ystem to the !! sy&!em and f'h, 

be the coordinates o{the A position expressed in !!K 1t system, as in equation (5). 

{00621 The rolation.s ;md translations for al! cameras, 1? ,,,. and 1 1, . .,,. may be optimind. It 

,,.,m be appreciated that, while these expre&simis and the fi.)ll(l\ving disntssion an- cast in terms of 

rotations and translation& from the individual camera conrdinatt' sysKms t,) a single ·world 

Gomdinate system, this dmracterization is not intended to limit the g(mcrnhty (1fthis disdo:;urc. /I, 

similar or compkmentary analysis may be perfonne:.'d using tlK~ reverse ofthcse transforms, or 

any other transfom1 or collection of transforms (typically, although not necessarily rigid 

irnnsforms) capable of dt'.scribing a camera path across multiple poses. The constraims on cam;;;rn 

motion from one pose, A , ti) another pose, 8. for an J.11 stitch or relationship may be expre-sscd 

relative w a world coordinate system us rotations, ll ::.,H and u /,,u,. m,d translations, r,'. ,).< and 

:r):,, 8 • This rdationship h further cm1strnincd b:i the camera path frm1u to B . which may he 

iexprt~ssed as a rotation and a translation as follmvs: 

I 

(~; H CAB ·.·. Ji •· JiJ} (,-. ,- .,.:A) 

(7) T' 
. (~f).~ 

10063I Note that with sufficient stitc.hcs, !bese relationships may !bm, an 

ove.rdetermined system of motion constraint eqm1tions l.Ising !:ht'.Se equations as a starting point,. 

mm1erkal optimization may be perfonm.'CI on the rotational and translational componrn!s of each 

camera pose based on the measured stitches. 

ln a decoupled optimization, the rotational and translational components may 

be independently optimized. This approach may gcnernlly be used wht~rt~ !here ~ffc constraints on 

mK component (for example, r(1lmion) that do nm depend on the other component. Given a 

candidatc set of camera nitations, R i· , the (:orresponding candidatt~ carnenH(H.:,mKra rotations, 

ll L;s , may he computed that correspond to each of the mcastirt~d cmnern-to~camern rotations, 

R ~s , The corresponding residual rotations, \vhich should be identity in an error free can1twa path, 

compukd that depends on the candidate Gmnera rotation,;;: 
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the roiation R. In other words, log.:,~•(3/R.i retl1ms the vector, v, !hat has a cro~~-pr,xlucl matrix, 

[vJ,,, ihat is ihe matrix ll)gari1hm ofR. 

100661 Next, a si.milar scalar-valued cost function may be colnputed for tnms!atton 

that depends l)tl the candidate rotations and trn:nslations. 

(9) 

{00671 In one conveirtional, deixmpled approm:h to solving th(:~e ~imultm1(:ous 

systems of equations, the rntational error fonction may be convt'tkd into a quawrnion t:xprt'.ssion 

in order to trnnslak the rnimeri.cal problem into a I inear system of equations for solution, a5 

describ~~d for ex,impk i:n C'.omMning 1>1·0-dnv cm1strah11sf{.1r mofiw1 estimafi;.,11,. Govindu V., 

Pn,c. If lfwlnt. O.>r1/.' on Computer VisionandPattem Recognition, voL 2, pp, 218-225 (July 

200 ! ). '\Vhik this. approach may be mmicrica Uy com'en ient, it does not cnfi)tU'. the unit nom:1 

eonstraint for the quaternion solwion, which may !\!Slllt in inaccurncy. Thus in one uspt!Ct, a path 

optimization technique may be improved by minimizing equation (8) f<::,r roti:'ltwn as a n<:.mlinear 

optimization and minimizing equation (9) for translation as a linear optimization . .In another 

aspect the more computati1>t1ally efficient linear sy~tem of equations may he used to generate an 

initial estimate for an iterative optimization that uses m>n-linear optimization, 

10068] ~-fore generally, the decoupled approach des.:ribtx! above may fail !o provided 

a truly optimal result,. in a maximurn-likclihl)od sense, \Vherc it eannl)t use information from the 

1ransla:tion portion of the stitches in determining rotation. Noncihdc~~, a substantial amoum of 

,vmt in tin:;; field aims to o,'tTC;)me the <foadvantages of dt,coup!ed opnmi;;-.<ttion, a,; describt,d for 

example in A so/u1ionfi_ir the registration l{ mul!iple 3Dpuinr sel'.J using unif q1wl1Ynio11s, 

multi/•!e 3Dpoint sets via optimizalion-on•,1-man!.fr.i!d. Krishnan S., Lee P.Y., Moore J.B., 

Venkatasubrnmanian S .. Emographics Symp. G;,x}metry Processing (2005); and Simtdta11,.:"m.1s 

registration f multiple corresponding point sets, '\Vil!imns J., tknnammm M,, Computa \.-'ii;ion 

and Image Understanding. voL l5l, no. I.pp. 117-142 \2001). 

10069] ln on~' uspect disdosed herein, a coupled approach to optinii,:atioti may instead 

be used to minimize overall errnr in a camera path. In order to achieve a coupled optimization a 

\.V~:ighhng may be u~ed to balance the contribuiions ofrotationa! and translational components to 

a c<1mbincd cosi fonciion: 
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tlO) 

.\fohiple approaches may be 11:;.ed l.o wdghl the rdative contributinn of translations and 

rotations. ln one cmhodinK:nt the weights may be expressed as matrices, \Vith different stlichcs 

receiving different \VCiglrting~ based upon any of a rnunbcr of fiKt(irs, For exm:npk, the weights 

may he based on the number of1x,i111s in a stitch (for example, the shared content), the quality of 

a particular three-dimensional rnemmremcnt, and/or any other fad~xs impaciing the known 

rcliabifo:y ofa s1i1eh. hi one approach, the weight m.alriccs may aho account for anisotropic cm:ir 

in the im:frvidual poin1s collected, such as due to acqubi1ion of dq>th infommtion from dispaxity 

1007{1] In ,;,ome c;is(:s, equation (I 0) may be rnfomnt!ated 1,0 that ,he rotation and 

traBsfati,)n weights arc dc,.xmpled for each stitd1 (thai is, J'f' is a block diagonal), In particular, 

this may occm in the case that the rnotion stitdw~ are recovered fnm1 thre(~~dirm~nsionaJ poim 

correspondences with isotropic point error. 1n that case, for a given stitch i, between pos1:.~s A and 

B, the optirnal solution may· bring the point dolld as seen from pose A into t(mesp(mdence with 

that seen from pose B. If)(_; and X ,~ are the positions of!he c1:.~nter ofthe point cloud in the A 

and B sysiems 1-espettively, then if rf' i;:; replaced in equation i HJ) with the t\:sidu.al dispkiccment 

lx:rn:1:.'C:n the poinH:loud centers based on the candidate camera pose, Thi$ latter residual 

displacement may be expressed as: 

(l l) 
<,:1, '" T .. ~ -- (I(' .wT: +- l:\.w ; 

Equation ( lO) n:my then be reformulated as: 

(12) ., . ) ., ' . , __ .. , .. '" ,1~''.:"'''' l ,; r IVi ' + .... ,'. r J,r __ ._vr,' .. ·) 
1.._, (lh.,(u, J c.,, .. i() l V,,-:-r,· . ,•· r1,.x,· ,, ,:. 

{00711 In general, by minimizing equ.ation (10), both rotutiona! errors and 

irnnslational errors may be minimized simt1l.lam'.OUsly. Thi:c weight rn:i:trice~ can be chosen for 

exarnpk according to "First Order Enor Propagation of the Procrustes !Vkthod fbr 3D Attitude 

Estirnatinn'' by L,x, Dorst IEEE Transactions on Pattern Analysis and t\·faehine Intelligence, Vol. 

27, No. 2,. pp. 121-9 {Feb. 2005}. Once a more consistent set of motion parnmetcrs has been 

gencraied the three-dimensional model may be tqxlated. 

!0072] \Vhen total error or some portion of ermr has been minimized, th(: resulting 

value may be evaluated. The calibration slate ol'thc scanner and associated cquipmen! may be 

evaluated based on the minimized error values. ffa minimiZ(!d error falls beyond a certain 
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ihreslwld !hen calibration for the scanner and aswcia1ed !m.n:hvare may he reconm1emkd. The 

ihreshdd value may lw ernpirital!y deiectnilled based (m ihe ;;pedfic scanner hard-ware (:quipment 

or ii may he le<1med experientiaJ!y over time for a given ;;.ystcm. \Vhen a system i$ new or has 

tK:en :fh.!sh!y aligned, e:qxicti.!d miHimized ermr values may be ohtuincd. \Vlwn ;ninimiztxl en-zir 

va!nes ckviate from these expected value;;, a calibration state evaluation fbg may be set 

indieafrrig ihat l:!m iool should b('. calibrnkiL Thns in on,' a;;pcd,. a. coupicd (or m1con:pled) errnr 

fi.mction may be employed to validate calibration and dNermine \\·hen re-calibration of a device is 

appropriate. 

!0073] As show11 in step 722, upsampling may be performed to augment a 1hree­

dimern,;iona! modd \vith data from mm-key frames. In general, upsamp!ing may indude an)/ 

wdmique frx addition of data to a result. For ;;.~xamp!e, while the global optiniization d%cribed 

above g~~nerally rders to optimization among key franKs in a contigw.)us camera p,ith, thi:.' 

resulting optimized thr1:.x>dimensiorn1l model may be supplemenk:d by registering non-,key frames 

to one or more nearby key frames in a manner that creates small, local reconstruction patches that 

include additkmal three-dimensional detail available from non-key frames. Or up;-;mnp1ing may 

be performed by correcting the corresponding camera path for non-key frames according to a 

globally ,)ptimized path for the key frames. Thus in one m,pect, upsampling may more genernHy 

be understood as any use of optimized data to incorporate rdated, non-oplimin:d data into a 

camera path (ff ihree .. dimensinlla! rrnxld. 

[00741 Fig. 8 show;; a nx:omtruction pmcc:ss }HfO u.sing ,mmerical optimization as 

described above. In one aspect, this optimization il'chnique may be usefully apphcd to minimize 

('.rTors in a ~~,1m1srn path where spatial !inb. hdwec:n non-st~quential camern poses ((ff 

corresponding data seis used to recova three-dirnensional surfri.ce data) can be identified. For 

ex.ample, 'Nhere a scan path covers ,;1 buccal surface fo!lO\ved by an ocdusai or lingual surface, 

many spatial links might be identified between non-continguous camera path segments associated 

with each ~urfw.:e. Under these condi.ti(ms, a global optimization may significantly improve the 

acrnrncy of a three-dimensional recon~trnction by reducing errors in the tn()tion estimation 

parnnx:tcrn :for the can1ern path. It ,vill be understood that the disclosed method n:my also or 

instead be embodied in a computer program, a computer program product, or an apparatus 

embodying any of the foregoing, 

!00751 ,;\ s sh(nvn in step 802, the process may begin with acquiring data sets such a$ a 

daia set from a surface of a dental object v,cith a kmd-hdd scarmcr frm:n each one'. of a sequence of 

post'.S along a carncrn path, thereby providing a plurality of data ~ets. The hand-held sea.oner may, 

!\ff cxarnple, be the video-based scanner described above. The hand-held ~cann(!t may instead 
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indnde any other type ()fhnnd•hdd scanner :mitahk for intraornl dental scanning, such a,; a time~ 

of-flight scanner, a structured light snmncr, and so forth. The data sets 111ay be any corresponding 

data acquired for each camera pose that is used to rt'C(lVer three-dimensional data. 

!0076] !t should he understood iirnt in thi;; conto:t, the ciunera path may (:tm\~;_;pond w 

,! physical cmm~ra path that dt~scrihes !he p:11h actually taken hy a scnmer during: a scan, or the 

camern paih may also or in;;tead inclwk a virtnal cam('.rn path formed from a plurality of different 

phy;;ical cam~~ra paths or other virtual cmnera paths that interse.:t \vith one anothec Such a virtual 

camera path may be created wherever poses from tvvo or morn physical paths can be in!endatcd 

in a global coordinatt'. system, as established for eM,mpk by three-dimensionally registering two 

different scans of the same physical subject mattec The us~'. ofvirtoa! um1en1 paths may b(: 

particularly useful, for exarnple, 'Where a large scan such a, a fol! arch ;;c,m is created from data 

acquired during iwo or more discontinuous scanning sessions. Under thc;;c condition;;, global 

optimization of a virtual camera paih can be used to improve consistency of the combined data in 

a global coordinate ;;ysterrt 

{110771 As sho,1:n in ~k'.p 804 each on(, of the pose~ in the ~cqucnce of poses may he 

associated ,vith a previous pose and a next pose by a spatial link SllCh a> motion estimation 

parameters or other camera paih inf\)m1atfon. It s;houk! also be understot.)d that while a system 

may infer camera path from tb~'. rcsllhing three-dime11simm! measurements at each c:i.mo::Ta 

pos:ition and orien1ation, the camera path may also, or instead lm ob1ained U$ing a hanhvBrn•bastx! 

posiiioning sysicm based upon, for exampk, acederornncrs, a gcopositim1i11g sysicm, external 

posiiion sens:ors, trm1sducers in an aninilating: arm or any other combination of sensors and 

tedmiques :mitab!e fbr dc1(:cting cam(:rn position a11dior orientation \Vilh soffidenl accuracy frir 

the intended threc•dim('.nsional. reconslmction. 

{00781 This spa:tiat !ink dma reflects the physical camera path in the order in which 

data was acquired, tht1s providing a plll!'ality of spatial links that diarncterize the camera path 

during a data acquisition prncess, The seqncncc of poses may, for example, be made up ofkcy 

fn1.mcs (or st~qucntia! pain of key frames) as gc11erally described above, where mld:iiioiwl data 

sets ,ti:~'. acquired from one or more additional pt)tes bet>-veen each sequential pair ofkcy frames. 

Key frames may be nsefolly· employed, for example, to reduce the computational complexity of 

paih optimization ,vhik retaining a contiguous camera path ohequenlial poses, After path 

optimization is complete, additional thrce~dimeibiona! data may be added based upon the w1e or 

more additional da1a .wts and !:he one or more additional poses from be!~H~(:n k(:y fram(:s. As 

described above, key frames may be ;;decled from a larger sd of poses using a metric w evaluate 

a qua! it)' of a resulting three-dimensional reconstm('.tion, a quality oftht~ t~stimak~d motion 
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parnmet1;;n; ho:t,Y(;.'en posts, a degree of overlap in scanned whjt:et matter, a graph mrnlysis or m1y 

oth('.! useful kdmiqm: or metric. 

10079} As sht:,wn in step 806, al kast one mm-sequcnfoil spa foil foik may he identified 

betwc:cn two m)!H,equcntia! OT1es o ftile poses bm,d upon the data ;.et for c:m:h of !he t\YO non, 

st~qm-:,niial cmc:s oflhe p1>scs, Thus for cxm:npk l'i-vo da!a sets from a bn.::cal m1d lingu<ll ~.::an 

sq;ment may ht related to otK anothn ba&(•,l upon canKrn position., the thrnc-dimen~ional data 

recovered from the respective dat,i sets, or any other data acquin.xl during a scanning pn:,ccss, In 

one aspet:1, a me!i-ic: may be employed to kkntify candidates !br ncm-scqucn!ial ~paiial links, such 

as a ratio ofspatia{ di~tance bet\veen iwo dat;1 seh to the length of an intervening .:am,'r;i parh. 

Thu~ the non-Sl'quenlfal spatial link(sJ may as~(:>Cint() 11.-vo oftlw sequence ofposes that arc 

~eparawd by a substantially greater distanc-0 along !he camera path than along the surfoc.c ofthe 

denial ol~ject This may be based on the data set for each oft.he t\vo imn-scquential ones of the 

poses, such as by using camera pose data to determine- a smfacc positiclll or by idc11tif\ing a.n 

overlap in the recon~trncted ihrec-dimcnsional dala obtained using the data set for t\vo non­

~cquential poses. This may a{so inkudc displaying a region for one or more candidate links in a 

user intcrfo.c:c and receiving u ~uppkmcn1.ai scan or the region, as dcscrilx:d alxivc for cxampk 

\.vith rd1.,rCHCC lo Fig. S. 

{110801 As sho,vn in stt.T 808, a global motion op!imization may be pcrforrmx! on the 

camera path Io minimize mi error among the plurality of spatial !inb and the at kast one non­

sequnitial spatial link, thereby providing an optinnzed c,imera path. This may employ, for 

ex.ample, any oflhe optimization techniques described above. \fore gcncrn!Jy, tbb may include 

any tedmique for i:rnnirnizing elTors in motion m;timm:ion parameters o:prt~88,xl a~ a fonction of 

mk~ or 1nore of rotation, translatwn. ('.Onpkd rotaiion and trnnslaoon. and decoupkd rota1icm and 

translation,. and/or any technique for aligning the 1hrce-dimt~nsional data recons!rncrnd from ihe 

data set;; in ,1 global coordinate system or improving a ccmslstency of the scqrnmcc of poses along 

the camera p~t!h in the global ('.Ontdirnltc system. 

10081] As shnwn in stq) 8!0, a thrce-<limern,iona! model oflhe denial l)bjcci inay be 

rccomarm::ted using known ledmiques based up<!n the optimized cam,;:rn rmth and 1Jw plurality or 
data sel.$. 

10082] Thu$ hy observing the actual camcrn paths typical of intra-oral dental scanning, 

1he applicants have devised irnpmvcd kdmiqucs for error minimLmtion when camera path is 

used for threc--dimcnsional reconstruction. i\forc: speciricaHy, by ,:ibserving 1hm intrn--orn! 

Sl~irn1ing ofkn t)mploys a number of mljai:cnt,. rc!a!ivcly straight global path$ wch a$ for lingual, 

oc:dtrsat and bucc:al s;urfo.cc~ (as dictated in part by the relatively resil"icted oral access to the 
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rdativdy large surfaces of dentition) , and hy observing that intnH)ntl scanning regular!:.,,' returns 

io (:<irlicr scan positiuns, the applicants have (foviscd mi. optirnizMion wchniquc tlla! takes 

advantage of the spatial r<clati(mship b::hveen cer:nin non-sequential frames of data. The approach 

described above solves the pmhkrn nf conflicting d,Ha frir local measun::n:ienis by using an error 

minimiz.atkm lcdmique 1hat globally mldresse~ ihe cmm:,rn path, induding the interrda1ionship of 

n<m-seqnen!ial frames ofdiita. This may he particularly rn;du!, for exa.mpk for scans covering 

gums, son tissue, full arches, orth(ldontic components and the like where scanning a large area 

typically entails multiple passes over various regions oftbc scanned surface. 

!OOSJ] Fig. 9 i, a flow dmrt of a hybrid stitching pnx:e;_;;_; for combining di:;parnie 

1hrce-dimt~niiionai ;-;cam; ofa common 8urface. !n s.:anning itx:lmiques thm use a cam(:rn pa!h for 

reconstrnction, the foll scan data for an object may indude any number of disparate scans ,,dth 

camera paths, or more gen~~rally stitch grnphs, that arc not direc!!y spatially rdat~'d to one 

another, The following prncess 900 provides a technique fbr establishing spatial relationships 

betwc:en such stitch graph,;. ihrough a series oflocal geornetry••based regi,trntiom;. The resulting, 

combimx! model may thrn be sllbjcctcd lo any c,fthc optimization ledmiqut~s described above as 

though it had been obiained from a ,i:ngk, coniinuous s,::m. 

{00841 As .;;h,Ywn in step 902, the process 900 may begin \;iith obtaining a first three~ 

dimensional model including a fint plurality of frames ofdala, each including :,.cts ofthrec­

dirnen:-,:ional points spatially related lo one another hy a fitxt (:amcra path. l1: will be understood 

that a 'can:i.cra pali1' generally refi:.Ts to a &eqm:mtial series ofposes (Xnmectt'.d by a rmmber of 

trnnsfi.)nns from mw to the nexL I-Iowcver, the camera path ofl11e tmxlel rnay more generally 

indmk any m.1mhcr of intcrrdationships or 'stitches' between non-sequential poses that cai1 he 

inferred from other spatial information suC'.h us overlapping regions of an object s.urfo.cc in the 

accompanying sets oflhree-1.fo:m-.msional point&. !n the fbregoing dc~aiption, terms s.uch as 

camera path and stitch graph should he broadly interpreted to indude any rigid transformations 

and/or other descripfrve data that characte:rize,;; camera motion (and reliability thereof) in a 

manner that pcrnih~ patl:1-ba~ed 1-cc(m5trnetion of a three-dimensinna! snrface. Step 902 may alw 

include obtaining a second three-dirnensional model including a ~;econ<l plurnlity of frames of 

data, each including 5cts ofthree-dirnemional points 5patia!ly related 1)ne another by a second 

c~1mera path. The second model may, for ex:an:1pk, he obtained a:Uer a first scan is automatically 

or manually interrupted, 1:ir after a first ,;;ctm is completed and additional data is requin:.--d or 

desired, either by a 11,;;er m in response w prornpting from a scanning ,yskm as 1xmtemplated 

above. ivfon:.: generally, the ,;;ccc,nd t!m,.:e-dimcnsiona! model may be any disparnte data ~Cl thai is 
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not dirnl;;tly ;;patia!ly related to the first three-dimensional m,xkl through a singk scan or carner::1 

pctlh. 

1ons5J A~ sho\vn in step 904 one of the first p1urn1ity of sch of thtee-dimcnsional 

poinb may· be registenxl to om:e ofth{'. S{'.C(md plurality ofsd:s ofthre{'.-dim{msional poims. This 

registration may use an itt~rati-vc c:k,se;;t point algorithm, image-ha:'.cd n::gistratinn ur any su:itabk 

!edmiqn('. frir 1hree-dimensional regi;.tration ofr(lil1L"> aml.ior surfaces. In one aspect, a surface 

mesh may be obtained for use in the regi:;tration process. Thus a ~u;-face mesh of the fir:;t and 

second plurality of sets o ftlirec-dimcnsional points may be generntcd w·ith a rm:,sh generation 

algorithm to obtain polygon.al wrfoce representations or each model ((ff portions thereof). This 

may genernlly include genera.ting a surface mesh ofthe entire first and second models, or a 

kn()wn overlapping surface oftlw first and second daia s~~ts, or a tieig:hborhood smrnunding a 

known commo-n surface, or each of the entire first and second rn1xk!s. The resulting first surface 

mesh and second surface mesh may then be registered to one mwtl1er using ,my suitable 

techniques, resulting in a kn,wm, rigid trn.nsforrnation between the first modd and the second 

mod.al (or bCI\H:en 1he firs! surface mt'.sh from the first rnodd and the second surface mesh from 

the second model). A. s a result of this spatial relationship, the first threc"{lirncnsionaI modd and 

the second ihree--dimensinnal modd can be placed in a shared (:oordinate system thai permits 

sub~eqm:nl pn:>Ct'.,%tng using data from both modds as a combined surface. 

[00861 As shm.vn in :;.1ep 906, the process 900 may indtide creating a virtual &titch 

graph "that spatially relates individua.! ones of the fir&t plurality of set~ and !Jw St'.C(md plurality or 
sets using virtual stitches between the data scls, t!Krd)y prnviding a combim'd model tha! 

indm!es the first plurnlily of sets and ifo~ second phlrn1ity of se!s al! spatiat!y related by the vtmml 

stitch graph. Numerous 1edmiqt1c& may bt· t~mployed for &ynthesizing a viri:ua.! &titch graph to 

int0r~rclatc tile models, The (ktaib of one p<1rticular approach are provided below \V1th reforence 

to Fig. Hl. It ,viU be appreciated that the term 'virtual' as used in this context i~ intended to 

distinguish models using data from multiple disparate scans. Thus while the source of data 

(muhipk carncrn paths) used 10 cakula!c 'virtual sti1d11d and/or virtual stitch grnphs rnay be 

different :from the data fainglc camtra paths) used to cakula.t.c other stitches and graphs, the 

resnHing data can ach/antagemisly be provided in a fonn for !he interchangeably \Vith and 

umiistingui;;hahk from data derived from a ;;ixig!e scan. As such, in a preforred embodiment, 

there may be little to distinguish a 'virtual' :c;titch or a vin1wl stitch graph from those that arc no! 

vfrtual, except perhaps for 1heir absence fron:1 the two or mort, disparn!e nK!dds from \vhich they 

,vere derived. 
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fOllS7] .:\s ,.lwwn in step 908, the pn)ccss 900 may indud(: refining the combined 

model with a global motion optirnizati,)n of the viiiunl stitch grnph. \Nith a single \·irtual stitch 

g:rnph that intcr•n:latc:; all oflhc data fwm each of the disparate ~ets (acquired from different 

scam;), any of1hc global rnonon optimization kdrniqu{:s (kscribed abiWt\ may be ;-;uirn.bk: 

ernployed to minimi:w en'Ors on a stitd1-by-stitd1 ba:-:is among the combined data seh. fo O!ll' 

aspect, this opiimiz,ttion includes a. del'ormabk registration when\ a,; disLingnishd from 

cakula:ting en-zir-minimized rigid transfbn:natfom;, each stitch or step of the ca1nera path can be 

moved spatia!ly to minimize global error. lhu,; in one aspect, the process 900 includes refining 

the C(lmbined mt,dd with a deformable registration, 

100881 As shown in step 9 l 0, the combim:x! model may be ~torcd and/or displayed. 

This may include, for exarnpk, displaying the combined m1xk! iit a chairsidc scanning location or 

a dental labmatory. The combined model n:iay also he stmed locally 1.1t a scanner site, or 

transmitted to a central repository t'i.,r prr~jcct management including, without limitation, billing, 

quality assurance, and scheduling fabrication of a dental object at a dental !aboratoty. The 

original source darn from the disparnle scans (for ex11rnpk, disp11rnte camera paihs, frames of 

image data, etc.) may be retained for for!her procc~sing or for evaluation of the combined model, 

or ihe source darn may be deleted once !he combined model is obtained. 

{110891 Fig, !(} is a l1!rw chart of a process for creating of a virtual ~tilch graph. In the 

follm.ving rkscripiion, it is assume that ivm disparnie thrce.,dimensional modds are provided, 

each obtained from a sequence of frames ofdala spatially related by a ram,'.rn path as generally 

describ~~d above, and that the two models have bcrn n'gistcrcd to ~'stablish an initial rigid 

transformation between them, It will be appi<!ciated that modifications 1:,r adaptations of the 

fon'.going may be appropriate where 01ha three-dimensional ;;canning ,edmiqu('.S are <:'.mployed, 

or wht~rn ihree or more di:--parnte data sets are concurrently reeondkd, all ofw"hich i!> intended to 

fall within the scope of this discksure, 

[00\){}J /\ s shown in step !002, tfa, process !000 may indude ~electing overlapping 

daw s~~t~. This nlil)', for example, include selecting 11 first sehx:tcd one of the firsl pluralily of sets 

and a second scl;;::ct;;::d one oftht~ second plumlily of sets tha.t overlap on the combined smface 

obtained from the coa1:se n:gisirntion described above with reference to Fig. 9. An initial ~dedion 

of one of the first or second ph.irnlity of set,;; may be, for example, a random sdection or a 

parnmcicrized sekction based nn, for example, location ,vi thin th(: first or scoeond meshes or 

proximity to a ce.ntmid or other featun: ofinlere$t in the combined <u- st:parak sorfm;t\$. 

10091] Al! ofihe frames or sets of data from the first plurality of sds (for exarnplc. the 

first model) in a neighborhood about the first sekcied one may then also be selected for use as a 
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loc;1! proces"ing ndghl:11xhood. This may, fr\r exampk, be all ;;ct:;; of data ·within a certain number 

l)f stitches ,nvay, ;;uch as all scis 'within frv..:-: stitches, or n certain number {)f steps al{)ng a camera 

palh. In order t{) reduce redundant prncc%ing, tht sets ·within this local proccs~,ing neighbl)rhood 

may op-iimrn.!ly tK'. marked or oth(Twis:e identified as unavailabk frir fl.Hurt~ processmg afa,'r the 

local hybrid s:titching operation;; of the pmcess l 000 are compkted. U::-ing ,he coarse registrn.tkm 

of surface meshes, one ofthe second p!um!ity ofseb (for e:<,nnple, a frame from !.he second 

model} muy be selected that is: near (or nearest) to tht) local processing neighborhNid. Al! oftlw 

frames or sets of data from the second plurality of set~ in a neighborhood about the st'cond 

selected one ofthe second plurality of sets may then b..:-: identified in a similar mann..:-:r to th..:-: 

selection oftht~ local pnx:essing neighborhood, fbr ernmp!c, by .sde('.ting frn1rn~s or sets ol'data in 

the second plurality of sets of data that am within a Ct\rtain number of stitches or sequential 

camera pl)ses from th..:-: second s:dected one, It \\·ill he appreciatcd in thi~ umtext that the us..:-: of a 

stitch graph {nf s1itches, which may extend in numerous directions from a single camern pos,:} 

can provide a significant processing advantage over a camera path fof indh-'idua! trnns!t)m1s from 

one ('.amern pose to 1he next) by affording more (>ptions for coverage of relevant regions of a 

surface ofim object. 

[0092] The sekction of!ocal processing neighborhoods for frmnt'S from the fast and 

second plum!ity of dma sets may be forlhcr refined, such as by restricting or pn:iilibiling use of 

data ~(:Is mm,ide a iiurface (ff region comm(m to the l'iNn neighborhoods. 

[0093] As shm-vn in st,::p 1004, data may be optimizt'.cl m the local processing 

neighborhoods .. For example, where each d;:,ta set is repn'sented by a camera p::ith or stitch graph 

that inter-relates ~ds ofthree-dim..:-:ns1onal pdnts thr(iugh a StXJn(mcc ofcamern pose~ or the like, 

a sub-graph of the camera. pmh or stitch graph may be iidected for each of llK'. models 1ha! only 

conmins dma (frnmei. or seti. ofihr('.(HlimensionaJ data ixiint~, along ·with stii:dieii or camo:.,rn pa!h 

information,! from within 1J1e local processing neighborhoods, Thi;; approad1 advantageou~ly 

removes the influence of data e~,ternal to the !t>ea! processing neighborhoods. At this point in the 

processing, 1he data s1i!l g(:ncrn!ly comprises two disparaie rno,kls - in this case, sub-grnphs of 

the i'uH data set - that arc associated by a single rigid tr:msform obiaint-.i from the coarse 

registration of surface rn..:-:shes. This data may he further optimized prior to hybrid stitching by, for 

exampk. performing a global motion optimization (aB d..:-:scribed above) on ..:-:,td1 l)fthc extracted 

sub .. graphs. \Vith the sub-•gmphs so optimiz,x!, the registration bctwn·n the two suh•grnphs may 

be refined hy r(:peaiing an iterative ck,,-es! 1x,i11! a1gori1fon or olher .suitable registrntinn process 

l'i.lr the iwo point clouds represented by the optimized sttb-graphs. \Vlli!e this approach to 

optimizmion i;; effoc:,ive in a three-dimensiona! $Urfoc:e rcc:011:s1mc:1ion lx:sed upon c<-:mern paths, 
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it will be appreciated that a variety of otht,r optimization~ arc: known in. rhe m:i for fhree-• 

dimenskm::il rcrnnstructions, any ohvhich m'"'y be ndapted to optimiwiion of the !om! processing 

neighborhoods eon1ernplakd herein, 

!01194] A,s &hi:,\vn in step l 006, links for a vitiual stitch g:rnph (aho rdcn:ed to as 

'hybrid' or 'viriual' stitches) rnay he created. This may include finding a frame from each of ,he 

nvo :frames may then he di.rnc:tly ;;pat:iaHy rel;ited to one another by ;:1 rigid 1ram;fo11na!ion, which 

may be a new!y calculated rigid transformation or a refinement of the rigid trnnsformmion 

obtained in the optinnzation steps dt:scribed above. ·using thi.$ lransfonnation, data from 1he !\VO 

~ub-graphs may be transposed into a com1rKm c(1ordinate sysltm1, such as the original coordinate 

~ystem of one of the sub-graphs, This may he repeated for 011e or nwre otht~r frames of data in the 

two snb-grnphs to provide a nnmlx:r of direct ,;;patiaJ relationships or 'virtual stitches' between 

frames in the fo:sr sub--graph and frames in 1he second ~ub-grnph. These relationships may be used 

directly as :stitches in a combimxl, ,,i1tua! sii1ch grnph, or further processed as appropriate to 

express these ne\Y rdationships in !he san:ie form as existing stitches in the sti!ch graphs or 

nm:1era patlts of ihe initial rnndds. 

{00951 In order to facilitate c(ll1Cl.rrrent processing of!he actual stiiehes in the original 

i:nodds and th('. virtual stitches c:rC'.akd for the virtual ;;!:itch grnph that combitK'.S the models, 

additinna! charactedzi:ng data may he ind11dcd in each vittual link For (:xampk, a covariamx 

niatrix tha:t ·weights confidence in each link aceording to nrnltip!e degren; of freedom {for 

exarnpk, six degrees of freedom for foll translation and rotation) may be provided. Whik such a 

covariance matri.x resnlts from, for example, the iterative closest point registrnlion process, !he 

use of a particular fotm is kss ;.;ignifirnnt than sufficient conmiona!ity betwC'.en the expression of 

aduul stiidies and the virtual stitches fbr undifferentiated processing of data from b,::ith sources in 

a c,)mbinccl modeL 

!00%] As shown in step 1008, iftbcrc ate additional neighborhoods ofovcrla1,ping 

dafal to be locally c,ptimi.1.ed, the procc,;;;,; may rctu:rn tn step !002 where addhiomtl overlapping 

dam s~~ts can he sele~'.ted to create additional virtml1 links, lfos may be repeated as often as 

necessary or desired. lfthcrc m-c m) farther local neighborhoods for processing, or if some other 

tcm1in::ition condition st1ch ,lS a thrc5hold :munbcr of virtual !inks 1}-r perccnti1gc coverage of the 

fol! surface an-.~a nfthe combined mndd !ms been reached, then t!K: process JOOO may pmi;ecd to 

si<:p !O!O. 

!0097] As shown in ;;kp 1010, a rnmbined modd may be ('.rC'.aled that combines the 
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two models as described above. fn addition, any numkr of additional virtual stitches rn;1y be 

added based up(,!l other dtda in tile gk,bal models fos distinguished from the local processing 

ndghborhm:ids.J, such as nearly identical anti/or sub~tantially co-kicated data ~cts in !he first and 

s,:cond modeh. In addition, the combined model may be an.a!:irnx! l'cir C(m1pkknc,;,; and to 

i<krnif'.y furthc1· opportuniti;;:,s for csiablishing additional sti1d1es hcl\:vcen data sch d1her \cvith m 

wi1hol1i. regard for vvhether the daJ;1 set;; Hre from ltl('. first rnodd or Jhe ~econd model. 

100981 As shown in step 1012, the combined nK1dd may be optilnized using, for 

exampk. global motion opiimiz.;:,tion as described above to minimize errors in the trnnsformati,:,ns 

bet,veen related Ciltnera poses oflhe combined model (as distingmshed from either of the original 

sti!di graphs or carncrn paths), 

{00991 As shown in step 1014, a JXlint cloud may be generated for the combined 

model that places all of the three-dimensional points of the combined model into a ~ingk, 

common coordinate system. 

{001011] As :s.hown in s1ep !(U6, a surface mesh may he generated for the point ckmd 

using any suitable ~urface Jik\Shing ledmiqncs. The model nwy also he stored, di~pl.ayecL, 

transmitted <ff otherwi~e processed or handled as generally contemplated by the f,xcgoing 

descriptiM, 

{OOJOI] II ·wi!l be appreciated that any ofthc ,ibove system and/or methods may be 

realized in lmrdwarc, son:warc, or ;my combination oflhest\ suitable for the darn acquisition and 

n-wdeling technologies described herein. This includes realization in one or more 

microprocessors, micrncontrollers, embedded microcontrnlkrs, progrnmmabk' digital signal 

pmccsson; or oHmr programmable <kvicc~, along with internal and/or x':<t:;;nml memory. The may 

abo, or mstcud, indude one or more applk<1t1on spt'cific mtegrntcd cin;uits, prograrnmab!c gate 

amiys, prognmmrnbk array logic olmponrn!::;, or any other device or devices that may be 

configured to process ekctrnnic signals. It will further be appreciated that a realization may 

indnde c,)nlf!Ul.::t execuiabk code crc,,tcd using a structured programming language snch as C, an 

object orit)n!cd prngrmrnning language ~uch as C++, ot any other high-level or !ow-levd 

prngrarnrning l.inguagis\ (induding assembly hmguagcs, hardvvart' dc~cription languagt,s, and 

database prng:ra:mming language,;; and technolng:ics) tha1 may he $toted, ccmtpikd or interpreted to 

nm <>n one ofth~) abov~\ devices, as 1vdl a~ heterogeneous cornbinalions of processors, proce~~or 

ard~titel,tllrt\S, or combinations of different hardware and softw·are. Thus in one aspect there is 

disclosed he:rdn a compuic-r progrnrn product comprising computer C-'<Ccutable code that, when 

executing on one or more computing devices, performs any and/or all ofthe steps described 

above. 
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{00 W2] .At ihe same iime, pnx:t:ssiI1g may bz'. dis1ributed acrn~.s devices such as a 

ctunera and/or co1nputcr and/or fabrication facility and/or dental laboratory and/or $Crvcr in a 

numb(,r of ways rn: all of 1he fi.mchonali!)' may be integ:mted into a dedicaied, standalone device. 

!00!03j !n ,mother aspe<:I, a system disdoscd !wrdn inclwks mt\ans ,md1 us any of!.he 

strnctmes described above for performing the functions e>;pre;;sed or implied in the !lo\l,' charts 

and otht\f portion,;; of 1he above descri.ptinn. 

(00104] All such pennutations and combinatk;ns that ,.youh! b~~ apparent to ont~ of 

ordinary skill in the art are inknded to fa:!l \Vtthin tlK'. scope ofihe prns,mt disdo"urn, \Vhkh along 

with the claims is intended to be interpreted in the, broadest :;ense allowabl~ by !aw. 
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CLAIMS 

l. A rncthod coniprising: 

obtaining a first t!m.'.('•dim(•n,;_iona! model indudi:ng a fin;! plurnliiy o:fsets oHhree­

dimensiona! p(lints. spatially related to one another by a firsi camera palh; 

obtaining a second three-dimensional model including a second plurality of s.ets ofthrec­

dimensiona! points spatially related to one another by a second camera path; 

r,;:gist~~ring one of the first plurality of sets of tliretH!imensional points to one of the 

second plurality of sets ofthree-dirnensional points to place the first three-dimern;ional model and 

the second three-dimensional model in a shared c1xirdinaie system; 

creating a virtual stitch graph that spatially relates the first plurality of st~ts and the second 

plurnliiy of sets, thereby providing a combined inodd that includes. the firni plurnlity of ~ets and 

the second plurnlity of sets al! ;,spatially related by the viitual :;titch grnph; and 

refining the combined model with a global motion optimization ofthc virtual stitch 

graph. 

2. The rnethod nf claim ! further cornprisi:ng generating a first smfac(: me&h of the first 

tbmc~dimensional modd mid a ,;;econd surface mesh oftht'. &t'.cond thrtc-dimcnsional modd. 

3. Tlw 111ethod of claim 2 wh;;:Tein r(:giste.ring includes registering the fo-,;;t surfacii' mesh !o 

the s~~cond ~urface mesh:, thereby providing a combined surface. 

4 The method of daim 3 \Vhercin registering indudcs registering with mi itcrntiv(! closest 

point algorithm. 

5, The method of claim 3 fort her comprising sc lecting a first se.kctt>ti one ofth.c fii-:;t 

plurality nf ~cis and a second sdected one ofihe second plurality of sets dm:1 overlap on the 

~:ombincd surface. 

6. Th,;: mtihod o:1\:bim .5 wht~rcin at ka$t cme oflhe firi-t scb.::tt,d OIK'. and !:ht'. s-c,~ond 

selected one i~ a set ofl1irec-dimcnsional data do~est to a centroid oflhe combined smfocc. 
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7 The method of claim 5 farther comprising: caku!ating a rigkl !rnn.sforrnation and a tncnn 

error bciween ihe firsi sckckd one and the second sekctcd (aw. 

IL The n1dhod of claim 7 forther comprising sekding a firsr ndg:hbothond of the first 

plurality of &ets from abollt th;;:, on,;:, o !'the first plurality ol' seis and a second ndghborhood of the 

second ph1raHiy of sets from about 1h,~ one of the SC('.Oml plurality of se,s. 

'I. The mdhod of claim 8 fi.irther comprising: 

extracting a sub-region oflhe combined surface; 

spatially rdating two or more (lf the fir&t plurality of sets to t\'.VO or more of the second 

plurality of sets within the sub-region w pmvide a vimml stitch graph: atid 

minimizing an error among spatial relati,mships in t!K virtual stitch graph, !hereby 

providing a combined data set for the sub-region, 

rn. The method {)f daim 9 further comprising creating ut least one virtual stitch between two 

uit~titched OB(:,- of the fo-,;;t plurnlity of sds, 

l L The md!wd of claim I further con:iprising refo1ing the cnmhincd model with a 

dcforrnabk registraiion. 

P A computer program product comprising c(impukr executable code ernhodi('.d on a non-

tr.~nsitory' complHt~r r~~adable meditim that, wrmn ('.H:cu.ting on one or mOH'. comptiting deviccs, 

per!hrms the steps of: 

obtaining a first three-dimensional model indttding a first piurn1ity or sch ofthnX'.· 

dimensional points spatially related t() one another by a first camera path; 

obtaining a second three-dimensional modd induding a second plurality of St'ts ofthte(!­

dimensinna! p(iints spatially related w one another by ~1 second camera path; 

registe-ring tme of the first plurality of sets ofthtee-dirnensi(lnitl points to om: of the 

second plurality ,)f sets ofthtei>dimcnsional p\)int~ to place the first thrcc-dimrnsiona! modd and 

1he sc~:ond thrtx:-dimcnsional model in a shared coordinalc syslcm: 

crettting a virtual stitch graph that spatiaHy relates the first plurality of sets and the second 

plurality of set~, ihereby providing a combined m(idd that irn:ludes th(: first plurality of seh and 

1he sc~:ond plurnli1y ofsc-ts all spatially related by the ,,i11ua! stitch graph; and 
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rdining the cmnhincd mode! with a global motion optimization ofthc virtual stitch 

grnph. 

The: cmnpu1cr program produd of dairn l2 :forthcr comprising c1xk tlrni pcrfon:ns the 

step of gt.~nernling a first surfoce mesh ofthc firnt ihree-dimrnsional rnodd and a second surface 

mesh of the second thnX'.•dim('.nsional model. 

14. The computer progrnm produC'.l of clatrn 13 ,,,.,bcrein registering indw:!es rcgis1cring Hit~ 

first surface mesh to the second surface mesh, thereby providing a combined surface. 

15. The computer progrnm product of claim !4 wherein regiskring indudcs regisrnring with 

mi iterative ck,s.cst pmnt algorithm. 

! 6. The computer progrnm product of claim 14 forther comprising code that performs the 

step 1.,f selecting a firnt sckcted one of1he first plurality of sets and a second sdccicd o:nc of the 

:second plurality of set,;. that overlap on ihe combined surface .. 

l7, The computer prngrnm product of claim 16 ,vherein ill lcasi o:nc of the fast sdected one 

and the second selected one is a set ofthree-di1mmsi(mal data doses! w <t centmid of1he 

combined s1.ir.fr1:Ce. 

18, The i.ximputcr program product of claim 16 further comprising ,xitlc that performs the 

step of ca.kula:ting a rigid transformation and a m.ean cmx bctw,'.en the first sdected one and ihe 

19. The computer program prod1.1ct of dairn 18 further comprising c<:)de !hat perfbrmii the 

sk:p of ;;electing a first neighborhood ofihe fir"i plurnlity of set~ from about the onc of the first 

plurn.lity of se!s and a ~ccond neighbodiood of the second plm:afay of 8C!s from about the one of 

ihe ~econd plurnliiy of sets. 

20. The c,Jmputcr prngrmn product of claim !9 further compri:-.ing code that pcdbnns the 

steps of: 

cxirncting a sub-region of!±ic combined surface; 
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spaiial!y rdaii:ng tw<1 or more of the firsi plurality of set,; to two m niore oftln~ s1x:ond 

pfornlity of seis within th,; wb-region to provide a virtun! stitch g;rn.ph; and 

minimizing an error among spatial relationships in the virtu~il stitch graph, thereby 

pnwiding a combined darn set for the sub-region, 

2 ! Tlw compmer program prodnu or claim 20 fi1rther comprising nx!e that pet:fotms ihe 

step of creating at least one virt,ml stitch ben,veen tv,·ti unstit.:hed ones of !fa: first phirnli!:y of sets. 

22. The computer program product or clairn .!2 :!hrther comprising code that pet:forms the 

step of refining !he combined model 'Nith a defomiabk registration. 

23. A syst;;.~m compnsing: 

a scanner configured to obtain a first thrc,>dimcnsional model including a first plurality 

of sets of thrce-dimensi1>nal points spatially related to one another by a frr.:;t camera path and a 

~econd three-dimensional modd including a second plunilit:y of sets of three-din:1ensional points 

spi.itially related with one another by a second camera path: 

a processN and memory configured to register one of ihe first p!ura!i:iy of sds of three> 

dimensional poinh to mw of the scrnnd plllrality or sets ofthrec-dirnem;ional points to place the 

first three-dirnensiomd m(ldd and the second three-dimensional rnodd in a shan::d cnonfo1ate 

syskm, "to cr;;::a:t;;:: a virtual stitch graph that spatially nJa!c:s the fir~t plurality of sets and tht 

second plurality of sets, thereby providing a combined model !hat includes !he first plurality of 

sets and the second plurality of sets nll spatially rdatcd by the virtual stitch graph, mid to refine 

the combined mode! with a global rnotion optimization of the virtual ~titch graph: and 

i.i display cm1figured to render the combined !11{xkL 

24, A system c{irtiprhing: 

sctmning n1eans for obtaining a first thre.::-ditncnsiona! modd induding a firs! plurality of 

sets of thrw~dimensional points spatially related to one anoth<:r by ~i first camern path and a 

second three-dimensional m1>dd including a second plurality nf set,. ofthrec-dirncnsional points 

spatially related with on.:: another by a second camera path; and 

pn:iccssing means for nJgistering one of the first plurality of ,-cts of three-dirncm,ional 

point$ IO one (If the iiecond plurality of sets (lffbree-dimensional ixiints to place 1he first three­

dimeniiiona.l model a.nd the second tl1rce-dimensional model in a shared coordinak system, 

creating a virtua! stitch graph that spatially rd ate;; the first plurn.!ity of sets and 1he sewnd 
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plurality of sus, thereby providing a combined m(!de] tha1 it1dt1des the: first ph.i.rality of sch and 

the second plurality of sets all spatially rebtt::d by the \·trtuHl stitch grnph, and refining the 

combined model with a global motion optimization of the virtual stitch graph. 

34 

-163-



\VO 2012/t 1586J PCTlUS2012/025554 

1/9 

-164-



WO 2012/.115863 PC'.l'/U 52012/025554 

2/9 

-165-



r"
 

,.,.
.._

_, 'r
2

 
~
 

'-
-
-

-~ .
. ,,

,,.
,.,

.._
H

~k
~~

~,
_,

, _
_

_
_

_
_

_
_

 _ 

DA
T/

:-.
 

S
O

U
R

C
E

 
31

0 
fo

3
0

0
 

R
F

iU
 ~

TP
'-,~

E 
PR

C
JC

P:
:~

c:
n"

r:·
 C

O
\1 T

R1
J'

1 
1 

E
P

 
.,

1
R

 
..

 ,.,._
 .. 

~,
~,

, 
~ 
JV

! 
~ 

I 
_ 

J
~

 ...
.. 

..
..

..
,.

,,
~

 u~
.-..

..J
 

,,.,. 
~ 

J 
~ 

, ••
• 

t.
L

 .
... 

~ 
\ 

1..
J 

~ 
....

. 

u
1

"'
L

l 
::::

."~
E,,

,..-
o 

,, p
o

cr
· 

Rt
. ·

r·i·
--·,

 O
R

,,~
"'

E
C

.'C
<

H
d(

' 
P1

r.-E
·1 

'N
E

 
1

1
 1

.,
:;

ri
 

•,...
r~ 

·t;
; 

p,
 i 

c
v

 r 
~\

 
i;;

;; 
r 

•. ,
Jt

, 
,.,

h.
)1

1'
<

•,
.;

i 
, 

,·
" 

u 
. 

33
0 

! 
2

0
 R

,-,.
...,

 ic
-,·

-.-
f 

1 
, t

: t
;-

h
.;

 l
 .

 
1' 

''
•'

.l;
')

 
.j

 .. ...
.,f

::_
 

I 

3-
0 

P
O

IN
T 

•
·

1 
0

1 Jo
, 

..,
,,~

. 
!, 

33
4 

·➔
· 

w
 _

_
 ,,l 

,. 
--

<:
·--

r;-
~w

 
30

 S:
) 

l 
1T

C
.' 

,,,,
, __

__
__

 ,,,,
,,, _

__
_ ,,

,,
,,

.-
--

,i
,,

 

33
6 

i 
_,

,,,
,,,

,. 
.l 

r'"
""

""
""

---
~--

---
'<D

 M
,n

oi
:::

L 
~

j 
,v

 
'-

· 

_:3
3J

i, 

' 
---

---
·--

---
---

---
·--

-.. ,
--

-·
--

--
--

--
· 

·-
--

--
--

--
--

--
·-

--
--

--
·-

--
-~

--
-·

--
--

-·
--

--

' 
•-•

<®
>-

·I 
R

E
A

L-
-T

IM
E

 P
R

O
C

E
S

S
IN

G
 C

O
N

TR
O

LL
E

H
 

32
4 

~
-
-
-
-
-
-
-
-
-
-
-
-
·-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
·-

-
··

 -
·-

-
-
~

 
H

IG
H

 S
P

E
E

D
 {

V
!D

E
O

 R
A

TE
) 

P
R

O
C

E
S

S
IN

G
 P

!P
E

U
N

E
 

35
0 

., 
' 

,,,.,
,,,,.

, __ 

~
 

. ....
.....

.....
_,._

.,._
_,_

,,,,,
, 

H
1 G

H
 

.. 
,f

 ..
..... 

~"
' 

c-
p.

:::
:E

n 
'-1

0 
~

:,
 

,.
_

 
'!-

.,.
)' 

\.
) 

34
0 

... '
\,.

~.
...

...
...

.._
 ...

...
...

. l'"
,. .

. ,.
..

.,
..

,,
..

.-
-

1-
--i

i 
P

R
O

JE
C

T 
td

f"
 >

''
tl

 
\f'

>l
f.\

RP
-· 

2D
· 

w
iC

,'
)n

 
/• ,.

._ _
 

1◄---
-.....

......
 

: 
-3

n0
 

1 I I 
-
-
~

!
-
-
-
,
_

,
,
 _
_

_
_

 ,,
 _ 

_.
, 

,·-c
i R

r::
 r.-

1 C
!~

r, 
'L 

,,,
 .. 

,,1
,.,.

, 
' 

35
?,_

 

!3
0

 PO
IN

T 
.. 

! 
C

LO
U

D
 

,. 
,'

)"
'/

1
 

,,.
.,~

 .....
 i 
~
 

a:,,
 

1{
 ~ 

' 
...

.. 

St
,2

_ 
I 

.,
,,

_
 

I 
·--

---
--·

--7
--~

·-
i 

".
JQ

 ~
T

iT
C

H
 

~..>
 .

. 
•
J
.
'
 

• 
, 

35
§,

 J~"
T(

... 
:z

 
,,m

 
.:.i

 * 
~Y

 G
fv

10
 

35
7 

aD
 M

O
D

E
L 

')
i;

R
 

_
,'

,h
,l

. 

---=~~
~---~~

 
H

IG
H

 
/',_

C"
'C

·'V
 "

.'0
 

f'
\ 

·-
' 

' 
,)

 

37
0 

••
•.

,.
~

..
..

..
..

..
.,

._
••

•r
,,

,_
_

.,
,,

.,
.M

• 

w
 -(,0 

~
 

0 t~
 

0 -t-.> ·:
; ,... f.J
>. 

::I
C e,
. 

w
 

"1:
1 
~
 

.....
 
~
 

;.,-
;_ 
~
 

0 .... !t
 

~
 

f..,
Js

 
()

l '-''
 

,j;
.. 

-166-



WO 2012/.115863 

............. -..,. 

'/L; 

440 

4/9 

' ~-----------'J'7"'!is....L.{ 

___ ,..-..~..,. ,t/ _;,-l' 

~:::.;,(J.3:,r:;;;_ ,....,., l 
' r :;;;_Y\ .~~ ~· ~ .... --- ~ ......... -\._..-.~---

............................. --....., ....... 

PC'.l'/U 52012/025554 

444 

-167-



PA TENT COOPERATION TREATY 

PCT 

PCT/US2012/025548 

OFFICE OF INTELLECT 

3M INNOVATIVE Pfo1E~~fEPSEHTY COUNSEL 
COMPANY INTERNATIONAL SEARCH REPORT 

(PCT Article 18 and Rules 43 and 44) - AUG 3 o 2 01, 
Applicant's or agent's file rderencc 

FOR FURTHER sec Form PCT/ISA/220 

67368WO003 ACTION as well as, where applicable, item 5 below 

International application No. lnternational filing Jate (daJ/moll/h~vear) (Earliest) Priority Date (day/monrh/year) 

PCT /US2012/025548 17 FEBRUARY 2012 (17.02.2012) 22 FEBRUARY 2011 (22.02.2011) 

Applicant 

3M INNOVATIVE PROPERTIES COMPANY et al 

This International search repon has been prepared by this International Searching Authority and 1s transmitted to the applicant according 
to Aniclc 18. A copy is being transmitted to the International Bureau 

This international search repon consists of a total of 3 sheets 

D It is also accompanied hy a copy of each pnor an document cited in this report 

Basis of the report 
a With regard to the language. the international search was carried out on the basis of 

~ the international application in the language in which 1t was filed 

D a translation of the international application into ___________ , which is the language ofa 
translation furnished for the purposes of international starch (Rules 12 3(aJ and 23.1 (b)) 

b. D This international search report has been established taking into account the rectification of an ob,·ious mistake 
authorizt:d by or notified to this Authority under Rule 91 (Ruic 43 6b,s(a)) 

c. D With regard to any nucleotide and/or amino acid sequence disclosed in the 1ntemat1onal application. see Box No 

2 D Certain claims were found unsearchable (See Box No II) 

3. D t:nity of invention is lacking (Sec Box No III) 

4. With regard to the title, 

LJ the text is approved as subm1ucd by the applicant. 

D the text has been established hy this Authority to read as follows 

5 With regard to the abstract, 

LJ the text is approved as submitted by the applicant 

D the text has been established, according to Rule 38 2, by this Authority as it appears in Box No IV The applicant 

may, within one month from the date of mailing of this international search report. submit comments to this Authority 

6. With regard to the drawings, 

a. the figure of the drawings to be published with the abstract is Figure No 7 

~ as suggested by the applicant 

Das selected by this Authority, because the apph.:anl failed to suggest a figure 

Das selected by this Authority, because this figure better characteri7es the invcnuon 

b D none of the figure is to he published with the abstract. 

Form PCT/ISA/210 (first sheet) (July 2009) 

AUG 3 1 2012 
9fY\ 
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11"TER1"ATI01"AL SEARCH REPORT I ';c;;~~;~~;;~~5~~8 
A. CLASSIFICATI01" OF SUBJF.CT MATTER 

A6/B 6/14(2006.0/)i, A6/C 19/04(2006.0/)i 

According to International Patent Classification ((PC) or to both national classification and IPC 

B. FIELDS SEARCHED 

Minimum documentation searched (cla~sitication system followed by classiticauon symbols) 
'· 

A61B 6/14: G06K 9/36: H04N 5/335: Ci06T 15/00: (i06K 9/40: G0lR 33/48 

Documentation searched other than minimum documentation to the extent that such documents an: included m the fields searched 

Korean utility models and apphcat1ons for utility models 

Japanese utility models and applications for utility models 

Electronic data base consulted during the international search (name or data base and, where practicable, search terms used) 

eKOMPASS(KIPO internal) & Keywords image, empty, unoccupied, voxel, identify. modified processing 

C. DOCUMENTS CONSIDERED TO BE RELEVAI\T 

Category• Citation of document, with ind1cauon. where appropriate. of the relevant passages Relevant to claim No 

;\ US 2003-0151604 Al (ARIE E. KALHL;\N er al.) 14 August 200:1 1-26 

See abstract. paragraph [0029]. claims 1-1:i. ancl f I gures 1-'1. 

A US 2010-0066364 Al (HlJWER STEFA.~ er a I.) 18 \larch 2010 1-26 

Sec abstract. paragraphs [0047]-[0052], cla:ms HJ. and figures 1,2. 

A US 2006-0139470 Al ( STEVEN MCC',OIVAN) 2U June 200G 1-26 

See abstract. paragraphs [0029]-[0032]. claims 14-lG. ,md figure J. 

A US 05410614 A (CHOU: SHENG-LI er a 1 . ) 2S Aµr i 1 1995 1-26 

See abstract and claim 1. 
' 

D Further documents arc listed m the continuation of Box C □ ' Sec patent family annex 

. Special categones of cited documenL<; "T" later document published afier 1he international tiling date or priority 
"A" document definmg the general state of the art which 1s not cons1dcred dale and not 1n conflict with the application bu1 cited to understand 

to be of pa111cular relevance the pnnc1ple or theory underlymg the mvent,on 
"E" earlier applicauon or patent but published on or after the mternational "X" document of pa111cular relevance. the claimed invention cannot be 

filing date considered novel or cannot be .:ons1dcred to ,nvolve an mvenuve 
"L" document which may throw doubts on priont~ claim(s) or which 1s step when the document 1s taken alone 

cited to establish the puhlica11on date of c1tat,on or other "Y" document of panicular relevance. the claimed ,nvent1on cannot he 
spec1ai rea,on (a, specified) considered to mvolve an mvent1ve step when the document 1s 

"O" document referring to an oral disclosure, use, exh1h1tion or other combined with one or more other such documents.such combination 
means berng obvious to a person skilled m the an 

"P" document published pnor to the mte~nat1onal lil,ng date but later "&" document member of the same patent family 
than the prionty date claimed 

Date of the actual completion of the internattonal search Date of mailing of the mternauonal search report 

20 AUGUST 2012 (20 08 2012) 22 AUGUST 2012 (22.08.2012) 
Name and mailing addn:ss of the ISA/KR Authonzed officer ~ 

8 Korean Intellectual Property Office 

.~ 

189 Chcongsa-ro, Seo-gu, DaeJt:on Metropolitan KIM Tac I loon 
City, 302-701, Republic of Korea 

Facsimile No. 82-42-472-7140 Telcphom: No 82-42-481-5728 

Fonn PCT/ISA/21 0 (second shw) (July 2009) 
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lnfonnauon on patent family members PCT /US2012/025548 

Patent document Publication Patent family Publication 
cited m search repon date mcmher(s) date 

US 2003-0151604 Al 14.08.2003 None 

US 2010-0066364 Al 18.03.2010 DE 102008047218 Al 10.06.2010 
DE 102008047218 84 19.08.2010 

US 2006-0139470 A1 29.06.2006 CN 101095339 AO 26.12.2007 
EP 1849296 Al 31.10.2007 
TW 288474 A 11.10.2007 
TW 1288474 B 11.10.2007 
US 8081234 B2 20.12.2011 
WO 2006-072098 Al 06.07.2006 

US 05410614 A 25.04.1995 CN 1050920 C 29.03.2000 
CN 1102487 A 10.05.1995 
CN 1102487 CO 10.05.1995 
JP 07-182452 A 21.07.1995 

Fonn PCT/lSA/210 (patent family annex) (July 2009) 
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Title SPACE CARVING IN 3D DATA ACQUISITION 

INFORMATION DISCLOSURE STATEMENT 

Mail Stop: Amendment 
Commissioner for Patents 
P.O. Box 1450 

CERTIFICATE OF MAILING OR TRANSMISSION [37 CFR § 1.S(a)] 

I hereby certify that this correspondence is being: 

[8J transmitted to United States Patent and Trademark Office on the date shown below 
via the Office electronic filing system. 

D deposited with the United States Postal Service on the date shown below with 
sufficient postage as first class mail in an envelope addressed to: Commissioner for 
Patents, P.O. Box 1450, Alexandria, VA 22313-1450. 

Alexandria, VA 22313-1450 

Dear Sir: 

D transmitted by facsimile on the date shown below to the United States Patent and 
Trademark Office at 571-273-8300. 

March 14 2014 /Paula J. Bick/ 
Date Signed by: Paula J. Bick 

Pursuant to 37 CFR §§ 1.56, 1.97, and 1.98, enclosed is a completed Form PT0-1449, 

citing references submitted for consideration by the Examiner. It is respectfully requested that 

the Examiner initial and return the enclosed Form PT0-1449 to indicate that each reference has 

been considered. 

This Information Disclosure Statement is being filed within three months of the filing 

date of the application, or within three months of entry into the national stage, or before the 

mailing of a first Office Action on the merits. 

Fees 

[8J It is believed that no fee is due; however, in the event a fee is required, please charge the fee 
to Deposit Account No. 13-3723. 

D The fee required under 37 CFR § 1.17(p) will be paid at the time ofEFS-Web submission. In 
the event fees are not or cannot be paid at the time ofEFS-Web submission, please charge 
any fees under 37 CFR § 1.17 which may be required to Deposit Account No. 13-3723. 

D Please charge the fee provided in 37 CFR § 1.17(p) to Deposit Account No. 13-3723. 
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IFW system are not enclosed as per US PTO Waiver dated September 21, 2004. Copies of any 

U.S. patents and published U.S. patent applications are not enclosed. 

March 13 2014 
Date 

Office of Intellectual Property Counsel 
3M Innovative Properties Company 
Facsimile No.: 651-736-3833 

Respectfully submitted, 

By: /Lance Vietzke/ 
Lance L. Vietzke, Reg. No.: 36,708 
Telephone No.: 651-737-2180 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION NUMBER FILING OR 3 71 (C) DATE 

14/000,446 08/20/2013 

32692 
3M INNOVATIVE PROPERTIES COMPANY 
PO BOX 33427 
ST. PAUL, MN 55133-3427 

Title:SPACE CARVING IN 3D DATA ACQUISITION 

Publication No.US-2013-0335417-A 1 
Publication Date:12/19/2013 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

FIRST NAMED APPLICANT ATTY. DOCKET NO./TITLE 

James H. McQueston 67368US004 
CONFIRMATION NO.1096 

PUBLICATION NOTICE 

11111111111111111 lllll ll]~!l]!~l!~l!~HHH!i~ll 11111111111111111111111 

NOTICE OF PUBLICATION OF APPLICATION 

The above-identified application will be electronically published as a patent application publication pursuant to 37 
CFR 1.211, et seq. The patent application publication number and publication date are set forth above. 

The publication may be accessed through the USPTO's publically available Searchable Databases via the 
Internet at www.uspto.gov. The direct link to access the publication is currently http://www.uspto.gov/patft/. 

The publication process established by the Office does not provide for mailing a copy of the publication to 
applicant. A copy of the publication may be obtained from the Office upon payment of the appropriate fee set forth 
in 37 CFR 1.19(a)(1 ). Orders for copies of patent application publications are handled by the USPTO's Office of 
Public Records. The Office of Public Records can be reached by telephone at (703) 308-9726 or (800) 972-6382, 
by facsimile at (703) 305-8759, by mail addressed to the United States Patent and Trademark Office, Office of 
Public Records, Alexandria, VA 22313-1450 or via the Internet. 

In addition, information on the status of the application, including the mailing date of Office actions and the 
dates of receipt of correspondence filed in the Office, may also be accessed via the Internet through the Patent 
Electronic Business Center at www.uspto.gov using the public side of the Patent Application Information and 
Retrieval (PAIR) system. The direct link to access this status information is currently http://pair.uspto.gov/. Prior to 
publication, such status information is confidential and may only be obtained by applicant using the private side of 
PAIR. 

Further assistance in electronically accessing the publication, or about PAIR, is available by calling the Patent 
Electronic Business Center at 1-866-217-9197. 

Office of Data Managment, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101 
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UNITED STATES PATENT AND TRADEMARK OFFICE 
Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

U.S. APPLICATION NUMBER NO. FIRST NAMED APPLICANT ATTY. DOCKET NO. 

14/000,446 

32692 

James H. McQueston 67368US004 

3M INNOVATIVE PROPERTIES COMPANY 
PO BOX 33427 
ST. PAUL, MN 55133-3427 

Date Mailed: 09/09/2013 

INTERNATIONAL APPLICATION NO. 

PCT/US2012/025548 
I.A. FILING DATE PRIORITY DATE 

02/17/2012 02/22/2011 

CONFIRMATION NO.1096 
371 ACCEPTANCE LETTER 

11111111111111111111111111111111111111111111111 IJ~l~~~~~~~~~IJll~l~lj~!~ 

NOTICE OF ACCEPTANCE OF APPLICATION UNDER 35 U.S.C 371 AND 37 CFR 1.495 

The applicant is hereby advised that the United States Patent and Trademark Office in its capacity as a 
Designated/ Elected Office (37 CFR 1.495), has determined that the above identified international application has 
met the requirements of 35 U.S.C. 371, and is ACCEPTED for national patentability examination in the United 
States Patent and Trademark Office. 

The United States Application Number assigned to the application is shown above and the relevant dates are: 

08/20/2013 
DATE OF RECEIPT OF 35 U.S.C. 371 (c)(1 ), 

(c)(2) and (c)(4) REQUIREMENTS 

08/22/2013 
DATE OF COMPLETION OF ALL 
35 U.S.C. 371 REQUIREMENTS 

A Filing Receipt (PTO-103X) will be issued for the present application in due course. THE DATE APPEARING 
ON THE FILING RECEIPT AS THE" FILING DATE" IS THE DATE ON WHICH THE LAST OF THE 35 
U.S.C. 371 (c)(1), (c)(2) and (c)(4) REQUIREMENTS HAS BEEN RECEIVED IN THE OFFICE. THIS DATE 
IS SHOWN ABOVE. The filing date of the above identified application is the international filing date of the 
international application (Article 11 (3) and 35 U.S.C. 363). Once the Filing Receipt has been received, send all 
correspondence to the Group Art Unit designated thereon. 

The following items have been received: 

• Copy of the International Application filed on 08/20/2013 
• Copy of the International Search Report filed on 08/20/2013 
• Oath or Declaration filed on 08/20/2013 
• U.S. Basic National Fees filed on 08/20/2013 
• Priority Documents filed on 08/20/2013 
• Specification filed on 08/20/2013 
• Claims filed on 08/20/2013 
• Abstracts filed on 08/20/2013 
• Drawings filed on 08/20/2013 
• Authorization to Permit Access filed on 08/20/2013 

page 1 of 2 
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Applicant is reminded that any communications to the United States Patent and Trademark Office must be mailed 
to the address given in the heading and include the U.S. application no. shown above (37 CFR 1.5) 

RODERICK M JONES 

Telephone: (571) 272-9083 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION 
NUMBER 

FILING or 
37l(c)DATE 

GRPART 

UNIT FIL FEE REC'D 

14/000,446 08/20/2013 

32692 
3M INNOVATIVE PROPERTIES COMPANY 
PO BOX 33427 
ST. PAUL, MN 55133-3427 

2380 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

ATTY.DOCKET.NO TOT CLAIMS IND CLAIMS 

67368US004 26 4 
CONFIRMATION NO.1096 

FILING RECEIPT 

11111111111111111 lllll ll]~!l]!~l!~l!~Hl111~ !IUll lllll 111111111111111111 

Date Mailed: 09/09/2013 

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination 
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the 
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE, 
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection. 
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please 
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the 
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit 
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply 
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections 

lnventor(s) 
James H. McQueston, Winchester, MA; 
llya A. Kriveshko, Littleton, MA; 

Applicant( s) 
James H. McQueston, Winchester, MA; 
llya A. Kriveshko, Littleton, MA; 

Assignment For Published Patent Application 
3M INNOVATIVE PROPERTIES COMPANY, St. Paul, MN 

Power of Attorney: The patent practitioners associated with Customer Number 32692 

Domestic Priority data as claimed by applicant 
This application is a 371 of PCT/US2012/025548 02/17/2012 
which claims benefit of 61/445,499 02/22/2011 

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution 
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None. 
Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to 
foreign priority. See 37 CFR 1.55 and 1.76. 

Permission to Access - A proper Authorization to Permit Access to Application by Participating Offices 
(PTO/SB/39 or its equivalent) has been received by the USPTO. 

If Required, Foreign Filing License Granted: 09/05/2013 
The country code and number of your priority application, to be used for filing abroad under the Paris Convention, 
is US 14/000,446 
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Projected Publication Date: 12/19/2013 

Non-Publication Request: No 

Early Publication Request: No 
Title 

SPACE CARVING IN 3D DATA ACQUISITION 

Preliminary Class 

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition Applications: No 

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES 

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no 
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent 
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international 
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same 
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing 
of patent applications on the same invention in member countries, but does not result in a grant of "an international 
patent" and does not eliminate the need of applicants to file additional documents and fees in countries where patent 
protection is desired. 

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an 
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ 
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific 
foreign countries to ensure that patent rights are not lost prematurely. 

Applicants also are advised that in the case of inventions made in the United States, the Director of the US PTO must 
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application 
serves as a request for a foreign filing license. The application's filing receipt contains further information and 
guidance as to the status of applicant's license for foreign filing. 

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the 
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign 
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it 
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html. 

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish 
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative, 
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific 
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may 
call the U.S. Government hotline at 1-866-999-HAL T (1-866-999-4258). 

page 2 of 3 

-180-



GRANTED 

LICENSE FOR FOREIGN FILING UNDER 

Title 35, United States Code, Section 184 

Title 37, Code of Federal Regulations, 5.11 & 5.15 

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where 
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as 
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier 
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The 
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under 
37 CFR 5.13 or 5.14. 

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless 
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This 
license is not retroactive. 

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter 
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national 
security or the export of technical data. Licensees should apprise themselves of current regulations especially with 
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of 
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and 
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of 
Treasury (31 CFR Parts 500+) and the Department of Energy. 

NOT GRANTED 

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12, 
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed 
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35 
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b). 

Select USA 

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for 
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources 
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to 
promote and facilitate business investment. SelectUSA provides information assistance to the international investor 
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states, 
and regions competing for global investment; and counsels U.S. economic development organizations on investment 
attraction best practices. To learn more about why the United States is the best country in the world to develop 
technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call 
+ 1-202-482-6800. 
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PATENT APPLICATION FEE DETERMINATION RECORD Application or Docket Number 

Substitute for Form PTO-875 14/000,446 

APPLICATION AS FILED - PART I OTHER THAN 

(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY 

FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($) 

BASIC FEE N/A N/A N/A N/A 280 (37 CFR 1.16(a), (b), or (c)) 

SEARCH FEE N/A N/A N/A N/A 480 (37 CFR 1.16(k), (i), or (m)) 

EXAMINATION FEE N/A N/A N/A N/A 720 (37 CFR 1.16(0), (p), or (q)) 

TOTAL CLAIMS 26 minus 20= 6 (37 CFR 1.16(i)) 
OR X 80 = 480 

INDEPENDENT CLAIMS 4 minus 3 = 1 X 420 = 420 (37 CFR 1.16(h)) 

If the specification and drawings exceed 100 
APPLICATION SIZE sheets of paper, the application size fee due is 
FEE $31 0 ($155 for small entity) for each additional 0.00 
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C. 

41 (a)(1 )(G) and 37 CFR 1.16(s). 

MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00 

* If the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 2380 

APPLICATION AS AMENDED - PART II 

OTHER THAN 
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY 

CLAIMS HIGHEST 
REMAINING NUMBER PRESENT 

RATE($) 
ADDITIONAL 

RATE($) 
ADDITIONAL 

<( AFTER PREVIOUSLY EXTRA FEE($) FEE($) 
I- AMENDMENT PAID FOR z 
w Total Minus 

.. = OR ~ (37 CFR 1.16(i)) X = X = 

0 
Independent ... = z Minus 

X = OR X = w (37CFR 1.16(h)) 

~ Application Size Fee (37 CFR 1.16(s)) <( 

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR 

TOTAL OR TOTAL 
ADD'L FEE ADD'L FEE 

(Column 1) (Column 2) (Column 3) 

CLAIMS HIGHEST 
REMAINING NUMBER PRESENT 

RATE($) 
ADDITIONAL 

RATE($) 
ADDITIONAL 

Ill AFTER PREVIOUSLY EXTRA FEE($) FEE($) 
I- AMENDMENT PAID FOR z 
w Total Minus .. = X = OR 
~ (37 CFR 1.16(i)) X = 

0 Independent Minus ... = z X = OR X = w (37CFR 1.16(h)) 
~ Application Size Fee (37 CFR 1.16(s)) <( 

OR 
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) 

TOTAL OR TOTAL 
ADD'L FEE ADD'L FEE 

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3. 
** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20". 

*** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3". 
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1. 
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MULTIPLE DEPENDENT CLAIM Application Number Filing Date 

FEE CALCULATION SHEET 
14000446 

Substitute for Form PTO-1360 
Applicant(s) JAMES MCQUESTON (For use with Form PTO/SB/06) 

* May be used for additional claims or amendments 

CLAIMS AS FILED AFTER FIRST AFTER SECOND * * * 
AMENDMENT AMENDMENT 

lndep I Depend lndep I Depend lndep I Depend lndep I Depend lndep I Depend lndep I Depend 

1 1 51 

2 1 52 

3 1 53 

4 1 54 

5 1 55 

6 1 56 

7 1 57 

8 1 58 

9 1 59 

10 1 60 

11 1 61 

12 1 62 

13 1 63 

14 1 64 

15 1 65 

16 1 66 

17 1 67 

18 1 68 

19 1 69 

20 1 70 

21 1 71 

22 1 72 

23 1 73 

24 1 74 

25 1 75 

26 1 76 

27 77 

28 78 

29 79 

30 80 

31 81 

32 82 

33 83 

34 84 

35 85 

36 86 

37 87 

38 88 

39 89 

40 90 

41 91 

42 92 

43 93 

44 94 

45 95 

46 96 

47 97 

48 98 

49 99 

50 100 

Total lndep 4 0 0 

Total 22 .J 0 .J 0 .J 
Depend 

Total 26 0 0 
Claims 
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FORM PTO-1390 U.S. DEPARTMENT OF COMMERCE PATENT AND TRADEMARK OFFICE 
(REV 09-2007) 

TRANSMITTAL LETTER TO THE UNITED STATES 
DESIGNATED/ELECTED OFFICE (DO/EO/US) 
CONCERNING A FILING UNDER 35 USC § 371 

INTERNATIONAL APPLICATION NO. I INTERNATIONAL FILING DATE 
PCT/US2012/025548 February 17, 2012 
TITLE OF INVENTION 
Space Carvinq in 30 Data Acquisition 
APPLICANT(S) FOR 0O/EO/US 
James H. McQueston, llya A. Kriveshko 

DATE: 
Auqust20,2013 
ATTORNEY DOCKET NUMBER 
67368US004 
U.S. APPLICATION NO. 
(if known, see 37 CFR § 1.5) 

PRIORITY DATE CLAIMED 
February 22, 2011 

Applicant herewith submits to the United States Designated/Elected Office (DO/EO/US) the following items and other 
information: 

1. ~ This is a FIRST submission of items concerning a filing under 35 USC§ 371. 

2. D This is a SECOND or SUBSEQUENT submission of items concerning a filing under 35 USC§ 371. 

3. □ This is an express request to begin national examination procedures (35 USC§ 371 (f)). The submission must 
include items (5), (6), (9) and (21) indicated below. 

4. D The US has been elected (Article 31 ). 

5. ~ A copy of the International Application as filed (35 USC§ 371 (c)(2)). 

a. D is attached hereto (required only if not communicated by the International Bureau). 
b. D has been communicated by the International Bureau. 

c. ~ is not required, as the application was filed in the United States Receiving Office (RO/US) 

6. D An English language translation of the International Application as filed (35 USC§ 371 (c)(2)). 
a. D is attached hereto 

b. D has been previously submitted under 35 USC§ 154(d)(4) 

7. ~ Amendments to the claims of the International Application under PCT Article 19 (35 USC§ 371 (c)(3 
a. D are attached hereto (required only if not communicated by the International Bureau). 

b. D have been communicated by the International Bureau 
c. D have not been made; however, the time limit for making such amendments has NOT expired 

d. ~ have not been made and will not be made. 

8. D An English language translation of the amendments to the claims under PCT Article 19 (35 USC§ 371 (c)(3)). 

9. ~ An oath or declaration of the inventor(s) (35 USC§ 371 (c)(4)). 

10. D An English language translation of the annexes to the International Preliminary Examination Report under PCT 
Article 36 (35 USC§§ 371 (c)(5)). 

Items 11 to 20 below concern document(s) or information included: 

11. D An Information Disclosure Statement under 37 CFR §§ 1.97 and 1.98 

12. ~ 

13. 0 
14. ~ 

15. 0 
16. 0 
17. 0 

An executed Assignment to 3M Innovative Properties Company will follow. 
A Preliminary Amendment. 

An Application Data Sheet under 37 CFR § 1. 76. 

A substitute specification. 

A power of attorney and/or change of address letter. 

A computer-readable form of the sequence listing in accordance with PCT Rule 13ter.2 and 37 CFR §§ 1.821 -
1.825. 

18. D A second copy of the published international application under 35 USC§ 154(d)(4). 

19. D A second copy of the English language translation of the international application under 35 USC§ 154(d)(4). 

20. D Other items or information: 

~ Customer Number for 

Correspondence Address: 32692 -184-



U.S. APPLN. NO. (if known, see 37 CFR § 1.5): I INTERNATIONAL APPN. NO.: ATTORNEY'S DOCKET NO.: 
PCT /US2012/025548 67368US004 

The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use 
Only 

21. ~ Basic national fee (37 CFR 1.492(a)) ............................................ .............. $280 280 
22. ~ Examination fee (37 CFR 1.492(c)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1 )-(4) ............ ..... $0 
All other situations .................................................................................... ................. $720 720 
23. ~ Search fee (37 CFR 1.492(b)(1)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4) .................. 0 

Search fee (37 CFR 1.492(b)(2)) has been paid on the international application to the 
USPTO as an International Searching Authority ................................................... ............ $120 
International Search Report prepared by an ISA other than the US and provided to the 480 
Office or previously communicated to the US by the IB .............................................. ........ $480 
All other situations ................................................................................................ ..... $600 

TOTAL OF 21, 22 and 23= $1,480.00 
Additional fee for specification and drawings filed in paper over 100 sheets (excluding 

D sequence or computer program listing filed in an electronic medium). The fee is $4 00 lore ach 
additional 50 sheets of oaoer or fraction thereof. 

Fee Cale Number Filed M in us 1 00 Divide by 50 Cale.Extra Rate (lo r Fees ea.add'I 50) 
Ap plication 33 10 0 50 0 $400.00 $0.00 Size Fee 
Surcharge of $140.00 for furnishing the oath or declaration later than 30 months from the $0.00 
earliest claimed orioritv date (37 CF R ~ 1 .492/e)). 
CLAIMS NUMBER FILED EXTRA RATE Fees 
Total cl aims 26 - 2 0 = 6 X $80 .00 $480.00 
Independent claims 4 - 3 = 1 X $420 .00 $420.00 
Add'I fee for one or more multiple dependent claims $ 780.00 $0.00 

Tota I Amount Due $2,380.00 

D Applicant claims small entity status. See 37 CFR § 1.27. $0.00 
The fees indicated above are reduced by 1/2. 

SUBTOTAL= $2,380.00 
Processing fee of $140.00 for furnishing the English translation later than 30 months from $0.00 
the earliest orioritv date (37 C FR~ 1.492/fll. 

TOTAL NATIONAL FEE = $2 380.00 
Fee lorrecording the enclosed assignment (37CFR § 1.21(h)). The assignment must be $0.00 
accompanied by an appropriate cover sheet (37 CFR §§ 3.28, 3.31 ). $4 O .0 O p er p ro p e rty 

TOTAL FEES ENCLOSED = $2,380.00 
Amount to be $ 

...... -,: .. nrl ~rl • 

Amount to be $2,380.00 
charned 

a. ~ The fee for filing this application will be made at the time of submission via EFS-Web. In the event fees are not or 
cannot be paid at the time of EFS-Web submission, please charge to Deposit Account No. 13-3723 any fees under 
37 CFR §§ 1.16 and 1.17, which may be required to file and during the entire pendency of this application. This 
authorization includes the fee for any necessary extension of time under 37 CFR § 1.136(a). To the extent any 
such extension should become necessary, it is hereby requested. Please credit any overpayment to the same 
deposit account. 

b. □ 
Please charge to Deposit Account No. 13-3723 any fees under 37 CFR §§ 1.16 and 1.17, which may be required 
to file and during the entire pendency of this application. This authorization includes the fee for any necessary 
extension of time under 37 CFR § 1.136(a). To the extent any such extension should become necessary, it is 
herebv requested. Please credit any overpayment to the same deposit account. 

NOTE: Where an appropriate time limit under 37 CFR § 1.495 has not been met, a petition to revive (37 CFR § 1.137(a) or (b)) 
must be filed and granted to restore the application to pending status. 

Signature 

/Lance Vietzke/ 
Name: 
Lance L. Vietzke 
Address: Office of Intellectual Property Counsel 

3M Innovative Properties Company 

~ Customer Number for 

Correspondence Address: 32692 

I Registration Number: 
36,708 
P.O. Box 33427 
St. Paul, Minnesota 55133-3427 
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FORM PTO-1390 U.S. DEPARTMENT OF COMMERCE PATENT AND TRADEMARK OFFICE 
(REV 09-2007) 

TRANSMITTAL LETTER TO THE UNITED STATES 
DESIGNATED/ELECTED OFFICE (DO/EO/US) 
CONCERNING A FILING UNDER 35 USC § 371 

INTERNATIONAL APPLICATION NO. I INTERNATIONAL FILING DATE 
PCT/US2012/025548 February 17, 2012 
TITLE OF INVENTION 
Space Carvinq in 30 Data Acquisition 
APPLICANT(S) FOR 0O/EO/US 
James H. McQueston, llya A. Kriveshko 

DATE: 
Auqust20,2013 
ATTORNEY DOCKET NUMBER 
67368US004 
U.S. APPLICATION NO. 
(if known, see 37 CFR § 1.5) 

PRIORITY DATE CLAIMED 
February 22, 2011 

Applicant herewith submits to the United States Designated/Elected Office (DO/EO/US) the following items and other 
information: 

1. ~ This is a FIRST submission of items concerning a filing under 35 USC§ 371. 

2. D This is a SECOND or SUBSEQUENT submission of items concerning a filing under 35 USC§ 371. 

3. □ This is an express request to begin national examination procedures (35 USC§ 371 (f)). The submission must 
include items (5), (6), (9) and (21) indicated below. 

4. D The US has been elected (Article 31 ). 

5. ~ A copy of the International Application as filed (35 USC§ 371 (c)(2)). 

a. D is attached hereto (required only if not communicated by the International Bureau). 
b. D has been communicated by the International Bureau. 

c. ~ is not required, as the application was filed in the United States Receiving Office (RO/US) 

6. D An English language translation of the International Application as filed (35 USC§ 371 (c)(2)). 
a. D is attached hereto 

b. D has been previously submitted under 35 USC§ 154(d)(4) 

7. ~ Amendments to the claims of the International Application under PCT Article 19 (35 USC§ 371 (c)(3 
a. D are attached hereto (required only if not communicated by the International Bureau). 

b. D have been communicated by the International Bureau 
c. D have not been made; however, the time limit for making such amendments has NOT expired 

d. ~ have not been made and will not be made. 

8. D An English language translation of the amendments to the claims under PCT Article 19 (35 USC§ 371 (c)(3)). 

9. ~ An oath or declaration of the inventor(s) (35 USC§ 371 (c)(4)). 

10. D An English language translation of the annexes to the International Preliminary Examination Report under PCT 
Article 36 (35 USC§§ 371 (c)(5)). 

Items 11 to 20 below concern document(s) or information included: 

11. D An Information Disclosure Statement under 37 CFR §§ 1.97 and 1.98 

12. ~ 

13. 0 
14. ~ 

15. 0 
16. 0 
17. 0 

An executed Assignment to 3M Innovative Properties Company will follow. 
A Preliminary Amendment. 

An Application Data Sheet under 37 CFR § 1. 76. 

A substitute specification. 

A power of attorney and/or change of address letter. 

A computer-readable form of the sequence listing in accordance with PCT Rule 13ter.2 and 37 CFR §§ 1.821 -
1.825. 

18. D A second copy of the published international application under 35 USC§ 154(d)(4). 

19. D A second copy of the English language translation of the international application under 35 USC§ 154(d)(4). 

20. D Other items or information: 

~ Customer Number for 

Correspondence Address: 32692 -186-



U.S. APPLN. NO. (if known, see 37 CFR § 1.5): I INTERNATIONAL APPN. NO.: ATTORNEY'S DOCKET NO.: 
PCT /US2012/025548 67368US004 

The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use 
Only 

21. ~ Basic national fee (37 CFR 1.492(a)) ............................................ .............. $280 280 
22. ~ Examination fee (37 CFR 1.492(c)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1 )-(4) ............ ..... $0 
All other situations .................................................................................... ................. $720 720 
23. ~ Search fee (37 CFR 1.492(b)(1)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4) .................. 0 

Search fee (37 CFR 1.492(b)(2)) has been paid on the international application to the 
USPTO as an International Searching Authority ................................................... ............ $120 
International Search Report prepared by an ISA other than the US and provided to the 480 
Office or previously communicated to the US by the IB .............................................. ........ $480 
All other situations ................................................................................................ ..... $600 

TOTAL OF 21, 22 and 23= $1,480.00 
Additional fee for specification and drawings filed in paper over 100 sheets (excluding 

D sequence or computer program listing filed in an electronic medium). The fee is $4 00 lore ach 
additional 50 sheets of oaoer or fraction thereof. 

Fee Cale Number Filed M in us 1 00 Divide by 50 Cale.Extra Rate (lo r Fees ea.add'I 50) 
Ap plication 33 10 0 50 0 $400.00 $0.00 Size Fee 
Surcharge of $140.00 for furnishing the oath or declaration later than 30 months from the $0.00 
earliest claimed orioritv date (37 CF R ~ 1 .492/e)). 
CLAIMS NUMBER FILED EXTRA RATE Fees 
Total cl aims 26 - 2 0 = 6 X $80 .00 $480.00 
Independent claims 4 - 3 = 1 X $420 .00 $420.00 
Add'I fee for one or more multiple dependent claims $ 780.00 $0.00 

Tota I Amount Due $2,380.00 

D Applicant claims small entity status. See 37 CFR § 1.27. $0.00 
The fees indicated above are reduced by 1/2. 

SUBTOTAL= $2,380.00 
Processing fee of $140.00 for furnishing the English translation later than 30 months from $0.00 
the earliest orioritv date (37 C FR~ 1.492/fll. 

TOTAL NATIONAL FEE = $2 380.00 
Fee lorrecording the enclosed assignment (37CFR § 1.21(h)). The assignment must be $0.00 
accompanied by an appropriate cover sheet (37 CFR §§ 3.28, 3.31 ). $4 O .0 O p er p ro p e rty 

TOTAL FEES ENCLOSED = $2,380.00 
Amount to be $ 

...... -,: .. nrl ~rl • 

Amount to be $2,380.00 
charned 

a. ~ The fee for filing this application will be made at the time of submission via EFS-Web. In the event fees are not or 
cannot be paid at the time of EFS-Web submission, please charge to Deposit Account No. 13-3723 any fees under 
37 CFR §§ 1.16 and 1.17, which may be required to file and during the entire pendency of this application. This 
authorization includes the fee for any necessary extension of time under 37 CFR § 1.136(a). To the extent any 
such extension should become necessary, it is hereby requested. Please credit any overpayment to the same 
deposit account. 

b. □ 
Please charge to Deposit Account No. 13-3723 any fees under 37 CFR §§ 1.16 and 1.17, which may be required 
to file and during the entire pendency of this application. This authorization includes the fee for any necessary 
extension of time under 37 CFR § 1.136(a). To the extent any such extension should become necessary, it is 
herebv requested. Please credit any overpayment to the same deposit account. 

NOTE: Where an appropriate time limit under 37 CFR § 1.495 has not been met, a petition to revive (37 CFR § 1.137(a) or (b)) 
must be filed and granted to restore the application to pending status. 

Signature 

/Lance Vietzke/ 
Name: 
Lance L. Vietzke 
Address: Office of Intellectual Property Counsel 

3M Innovative Properties Company 

~ Customer Number for 

Correspondence Address: 32692 

I Registration Number: 
36,708 
P.O. Box 33427 
St. Paul, Minnesota 55133-3427 
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PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67368US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION 

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the 
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76. 
This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the 
document may be printed and included in a paper filed application. 

Secrecy Order 37 CFR 5.2 
Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to 

D 37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.) 

Inventor Information: 

Inventor 1 I Remove I 
Legal Name 

Prefix Given Name Middle Name Family Name 

JAMES H. MCQUESTON 

Residence Information (Select One) (!) US Residency 0 Non US Residency O Active US Military Service 

City WINCHESTER I State/Province I MA I Country of Residence i I US 

Mailing Address of Inventor: 

Address 1 P.O. Box 33427 

Address 2 

City I St. Paul I State/Province I MN 

Postal Code 1 55133-3421 I Country i 1 us 

Inventor 2 I Remove I 
Legal Name 

Prefix Given Name Middle Name Family Name 

ILYA A. KRIVESHKO 

Residence Information (Select One) (!) US Residency 0 Non US Residency O Active US Military Service 

City LITTLETON I State/Province I MA I Country of Residence i I US 

Mailing Address of Inventor: 

Address 1 P.O. BOX 33427 

Address 2 

City I SAINT PAUL I State/Province I MN 

Postal Code I 55133-3427 I Country i I us 
All Inventors Must Be Listed - Additional Inventor Information blocks may be 

I generated within this form by selecting the Add button. 

Correspondence Information: 
Enter either Customer Number or complete the Correspondence Information section below. 
For further information see 37 CFR 1.33(a). 

EFS Web 2.2.6 

Add I 

Suffix 

Suffix 
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PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67368US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION 

□ An Address is being provided for the correspondence Information of this application. 

Customer Number 32692 

Email Address I I Add Email I !Remove Emaill 

Application Information: 

Title of the Invention SPACE CARVING IN 3D DATA ACQUISITION 

Attorney Docket Number 67368US004 I Small Entity Status Claimed □ 
Application Type Nonprovisional 

Subject Matter Utility 

Total Number of Drawing Sheets (if any) I I Suggested Figure for Publication (if any) I 

Publication Information: 
D Request Early Publication (Fee required at time of Request 37 CFR 1.219) 

Request Not to Publish. I hereby request that the attached application not be published under 

D 35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the 
subject of an application filed in another country, or under a multilateral international agreement, that requires 
publication at eighteen months after filing. 

Representative Information: 

Representative information should be provided for all practitioners having a power of attorney in the application. Providing 
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32). 
Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer 
Number will be used for the Representative Information during processing. 

Please Select One: ® Customer Number I O US Patent Practitioner 10 Limited Recognition (37 CFR 11.9) 

Customer Number 32692 

Domestic Benefit/National Stage Information: 
This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, or 365(c) or indicate 
National Stage entry from a PCT application. Providing this information in the application data sheet constitutes the 
specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78. 

Prior Application Status Pending I Remove I 
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

a 371 of international PCT /U S2012/025548 2012-02-17 

Prior Application Status Expired I Remove I 

EFS Web 2.2.6 

-189-



PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67368US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

PCT /U S2012/025548 non provisional of 61445499 2011-02-22 

Additional Domestic Benefit/National Stage Data may be generated within this form I Add I by selecting the Add button. 

Foreign Priority Information: 

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet 

constitutes the claim for priority as required by 35 U.S.C. 119(b) and 37 CFR 1.55(d). When priority is claimed to a foreign application 
that is eligible for retrieval under the priority document exchange program (POX) ithe information will be used by the Office to 

automatically attempt retrieval pursuant to 37 CFR 1.55(h)(1) and (2). Under the POX program, applicant bears the ultimate 

responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual 

property office, or a certified copy of the foreign priority application is filed, within the lime period specified in 37 CFR 1.55(g)(1 ). 

I Remove I 

Application Number Country i Filing Date (YYYY-MM-DD) Access Codei (if applicable) 

Additional Foreign Priority Data may be generated within this form by selecting the 
Add button. I Add I 

Statement under 37 CFR 1.55 or 1. 78 for AIA (First Inventor to File) Transition 
Applications 

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also 
D contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March 

16, 2013. 

Authorization to Permit Access: 

~ Authorization to Permit Access to the Instant Application by the Participating Offices 

EFS Web 2.2.6 
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PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67368US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION 

If checked, the undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO), 
the Japan Patent Office (JPO), the Korean Intellectual Property Office (KIPO), the World Intellectual Property Office (WIPO), 
and any other intellectual property offices in which a foreign application claiming priority to the instant patent application 
is filed access to the instant patent application. See 37 CFR 1.14(c) and (h). This box should not be checked if the applicant 
does not wish the EPO, JPO, KIPO, WIPO, or other intellectual property office in which a foreign application claiming priority 
to the instant patent application is filed to have access to the instant patent application. 

In accordance with 37 CFR 1.14(h)(3), access will be provided to a copy of the instant patent application with respect 
to: 1) the instant patent application-as-filed; 2) any foreign application to which the instant patent application 
claims priority under 35 U.S.C. 119(a)-(d) if a copy of the foreign application that satisfies the certified copy requirement of 
37 CFR 1.55 has been filed in the instant patent application; and 3) any U.S. application-as-filed from which benefit is 
sought in the instant patent application. 

In accordance with 37 CFR 1.14(c), access may be provided to information concerning the date offiling this Authorization. 

Applicant Information: 

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR 
to have an assignment recorded by the Office. 

Applicant 1 I Remove I 
If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed. 
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR 
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person 
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an 
applicant under 37 CFR 1.46 (assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient 
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be 
identified in this section. 

I Clear I 
® Assignee lo Legal Representative under 35 U.S.C. 117 lo Joint Inventor 

0 Person to whom the inventor is obligated to assign. 10 Person who shows sufficient proprietary interest 

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is: 

I 

Name of the Deceased or Legally Incapacitated Inventor : I 

If the Applicant is an Organization check here. ~ 
Organization Name I 3M INNOVATIVE PROPERTIES COMPANY 

Mailing Address Information: 

Address 1 P.O. BOX 33427 

Address 2 

City St. Paul State/Province MN 

Country ii us Postal Code 55133-3427 

Phone Number 
I 

Fax Number 
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PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67368US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION 

Email Address 

Additional Applicant Data may be generated within this form by selecting the Add button. Add 

Non-Applicant Assignee Information: 

Providing assignment information in this section does not subsitute for compliance with any requirement of part 3 of Tille 37 of CFR to 
have an assignment recorded by the Office. 

Assignee 1 

Complete this section only if non-applicant assignee information is desired to be included on the patent application publication in 
accordance with 37 CFR 1.215(b). Do not include in this section an applicant under 37 CFR 1.46 (assignee. person to whom the 
inventor is obligated to assign, or person who otherwise shows sufficient proprietary interest), as the patent application publication will 
include the name of the applicant(s). 

I Remove I 
If the Assignee is an Organization check here. □ 
Prefix Given Name Middle Name Family Name Suffix 

Mailing Address Information: 

Address 1 

Address 2 

City I State/Province 

Country i I Postal Code 

Phone Number Fax Number 

Email Address 

Additional Assignee Data may be generated within this form by selecting the Add button. 
I Add I 

Signature· . Remove 

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4 for signature requirements and 
certifications 

Signature /Lance Vietzke/ Date (YYYY-MM-DD) 2013-08-20 

First Name LANCE I Last Name I VIETZKE Registration Number 36708 

Additional Signature may be generated within this form by selecting the Add button. I Add I 

EFS Web 2.2.6 
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PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

67368US004 Attorney Docket Number 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION 

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which 
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This 
collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data 
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of lime you require to 
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and 
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR 
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450. 
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Privacy Act Statement 

The Privacy Act of 1974 (P .L. 93-579) requires that you be given certain information in connection with your submission of the attached form related to 
a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection 
of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is 
used by the U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not 
furnish the requested information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may 
result in termination of proceedings or abandonment of the application or expiration of the patent. 

The information provided by you in this form will be subject to the following routine uses: 

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.S.C. 552) 
and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine 
whether the Freedom of Information Act requires disclosure of these records. 

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or 
administrative tribunal, including disclosures to opposing counsel in the course of settlement negotiations. 

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request involving an 
individual, to whom the record pertains, when the individual has requested assistance from the Member with respect to the subject matter of 
the record. 

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in 
order to perform a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as 
amended, pursuant to 5 U.S.C. 552a(m). 

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, 
as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant to the Patent Cooperation Treaty. 

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security 
review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)). 

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, 
during an inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records 
management practices and programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the 
GSA regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such 
disclosure shall not be used to make determinations about individuals. 

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuan 
to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37 
CFR 1.14, as a routine use, to the public if the record was filed in an application which became abandoned or in which the proceedings were 
terminated and which application is referenced by either a published application, an application open to public inspections or an issued 
patent. 

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the 
USPTO becomes aware of a violation or potential violation of law or regulation. 
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DECLARATION AND POWER OF ATTORNEY, 
f'OR unurv OR DESIGN 

i Case No: 1 67368US004 

i Firsl Named_!nventor: I James H. McQues!on 

PATENT APPUCATIO - N (37 CFR § 1.63) i COMPLETE ff KNOWN 
i 

•~-'-· 

Application No.: 
,,,,,,_ ___ ,..,__ 

~ Declaration Submitted D C .JeGlaralion S~1bmittetl after flHnq Date . 
witn Initial Filing lnltial Filing (surcharge 31 CFR , Confirmation No.: I § 1.16(e) requlred) i 

As a below named inventor, I hereby declare that my residence, maiiing address, and ciliz.enship are as staled below next to !:'ii 
name, and Iha! I believe ! am an original, firs!, and sole inventor (if onfy one name is listed below) or an original, fast, and joint 
inventor (if plura.l names are listed below) of the subject matter which is daimed and for which a patent is sought on lhe invent:on 
entitled; 

SPACE CARVING IN 3D DATA ACQUISITION 

The specification of which 

0 is attached hereto; 

D was filed.on 

as United States Application No. 

0 is identifiHd as PCT International Applicalioi'I No. 

filed on L_ .. ,...... February 1~7~,_2_0_1_2 ____ ~ 

and was amended on 
, ...... ,---• .. •........ ···""'"----------, 

_____________________ __) (if applicable). l ........... •----

I hereby state that I have reviewed and understand the contents of the ahove•klentified specification, including the c\a\ms, as 
amended by any amendment specifically referred to above. 

I acknowledge the duty to disclose all information known to me to be material to patentabi!ity as defined in 37 CFR § 1.56, including 
for continuation-in•part applications, material information '.vhich became available between the filing dale of the prim applicafon and 
!he national or PCT inlema!ional filing date of the continuation-in-part application. 

! hereby claim foreign priority benefits under 35 USC§§ 119(a)-(d) or (l}, or 365(b) of any foreign application(s) lor paten!, inventor's 
or plant breeder's rights certiflcate(s), or :l65(a) of any PCT intematlonal application which designated at least one country other than 
the United States of America, listed below and have also identifted below, by checking the box, any foreign application for patent 
inventor's or plant breeder's rights certificate{s), or any PCT lnternational application having a filing date before thal of the application 
on which priority is claimed. 

Prior Foreign 
App!ic.ation No. 

----!,, Foreign Filirlg Dale --r---- Priority NOT Certified Copy
1
Attached 

Coun,ry (MM/0D/YYYY) ! Claim=~----"------·"- ··---· YES I NO 
f------------------------l-1-------------------+-,__--------=□"'-~- LJ ! -·-·-:J ......... : 

-------~Ii ----==----_-_,__+_-_------------·-··+-1---;:e'B_~-------- ________ _a __ ,. t CB .. J 
! hereby appoint Practitiooers at Guslomer Number 32692 as my attorneys and/or agents wtth full powers (includirig the powers ol 
appointment, substitution, and revocation) to prosecule this application and any division, continuation, continuation-in-part, 
reexamination, or reissue thereof, and to transact all business in ihe U.S. Patent and Trademark Office connected therewith. 

Customer Number for 
Practitioner of Record: 32692 

I also appoint the following Practitioners as my attorneys and/or agents with full povirers (including !he powers of appointment 
substitution, and revocation) to prosecute this application and any division, continuation, mntinualion-in-part, reexamination, or 
reissue thereof, and to transact all business in the U.S. Patent and Trademark Office connected therewith; None 

Oeclarnlion ar.d Power of Attorney Paye 1 of 2 

-195-



The mailing address and the telephone number of the above-identified attorneys and/or agents are that of Customer No, 32692. 

inquiries regarding this applicat:on can be made to: 

Attention; lance L Vietzke 
OffiCB of Intellectual Property Coun.sel 
3M Innovative Properties Company 
Telephone No.: 651-737-2180 

I hereby declare that all statements made herein of my own kno'<lfledge are true and that all statemen!s made on information and 
belief are believed to be tme: and further that these statemenls were made with the knowledge that wiilfuf fatse statements and the 
like so made are punishable by fine or imprisonment, or boih, under i8 USC § 1001 and thal such willful false statements may 
jeopardize the validity of the apphcallor. or any patent issued thereon . 

•.... <•.•.•.•.•.•.•.·.·.-=,·--... ·.·.~-- .... •.•.•.•.•.•·:·······~-=-~.w.=·-,.•.-r - . ~ .. x •. = . . ·····.···.················································ ... w ... -,,,_e_ 

NAME OF SOLE OR FIRST INVENTOR: 0 A petition has been filed for this unsigned inventor. 

me (first and'mictdle [if a11yJf' farn:!y-N;m1e m Surname: - ------

. ,James H. McQueston 

Declarntiori and Power of Attorney Page 2 of 2 C;sse No. fi7'.J68USf.l{!4 
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@ Declaration Submitted 
with Initial Filing 

D Dedaration Submitted after 
lnilia! Filing (surcharge 37 CFR 

~-~-_.._i(.,.i{,C-::,.,:, ----,~· -·~§ 1.16f etr~~guiredJ M~,~w 

As a below named inven1or, I hereby declare that my residence, mai!ing address. and citizenship are as stated below next to rny 
name, and that ! believe l am an original. first and sole inventor (if only one name is listed below} or an original, t1rst, and j0int 
inventor {if p!uraf names are listed be!ow} of the subject matter which is claimed and for which a patent is sough! en !he inver:!ion 
entitled: 

The spec/ficalion of which 

D is atta<:Md herelo; 

Cl was filed on 

as United States Application No. 

t8J is identified as PCT !nlemational Application No. 
filed on !_ February,_1_7_,_2_0_1_2 ____ _, 

and was amended on 

' ~~•~~•n•--•--• 

! PCTiUS;W12/025548 

I hereby state that ! have reviewed and understand the contents of !he above-identified specification, including ttie claims, as 
amended by any amendment specifically referred to above. 

! acknowledge the duty to disclose all information known to me to be malerial lo patentabi!ity as deflne(l tr1 37 CFR § 1.56, in.eluding 
for continuation-in-pan applications, material information wi1icti became available between !he ming date ot !he prior application aM 
the national or PCT inlemational filing date of !he c.ondnuation•in•part applicatkm. 

1 hereby claim foreign priority benellts under 35 USC §§ 119(a}-(d} or (f):, or 365(b) of any foreign app!icalion(s) for patent. imrentor's 
or plant breeder's rights certificate{s), or 365(a) of any PCT intemaliona! application which designated at least one country other than 
!he United Slates of America. listed below and have also !denti1led below. by checking the box. any foreign application tor palen\, 
lnvenlor's or plant breeder's rights certifica!e(s), clr any PCT international application having a filing dale before that of the applica!ion 
on which priority is claimed, 

I hereby appoint Practitioners al Customer Number 32692 as my a!lomeys and/or a-gents with full powers {inchiding the powers cf 
appomtmenl, subsHlulion, and revocation} lo prosecute this app!ication and any division, continuation. continuation-in-par!. 
reexamina!,on, or reissue thereof, and to trnnsac! all buslness in !he U.S. Patent and Trademark Office connected th,::irnwith, 

Customer Number for 
Practitloner of Record: 32692 

! a!so appoint !he following Practitioners as my attorneys and/or agents with full powers (including lhe powers of appointment. 
subslitution, an<! revocation) to prosecute this application and any division, continuation, ccmtinuat.ion-in-part, reexamination, or 
reissue !hereof, and to transact all business in !he U.S. Patent and Trademark Office connected !herewith: None 

Declaration am:! Power of A!lorne\' Page 1 of2 Case No.: 67368USC04 
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The malling address and the !e!ephone number of the above-identlfied attorneys arid/or agents are that of Customer No. 32692, 

Inquiries regarding this application e-an be made to: 

Attention: lance L Vie1zke 
Office of Intellectual Property Counsel 
~iM lnnlw,itlwi Properties Comp.my 
Telephone No.: 651-73 7-218D 

I hereby <lee-tare that all statements made herein of my own knowledge are true and that all statemen!s made on information ar.d 
belief are believed to be true; and fur!her that these statements were made with the knowledge that wmful false s!atements and the 
like so made are punishable by fine or imprisonment, or bo!h, under 18 USC § 1001 and that such willful false s!atements may 
jeopardize the validity of !he application or an~' patent issued thereon. 

~--,--=c;c:=-:«=-.:.;,:,.,....,_--.,,,.;.,.~~V<'l..'<."""""''-'---=-=-=-c;c:o;:=o;-.-.;,.,.-...~.; ... .;-==""'<',-~-=-- -~-~=-~=-=-:-: .. ,, ...................... , ...... , ........ ..: ............................... ~~c;c;=-:«="='-'I."""-'-'---~ 

] NAME OF St.Kt OR FlHS T INVENTOR: ! 0 A petition has been filed for this unsigned inventor. [ 
t ·- ··-·- . -~--.... f ---,..,--------···········~--~--_ ............ ____ _ I s;:;~;i'~'~ ifi:::: ;l(:ci rni,1(% f anyj): -· I ~~ci:ets7~~r Sumame· 

~ l 
(Triventor's S,i,gnature~ ---~----

·rcountry: 
I USA 

Dale: ----------.--.. -- l 
I 
I 
~ 

t 
I c,:izanship: "} 

i United States o:f America j __________ __._,_ __________________ ~------··~~ 

Dei:lamtion and Power of Allomey Page2of2 

~ 
~ ·~-===.v.-v.., ....................... -~--:-:-...:-

--------n•~~~~~~YYY••••••• ••••-~ 

-----:-:-:~...,:,,/-,, 14 I UJ/3, -1 
United States of America 

I 
------~n~~ .... L ..... -----------~, 

Case ~ro 67300U$0(l-4 
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Electronic Patent Application Fee Transmittal 

Application Number: 

Filing Date: 

Title of Invention: SPACE CARVING IN 3D DATA ACQUISITION 

First Named Inventor/Applicant Name: MCQUESTION H. JAMES 

Filer: Robert V. Heiti/ Angela Zontelli 

Attorney Docket Number: 67368US004 

Filed as Large Entity 

U.S. National Stage under 35 USC 371 Filing Fees 

Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Basic Filing: 

National Stage Fee 1631 1 280 280 

Natl Stage Search Fee - Report provided 1642 1 480 480 

National Stage Exam - all other cases 1633 1 720 720 

Pages: 

Claims: 

Claims in excess of 20 1615 6 80 480 

Independent claims in excess of 3 1614 1 420 420 

Miscellaneous-Filing: 
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Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Petition: 

Patent-Appeals-and-Interference: 

Post-Allowance-and-Post-Issuance: 

Extension-of-Time: 

Miscellaneous: 

Total in USD ($) 2380 
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Electronic Acknowledgement Receipt 

EFSID: 16631466 

Application Number: 14000446 

International Application Number: PCT/USl 2/25548 

Confirmation Number: 1096 

Title of Invention: SPACE CARVING IN 3D DATA ACQUISITION 

First Named Inventor/Applicant Name: MCQUESTION H. JAMES 

Customer Number: 32692 

Filer: Robert V. Heiti/ Angela Zontelli 

Filer Authorized By: Robert V. Heiti 

Attorney Docket Number: 67368US004 

Receipt Date: 20-AUG-2013 

Filing Date: 

Time Stamp: 12:07:50 

Application Type: U.S. National Stage under 35 USC 371 

Payment information: 

Submitted with Payment yes 

Payment Type Deposit Account 

Payment was successfully received in RAM $2380 

RAM confirmation Number 9437 

Deposit Account 133723 

Authorized User 

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows: 

Charge any Additional Fees required under 37 C.F.R. 1.492 (National application filing, search, and examination fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.17 (Patent application and reexamination processing fees) -201-



Charge any Additional Fees required under 37 C.F.R. Section 1.19 (Document supply fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.20 (Post Issuance fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.21 (Miscellaneous fees and charges) 

File Listing: 

Document 
Document Description File Name 

File Size(Bytes)/ Multi Pages 
Number Message Digest Part /.zip (if appl.) 

109814 

1 Transmittal of New Application Transmittal_67368US004.PDF no 2 
63 2 6f3f7 c0ff0e8ab26d 2d ba 7 a83ea8c8061 

216 

Warnings: 

Information: 

1503484 

2 Application Data Sheet ADS_67368US004.PDF no 7 
792e 52 cc2344b2a2 76 7 324 3b2d 314eaaeb 

ee6c6 

Warnings: 

Information: 

1025456 

3 Oath or Declaration filed 
DeclarationSigned_67368US00 

no 4 
4.PDF 

abac994830355b389926d2ac256df066adb 
27f33 

Warnings: 

Information: 

38289 

4 Fee Worksheet (SB06) fee-info.pdf no 2 
93dc56b 1 c6f690b618b384b9c5b9928bfd8 

71b9d 

Warnings: 

Information: 

Total Files Size (in bytes) 2677043 

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents, 
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a 
Post Card, as described in MPEP 503. 

New A~~lications Under 35 U.S.C. 111 
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR 
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this 
Acknowledgement Receipt will establish the filing date of the application. 

National Stage of an International A~~lication under 35 U.S.C. 371 
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35 
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a 
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course. 

New International A~~lication Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary components for 
an international filing date (see PCT Article 11 and MPEP 181 O), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/1 OS) will be issued in due course, subject to prescriptions concerning 
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of 
the application. 
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February 24, 2012 

THIS IS TO CERTIFY THAT ANNEXED HERETO IS A TRUE COPY FROM 
THE RECORDS OF THE UNITED STATES PATENT AND TRADEMARK 
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CLAIMS: 

What is claimed is: 

1. A method comprising: 

storing a spatial matrix in a memory, the spatial matrix including information for 

a plurality of voxels in a mesh of a scan space; 

obtaining three-dimensional data from an object within the scan space using a 

scanner; 

identifying a one of the plurality of voxels in the mesh that is unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from 

the one of the plurality of voxels, thereby identifying a prohibited volume within the scan 

space; and 

processing a portion of the three-dimensional data that is not in the prohibited 

volume according to an unmodified processing and processing a second portion of the 

three-dimensional data that is in the prohibited volume according to the modified 

processing. 

2. The method of claim 1 wherein identifying the one of the plurality of voxels 

includes identifying a plurality of points on a ray between the scanner and the object that 

are unoccupied. 

3. The method of claim 1 further comprising providing a spatial margin of one or 

more voxels adjacent to a surface of the object for which processing cannot be prohibited. 

4. The method of claim 3 wherein the spatial margin is a multiple of a standard 

deviation of a z-axis measurement for the scanner. 

5. The method of claim 1 wherein the modified processing includes detecting a point 

in the prohibited volume and displaying the point with a decay time. 

Page 30 of35 
-215-



EFS Web PATENTS 
67368US002 

6. The method of claim 1 wherein the modified processing includes omitting any 

points in the prohibited volume from a surface mesh of the object created with the three­

dimensional data. 

7. The method of claim 6 wherein the mesh divides the scan space into a spatial grid 

substantially identical to a second spatial grid used to create the surface mesh. 

8. The method of claim 1 wherein the modified processing includes omitting any 

points in the prohibited volume from a high-accuracy refinement of the three-dimensional 

data. 

9. The method of claim 1 wherein the mesh of the scan space is subdivided into 

voxels having a substantially cubic shape. 

10. The method of claim 9 wherein the substantially cubic shape measures about 250 

microns on each edge. 

11. The method of claim 1 wherein the prohibited volume includes more than one of 

the plurality of voxels. 

12. The method of claim 1 wherein the spatial matrix includes a binary flag for each 

one of the plurality of voxels that indicates whether processing is permitted or forbidden 

for a corresponding volume of the scan space. 

13. A computer program product comprising computer executable code embodied on 

a non-transitory computer readable medium that, when executing on one or more 

computing devices, performs the steps of: 

storing a spatial matrix in a memory, the spatial matrix storing information for a 

plurality of voxels in a mesh of a scan space; 

obtaining three-dimensional data from an object within the scan space using a 

scanner; 
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identifying one of the plurality ofvoxels in the mesh of the scan space that is 

unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from 

the one of the plurality ofvoxels that contains the point, thereby identifying a prohibited 

volume within the scan space; and 

processing a portion of the three-dimensional data in the prohibited volume 

according to the modified processing and processing a second portion of the three­

dimensional data that is not in the prohibited volume according to an unmodified 

process mg. 

14. The computer program product of claim 13 wherein identifying the one of the 

plurality of voxels includes identifying a plurality of points on a ray between the scanner 

and the object that are unoccupied. 

15. The computer program product of claim 13 further comprising code for providing 

a spatial margin of one or more voxcls adjacent to a surface of the object for which 

processing cannot be prohibited. 

16. The computer program product of claim 15 wherein the spatial margin is a 

multiple of a standard deviation of a z-axis measurement for the scanner. 

1 7. The computer program product of claim 13 wherein the modified processing 

includes detecting a point in the prohibited volume and displaying the point with a decay 

time. 

18. The computer program product of claim 13 wherein the modified processing 

includes omitting any points in the prohibited volume from a surface mesh of the object 

created with the three-dimensional data. 
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19. The computer program product of claim 18 wherein the mesh divides the scan 

space into a spatial grid substantially identical to a second spatial grid used to create the 

surface mesh. 

20. The computer program product of claim 13 wherein the modified processing 

includes omitting any points in the prohibited volume from a high-accuracy refinement of 

the three-dimensional data. 

21. The computer program product of claim 13 wherein the mesh of the scan space is 

subdivided into voxels having a substantially cubic shape. 

22. The computer program product of claim 21 wherein the substantially cubic shape 

measures about 250 microns on each edge. 

23. The computer program product of claim 13 wherein the prohibited volume 

includes more than one of the plurality of voxcls. 

24. The computer program product of claim 13 wherein the spatial matrix includes a 

binary flag for each one of the plurality ofvoxels that indicates whether processing is 

permitted or forbidden for a corresponding volume of the scan space. 

25. A system comprising: 

a scanner configured to obtain three-dimensional data from an object within a 

scan space; 

a memory configured to store a spatial matrix that includes information for a 

plurality of voxels in a mesh of a scan space; and 

a processor configured to identify a point in the scan space that is unoccupied, to 

store an indication in the spatial matrix for a modified processing of data from a one of 

the plurality of voxels that contains the point, thereby identifying a prohibited volume 

within the scan space, to process a portion of the three-dimensional data that is not in the 

prohibited volume according to an unmodified processing, and to process a second 
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portion of the three-dimensional data that is in the prohibited volume according to the 

modified processing. 

26. A system comprising: 

storing means for storing a spatial matrix that includes information for a plurality 

of voxels in a mesh of a scan space; 

scanning means for obtaining three-dimensional data from an object within the 

scan space; and 

processing means for identifying a point in the scan space that is unoccupied, 

storing an indication in storing means for a modified processing of data from a one of the 

plurality of voxels that contains the point, thereby identifying a prohibited volume within 

the scan space, processing a portion of the three-dimensional data that is not in the 

prohibited volume according to an unmodified processing and processing a second 

portion of the three-dimensional data that is in the prohibited volume according to the 

modified processing. 
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BACKGROUND 

1. Field of the Invention. 

PATENTS 
67368US002 

[0001] The invention relates to the use of space carving to improve three­

dimensional data acquisition. 

2. Description of the Related Art. 

[0002] A wide range of techniques exist for acquiring three-dimensional data 

from a subject. One broad category of techniques employs continuous scanning in which 

incremental three-dimensional data is acquired and assembled into a full three­

dimensional model. In this latter category, regardless of the particular scanning 

technology, the calculation and display of three-dimensional data can become 

encumbered by transient obstructions within a scanning volume. For example, in a dental 

scan, a patient's tongue or other soft tissue may temporarily obstruct or move adjacent to 

a scanned surface. A technician may similarly obstruct a scanner's view of the scanned 

surface with a finger, tongue depressor, or other instrument. There remains a need for 

techniques to exclude such outliers from a three-dimensional scanning process. 

SUMMARY 

[0003] Three-dimensional scanning is improved with the use of space carving 

to exclude certain scan results from processing and display. Using space carving 

techniques, a spatial matrix is maintained to store data on volumetric regions (or voxels) 

known to be empty. By excluding or modifying processing of subsequent outlier data 

from within these unoccupied voxels, a three-dimensional reconstruction process can 

achieve concurrent improvements in accuracy and speed. In addition, a real time display 

of scan results can be improved by modifying how such outliers are rendered. 

[0004] In one aspect, a method disclosed herein includes storing a spatial 

matrix in a memory, the spatial matrix including information for a plurality of voxels in a 

mesh of a scan space; obtaining three-dimensional data from an object within the scan 

space using a scanner; identifying a one of the plurality of voxels in the mesh that is 

unoccupied; storing an indication in the spatial matrix for a modified processing of data 
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from the one of the plurality ofvoxels, thereby identifying a prohibited volume within the 

scan space; and processing a portion of the three-dimensional data that is not in the 

prohibited volume according to an unmodified processing and processing a second 

portion of the three-dimensional data that is in the prohibited volume according to the 

modified processing. 

[0005] Identifying the one of the plurality of voxels may include identifying a 

plurality of points on a ray between the scanner and the object that are unoccupied. The 

method may include providing a spatial margin of one or more voxels adjacent to a 

surface of the object for which processing cannot be prohibited. The spatial margin may 

be a multiple of a standard deviation of a z-axis measurement for the scanner. The 

modified processing may include detecting a point in the prohibited volume and 

displaying the point with a decay time. The modified processing may include omitting 

any points in the prohibited volume from a surface mesh of the object created with the 

three-dimensional data. The mesh may divide the scan space into a spatial grid 

substantially identical to a second spatial grid used to create the surface mesh. The 

modified processing may include omitting any points in the prohibited volume from a 

high-accuracy refinement of the three-dimensional data. The mesh of the scan space may 

be subdivided into voxels having a substantially cubic shape. The substantially cubic 

shape may measure about 250 microns on each edge. The prohibited volume may include 

more than one of the plurality of voxels. The spatial matrix may include a binary flag for 

each one of the plurality ofvoxels that indicates whether processing is permitted or 

forbidden for a corresponding volume of the scan space. 

[0006] In another aspect, a computer program product disclosed herein includes 

computer executable code embodied on a non-transitory computer readable medium that, 

when executing on one or more computing devices, performs the steps of: storing a 

spatial matrix in a memory, the spatial matrix storing information for a plurality ofvoxels 

in a mesh of a scan space; obtaining three-dimensional data from an object within the 

scan space using a scanner; identifying one of the plurality of voxels in the mesh of the 

scan space that is unoccupied; storing an indication in the spatial matrix for a modified 

processing of data from the one of the plurality of voxels that contains the point, thereby 

identifying a prohibited volume within the scan space; and processing a portion of the 
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three-dimensional data in the prohibited volume according to the modified processing 

and processing a second portion of the three-dimensional data that is not in the prohibited 

volume according to an unmodified processing. 

[0007] In another aspect, a system disclosed herein includes a scanner 

configured to obtain three-dimensional data from an object within a scan space; a 

memory configured to store a spatial matrix that includes information for a plurality of 

voxels in a mesh of a scan space; and a processor configured to identify a point in the 

scan space that is unoccupied, to store an indication in the spatial matrix for a modified 

processing of data from a one of the plurality of voxels that contains the point, thereby 

identifying a prohibited volume within the scan space, to process a portion of the three­

dimensional data that is not in the prohibited volume according to an unmodified 

processing, and to process a second portion of the three-dimensional data that is in the 

prohibited volume according to the modified processing. 

[0008] In another aspect, a system disclosed herein includes storing means for 

storing a spatial matrix that includes information for a plurality ofvoxels in a mesh of a 

scan space; scanning means for obtaining three-dimensional data from an object within 

the scan space; and processing means for identifying a point in the scan space that is 

unoccupied, storing an indication in storing means for a modified processing of data from 

a one of the plurality ofvoxels that contains the point, thereby identifying a prohibited 

volume within the scan space, processing a portion of the three-dimensional data that is 

not in the prohibited volume according to an unmodified processing and processing a 

second portion of the three-dimensional data that is in the prohibited volume according to 

the modified processing. 

BRIEF DESCRIPTION OF THE FIGURES 

[0009] The invention and the following detailed description of certain 

embodiments thereof may be understood by reference to the following figures. 

[0010] Fig. 1 shows a dental image capture system. 

[0011] Fig. 2 depicts a view of a user interface for an image capture system. 

[0012] Fig. 3 depicts a view of a user interface for an image capture system. 
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[0013] Fig. 4 depicts a view of a user interface for an image capture system 

during an acquisition of three-dimensional data. 

[0014] Fig. 5 illustrates a spatial matrix for use in space carving. 

[0015] Fig. 6 illustrates a ray trace used to identify unoccupied space. 

[0016] Fig. 7 is a flow chart of a process for displaying data based on a spatial 

matrix. 

DETAILED DESCRIPTION 

[0017] The following description relates to use of space carving techniques to 

improve processing of three-dimensional data acquired from a three-dimensional scanner. 

While the description emphasizes continuous scanning and dental applications, it will be 

appreciated that the inventive concepts disclosed herein are not limited to the specific 

embodiments disclosed. For example, the space carving techniques described herein may 

be used to improve any three-dimensional acquisition or processing in which the capture 

of three-dimensional data occurs over a period of time such as structured light projection, 

x-ray computed tomography, optical coherence tomography, interferometry, and the like. 

The techniques described herein may similarly be employed in any three-dimensional 

processing environment where accuracy or time of computation can benefit from the 

exclusion of outlier data. Similarly, while the following description emphasis use of 

space carving to avoid processing known outliers, the approach may be readily 

generalized by, e.g., by identifying multiple objects in a scan volume and excluding 

objects that are not rigidly associated with a scan subject. All such variations that would 

be apparent to one of ordinary skill in the art are intended to fall within the scope of this 

disclosure. 

[0018] In the following description, the term "image" generally refers to a two­

dimensional set of pixels forming a two-dimensional view of a subject within an image 

plane. The term "image set" generally refers to a set of related two dimensional images 

that might be resolved into three-dimensional data. The term "point cloud" generally 

refers to a three-dimensional set of points forming a three-dimensional view of the 

subject, such as might be reconstructed from a number of two-dimensional views. In a 

three-dimensional image capture system, a number of such point clouds may also be 
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registered and combined into an aggregate point cloud constructed from images captured 

by, for example, a moving camera. Thus it will be understood that pixels generally refer 

to two-dimensional data and points generally refer to three-dimensional data, unless 

another meaning is specifically indicated or otherwise clear from the context. 

[0019] The terms "three-dimensional surface representation", "digital surface 

representation", "three-dimensional surface map", and the like, as used herein, are 

intended to refer to any three-dimensional surface map of an object, such as a point cloud 

of surface data, a set of two-dimensional polygons, a particle system, or any other 

renderable primitives or other data representing all or some of the surface of an object, as 

might be obtained through the capture and/or processing of three-dimensional scan data, 

unless a different meaning is explicitly provided or otherwise clear from the context. 

[0020] A "three-dimensional representation" may include any of the three­

dimensional surface representations described above, as well as volumetric, vector, 

and/or other representations, unless a different meaning is explicitly provided or 

otherwise clear from the context. 

[0021] In general, the terms "render" or "rendering" refer to a two-dimensional 

visualization of a three-dimensional object, such as for display on a monitor. However, it 

will be understood that stereoscopic, three-dimensional, and other rendering technologies 

exist, and may be usefully employed with the systems and methods disclosed herein to 

render objects in three dimensions. As such, rendering should be interpreted broadly 

unless a narrower meaning is explicitly provided or otherwise clear from the context. 

[00221 The term "dental object", as used herein, is intended to refer broadly to 

subject matter specific to dentistry. This may include intraoral structures such as 

dentition, and more typically human dentition, such as individual teeth, quadrants, full 

arches, pairs of arches which may be separate or in various types of occlusion, soft tissue, 

and the like, as well bones and any other supporting or surrounding structures. As used 

herein, the term "intraoral structures" refers to both natural structures within a mouth as 

described above and artificial structures such as any of the dental objects described below 

that might be present in the mouth. Dental objects may include "restorations", which may 

be generally understood to include components that restore the structure or function of 

existing dentition, such as crowns, bridges, veneers, inlays, onlays, amalgams, 
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composites, and various substructures such as copings and the like, as well as temporary 

restorations for use while a permanent restoration is being fabricated. Dental objects may 

also include a "prosthesis" that replaces dentition with removable or permanent 

structures, such as dentures, partial dentures, implants, retained dentures, and the like. 

Dental objects may also include "appliances" used to correct, align, or otherwise 

temporarily or permanently adjust dentition, such as removable orthodontic appliances, 

surgical stents, bruxism appliances, snore guards, indirect bracket placement appliances, 

and the like. Dental objects may also include "hardware" affixed to dentition for an 

extended period, such as implant :fixtures, implant abutments, orthodontic brackets, and 

other orthodontic components. Dental objects may also inc1ude "interim components" of 

dental manufacture which may not be intraoral structures as described above, such as 

dental models (full and/or partial), wax-ups, investment molds, and the like, as well as 

trays, bases, dies, and other components employed in the fabrication of restorations, 

prostheses, and the like. Dental objects may be categorized in a number of ways. For 

example, dental objects may be categorized as natural dental objects such as the teeth, 

bone, and other intraoral structures described above and artificial dental objects such as 

the restorations, prostheses, appliances, hardware, and interim components of dental 

manufacture as described above. Similarly, dental objects may be categorized intraoral 

dental objects (which may be natural or artificial) and extraoral dental objects (which are 

generally but not exclusively artificial). 

[0023] Terms such as "digital dental model", "digital dental impression" and 

the like, are intended to refer to three-dimensional representations of dental objects that 

may be used in various aspects of acquisition, analysis, prescription, and manufacture, 

unless a different meaning is otherwise provided or clear from the context. Terms such as 

"dental model" or "dental impression" are intended to refer to a physical model, such as a 

cast, printed, or otherwise fabricated physical instance of a dental object. Unless specified 

or otherwise clear from the context, the term "model", when used alone, may refer to 

either or both of a physical model and a digital model. 

[0024] Fig. 1 shows an image capture system. In general, the system 100 may 

include a scanner 102 that captures images of a subject I 04 within an image plane 106, 
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and forwards the images to a computer 108, which may include a display 110 and one or 

more user input devices such as a mouse 112 or a keyboard 114. 

[0025] The scanner 102 may include any camera or camera system suitable for 

capturing images from which a three-dimensional point cloud may be recovered. For 

example, the scanner 102 may employ a multi-aperture system as disclosed, for example, 

in U.S. Pat. Pub. No. 20040155975 to Hart et al., the entire contents of which is 

incorporated herein by reference. While Hart discloses one multi-aperture system, it will 

be appreciated that any multi-aperture system suitable for reconstructing a three­

dimensional point cloud from a number of two-dimensional images may similarly be 

employed, including systems with moving apertures, fixed apertures, and/or electro­

mechanically shuttered apertures. In one multi-aperture embodiment, the scanner 102 

may include a plurality of apertures including a center aperture positioned along a center 

optical axis of a lens and any associated imaging hardware. The scanner 102 may also, or 

instead, include a stereoscopic, triscopic or other multi-camera or other configuration in 

which a number of cameras or optical paths are maintained in fixed or moving relation to 

one another to obtain two-dimensional images of an object from a number of slightly 

different perspectives. The scanner 102 may include suitable processing for deriving a 

three-dimensional point cloud from an image set or a number of image sets, or each two­

dimensional image set may be transmitted to an external processor such as contained in 

the computer 108 described below. In other embodiments, the scanner 102 may employ 

structured light, laser scanning, direct ranging (e.g., time of flight in a known direction), 

or any other technology suitable for acquiring three-dimensional data, or two­

dimensional data that can be resolved into three-dimensional data. 

[0026] In one embodiment, the scanner 102 is a handheld, freely positionable 

probe having at least one user input device, such as a button, lever, dial, thumb wheel, 

switch, or the like, for user control of the image capture system 100 such as starting and 

stopping scans. In an embodiment, the scanner 102 may be shaped and sized for dental 

scanning. More particularly, the scanner may be shaped and sized for intraoral scanning 

and data capture, such as by insertion into a mouth of an imaging subject and passing the 

imaging plane 106 over one or more intraoral structures at a suitable distance to acquire 

surface data from teeth, gums, and so forth. The scanner 102 may, through such a 
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continuous acquisition process, capture a point cloud of surface data having sufficient 

spatial resolution and accuracy to prepare dental objects such as prosthetics, hardware, 

appliances, and the like therefrom, either directly or through a variety of intermediate 

processing steps. In other embodiments, surface data may be acquired from a dental 

model such as a dental prosthetic, to ensure proper fitting using a previous scan of 

corresponding dentition, such as a tooth surface prepared for the prosthetic. 

[0027] Although not shown in Fig. l, it will be appreciated that a number of 

supplemental lighting systems may be usefully employed during image capture. For 

example, environmental illumination may be enhanced with one or more spotlights 

illuminating the subject 104 to speed image acquisition and improve depth of field (or 

spatial resolution depth). The scanner 102 may also, or instead, include a strobe, flash, or 

other light source to supplement illumination of the subject 104 during image acquisition. 

In other structured light systems, the illumination may be in the form of an array of laser 

beams that form a pattern on a surface, which pattern may be employed to recover three­

dimensional data from the surface. Other systems employ a single laser beam along with 

directional information to gather point-by-point direction and range information. All such 

imaging systems may be usefully employed to acquire three-dimensional data as 

described herein. 

[0028] The subject 104 may be any object, collection of objects, portion of an 

object, or other subject matter. While illustrated in Fig. 1 as a simple geometric form, the 

subject 104 may include much more complex surfaces, and any number of separate 

elements. For example, in a dental imaging application, the subject 104 may include a 

tooth, a quadrant of teeth, or a full collection of teeth including two opposing arches from 

which a virtual dental impression is desired. The subject 104 may also, or instead, include 

a dental prosthesis such as an inlay, a crown, or any other dental prosthesis, implant, or 

the like. The subject 104 may include a dental model, such as a plaster cast, wax-up, 

impression, or negative impression of a tooth, teeth, soft tissue, or some combination of 

these. An optical or textured imaging agent may optionally be applied to surfaces of the 

subject 104 to improve capture of three dimensional points. In other embodiments, the 

subject l 04 may be a human head, or a portion thereof, from which a three-dimensional 

model may be acquired for custom fitting of a hearing aid, eyeglasses, goggles, or the 
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like. In other embodiments, the subject 104 may be a physical model of an object for use 

in digital animation, such as a miniature, physical model for use in a three-dimensional 

digital animation process. From the preceding examples, it will be apparent that a system 

using the techniques described herein may be suitably adapted to a wide range of 

applications for relatively short range, high resolution three-dimensional image 

acquisition. However, one skilled in the art will appreciate that suitable adaptations to the 

image capture system l 00 may be made for a variety of other three-dimensional imaging 

applications based upon multi-aperture or multi-camera systems, as well as other three­

dimensional imaging systems and technologies, and all such variations are intended to 

fall within the scope of this disclosure. 

[0029] The image plane 106 may include a two-dimensional field of view of the 

scanner I 02. It will be appreciated that the term "image plane" as used in this paragraph, 

refers to a plane in the imaging environment rather than a plane within an optical sensor 

(such as film or sensors) where an image is captured. Though illustrated as a rectangle the 

image plane 106 may, for example, form a square, a circle, or any other geometry 

provided by the scanner 102. In general, the scanner 102 will have a depth of field or 

range of depth resolution that, together with the field of view 106, specifies a 

measurement volume of the scanner 102. The depth of field may vary with environmental 

conditions such as lighting ( ambient or artificial), the texture or optical properties of the 

imaging subject, and so forth. It will further be understood that the tenn "field of view", 

as used herein may refer to a two-dimensional field such as an internal plane within the 

optics of an imaging system, an external plane such as a field in an imaging environment, 

or a region in a display, or may refer to a three-dimensional region such as a current 

measurement volume in an imaging environment. Thus, "field of view" as used herein 

should be interpreted in the broadest sense possible, unless a more specific meaning is 

explicitly provided, or otherwise clear from the context. 

[0030] The computer 108 may be, for example, a personal computer or other 

processing device. In one embodiment, the computer 108 includes a personal computer 

with a dual 2.8GHz Opteron central processing unit, 2 gigabytes of random access 

memory, a TYAN Thunder K8WE motherboard, and a 250 gigabyte, 10,000 rpm hard 

drive. This system may be operated to capture approximately 1,500 points per image set 
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in real time using the techniques described herein, and store an aggregated point cloud of 

over one million points. As used herein, the term "real time" means generally with no 

observable latency between processing and display. In a video-based scanning system, 

real time more specifically refers to processing within the time between frames of video 

data, which may vary according to specific video technologies, but may generally be 

considered to fall between about ten frames per second and about thirty frames per 

second for many of the applications described herein. More generally, processing 

capabilities of the computer 108 may vary according to the size of the subject 104, the 

speed of image acquisition, and the desired spatial resolution of three-dimensional points. 

The computer 108 may also include peripheral devices such as a keyboard 114, display 

110, and mouse 112 for user interaction with the camera system 100. The display 110 

may be a touch screen display capable of receiving user input through direct, physical 

interaction with the display 110. 

[0031] Communications between the computer 108 and the scanner 102 may 

use any suitable communications link including, for example, a wired connection or a 

wireless connection based upon, for example, IEEE 802.11 (also known as wireless 

Ethernet), Blue Tooth, or any other suitable wireless standard using, e.g., a radio 

frequency, infrared, ultrasound or other wireless communication medium. In medical 

imaging or other sensitive applications, wireless image transmission from the scanner 102 

to the computer 108 may be secured. The computer 108 may generate control signals to 

the scanner 102 which, in addition to image acquisition commands, may include 

conventional camera controls such as focus or zoom. 

[0032] In an example of general operation of a three-dimensional image capture 

system 100, the scanner 102 may acquire two-dimensional image sets at a video rate 

while the scanner 102 is passed over a surface of the subject. The two-dimensional image 

sets may be forwarded to the computer 108 for derivation of three-dimensional point 

clouds. The three-dimensional data for each newly acquired two-dimensional image set 

may be derived and fitted or "stitched" to existing three-dimensional data using a number 

of different techniques. One useful example of such a technique is described in 

commonly-owned U.S. App. No. 11/270,135, filed on November 9, 2005, the entire 

contents of which is incorporated herein by reference. However, it will be appreciated 
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that this example is not limiting, and that the principles described herein may be applied 

to a wide range of three-dimensional image capture systems. It will also be understood 

that terms such as "video" or "video rate" imply a wide range of possible frame rates 

associated with such video. While most modem video formats employ a frame rate of 25 

to 30 frames per second, early video employed frame rates as low as 8 frames per second, 

and movies of the early 1900's varied from 12 to 18 frames per second. In addition, it is 

common for specialized imaging equipment to employ a rate adapted to the 

computational demands of particular imaging and rendering techniques, and some video 

systems operate with frame rates anywhere from 4 frames per second (for 

computationally extensive imaging systems) to 100 frames per second or higher (for 

high-speed video systems). As used herein, the terms video rate and frame rate should be 

interpreted broadly. Notwithstanding this broad meaning, it is noted that useful and 

visually pleasing three-dimensional imaging systems have been constructed according to 

the foregoing with frame rates of at least ten frames per second, frame rates of at least 

twenty frames per second, and frame rates between 25 and 30 frames per second. 

[0033] It will be appreciated that the ability of certain systems, such as 

multiaperture camera systems, to derive three-dimensional data from two-dimensional 

video image sets may depend in part on an ability to establish correspondence of surface 

points between image pairs (or triplets, and so on). The process of establishing point 

correspondences may be improved by identifying, within the processing system, unique 

features of the surface upon which correspondence may be based. In certain aspects, 

distinguishing features of teeth at varying levels of detail may be employed to enhance 

this process. However, this process depends on an ability to locate such distinguishable 

features. The process of establishing point correspondences may also, or instead, be 

enhanced by the addition of optically detectable features thereto, which may be as simple 

as artificial black dots distributed over a white or relatively light surface. In a dental 

context, this may be achieved with a spray, powder, mouth rinse, or the like that 

distributes optically detectable matter across the dentition or other dental object to be 

scanned. By randomly distributing such small, distinguishable dots across the surface, the 

likelihood of locating distinguishable features in a particular image set may be 
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significantly improved, thus improving the speed and accuracy of the overall three­

dimensional data acquisition process. 

[0034] From time to time in continuous or incremental data acquisition systems, 

the fitting or stitch between two frames may fail for reasons described in greater detail 

below. In such situations, a user may be notified through visual feedback that a recover 

mode has been entered. In the recover mode, the system 100 may seek to reacquire the 

previous scan by test fitting new scan data to previously acquired data, and providing 

visual feedback to a user to assist in navigating back to a scan location on the subject 

where the re-acquisition is being attempted. In a related landing mode, a user may 

attempt to initiate a new scan registered or connected to an existing three-dimensional 

model. Similar visual feedback tools may be provided to guide a user to an appropriate 

scan location, and notify a user when the scan has been reacquired. These techniques are 

described in greater detail in commonly-owned U.S. App. No. 11/383,623, filed on May 

16, 2006, incorporated herein by reference in its entirety. Other suitable techniques may 

be employed for navigation, controlling scan quality, analyzing scanned subject matter, 

and manipulating scanned models, various embodiments of which arc described in 

greater detail below. 

[0035] The display 110 may include any display suitable for video or other rate 

rendering at a level of detail corresponding to the acquired data or a rendered version of 

the acquired data. Suitable displays include cathode ray tube displays, liquid crystal 

displays, light emitting diode displays, plasma displays, and the like. In some 

embodiments, the display may include a touch screen interface using, for example 

capacitive, resistive, or surface acoustic wave (also referred to as dispersive signal) touch 

screen technologies, or any other suitable technology for sensing physical interaction 

with the display 110. In addition, where three-dimensional visualization is desired, the 

display 110 may include a three-dimensional display using a wide variety of techniques 

including stereo pair imaging, holographic imaging, and multiplanar or volumetric 

imaging, each with a number of rendering modalities that may be usefully employed with 

the systems described herein. 

[0036] Fig. 2 depicts a view of a user interface for an image capture system. 

The user interface 200 may include a window 202 rendered on a monitor such as the 
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display 110 of Fig. 1. Within the window 202, a video image may be displayed including 

a measurement volume of a scanner, such as the image plane 106 of the scanner l 02 of 

Fig. 1. Within the field of view or measurement volume, a video or other image of a 

subject such as the subject 104 of Fig. 1 may be displayed. However, as depicted in Fig. 

2, no image acquisition steps have been initiated, so the window 202 remains blank 

except for various controls which will be described below. 

[0037] Scanning controls may include, for example, a scan control 204, a pause 

control 206, a stop control 208, a clear control 210, a save control 212, and a retrieve 

control 214. The scan control 204 may initiate a three-dimensional scan. The pause 

control 206 may temporarily discontinue a scan in a manner that permits subsequent 

reacquisition of a continuous scanning process. The paused scan may exhibit a number of 

visual properties. For example, the video image may be frozen, or the video image may 

continue to display current video information while a point cloud or other scan data 

remains frozen, or the screen may go entirely blank, or some combination of these, all 

according to user preferences or a particular implementation. Tn general, a paused scan 

may remain active so that a user may resume the scan. By contrast, if a user activates the 

stop control 208, the scan may be terminated, such that a user would have to retrieve the 

scan, such as using the retrieve control 214 in order to continue adding data thereto. The 

save control 212 may store a scan and any related data for subsequent use. These controls 

may operate as buttons that a user activates to perform the indicated function, such as 

through a mouse click or, where the display 110 is a touchscreen, by direct physical 

interaction with the display 110. It will be appreciated that activation of the control may 

create a pop-up window, or provide drop down lists, radio buttons, text input fields, and 

any other controls suitable for parameterizing the particular selection. Thus for example, 

where a user activates the save control 212, a text box may appear for a user to enter a 

filename, directory or path information, and the like for saving any related data. 

Numerous techniques for organizing user interfaces and providing controls within a user 

interface are known in the art, and may be suitably adapted to the interface 200 described 

herein. 

[0038] A number of navigation controls may be provided, such as a zoom out 

control 216, a zoom in control 218, a zoom indicator 220, a rotate control 222, a pan 
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control 224, and a reset control 226. These controls may be used to view an acquired 

three-dimensional representation after a scan has been completed or, where a 

pause/resume feature is provided, during a scan. The reset control 226 may, for example, 

restore a view of a three-dimensional representation to a global coordinate system, or to a 

most recent view from which data was acquired during a scan. 

[0039] A number of range finding visualizations may also be included that 

provide visual cues related to one or more scanning parameters of an image capture 

system. These visualizations may be rendered in real time, e.g., at the video rate of the 

image capture system, to provide real time user feedback and guidance with respect to 

proper orientation and positioning of a scanner during a scan. The user feedback may 

improve the quality and speed of data acquisition, particularly during continuous 

scanning operations that acquire a full three-dimensional representation of a subject as a 

sequence of fitted three-dimensional surface samples. These visual cues may be 

particularly useful in continuous three-dimensional data acquisition systems based upon 

camera motion estimation or similar techniques. In such techniques, sequential frames of 

data arc registered to one another using various processing techniques such as those 

described in commonly owned U.S. App. No. 11/270,135, filed on November 9, 2005. 

This works well provided three-dimensional data can be successfully resolved from each 

sequential frame of image data, and there is sufficiently small displacement of the 

scanner that the data from sequential frames overlaps in three-dimensional space. 

However, when this "stitching" of sequential frames is lost, such as due to an operator 

moving outside the proper scanning distance, it can be very difficult to recover the 

continuous acquisition. Visualization tools that guide a user toward maintaining proper 

scanning distance advantageously promote a continuous, uninterrupted acquisition of 

three-dimensional data for an entire surface of interest. 

[0040] For example, within a window 230 that shows a current video image 

from the image plane 106 of the scanner 102 (which is blank in Fig. 2, as the system has 

not started a scan), a volume 232 of space, such as the box depicted in Fig. 2, for which 

quality scan data can be captured may be depicted in perspective. This volume 232 

rendered within the imaging space may assist a user in positioning subject matter within 

the video image appropriately for data acquisition. In addition, sliders 234 may be 
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animated along z-axis edges of the volume 232 to indicate a distance of points of three­

dimensional data actually being acquired. This may be based on, for example, a mean 

distance of some or all of the points, a distance of a central point, a range of distances for 

all or some of the points, or a distance of a point at each respective comer of the volume 

232, such that the sliders 234 may move independently from one another during a scan. 

Distance calculations may be based on a current frame of image data, i.e., the most 

recently acquired data set, or an average of a predetermined number of immediately prior 

data sets, or upon all three-dimensional points of the three-dimensional surface 

representation falling within the volume 432 without regard to when they were acquired. 

[004 t] As another example, a dynamic object 236 such as a sphere or bu11seye 

may be rendered in the center of the window 230. The dynamic object 236 may also, or 

instead, be positioned at another location within the window; however positioning the 

dynamic object 236 within the center of the window 230 advantageously permits a user to 

receive visual feedback from the dynamic object 236 without looking away from current 

video of the subject being scanned. 

[0042] A number of useful animations may be provided by the dynamic object 

236 to give user feedback to an operator of the image capture system 100. In one 

implementation, the dynamic object 236 may be an animated bullseye that is color-coded 

to provide distance information. The bullseye may, for example be rendered as concentric 

rings of different colors, such as red, white, and blue, with the central color filling the 

entire bullseye when a subject is properly distanced from the scanner. When the scanner 

moves too far from the subject, a red ring may form around the white circle filling a 

greater portion of the bullseye as the scanner moves further from a subject until the entire 

bullseye is completely red. Conversely, when the scanner moves too close to a subject, a 

blue circle may appear within the center of the white circle and grow in size as the 

scanner moves farther from the subject until the entire circle is blue. In this manner, a 

user may receive continuous feedback with respect to scan distance - a growing blue 

central circle as the scanner moves too close, and an engulfing red ring when as the 

scanner moves too far away - so that the scanner may maintain a proper distance from 

the subject for continuous acquisition of three-dimensional data in a three-dimensional 

representation of the subject. One useful model for rendering such a dynamic bullseye 
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employs three co-axial cones of different colors, where the bullseye renders a planar 

cross-section of the three co-axial cones perpendicular to the common axis, and at a point 

along the common axis selected according to relative range from the subject. 

[0043] In another example of animation, three concentric rings may be 

continuously displayed within the bullseye, with the radius of each ring independently 

controlled in proportion to the number of points that are too close, properly distanced, 

and too far. In another possible animation, the center ring (a circle) may move within the 

bullseye with an offset corresponding to an x-y displacement in the field of view or 

measurement volume of a region of the surface having the greatest density of points at a 

target, or desirable, scanning distance. Of course, it will be appreciated that the selection 

of colors for such animations is somewhat arbitrary, although significant contrast in hue 

or intensity may assist a user in recognizing deviations from an optimal scan distance. 

[0044] Other visual cues and/or metaphors may also, or instead, be employed, 

such as a visualization of a plane passing through a sphere, active distance bars, animated 

text, or other visualizations, any of which may provide animated, visual feedback based 

on, for example, mean distance, center distance, or some other metric that can be derived 

from scanner output. More generally, visual cues may provide feedback concerning any 

scanning parameter such as depth of optimal data acquisition, width of field of view, rate 

of travel or yaw of the scanner 102, density of data acquisition, and so forth, as well as 

various combinations of these. These visual cues may provide graduated feedback to 

assist a user in maintaining proper scan distance, and to inform a user when a scan has 

been lost. 

[0045] Fig. 3 depicts a view of a user interface for an image capture system. 

This abstracted drawing shows a window 302 of the user interface 300, which may be, 

for example, the window 230 of Fig. 2, without the visual cues described therein. The 

window 302 may include a video image from a point of view of a scanner such as the 

image plane 106 of the scanner 102 described above with reference to Fig. 1. Within the 

window 302, the video image may include a subject 304. As depicted in Fig. 3 (and not 

by way of limitation), the subject 304 is a slender cylinder extended from a near end 306 

relatively close to the scanner to a distant end 308 relatively far from the scanner. During 

a continuous surface scan of the subject 304, three-dimensional surface data may have 

Page 16 of 35 
-235-



EFS Web PATENTS 
67368US002 

been acquired, as indicated generally by x's, o's, and encircled +'s. Within the window 

3 02, the three-dimensional surface scan may be rendered from the point of view of the 

scanner, along with shading or other visual effects to indicate shape and surface contours. 

The rendered three-dimensional surf ace scan may be superimposed in a registered 

fashion directly over the video image ( or conversely, the video image may be 

superimposed on the rendered three-dimensional surface). This superposition alone 

provides significant user information, such as what surface regions of the subject 304 

have been scanned. In addition, the rendered three-dimensional surface scan may be 

color-coded or otherwise rendered to provide color information concerning, for example, 

what region is currently being scanned in the continuous data acquisition process, what 

regions are too close to acquire scan data from, what regions are at a proper distance for 

acquisition of surface data, and what regions are too far for surface data. For example, if 

points on or near the near end 306 of the subject 304 are too close to acquire scan data -

these points are indicated in Fig. 3 as x's - they may be rendered in a first color. Points at 

an optimal scanning distance - indicated in Fig. 3 as o's - may be rendered in a second 

color. Points too distance for acquisition of three-dimensional data - indicated in Fig. 3 as 

encircled +'s - may be rendered in a third color. Of course, this distance information may 

not be directly relevant because the rendered points have already been acquired in three­

dimensional space. However, this color coding of the surface of the subject 304, as 

rendered through the acquired three-dimensional digital surface representation, may 

provide useful information to a user concerning the distance of the subject 304, 

particularly with respect to regions of the subject 304 that have not yet been scanned. 

[0046] It will be appreciated that, while only a dozen or so points have been 

drawn in Fig. 3, a practical image capture system for use in dentistry and similar 

applications may require spatial resolution on the order of I 00 microns or less for 

sufficient detail to fabricate properly fitting dental objects. As such, the actual point cloud 

acquired by the image capture system for a subject such as a dental arch may contain 

thousands, tens of thousands, hundreds of thousands, or millions of individual three­

dimensional points, or more. While the small number of points illustrated in Fig. 3 is 

intended to assist in explaining the nature of a point cloud distribution and various 

rendering techniques applicable thereto with reference to the specific points shown (the 
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x's, o's, and encircled x's), the larger number of points available in a typical scan can 

provide significantly improved visualization of surface contours and the like. It should 

also be appreciated that the points used to render the digital surface representation for 

display may include a subset of points in a full point cloud of acquired three-dimensional 

data, with the density of points selected according to any suitable design parameters 

including processing/rendering speed, need for contour visualization, and the like. It will 

also be understood that the data in the three-dimensional scan may be internally 

represented as points, particle systems, vectors, or any other suitable representation. 

Thus, while the data may be rendered as a point cloud of any de.sired density, this may or 

may not correspond to the internal representation of scan data. Further, the rendering may 

employ techniques other than point rendering, such as a polygonal mesh or the like, with 

suitable adaptations to the techniques described above for visualizing range, scan quality, 

and the like. 

[0047] It will be appreciated that the capability of capturing highly detailed 

models of dental objects, and in particular, the capability of capturing highly detailed 

digital surface representations of dentition directly from an intraoral scan, enables an 

array of subsequent processing steps that may be useful to dentists, dental laboratory 

technicians, oral surgeons, and the like. A number of such applications are now described 

in greater detail. 

[0048] The embodiment-; described in reference to Fig. 2 and Fig. 3 emphasize 

the use of an interface that displays a subject from a point of view of the scanner. 

However it will be understood that alternative models may be used, such as an interface 

that renders acquired data from a fixed point of view within a global coordinate system. 

In an approach employing a fixed point of view, the generally visualization strategy may 

change, such as by providing continues feedback as to the position of the scanner relative 

to the subject. However, the visual cues described above may generally be adapted to 

such an environment, or other environments, in a number of ways as will be readily 

appreciated by one of skill in the art. 

[0049] In general, a system as described herein may have a number of operating 

modes, such as a file management mode, a model editing mode, a model evaluation 

and/or analysis mode, a scanning mode, and so forth. Two such modes are described with 
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respect to Figs. 4 and 5 below, which show a scanning mode and an evaluation mode 

respectively. 

[0050] Fig. 4 depicts a view of a user interface for an image capture system 

during an acquisition of three-dimensional data. The user interface 400 may include a 

window 402 including range-finding visual cues 404, 406, all as generally described 

above. Within the window 402, a video image may be displayed, such as a video image 

from a cunent point of view of a scanner, such as the scanner l 02 described above. As 

depicted, the video image may include a plurality of teeth 410 and other intraoral 

structures visible during an intraoral scan. It will be noted that three-dimensional points 

acquired from the surface, i.e., the current digital surface representation, may be rendered 

within the user interface 400, and more particularly, may be rendered from the point of 

view of the scanner and superimposed on the current video image. Although not depicted, 

it will be understood that in other embodiments, the current digital surface representation 

may be rendered from a fixed point of view. 

[0051] Tn addition to permitting visual enhancements such as contour shading 

and feature emphasis, the rendering may provide specific feedback to a user concerning 

the current scan. For example, regions too close for capture of scan data may include 

previously acquired points, which may be rendered in the window 402 with a style or 

color that indicates their relative proximity to the scanner. Conversely, regions of the 

intraoral structures too far for capture may also, or instead, include previously acquired 

points, which may be rendered in the window 402 with a style or a color that indicates 

their relative distance from the scanner. As new surface data is acquired and added to the 

digital surface representation, the new point data may concurrently, or in real time or near 

real time, be added to the rendered view of the digital surface representation. In this 

manner, a user may receive immediate visual feedback, such as the density of rendered 

points or relative :fineness/coarseness of a polygonal mesh, with respect to whether data is 

being successful acquired from surfaces visible within the window 402. This information 

may indicate gaps in surface data so that a user can back up and rescan surfaces of the 

subject for which data has not been captured, or for which inadequate or defective data 

has been captured. This feedback may in part flow directly from the process of rendering 

an increasing number of points within the window as new surface data is acquired. The 
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visual feedback may also, or instead, be supplemented by rendering points with a density 

in the window 402 specifically selected to communicate to a user whether adequate data 

has been acquired from within the current view. While specific feedback examples are 

noted above, it will be understood that more generally, numerous and various uses of 

brightness, texture, shading, color, and/or rendered point cloud density, or the like may be 

employed to provide visual feedback to a user concerning scan quality, detail, and the 

like. 

[0052] The visual metaphor may be one of spray painting the video image with 

a shaded surface map as points are acquired. The point cloud of the digital surface 

representation (or other representation) may be rendered as a growing constellation of 

points that forms over the video subject matter as data is acquired. Regions for which a 

target point density has been achieved may, for example appear as continuous surfaces, 

while regions with inadequate surface data may be rendered as discrete points having 

visible gaps therebetween, which gaps may be varied in size according to, e.g., the 

density of point data in the underlying digital surface representation. As another example, 

points may be rendered as uniformly spaced surface points, which may be color coded 

according to density of point data in the underlying digital surface representation. 

[0053] In certain embodiments, the acquired digital model may be compared to 

a statistical, spatial, or other model of expected shapes relevant to dentistry ( or other 

objects, for non-dental applications), using know machine vision and other techniques. 

This may include relatively subtle variations such as unexpected tooth contours, 

thicknesses, or the like, as well as gross deviations that are likely a result of user or 

equipment malfunction or loss of scan data. Where deviations from expectations are 

detected, these may be visually identified within the window 402 through use of color, 

shading, and other cues and annotations described generally above. Thus, algorithmically 

unexpected scan results may be immediately flagged during a scan for any suitable 

human intervention (which may, of course, be none where the unexpected feature is 

known by the operator to actually be present). 

[0054] Having discussed various aspects of a three-dimensional scanning 

system, the description now turns to use of space carving to improve processing and 

display of three-dimensional data. 
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[0055] Fig. 5 illustrates a spatial matrix for use in space carving. In general, the 

spatial matrix 500 may include a number of cells 502, each st01ing information related to 

a voxel in a scan volume. In one aspect, each cell 502 may store a binary flag that 

indicates whether the corresponding voxel is permitted or forbidden for processing. This 

approach advantageously provides a compact memory representation of carved space, 

however it will be readily appreciated that other representations of this information may 

also or instead be employed, and that additional information may be included in the 

spatial matrix such as any information that might be usefully stored on a voxel-by-voxel 

basis for the volume in which an object is being scanned. It will also be appreciated that, 

while the spatial matrix 500 is depicted as a three-dimensional structure that maps to the 

volume of a scan space, no such physical structure is required. 

[0056] The spatial matrix 500 may include any memory or combination of 

memories capable of storing and retrieving information according to voxels within the 

scan space, and all such variations that would be apparent to one of ordinary skill in the 

art are intended to fall within the scope of this invention. The spatial matrix 500 may 

define a mesh of voxcls that together form the scan volume or scan space in which data is 

processed as generally described below. In this respect, it will be readily appreciated that 

while the spatial matrix 500 depicted in Fig. 5 corresponds to a cubic volume, any shape 

or size of volume may be suitably employed according to the shape and/or size of an 

object that is being scanned, a processing mesh used for three-dimensional 

reconstruction, or any other factors. Thus in one aspect, the mesh of the scan space is 

subdivided into voxels having a substantially cubic shape. The substantially cubic shape 

may measure about 250 microns on each edge (i.e., a 250 x 250 x 250 micron cube for 

each voxel) or any other suitable size according to desired resolution, processing 

capabilities, and so forth. In one aspect, the spatial matrix 500 may include a binary flag 

for each one of the plurality ofvoxels that indicates whether processing is permitted (e.g., 

unmodified) or forbidden (e.g., modified) for a volume of the scan space. 

[0057] Fig. 6 illustrates a ray trace used to identify unoccupied space. During a 

scan such as any of the scans described above, a scanner 602 such as any of the scanners 

described above may be passed over an object 604 within a scan space 606 to acquire 

three-dimensional data. While depicted two-dimensionally, it will be understood that the 
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scan space 606 would generally be a three-dimensional volume. Given a position of the 

scanner 602 and the object 604, one or more rays - straight lines passing through the scan 

space 606 - may be determined such as a first ray 608 that intersects a surface of the 

object 604 and a second ray 610 that does not intersect a surface of the object 604. With 

the scan space 606 divided into a volumetric mesh according to the spatial matrix 

described above, all of the voxels that each ray 608,610 passes through can be 

determined, and more particularly, each unoccupied one of the voxels in the mesh can be 

identified. Each unoccupied one of the voxels may be flagged in the spatial matrix as 

prohibited using, e.g., a binary flag or any other suitable identifier. In this manner, voxels 

that are known to be unoccupied at some time during the scan can be marked for 

modified processing and differentially processed during a scan, all as generally 

contemplated below. 

[0058] It will be appreciated that numerous variations are possible. For 

example, a margin around the surface of the object may be provided in which voxels 

cannot be flagged for differential processing. This may be based on distance from the 

surface, or on a number of surrounding voxcls that arc marked for differential processing, 

or on the actual number of points of three-dimensional data acquired within a voxel of the 

mesh, and so forth, as well as combinations of the foregoing. In another aspect, a 

threshold may be provided for a minimum number of rays passing through a voxel before 

it can be marked for modified processing. Space carving is generally known in the art as 

a technique for identifying unoccupied volume, and any corresponding techniques or 

tools may be adapted to identify 'prohibited' voxels as contemplated herein. For example, 

commercially available software tools such as Voxel Space (Novalogic) and/or 3D-DDA 

support ray tracing through voxel spaces and may be used with space carving as 

described herein. As such, algorithms and software tools for space carving are not 

discussed here in detail, with emphasis being on use of space carving techniques to 

support differential processing of three-dimensional data. 

[0059] Fig. 7 is a flow chart of a process for displaying data based on a spatial 

matrix. As generally described below, a spatial matrix such as the matrix described above 

with reference to Fig. 5 may be used to store information about what type of processing is 

permitted or forbidden for data within voxels of the scan space. While the 'forbidden' 
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voxels may be generally understood as voxels that are unoccupied, it will be appreciated 

that this is not universally true and that voxels in which points are detected may be 

forbidden (such as where a surface temporarily moves into a scan space) and voxels that 

are empty may be permitted (such as where a voxel is immediately adjacent to an 

occupied voxel. Thus while terms such as occupied or unoccupied are used in this 

description, these terms should not be understood as a direct proxy for whether data 

points are or can be obtained from a voxel, or whether a voxel is permitted (i.e., receiving 

unmodified processing) or forbidden (i.e., receiving modified processing). 

[0060] As shown in step 702, the process 700 may begin with storing a spatial 

matrix in a memory, such as the spatial matrix described above that includes information 

for a plurality of voxels in a mesh of a scan space. 

[0061] As shown in step 704, three-dimensional data may be obtained from an 

object within a scan space using, e.g., any of the scanners described above. 

[0062] As shown in step 706, the process 700 may include identifying at least 

one of the plurality of voxe1s in the scan space that is unoccupied. This may be 

accomplished, for example, using any suitable ray tracing software or algorithm. A 

variety of commercially available software tools (e.g. 3D-DDA) and general algorithms 

(e.g., Bresenham's line algorithm) are known in the art for traversing voxels in a space 

and identifying what voxels contain a ray, any of which may be usefully adapted to 

identifying unoccupied voxels in a scan space as contemplated herein. In a ray tracing 

embodiment, unoccupied space may, for example, include voxels behind or beyond a 

known surface of an object, or voxels between a scanner and the surface, as well as 

combinations of these. In another aspect, other information may also or instead be used to 

determine whether a voxel should be forbidden or permitted. For example, for a voxel to 

be forbidden, the process 700 may provide a threshold for a minimum number of adjacent 

voxels that are already identified as forbidden. In another aspect, the number of rays 

passing through a voxel may be counted and used, e.g., as a minimum threshold for 

identifying a voxel as forbidden. For occluded surfaces of the scanned object, the process 

700 may provide an offset or step away from the border of the occlusion in a field of 

view. More generally, any suitable techniques for characterizing a voxel as containing or 
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not containing the surface of interest may be suitably employed to identify prohibited 

space as contemplated herein. 

[0063] In one aspect, voxels in a spatial margin of one or more voxels adjacent 

to a surface of an object being scanned may be prevented from being flagged as 

prohibited. That is, in order to ensure accuracy of the model, immediately adjacent data 

may be included regardless of whether an associated voxel is believed to be unoccupied. 

The spatial margin may, for example, be a single layer ofvoxels, or a number or depth of 

voxels as determined, for example, with reference to a standard deviation of z-axis 

measurements of a scanner. Thus for example, a voxel may be treated as 'permitted' 

regardless of whether it is occupied by three-dimensional data points if the voxel is 

within a distance from the surface of a scan subject that is less than one standard 

deviation, two standard deviations, or some other multiple of the standard deviation of z­

axis measurements of the scanner. By controlling this metric, a scanning process may 

include more or less marginal data that is adjacent to but not on an inferred surface of the 

object. 

[0064] As shown in step 708, the process 700 may include storing an indication 

for modified processing of the one of the plurality of voxels in the spatial matrix 710. 

After completing this step for one or more of the plurality ofvoxels, the spatial matrix 

identifies a prohibited volume that includes one or more voxels within the scan space. It 

will be understood that identifying the prohibited volume may be a cumulative process 

that is repeated as each new frame of three-dimensional data is repeated for a scan such 

as the sequential scans described above. Thus for example, each frame of data may 

provide different information on surfaces of the object that are occluded, that have 

changed, or that have disappeared, and this information may be generally used to update 

the spatial matrix in any suitable way. In general, it is contemplated that every voxel of 

the matrix is a permitted voxel until a reliable inference can be made that the voxel 

should be prohibited. However, this is not strictly required, and variations to this initial 

condition may be made without departing from the scope of this disclosure. 

[0065] As noted above, a voxel in the prohibited volume - i.e., a voxel that 

receives modified processing- is not necessarily a voxel that is unoccupied. For 

example, if a new frame of data provides a first instance of a point, surface, or object that 
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is not in a voxel in previous frames of data, then the voxel is occupied even though 

nominally 'prohibited'. Conversely, an unoccupied voxel may be nominally 'permitted,' 

such as a margin ofvoxels around a surface of an object, or a voxel for which sufficient 

data has not yet been acquired to conclude that the voxel should receive modified 

processing (i.e., that the voxel is 'prohibited'). The prohibited volume may generally 

include more than one of the voxels in the mesh or spatial matrix. 

[0066] The process 700 may then return to step 704 where additional three­

dimensional data is obtained. 

[0067] Concurrently with or .sub.sequent to the identification of a prohibited 

volume, the process 700 may engage in a three-dimensional scanning process to obtain a 

three-dimensional surface representation or other digital model of a scan subject. 

[0068] As shown in step 712, the process 700 may include obtaining three­

dimensional data. This may be the same data acquired in step 704, or different data, or 

some combination of these. 

[0069] As shown in step 714, one or more corresponding voxels may be 

identified in the spatial matrix 710. In this step, the location may be used to retrieve a 

processing indicator such as a 'permitted' or 'forbidden' flag for voxels from the spatial 

matrix 710. This information may in tum be used to apply differential processing as 

described below. 

[0070] As shown in step 716, the process 700 may include processing a portion 

of the three-dimensional data that is not in the prohibited volume - or alternatively stated, 

three-dimensional data that is in the permitted volume of the scan space -- according to 

an unmodified or normal processing. This may include any processing associated with 

the acquisition of three-dimensional data such as derivation of a camera path for a 

scanner, feature-based or other derivation of individual three-dimensional data points 

from frames of video OT image data, registration of three-dimensional surfaces and so 

forth. In general, it is contemplated that any three-dimensional process that does not use 

space carving OT the like may be performed in an 'unmodified' processing step as that 

term is used herein, including without limitation acquisition, display, and refinement 

(e.g., optimization, error minimization, etc.) of a three-dimensional surface representation 
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based on, e.g., a sequence of frames of image data or the like from a three-dimensional 

scanner. 

[0071] As shown in step 718, the process 700 may include processing a portion 

of the three-dimensional data that is in the prohibited volume according to the modified 

processing. Modified processing may include any processing suitable for data in the 

'prohibited' volume. 

[0072] Modified processing may, for example, include selective use of three­

dimensional data points in a three-dimensional reconstruction according to whether they 

are in prohibited or permitted volumes of the scan space. For example, a reconstruction 

process may treat data within the prohibited volume as outliers that are excluded from 

processing. Or data in the prohibited volume may be de-weighted or otheiwise de­

emphasized in the reconstruction process. This data exclusion or de-weighting may be 

performed in a real time reconstruction process while three-dimensional data is being 

displayed, or in a post-processing refinement step, or some combination of these. Thus in 

one aspect, modified processing includes omitting any points in the prohibited volume 

from a high-accuracy refinement of the three-dimensional data. 

[0073] In another aspect, modified processing may include controlling how data 

in the prohibited volume is displayed. For example, data within the prohibited volume 

may be excluded from display, or may be displayed temporarily using a brief decay time 

such as 0.5 seconds or any other short interval. 

[0074] In another aspect, modified processing may include controlling how data 

in the prohibited volume is used in a surface mesh of the three-dimensional data. For 

example, points in the prohibited volume may be excluded from a surface mesh of the 

scanned object created from the three-dimensional (point) data using a marching cubes 

grid or other surface mesh algorithm. In another aspect, where a processing grid for the 

surface mesh is identical ( or substantially identical) to the mesh of the spatial matrix, 

voxels from the prohibited volume may be excluded entirely from the surface mesh. 

Surface mesh generation is a known technique for representing a three-dimensional shape 

as a collection of vertices, edges and faces that form polygons ( e.g., triangles, 

quadrilaterals). In one aspect, the processing mesh for generating such a surface from the 

three-dimensional data may be co-extensive and equally dimensioned with the mesh used 
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for the spatial matrix, although this is not strictly required. Thus in one aspect the mesh of 

the scan space used for the spatial matrix may divide the scan space into a spatial grid 

that is substantially identical to a second spatial grid used to create a surface mesh from 

the three-dimensional data. In another aspect, the meshes may provide different 

processing resolutions and/or be unaligned spatially. 

[0075] After modified and/or unmodified processing has been performed on 

three-dimensional data, the process 700 may return to step 712 where additional three­

dimensional data is acquired. This process 700 may continue until a scan is manually or 

automatically stopped, or otherwise terminated. 

[0076] As such there is genera1ly disclosed herein methods and systems for 

differential processing of data in a three-dimensional data acquisition process according 

to where the data occurs in a scan space. It will be appreciated that, while the process 700 

of Fig. 7 is representative, numerous variations may be made without departing from the 

scope of the invention. For example space carving and data processing (e.g., of steps 716, 

718) may be performed independently, or within a single repeating sequential process, or 

some combination of these. In addition, identifying the prohibited volume, or portions 

thereof, may be perfom1ed before, during, or after the data processing of steps 716 and 

718, or some combination of these. Still more generally, any order and combination of 

steps that might be recognized as useful for identifying forbidden/permitted voxels in a 

scan space on one hand, and acquiring data for a three-dimensional reconstruction on the 

other, may be adapted to use with the methods and systems described herein without 

departing from the scope of this disclosure. 

[0077] It will be appreciated that the processes and methods disclosed above 

may be realized in hardware, software, or any combination of these suitable for the three­

dimensional imaging and modeling techniques described herein. It will also be 

appreciated that the user interfaces, user interface controls, and methods of using same, as 

well as the visualizations, digital model processing and analysis, and rendering as 

described herein may similarly be expressed as methods or processes embodied in 

hardware, software, and various combinations thereof. Thus in one aspect there is 

disclosed herein a computer program product comprising computer executable code 
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stored in a transitory or non-transitory medium that, when executing on one or more 

computers, performs any one or more of the steps described above. 

[0078] This also includes realization in one or more microprocessors, 

microcontrollers, embedded microcontrollers, programmable digital signal processors or 

other programmable devices, along with internal and/or external memory. The hardware 

may also, or instead, include one or more application specific integrated circuits, 

programmable gate arrays, programmable array logic components, or any other device or 

devices that may be configured to process electronic signals. It will further be appreciated 

that a realization may include computer executable code created using a structured 

programming language such as C, an object oriented programming language such as 

C++, or any other high-level or low-level programming language (including assembly 

languages, hardware description languages, and database programming languages and 

technologies) that may be stored, compiled or interpreted to run on one of the above 

devices, as well as heterogeneous combinations of processors, processor architectures, or 

combinations of different hardware and software. At the same time, processing may be 

distributed across devices such as a camera and/or computer in a number of ways or all of 

the functionality may be integrated into a dedicated, standalone image capture device. All 

such permutations and combinations are intended to fall within the scope of the present 

disclosure. 

[0079] It will also be appreciated that means for performing the steps associated 

with the processes described above may include any suitable components of the image 

capture system 100 described above with reference to Fig. 1, along with any software 

and/or hardware suitable for controlling operation of same. The user interfaces described 

herein may, for example, be rendered within the display 110 of the image capture system 

100 of Fig. 1. All such realizations and means for performing the processes disclosed 

herein are intended to fall within the scope of this disclosure. 

[0080] While the invention has been disclosed in connection with certain 

preferred embodiments, other embodiments will be recognized by those of ordinary skill 

in the art, and all such variations, modifications, and substitutions are intended to fall 

within the scope of this disclosure. Thus, the invention is to be understood with reference 
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to the following claims, which are to be interpreted in the broadest sense allowable by 

law. 
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[0081] Three-dimensional scanning is improved with the use of space carving 

to exclude certain scan results from processing and display. Using space carving 

techniques, a spatial matrix is maintained to store data on volumetric regions (or voxels) 

known to be empty. By excluding or modifying processing of outlier data from within 

these unoccupied voxels, a three-dimensional reconstruction process can achieve 

concurrent improvements in accuracy and speed. In addition, a real time display of scan 

results can be improved by modifying how such outliers are rendered. 
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(57) Abstract: Three-dimensional scanning is improved with the use of space carving to exclude certain scan results from processing 
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struction process can achieve concunent improvements in accuracy and speed. h1 addition, a real time display of scan results can be 
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CLAIMS: 

What is claimed is: 

1. A method comprising: 

storing a spatial matrix in a memory, the spatial matrix including information for a 

plurality ofvoxels in a mesh of a scan space; 

obtaining three-dimensional data from an object within the scan space using a scanner; 

identifying a one of the plurality of voxels in the mesh that is unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from the one 

of the plurality of voxels, thereby identifying a prohibited volume within the scan space; and 

processing a portion of the three-dimensional data that is not in the prohibited volume 

according to an unmodified processing and processing a second portion of the three-dimensional 

data that is in the prohibited volume according to the modified processing. 

2. The method of claim 1 wherein identifying the one of the plurality ofvoxels includes 

identifying a plurality of points on a ray between the scanner and the object that are unoccupied. 

3. The method of claim I further comprising providing a spatial margin of one or more 

voxels adjacent to a surface of the object for which processing cannot be prohibited. 

4. The method of claim 3 wherein the spatial margin is a multiple of a standard deviation of 

a z-axis measurement for the scanner. 

5. The method of claim 1 wherein the modified processing includes detecting a point in the 

prohibited volume and displaying the point with a decay time. 

6. The method of claim I wherein the modified processing includes omitting any points in 

the prohibited volume from a surface mesh of the object created with the three-dimensional data. 

7. The method of claim 6 wherein the mesh divides the scan space into a spatial grid 

substantially identical to a second spatial grid used to create the surface mesh. 

24 
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8. The method of claim 1 wherein the modified processing includes omitting any points in 

the prohibited volume from a high-accuracy refinement of the three-dimensional data. 

9. The method of claim 1 wherein the mesh of the scan space is subdivided into voxels 

having a substantially cubic shape. 

10. The method of claim 9 wherein the substantially cubic shape measures about 250 microns 

on each edge. 

11. The method of claim 1 wherein the prohibited volume includes more than one of the 

plurality ofvoxels. 

12. The method of claim 1 wherein the spatial matrix includes a binary flag for each one of 

the plurality of voxels that indicates whether processing is permitted or forbidden for a 

corresponding volume of the scan space. 

13. A computer program product comprising computer executable code embodied on a non-

transitory computer readable medium that, when executing on one or more computing devices, 

performs the steps of: 

storing a spatial matrix in a memory, the spatial matrix storing information for a plurality 

ofvoxels in a mesh of a scan space; 

obtaining three-dimensional data from an object within the scan space using a scanner; 

identifying one of the plurality of voxels in the mesh of the scan space that is unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from the one 

of the plurality ofvoxels that contains the point, thereby identifying a prohibited volume within 

the scan space; and 

processing a portion of the three-dimensional data in the prohibited volume according to 

the modified processing and processing a second portion of the three-dimensional data that is not 

in the prohibited volume according to an unmodified processing. 

14. The computer program product of claim 13 wherein identifying the one of the plurality of 

voxels includes identifying a plurality of points on a ray between the scanner and the object that 

are unoccupied. 

25 
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15. The computer program product of claim 13 further comprising code for providing a 

spatial margin of one or more voxels adjacent to a surface of the object for which processing 

cannot be prohibited. 

16. The computer program product of claim 15 wherein the spatial margin is a multiple of a 

standard deviation of a z-axis measurement for the scanner. 

1 7. The computer program product of claim 13 wherein the modified processing includes 

detecting a point in the prohibited volume and displaying the point with a decay time. 

18. The computer program product of claim 13 wherein the modified processing includes 

omitting any points in the prohibited volume from a surface mesh of the object created with the 

three-dimensional data. 

19. The computer program product of claim 18 wherein the mesh divides the scan space into 

a spatial grid substantially identical to a second spatial grid used to create the surface mesh. 

20. The computer program product of claim 13 wherein the modified processing includes 

omitting any points in the prohibited volume from a high-accuracy refinement of the three­

dimensional data. 

21. The computer program product of claim 13 wherein the mesh of the scan space is 

subdivided into voxels having a substantially cubic shape. 

22. The computer program product of claim 21 wherein the substantially cubic shape 

measures about 250 microns on each edge. 

23. The computer program product of claim 13 wherein the prohibited volume includes more 

than one of the plurality ofvoxels. 

24. The computer program product of claim 13 wherein the spatial matrix includes a binary 

flag for each one of the plurality ofvoxels that indicates whether processing is permitted or 

forbidden for a corresponding volume of the scan space. 

26 
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25. A system comprising: 

a scanner configured to obtain three-dimensional data from an object within a scan space; 

a memory configured to store a spatial matrix that includes information for a plurality of 

voxels in a mesh of a scan space; and 

a processor configured to identify a point in the scan space that is unoccupied, to store an 

indication in the spatial matrix for a modified processing of data from a one of the plurality of 

voxels that contains the point, thereby identifying a prohibited volume within the scan space, to 

process a portion of the three-dimensional data that is not in the prohibited volume according to 

an unmodified processing, and to process a second portion of the three-dimensional data that is in 

the prohibited volume according to the modified processing. 

26. A system comprising: 

storing means for storing a spatial matrix that includes infonnation for a plurality of 

voxels in a mesh of a scan space; 

scanning means for obtaining three-dimensional data from an object within the scan 

space; and 

processing means for identifying a point in the scan space that is unoccupied, storing an 

indication in storing means for a modified processing of data from a one of the plurality of voxels 

that contains the point, thereby identifying a prohibited volume within the scan space, processing 

a portion of the three-dimensional data that is not in the prohibited volume according to an 

umnodified processing and processing a second portion of the three-dimensional data that is in 

the prohibited volume according to the modified processing. 
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SPACE CARVING IN 3D DATA ACQUISITION 

BACKGROUND 

1. Field of the Invention. 

[0001] The invention relates to the use of space carving to improve three-

dimensional data acquisition. 

2. Description of the Related Art. 

[0002] A wide range of techniques exist for acquiring three-dimensional data from 

a subject. One broad category of techniques employs continuous scanning in which 

incremental three-dimensional data is acquired and assembled into a full three-dimensional 

model. In this latter category, regardless of the particular scanning technology, the calculation 

and display of three-dimensional data can become encumbered by transient obstructions 

within a scanning volume. For example, in a dental scan, a patient's tongue or other soft 

tissue may temporarily obstruct or move adjacent to a scanned surface. A technician may 

similarly obstruct a scanner's view of the scanned surface with a finger, tongue depressor, or 

other instrument. There remains a need for techniques to exclude such outliers from a three­

dimensional scanning process. 

SUMMARY 

[0003] Three-dimensional scanning is improved with the use of space carving to 

exclude certain scan results from processing and display. Using space carving techniques, a 

spatial matrix is maintained to store data on volumetric regions ( or voxels) known to be 

empty. By excluding or modifying processing of subsequent outlier data from within these 

unoccupied voxels, a three-dimensional reconstruction process can achieve concunent 

improvements in accuracy and speed. In addition, a real time display of scan results can be 

improved by modifying how such outliers are rendered. 

[0004] In one aspect, a method disclosed herein includes storing a spatial matrix 

in a memory, the spatial matrix including information for a plurality ofvoxels in a mesh of a 

scan space; obtaining three-dimensional data from an object within the scan space 

using a scanner; identifying a one of the plurality ofvoxels in the mesh that is unoccupied; 

storing an indication in the spatial matrix for a modified processing of data from the one of 

the plurality ofvoxels, thereby identifying a prohibited volume within the scan space; and 

processing a portion of the three-dimensional data that is not in the prohibited volume 

according to an unmodified processing and processing a second portion of the three­

dimensional data that is in the prohibited volume according to the modified processing. 
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[0005] Identifying the one of the plurality ofvoxels may include identifying a 

plurality of points on a ray between the scanner and the object that are unoccupied. The 

method may include providing a spatial margin of one or more voxels adjacent to a surface of 

the object for which processing cannot be prohibited. The spatial margin may be a multiple of 

a standard deviation of a z-axis measurement for the scanner. The modified processing may 

include detecting a point in the prohibited volume and displaying the point with a decay time. 

The modified processing may include omitting any points in the prohibited volume from a 

surface mesh of the object created with the three-dimensional data. The mesh may divide the 

scan space into a spatial grid substantially identical to a second spatial grid used to create the 

surface mesh. The modified processing may include omitting any points in the prohibited 

volume from a high-accuracy refinement of the three-dimensional data. The mesh of the scan 

space may be subdivided into voxels having a substantially cubic shape. The substantially 

cubic shape may measure about 250 microns on each edge. The prohibited volume may 

include more than one of the plurality ofvoxels. The spatial matrix may include a binary flag 

for each one of the plurality ofvoxels that indicates whether processing is permitted or 

forbidden for a coffesponding volume of the scan space. 

[0006] In another aspect, a computer program product disclosed herein includes 

computer executable code embodied on a non-transitory computer readable medium that, 

when executing on one or more computing devices, performs the steps of: storing a spatial 

matrix in a memory, the spatial matrix storing information for a plurality ofvoxels in a mesh 

of a scan space; obtaining three-dimensional data from an object within the scan space using a 

scanner; identifying one of the plurality ofvoxels in the mesh of the scan space that is 

unoccupied; storing an indication in the spatial matrix for a modified processing of data from 

the one of the plurality ofvoxels that contains the point, thereby identifying a prohibited 

volume within the scan space; and processing a portion of the three-dimensional data in the 

prohibited volume according to the modified processing and processing a second portion of 

the three-dimensional data that is not in the prohibited volume according to an unmodified 

processing. 

[0007] In another aspect, a system disclosed herein includes a scanner configured 

to obtain three-dimensional data from an object within a scan space; a memory configured to 

store a spatial matrix that includes information for a plurality of voxels in a mesh of a scan 

space; and a processor configured to identify a point in the scan space that is unoccupied, to 

store an indication in the spatial matrix for a modified processing of data from a one of the 

plurality ofvoxels that contains the point, thereby identifying a prohibited volume within the 

scan space, to process a portion of the three-dimensional data that is not in the prohibited 

volume according to an unmodified processing, and to process a second portion of the three­

dimensional data that is in the prohibited volume according to the modified processing. 
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[0008] In another aspect, a system disclosed herein includes storing means for 

storing a spatial matrix that includes information for a plurality of voxels in a mesh of a scan 

space; scanning means for obtaining three-dimensional data from an object within the scan 

space; and processing means for identifying a point in the scan space that is unoccupied, 

storing an indication in storing means for a modified processing of data from a one of the 

plurality ofvoxels that contains the point, thereby identifying a prohibited volume within the 

scan space, processing a portion of the three-dimensional data that is not in the prohibited 

volume according to an unmodified processing and processing a second portion of the three­

dimensional data that is in the prohibited volume according to the modified processing. 

BRIEF DESCRIPTION OF THE FIGURES 

[0009] The invention and the following detailed description of certain 

embodiments thereof may be understood by reference to the following figures. 

[0010] Fig. 1 shows a dental image capture system. 

[0011] 

[0012] 

[0013] 

Fig. 2 depicts a view of a user interface for an image capture system. 

Fig. 3 depicts a view of a user interface for an image capture system. 

Fig. 4 depicts a view of a user interface for an image capture system during 

an acquisition of three-dimensional data. 

matrix. 

[0014] Fig. 5 illustrates a spatial matrix for use in space carving. 

[0015] 

[0016] 

Fig. 6 illustrates a ray trace used to identify unoccupied space. 

Fig. 7 is a flow chart of a process for displaying data based on a spatial 

DETAILED DESCRIPTION 

[0017] The following description relates to use of space carving techniques to 

improve processing of three-dimensional data acquired from a three-dimensional scanner. 

While the description emphasizes continuous scanning and dental applications, it will be 

appreciated that the inventive concepts disclosed herein are not limited to the specific 

embodiments disclosed. For example, the space carving techniques described herein may be 

used to improve any three-dimensional acquisition or processing in which the capture of 

three-dimensional data occurs over a period of time such as structured light projection, x-ray 

computed tomography, optical coherence tomography, interferometry, and the like. The 

techniques described herein may similarly be employed in any three-dimensional processing 

environment where accuracy or time of computation can benefit from the exclusion of outlier 

data. Similarly, while the following description emphasis use of space carving to avoid 

processing known outliers, the approach may be readily generalized by, for example, by 

identifying multiple objects in a scan volume and excluding objects that are not 1igidly 
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associated with a scan subject. All such variations that would be apparent to one of ordinary 

skill in the art are intended to fall within the scope of this disclosure. 

[0018] In the following description, the term "image" generally refers to a two-

dimensional set of pixels forming a two-dimensional view of a subject within an image plane. 

The term "image set" generally refers to a set of related two dimensional images that might be 

resolved into three-dimensional data. The term "point cloud" generally refers to a three­

dimensional set of points forming a three-dimensional view of the subject, such as might be 

reconstrncted from a number of two-dimensional views. In a three-dimensional image capture 

system, a number of such point clouds may also be registered and combined into an aggregate 

point cloud constrncted from images captured by, for example, a moving camera. Thus it will 

be understood that pixels generally refer to two-dimensional data and points generally refer to 

three-dimensional data, unless another meaning is specifically indicated or otherwise clear 

from the context. 

[0019] The terms "three-dimensional surface representation", "digital surface 

representation", "three-dimensional surface map", and the like, as used herein, are intended to 

refer to any three-dimensional surface map of an object, such as a point cloud of surface data, 

a set of two-dimensional polygons, a pmiicle system, or any other renderable primitives or 

other data representing all or some of the surface of an object, as might be obtained through 

the capture and/or processing of three-dimensional scan data, unless a different meaning is 

explicitly provided or otherwise clear from the context. 

[0020] A "three-dimensional representation" may include any of the three-

dimensional surface representations described above, as well as volumetric, vector, and/or 

other representations, unless a different meaning is explicitly provided or otherwise clear 

from the context. 

[0021] In general, the terms "render" or "rendering" refer to a two-dimensional 

visualization of a three-dimensional object, such as for display on a monitor. However, it will 

be understood that stereoscopic, three-dimensional, and other rendering technologies exist, 

and may be usefully employed with the systems and methods disclosed herein to render 

objects in three dimensions. As such, rendering should be interpreted broadly unless a 

narrower meaning is explicitly provided or otherwise clear from the context. 

[0022] The term "dental object", as used herein, is intended to refer broadly to 

subject matter specific to dentistry. This may include intraoral strnctures such as dentition, 

and more typically human dentition, such as individual teeth, quadrants, full arches, pairs of 

arches which may be separate or in various types of occlusion, soft tissue, and the like, as 

well bones and any other supporting or surrounding strnctures. As used herein, the term 

"intraoral strnctures" refers to both natural strnctures within a mouth as described above and 

atiificial structures such as any of the dental objects desc1ibed below that might be present in 
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the mouth. Dental objects may include "restorations", which may be generally understood to 

include components that restore the stmcture or function of existing dentition, such as crowns, 

bridges, veneers, inlays, onlays, amalgams, composites, and various substructures such as 

copings and the like, as well as temporary restorations for use while a permanent restoration 

is being fab1icated. Dental objects may also include a "prosthesis" that replaces dentition with 

removable or permanent structures, such as dentures, partial dentures, implants, retained 

dentures, and the like. Dental objects may also include "appliances" used to correct, align, or 

otherwise temporarily or permanently adjust dentition, such as removable orthodontic 

appliances, surgical stents, bmxism appliances, snore guards, indirect bracket placement 

appliances, and the like. Dental objects may also include "hardware" affixed to dentition for 

an extended period, such as implant fixtures, implant abutments, orthodontic brackets, and 

other orthodontic components. Dental objects may also include "interim components" of 

dental manufacture which may not be intraoral stmctures as described above, such as dental 

models (full and/or partial), wax-ups, investment molds, and the like, as well as trays, bases, 

dies, and other components employed in the fabrication of restorations, prostheses, and the 

like. Dental objects may be categorized in a number of ways. For example, dental objects may 

be categorized as natural dental objects such as the teeth, bone, and other intraoral stmctures 

described above and artificial dental objects such as the restorations, prostheses, appliances, 

hardware, and interim components of dental manufacture as described above. Similarly, 

dental objects may be categorized intraoral dental objects (which may be natural or artificial) 

and extraoral dental objects (which are generally but not exclusively artificial). 

[0023] Terms such as "digital dental model", "digital dental impression" and the 

like, are intended to refer to three-dimensional representations of dental objects that may be 

used in various aspects of acquisition, analysis, prescription, and manufacture, unless a 

different meaning is otherwise provided or clear from the context. Terms such as "dental 

model" or "dental impression" are intended to refer to a physical model, such as a cast, 

printed, or othe1wise fabricated physical instance of a dental object. Unless specified or 

othe1wise clear from the context, the term "model", when used alone, may refer to either or 

both of a physical model and a digital model. 

[0024] Fig. 1 shows an image capture system. In general, the system 100 may 

include a scanner 102 that captures images ofa subject 104 within an image plane 106, and 

forwards the images to a computer 108, which may include a display 110 and one or more 

user input devices such as a mouse 112 or a keyboard 114. 

[0025] The scanner 102 may include any camera or camera system suitable for 

capturing images from which a three-dimensional point cloud may be recovered. For 

example, the scanner 102 may employ a multi-aperture system as disclosed, for example, in 

U.S. Pat. Pub. No. 20040155975 to Hart et al. \Vhile Haii discloses one multi-aperture 
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system, it will be appreciated that any multi-aperture system suitable for reconstructing a 

three-dimensional point cloud from a number of two-dimensional images may similarly be 

employed, including systems with moving apertures, fixed apertures, and/or electro­

mechanically shuttered apertures. In one multi-aperture embodiment, the scanner 102 may 

include a plurality of apertures including a center aperture positioned along a center optical 

axis of a lens and any associated imaging hardware. The scanner 102 may also, or instead, 

include a stereoscopic, triscopic or other multi-camera or other configuration in which a 

number of cameras or optical paths are maintained in fixed or moving relation to one another 

to obtain two-dimensional images of an object from a number of slightly different 

perspectives. The scanner 102 may include suitable processing for deriving a three­

dimensional point cloud from an image set or a number of image sets, or each two­

dimensional image set may be transmitted to an external processor such as contained in the 

computer 108 described below. In other embodiments, the scanner 102 may employ 

structured light, laser scanning, direct ranging (for example, time of flight in a known 

direction), or any other technology suitable for acquiring three-dimensional data, or two­

dimensional data that can be resolved into three-dimensional data. 

[0026] In one embodiment, the scanner 102 is a handheld, freely positionable 

probe having at least one user input device, such as a button, lever, dial, thumb wheel, switch, 

or the like, for user control of the image capture system 100 such as starting and stopping 

scans. In an embodiment, the scanner 102 may be shaped and sized for dental scanning. More 

particularly, the scanner may be shaped and sized for intraoral scanning and data capture, 

such as by insertion into a mouth of an imaging subject and passing the imaging plane 106 

over one or more intraoral structures at a suitable distance to acquire surface data from teeth, 

gums, and so forth. The scanner 102 may, through such a continuous acquisition process, 

capture a point cloud of surface data having sufficient spatial resolution and accuracy to 

prepare dental objects such as prosthetics, hardware, appliances, and the like therefrom, either 

directly or through a variety of intermediate processing steps. In other embodiments, surface 

data may be acquired from a dental model such as a dental prosthetic, to ensure proper fitting 

using a previous scan of corresponding dentition, such as a tooth surface prepared for the 

prosthetic. 

[0027] Although not shown in Fig. 1, it will be appreciated that a number of 

supplemental lighting systems may be usefully employed during image capture. For example, 

environmental illumination may be enhanced with one or more spotlights illuminating the 

subject 104 to speed image acquisition and improve depth of field (or spatial resolution 

depth). The scanner 102 may also, or instead, include a strobe, flash, or other light source to 

supplement illumination of the subject 104 during image acquisition. In other structured light 

systems, the illumination may be in the form of an array of laser beams that form a pattern on 

6 

-270-



WO 2012/115862 PCT/0S2012/025548 

a surface, which pattern may be employed to recover three-dimensional data from the surface. 

Other systems employ a single laser beam along with directional information to gather point­

by-point direction and range information. All such imaging systems may be usefully 

employed to acquire three-dimensional data as described herein. 

[0028] The subject 104 may be any object, collection of objects, portion of an 

object, or other subject matter. \Vhile illustrated in Fig. 1 as a simple geometric form, the 

subject 104 may include much more complex surfaces, and any number of separate elements. 

For example, in a dental imaging application, the subject 104 may include a tooth, a quadrant 

of teeth, or a full collection of teeth including two opposing arches from which a virtual 

dental impression is desired. The subject 104 may also, or instead, include a dental prosthesis 

such as an inlay, a crown, or any other dental prosthesis, implant, or the like. The subject 104 

may include a dental model, such as a plaster cast, wax-up, impression, or negative 

impression of a tooth, teeth, soft tissue, or some combination of these. An optical or textured 

imaging agent may optionally be applied to surfaces of the subject 104 to improve capture of 

three dimensional points. In other embodiments, the subject 104 may be a human head, or a 

portion thereof, from which a three-dimensional model may be acquired for custom fitting of 

a hearing aid, eyeglasses, goggles, or the like. In other embodiments, the subject 104 may be a 

physical model of an object for use in digital animation, such as a miniature, physical model 

for use in a three-dimensional digital animation process. From the preceding examples, it will 

be apparent that a system using the techniques described herein may be suitably adapted to a 

wide range of applications for relatively short range, high resolution three-dimensional image 

acquisition. However, one skilled in the art will appreciate that suitable adaptations to the 

image capture system 100 may be made for a variety of other three-dimensional imaging 

applications based upon multi-aperture or multi-camera systems, as well as other three­

dimensional imaging systems and technologies, and all such variations are intended to fall 

within the scope of this disclosure. 

[0029] The image plane 106 may include a two-dimensional field of view of the 

scanner l 02. It will be appreciated that the term "image plane" as used in this paragraph, 

refers to a plane in the imaging environment rather than a plane within an optical sensor (such 

as film or sensors) where an image is captured. Though illustrated as a rectangle the image 

plane 106 may, for example, form a square, a circle, or any other geometry provided by the 

scanner 102. In general, the scanner 102 will have a depth of field or range of depth resolution 

that, together with the field of view 106, specifies a measurement volume of the scanner 102. 

The depth of field may vary with environmental conditions such as lighting ( ambient or 

artificial), the texture or optical properties of the imaging subject, and so forth. It will further 

be understood that the term "field of view", as used herein may refer to a two-dimensional 

field such as an internal plane within the optics of an imaging system, an external plane such 
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as a field in an imaging environment, or a region in a display, or may refer to a three­

dimensional region such as a current measurement volume in an imaging environment. Thus, 

"field of view" as used herein should be interpreted in the broadest sense possible, unless a 

more specific meaning is explicitly provided, or otherwise clear from the context. 

[0030] The computer 108 may be, for example, a personal computer or other 

processing device. In one embodiment, the computer 108 includes a personal computer with a 

dual 2.8GHz Opteron central processing unit, 2 gigabytes of random access memory, a 

TYAN Thunder K8WE motherboard, and a 250 gigabyte, 10,000 rpm hard drive. This system 

may be operated to capture approximately 1,500 points per image set in real time using the 

techniques described herein, and store an aggregated point cloud of over one million points. 

As used herein, the term "real time'' means generally with no observable latency between 

processing and display. In a video-based scanning system, real time more specifically refers 

to processing within the time between frames of video data, which may vary according to 

specific video technologies, but may generally be considered to fall between about ten frames 

per second and about thirty frames per second for many of the applications described herein. 

More generally, processing capabilities of the computer 108 may vary according to the size of 

the subject 104, the speed of image acquisition, and the desired spatial resolution ofthree­

dimensional points. The computer 108 may also include peripheral devices such as a 

keyboard 114, display 110, and mouse 112 for user interaction with the camera system 100. 

The display 110 may be a touch screen display capable of receiving user input through direct, 

physical interaction with the display 110. 

[0031] Communications between the computer 108 and the scanner 102 may use 

any suitable communications link including, for example, a wired connection or a wireless 

connection based upon, for example, IEEE 802.11 ( also known as wireless Ethernet), 

BlueTooth, or any other suitable wireless standard using, for example, a radio frequency, 

infrared, ultrasound or other wireless communication medium. In medical imaging or other 

sensitive applications, wireless image transmission from the scanner 102 to the computer 108 

may be secured. The computer 108 may generate control signals to the scanner 102 which, in 

addition to image acquisition commands, may include conventional camera controls such as 

focus or zoom. 

[0032] In an example of general operation of a three-dimensional image capture 

system 100, the scanner 102 may acquire t\vo-dimensional image sets at a video rate while the 

scanner 102 is passed over a surface of the subject. The two-dimensional image sets may be 

forwarded to the computer 108 for derivation of three-dimensional point clouds. The three­

dimensional data for each newly acquired two-dimensional image set may be derived and 

fitted or "stitched" to existing three-dimensional data using a number of different techniques. 

One useful example of such a technique is described in commonly-owned U.S. App. No. 
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11/270,135, filed on November 9, 200. However, it will be appreciated that this example is 

not limiting, and that the principles described herein may be applied to a wide range of three­

dimensional image capture systems. It will also be understood that terms such as "video" or 

"video rate" imply a wide range of possible frame rates associated with such video. \Vhile 

most modem video formats employ a frame rate of 25 to 30 frames per second, early video 

employed frame rates as low as 8 frames per second, and movies of the early 1900's varied 

from 12 to 18 frames per second. In addition, it is common for specialized imaging equipment 

to employ a rate adapted to the computational demands of particular imaging and rendering 

techniques, and some video systems operate with frame rates anywhere from 4 frames per 

second (for computationally extensive imaging systems) to 100 frames per second or higher 

(for high-speed video systems). As used herein, the terms video rate and frame rate should be 

interpreted broadly. Notwithstanding this broad meaning, it is noted that useful and visually 

pleasing three-dimensional imaging systems have been constructed according to the foregoing 

with frame rates of at least ten frames per second, frame rates of at least twenty frames per 

second, and frame rates between 25 and 30 frames per second. 

[0033] It will be appreciated that the ability of certain systems, such as 

multiaperture camera systems, to derive three-dimensional data from two-dimensional video 

image sets may depend in part on an ability to establish correspondence of surface points 

between image pairs ( or triplets, and so on). The process of establishing point 

correspondences may be improved by identifying, within the processing system, unique 

features of the surface upon which correspondence may be based. In certain aspects, 

distinguishing features of teeth at varying levels of detail may be employed to enhance this 

process. However, this process depends on an ability to locate such distinguishable features. 

The process of establishing point correspondences may also, or instead, be enhanced by the 

addition of optically detectable features thereto, which may be as simple as artificial black 

dots distributed over a white or relatively light surface. In a dental context, this may be 

achieved with a spray, powder, mouth 1inse, or the like that distributes optically detectable 

matter across the dentition or other dental object to be scanned. By randomly distributing such 

small, distinguishable dots across the surface, the likelihood of locating distinguishable 

features in a particular image set may be significantly improved, thus improving the speed 

and accuracy of the overall three-dimensional data acquisition process. 

[0034] From time to time in continuous or incremental data acquisition systems, 

the fitting or stitch between two frames may fail for reasons described in greater detail below. 

In such situations, a user may be notified through visual feedback that a recover mode has 

been entered. In the recover mode, the system 100 may seek to reacquire the previous scan by 

test fitting new scan data to previously acquired data, and providing visual feedback to a user 

to assist in navigating back to a scan location on the subject where the re-acquisition is being 
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attempted. In a related landing mode, a user may attempt to initiate a new scan registered or 

connected to an existing three-dimensional model. Similar visual feedback tools may be 

provided to guide a user to an appropriate scan location, and notify a user when the scan has 

been reacquired. These techniques are described in greater detail in commonly-owned U.S. 

App. No. 11/383,623, filed on May 16, 2006. Other suitable techniques may be employed for 

navigation, controlling scan quality, analyzing scanned subject matter, and manipulating 

scanned models, various embodiments of which are described in greater detail below. 

(0035] The display 110 may include any display suitable for video or other rate 

rendering at a level of detail coffesponding to the acquired data or a rendered version of the 

acquired data. Suitable displays include cathode ray tube displays, liquid crystal displays, 

light emitting diode displays, plasma displays, and the like. In some embodiments, the display 

may include a touch screen interface using, for example capacitive, resistive, or surface 

acoustic wave (also refeffed to as dispersive signal) touch screen technologies, or any other 

suitable technology for sensing physical interaction with the display 110. In addition, where 

three-dimensional visualization is desired, the display 110 may include a three-dimensional 

display using a wide variety of techniques including stereo pair imaging, holographic 

imaging, and multiplanar or volumetiic imaging, each with a number of rendering modalities 

that may be usefully employed with the systems described herein. 

(0036] Fig. 2 depicts a view of a user interface for an image capture system. The 

user interface 200 may include a window 202 rendered on a monitor such as the display 110 

of Fig. 1. Within the window 202, a video image may be displayed including a measurement 

volume of a scanner, such as the image plane 106 of the scanner 102 of Fig. 1. Within the 

field of view or measurement volume, a video or other image of a subject such as the subject 

104 of Fig. 1 may be displayed. However, as depicted in Fig. 2, no image acquisition steps 

have been initiated, so the window 202 remains blank except for various controls which will 

be described below. 

(0037] Scanning controls may include, for example, a scan control 204, a pause 

contl'ol 206, a stop control 208, a clear control 210, a save control 212, and a retrieve conti·ol 

214. The scan control 204 may initiate a three-dimensional scan. The pause control 206 may 

temporarily discontinue a scan in a manner that permits subsequent reacquisition of a 

continuous scanning process. The paused scan may exhibit a number of visual properties. For 

example, the video image may be frozen, or the video image may continue to display current 

video information while a point cloud or other scan data remains frozen, or the screen may go 

entirely blank, or some combination of these, all according to user preferences or a particular 

implementation. In general, a paused scan may remain active so that a user may resume the 

scan. By conti·ast, if a user activates the stop control 208, the scan may be terminated, such 

that a user would have to retrieve the scan, such as using the retrieve control 214 in order to 
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continue adding data thereto. The save control 212 may store a scan and any related data for 

subsequent use. These controls may operate as buttons that a user activates to perform the 

indicated function, such as through a mouse click or, where the display 110 is a touchscreen, 

by direct physical interaction with the display 110. It will be appreciated that activation of the 

control may create a pop-up window, or provide drop down lists, radio buttons, text input 

fields, and any other controls suitable for parameterizing the particular selection. Thus for 

example, where a user activates the save control 212, a text box may appear for a user to enter 

a filename, directory or path information, and the like for saving any related data. Numerous 

techniques for organizing user interfaces and providing controls within a user interface are 

known in the art, and may be suitably adapted to the interface 200 described herein. 

(0038] A number of navigation controls may be provided, such as a zoom out 

control 216, a zoom in control 218, a zoom indicator 220, a rotate control 222, a pan control 

224, and a reset control 226. These controls may be used to view an acquired three­

dimensional representation after a scan has been completed or, where a pause/resume feature 

is provided, during a scan. The reset control 226 may, for example, restore a view of a three­

dimensional representation to a global coordinate system, or to a most recent view from 

which data was acquired during a scan. 

(0039] A number of range finding visualizations may also be included that provide 

visual cues related to one or more scanning parameters of an image capture system. These 

visualizations may be rendered in real time, for example, at the video rate of the image 

capture system, to provide real time user feedback and guidance with respect to proper 

orientation and positioning of a scanner during a scan. The user feedback may improve the 

quality and speed of data acquisition, particularly during continuous scanning operations that 

acquire a full three-dimensional representation of a subject as a sequence of fitted three­

dimensional surface samples. These visual cues may be particularly useful in continuous 

three-dimensional data acquisition systems based upon camera motion estimation or similar 

techniques. In such techniques, sequential frames of data are registered to one another using 

various processing techniques such as those described in commonly mvned U.S. App. No. 

11/270,135, filed on November 9, 2005. This works well provided three-dimensional data can 

be successfully resolved from each sequential frame of image data, and there is sufficiently 

small displacement of the scanner that the data from sequential frames overlaps in three­

dimensional space. However, when this "stitching" of sequential frames is lost, such as due to 

an operator moving outside the proper scanning distance, it can be very difficult to recover 

the continuous acquisition. Visualization tools that guide a user toward maintaining proper 

scanning distance advantageously promote a continuous, uninterrupted acquisition ofthree­

dimensional data for an entire surface of interest. 
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[0040] For example, within a window 230 that shows a current video image from 

the image plane 106 of the scanner 102 (which is blank in Fig. 2, as the system has not started 

a scan), a volume 232 of space, such as the box depicted in Fig. 2, for which quality scan data 

can be captured may be depicted in perspective. This volume 232 rendered within the imaging 

space may assist a user in positioning subject matter within the video image appropriately for 

data acquisition. In addition, sliders 234 may be animated along z-axis edges of the volume 

232 to indicate a distance of points of three-dimensional data actually being acquired. This 

may be based on, for example, a mean distance of some or all of the points, a distance of a 

central point, a range of distances for all or some of the points, or a distance of a point at each 

respective comer of the volume 232, such that the sliders 234 may move independently from 

one another during a scan. Distance calculations may be based on a current frame of image 

data, that is, the most recently acquired data set, or an average of a predetermined number of 

immediately prior data sets, or upon all three-dimensional points of the three-dimensional 

surface representation falling within the volume 432 without regard to when they were 

acquired. 

[0041] As another example, a dynamic object 236 such as a sphere or bullseye 

may be rendered in the center of the window 230. The dynamic object 236 may also, or 

instead, be positioned at another location within the window; however positioning the 

dynamic object 236 within the center of the window 230 advantageously permits a user to 

receive visual feedback from the dynamic object 236 without looking away from cmTent 

video of the subject being scanned. 

[0042] A number of useful animations may be provided by the dynamic object 236 

to give user feedback to an operator of the image capture system 100. In one implementation, 

the dynamic object 236 may be an animated bullseye that is color-coded to provide distance 

information. The bullseye may, for example be rendered as concentric rings of different 

colors, such as red, white, and blue, with the central color filling the entire bullseye when a 

subject is properly distanced from the scanner. \Vhen the scanner moves too far from the 

subject, a red ring may form around the white circle filling a greater portion of the bullseye as 

the scanner moves further from a subject until the entire bullseye is completely red. 

Conversely, when the scanner moves too close to a subject, a blue circle may appear within 

the center of the white circle and grow in size as the scanner moves farther from the subject 

until the entire circle is blue. In this manner, a user may receive continuous feedback with 

respect to scan distance - a growing blue central circle as the scanner moves too close, and an 

engulfing red ring when as the scanner moves too far away - so that the scanner may maintain 

a proper distance from the subject for continuous acquisition of three-dimensional data in a 

three-dimensional representation of the subject. One useful model for rendering such a 

dynamic bullseye employs three co-axial cones of different colors, where the bullseye renders 
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a planar cross-section of the three co-axial cones perpendicular to the common axis, and at a 

point along the common axis selected according to relative range from the subject. 

[0043] In another example of animation, three concentric rings may be 

continuously displayed within the bullseye, with the radius of each ring independently 

controlled in proportion to the number of points that are too close, properly distanced, and too 

far. In another possible animation, the center ring ( a circle) may move within the bullseye 

with an offset corresponding to an x-y displacement in the field of view or measurement 

volume of a region of the surface having the greatest density of points at a target, or desirable, 

scanning distance. Of course, it will be appreciated that the selection of colors for such 

animations is somewhat arbitrary, although significant contrast in hue or intensity may assist 

a user in recognizing deviations from an optimal scan distance. 

[0044] Other visual cues and/or metaphors may also, or instead, be employed, such 

as a visualization of a plane passing through a sphere, active distance bars, animated text, or 

other visualizations, any of which may provide animated, visual feedback based on, for 

example, mean distance, center distance, or some other metric that can be derived from 

scanner output. More generally, visual cues may provide feedback concerning any scanning 

parameter such as depth of optimal data acquisition, width of field of view, rate of travel or 

yaw of the scanner 102, density of data acquisition, and so forth, as well as various 

combinations of these. These visual cues may provide graduated feedback to assist a user in 

maintaining proper scan distance, and to inform a user when a scan has been lost. 

[0045] Fig. 3 depicts a view of a user interface for an image capture system. This 

abstracted drawing shows a window 302 of the user interface 300, which may be, for 

example, the window 230 of Fig. 2, without the visual cues described therein. The window 

302 may include a video image from a point of view of a scanner such as the image plane 106 

of the scanner 102 described above with reference to Fig. 1. Within the window 302, the 

video image may include a subject 304. As depicted in Fig. 3 (and not by way oflimitation), 

the subject 304 is a slender cylinder extended from a near end 306 relatively close to the 

scanner to a distant end 308 relatively far from the scanner. During a continuous surface scan 

of the subject 304, three-dimensional surface data may have been acquired, as indicated 

generally by x's, o's, and encircled +'s. Within the window 302, the three-dimensional 

surface scan may be rendered from the point of view of the scanner, along with shading or 

other visual effects to indicate shape and surface contours. The rendered three-dimensional 

surface scan may be superimposed in a registered fashion directly over the video image ( or 

conversely, the video image may be superimposed on the rendered three-dimensional 

surface). This superposition alone provides significant user information, such as what surface 

regions of the subject 304 have been scanned. In addition, the rendered three-dimensional 

surface scan may be color-coded or otherwise rendered to provide color information 
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concerning, for example, what region is cmTently being scanned in the continuous data 

acquisition process, what regions are too close to acquire scan data from, what regions are at a 

proper distance for acquisition of surface data, and what regions are too far for surface data. 

For example, if points on or near the near end 306 of the subject 304 are too close to acquire 

scan data- these points are indicated in Fig. 3 as x's - they may be rendered in a first color. 

Points at an optimal scanning distance - indicated in Fig. 3 as o's - may be rendered in a 

second color. Points too distance for acquisition of three-dimensional data - indicated in Fig. 

3 as encircled +'s - may be rendered in a third color. Of course, this distance information may 

not be directly relevant because the rendered points have already been acquired in three­

dimensional space. However, this color coding of the surface of the subject 304, as rendered 

through the acquired three-dimensional digital surface representation, may provide useful 

information to a user concerning the distance of the subject 304, particularly with respect to 

regions of the subject 304 that have not yet been scanned. 

[0046] It will be appreciated that, while only a dozen or so points have been drawn 

in Fig. 3, a practical image capture system for use in dentistry and similar applications may 

require spatial resolution on the order of 100 microns or less for sufficient detail to fabricate 

properly fitting dental objects. As such, the actual point cloud acquired by the image capture 

system for a subject such as a dental arch may contain thousands, tens of thousands, hundreds 

of thousands, or millions of individual three-dimensional points, or more. While the small 

number of points illustrated in Fig. 3 is intended to assist in explaining the nature of a point 

cloud distribution and various rende1ing techniques applicable thereto with reference to the 

specific points shown (the x's, o's, and encircled x's), the larger number of points available in 

a typical scan can provide significantly improved visualization of surface contours and the 

like. It should also be appreciated that the points used to render the digital surface 

representation for display may include a subset of points in a full point cloud of acquired 

three-dimensional data, with the density of points selected according to any suitable design 

parameters including processing/rendering speed, need for contour visualization, and the like. 

It will also be understood that the data in the three-dimensional scan may be internally 

represented as points, particle systems, vectors, or any other suitable representation. Thus, 

while the data may be rendered as a point cloud of any desired density, this may or may not 

correspond to the internal representation of scan data. Further, the rendering may employ 

techniques other than point rendering, such as a polygonal mesh or the like, with suitable 

adaptations to the techniques described above for visualizing range, scan quality, and the like. 

[0047] It will be appreciated that the capability of capturing highly detailed models 

of dental objects, and in particular, the capability of capturing highly detailed digital surface 

representations of dentition directly from an intraoral scan, enables an array of subsequent 
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processing steps that may be useful to dentists, dental laboratory technicians, oral surgeons, 

and the like. A number of such applications are now described in greater detail. 

[0048] The embodiments described in reference to Fig. 2 and Fig. 3 emphasize the 

use of an interface that displays a subject from a point of view of the scanner. However it will 

be understood that alternative models may be used, such as an interface that renders acquired 

data from a fixed point of view within a global coordinate system. In an approach employing 

a fixed point of view, the generally visualization strategy may change, such as by providing 

continues feedback as to the position of the scanner relative to the subject. However, the 

visual cues described above may generally be adapted to such an environment, or other 

environments, in a number of ways as will be readily appreciated by one of skill in the art. 

[0049] In general, a system as described herein may have a number of operating 

modes, such as a file management mode, a model editing mode, a model evaluation and/or 

analysis mode, a scanning mode, and so forth. Two such modes are described with respect to 

Figs. 4 and 5 below, which show a scanning mode and an evaluation mode respectively. 

[0050] Fig. 4 depicts a view of a user interface for an image capture system during 

an acquisition of three-dimensional data. The user interface 400 may include a window 402 

including range-finding visual cues 404, 406, all as generally described above. \Vithin the 

window 402, a video image may be displayed, such as a video image from a cun-ent point of 

view of a scanner, such as the scanner 102 described above. As depicted, the video image 

may include a plurality of teeth 410 and other intraoral structures visible during an intraoral 

scan. It will be noted that three-dimensional points acquired from the surface, that is, the 

cun-ent digital surface representation, may be rendered within the user interface 400, and 

more particularly, may be rendered from the point of view of the scanner and superimposed 

on the cun-ent video image. Although not depicted, it will be understood that in other 

embodiments, the cun-ent digital surface representation may be rendered from a fixed point of 

view. 

[0051] In addition to permitting visual enhancements such as contour shading and 

feature emphasis, the rendering may provide specific feedback to a user concerning the 

cun-ent scan. For example, regions too close for capture of scan data may include previously 

acquired points, which may be rendered in the window 402 with a style or color that indicates 

their relative proximity to the scanner. Conversely, regions of the intraoral structures too far 

for capture may also, or instead, include previously acquired points, which may be rendered 

in the window 402 with a style or a color that indicates their relative distance from the 

scanner. As new surface data is acquired and added to the digital surface representation, the 

new point data may concun-ently, or in real time or near real time, be added to the rendered 

view of the digital surface representation. In this manner, a user may receive immediate visual 

feedback, such as the density of rendered points or relative fineness/coarseness of a polygonal 
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mesh, with respect to whether data is being successful acquired from surfaces visible within 

the window 402. This information may indicate gaps in surface data so that a user can back 

up and rescan surfaces of the subject for which data has not been captured, or for which 

inadequate or defective data has been captured. This feedback may in part flow directly from 

the process of rendering an increasing number of points within the window as new surface 

data is acquired. The visual feedback may also, or instead, be supplemented by rendering 

points with a density in the window 402 specifically selected to communicate to a user 

whether adequate data has been acquired from within the current view. \Vhile specific 

feedback examples are noted above, it will be understood that more generally, numerous and 

various uses of brightness, texture, shading, color, and/or rendered point cloud density, or the 

like may be employed to provide visual feedback to a user concerning scan quality, detail, and 

the like. 

[0052] The visual metaphor may be one of spray painting the video image with a 

shaded surface map as points are acquired. The point cloud of the digital surface 

representation ( or other representation) may be rendered as a growing constellation of points 

that forms over the video subject matter as data is acquired. Regions for which a target point 

density has been achieved may, for example appear as continuous surfaces, while regions 

with inadequate surface data may be rendered as discrete points having visible gaps 

therebetween, which gaps may be varied in size according to, for example, the density of 

point data in the underlying digital surface representation. As another example, points may be 

rendered as uniformly spaced surface points, which may be color coded according to density 

of point data in the underlying digital surface representation. 

[0053] In certain embodiments, the acquired digital model may be compared to a 

statistical, spatial, or other model of expected shapes relevant to dentistry ( or other objects, 

for non-dental applications), using know machine vision and other techniques. This may 

include relatively subtle variations such as unexpected tooth contours, thicknesses, or the like, 

as well as gross deviations that are likely a result of user or equipment malfunction or loss of 

scan data. Where deviations from expectations are detected, these may be visually identified 

within the window 402 through use of color, shading, and other cues and annotations 

described generally above. Thus, algorithmically unexpected scan results may be immediately 

flagged during a scan for any suitable human intervention (which may, of course, be none 

where the unexpected feature is known by the operator to actually be present). 

[0054] Having discussed various aspects of a three-dimensional scanning system, 

the description now turns to use of space carving to improve processing and display ofthree­

dimensional data. 

[0055] Fig. 5 illustrates a spatial matrix for use in space carving. In general, the 

spatial matrix 500 may include a number of cells 502, each storing information related to a 
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voxel in a scan volume. In one aspect, each cell 502 may store a binary flag that indicates 

whether the coITesponding voxel is permitted or forbidden for processing. This approach 

advantageously provides a compact memory representation of carved space, however it will 

be readily appreciated that other representations of this information may also or instead be 

employed, and that additional information may be included in the spatial matrix such as any 

information that might be usefully stored on a voxel-by-voxel basis for the volume in which 

an object is being scanned. It will also be appreciated that, while the spatial matrix 500 is 

depicted as a three-dimensional structure that maps to the volume of a scan space, no such 

physical structure is required. 

(0056] The spatial matrix 500 may include any memory or combination of 

memories capable of storing and retrieving information according to voxels within the scan 

space, and all such variations that would be apparent to one of ordinary skill in the art are 

intended to fall within the scope of this invention. The spatial matrix 500 may define a mesh 

of voxels that together form the scan volume or scan space in which data is processed as 

generally described below. In this respect, it will be readily appreciated that while the spatial 

matrix 500 depicted in Fig. 5 coITesponds to a cubic volume, any shape or size of volume may 

be suitably employed according to the shape and/or size of an object that is being scanned, a 

processing mesh used for three-dimensional reconstruction, or any other factors. Thus in one 

aspect, the mesh of the scan space is subdivided into voxels having a substantially cubic 

shape. The substantially cubic shape may measure about 250 microns on each edge (that is, a 

250 x 250 x 250 micron cube for each voxel) or any other suitable size according to desired 

resolution, processing capabilities, and so forth. In one aspect, the spatial matrix 500 may 

include a binary flag for each one of the plurality ofvoxels that indicates whether processing 

is permitted (for example, unmodified) or forbidden (for example, modified) for a volume of 

the scan space. 

(0057] Fig. 6 illustrates a ray trace used to identify unoccupied space. During a 

scan such as any of the scans described above, a scanner 602 such as any of the scanners 

described above may be passed over an object 604 within a scan space 606 to acquire three­

dimensional data. While depicted two-dimensionally, it will be understood that the scan space 

606 would generally be a three-dimensional volume. Given a position of the scanner 602 and 

the object 604, one or more rays - straight lines passing through the scan space 606 - may be 

determined such as a first ray 608 that intersects a surface of the object 604 and a second ray 

610 that does not intersect a surface of the object 604. With the scan space 606 divided into a 

volumetric mesh according to the spatial matrix described above, all of the voxels that each 

ray 608, 610 passes through can be determined, and more particularly, each unoccupied one 

of the voxels in the mesh can be identified. Each unoccupied one of the voxels may be 

flagged in the spatial matrix as prohibited using, for example, a binary flag or any other 
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suitable identifier. In this manner, voxels that are known to be unoccupied at some time 

during the scan can be marked for modified processing and differentially processed during a 

scan, all as generally contemplated below. 

[0058] It will be appreciated that numerous variations are possible. For example, a 

margin around the surface of the object may be provided in which voxels cannot be flagged 

for differential processing. This may be based on distance from the surface, or on a number of 

surrounding voxels that are marked for differential processing, or on the actual number of 

points of three-dimensional data acquired within a voxel of the mesh, and so forth, as well as 

combinations of the foregoing. In another aspect, a threshold may be provided for a minimum 

number of rays passing through a voxel before it can be marked for modified processing. 

Space carving is generally known in the art as a technique for identifying unoccupied volume, 

and any corresponding techniques or tools may be adapted to identify 'prohibited' voxels as 

contemplated herein. For example, commercially available software tools such as Voxel 

Space (Novalogic) and/or 3D-DDA support ray tracing through voxel spaces and may be used 

with space carving as described herein. As such, algorithms and software tools for space 

carving are not discussed here in detail, with emphasis being on use of space carving 

techniques to suppo1i differential processing of three-dimensional data. 

[0059] Fig. 7 is a flow chart of a process for displaying data based on a spatial 

matrix. As generally described below, a spatial matrix such as the matrix described above 

with reference to Fig. 5 may be used to store information about what type of processing is 

permitted or forbidden for data within voxels of the scan space. While the 'forbidden' voxels 

may be generally understood as voxels that are unoccupied, it will be appreciated that this is 

not universally true and that voxels in which points are detected may be forbidden ( such as 

where a surface temporarily moves into a scan space) and voxels that are empty may be 

permitted (such as where a voxel is immediately adjacent to an occupied voxel. Thus while 

terms such as occupied or unoccupied are used in this description, these terms should not be 

understood as a direct proxy for whether data points are or can be obtained from a voxel, or 

whether a voxel is permitted (that is, receiving unmodified processing) or forbidden (that is, 

receiving modified processing). 

[0060] As shown in step 702, the process 700 may begin with storing a spatial 

matrix in a memory, such as the spatial matrix described above that includes information for a 

plurality ofvoxels in a mesh of a scan space. 

[0061] As shown in step 704, three-dimensional data may be obtained from an 

object within a scan space using, for example, any of the scanners described above. 

[0062] As shown in step 706, the process 700 may include identifying at least one 

of the plurality ofvoxels in the scan space that is unoccupied. This may be accomplished, for 

example, using any suitable ray tracing software or algorithm. A variety of commercially 
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available software tools (for example 3D-DDA) and general algorithms (for example, 

Bresenham's line algorithm) are known in the art for traversing voxels in a space and 

identifying what voxels contain a ray, any of which may be usefully adapted to identifying 

unoccupied voxels in a scan space as contemplated herein. In a ray tracing embodiment, 

unoccupied space may, for example, include voxels behind or beyond a known surface of an 

object, or voxels between a scanner and the surface, as well as combinations of these. In 

another aspect, other information may also or instead be used to determine whether a voxel 

should be forbidden or permitted. For example, for a voxel to be forbidden, the process 700 

may provide a threshold for a minimum number of adjacent voxels that are already identified 

as forbidden. In another aspect, the number of rays passing through a voxel may be counted 

and used, for example, as a minimum threshold for identifying a voxel as forbidden. For 

occluded surfaces of the scanned object, the process 700 may provide an offset or step away 

from the border of the occlusion in a field of view. More generally, any suitable techniques 

for characterizing a voxel as containing or not containing the surface of interest may be 

suitably employed to identify prohibited space as contemplated herein. 

[0063] In one aspect, voxels in a spatial margin of one or more voxels adjacent to a 

surface of an object being scanned may be prevented from being flagged as prohibited. That 

is, in order to ensure accuracy of the model, immediately adjacent data may be included 

regardless of whether an associated voxel is believed to be unoccupied. The spatial margin 

may, for example, be a single layer ofvoxels, or a number or depth ofvoxels as determined, 

for example, with reference to a standard deviation of z-axis measurements of a scanner. Thus 

for example, a voxel may be treated as 'permitted' regardless of whether it is occupied by 

three-dimensional data points if the voxel is within a distance from the surface ofa scan 

subject that is less than one standard deviation, two standard deviations, or some other 

multiple of the standard deviation of z-axis measurements of the scanner. By controlling this 

metric, a scanning process may include more or less marginal data that is adjacent to but not 

on an infened surface of the object. 

[0064] As shown in step 708, the process 700 may include storing an indication for 

modified processing of the one of the plurality ofvoxels in the spatial matrix 710. After 

completing this step for one or more of the plurality ofvoxels, the spatial matrix identifies a 

prohibited volume that includes one or more voxels within the scan space. It will be 

understood that identifying the prohibited volume may be a cumulative process that is 

repeated as each new frame of three-dimensional data is repeated for a scan such as the 

sequential scans described above. Thus for example, each frame of data may provide different 

information on surfaces of the object that are occluded, that have changed, or that have 

disappeared, and this information may be generally used to update the spatial matrix in any 

suitable way. In general, it is contemplated that every voxel of the matrix is a permitted voxel 
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until a reliable inference can be made that the voxel should be prohibited. However, this is not 

strictly required, and variations to this initial condition may be made without departing from 

the scope of this disclosure. 

[0065] As noted above, a voxel in the prohibited volume - that is, a voxel that 

receives modified processing - is not necessarily a voxel that is unoccupied. For example, if a 

new frame of data provides a first instance of a point, surface, or object that is not in a voxel 

in previous frames of data, then the voxel is occupied even though nominally 'prohibited'. 

Conversely, an unoccupied voxel may be nominally 'permitted,' such as a margin ofvoxels 

around a surface of an object, or a voxel for which sufficient data has not yet been acquired to 

conclude that the voxel should receive modified processing (that is, that the voxel is 

'prohibited'). The prohibited volume may generally include more than one of the voxels in 

the mesh or spatial matrix. 

[0066] The process 700 may then return to step 704 where additional three-

dimensional data is obtained. 

[0067] Concurrently with or subsequent to the identification of a prohibited 

volume, the process 700 may engage in a three-dimensional scanning process to obtain a 

three-dimensional surface representation or other digital model of a scan subject. 

[0068] As shown in step 712, the process 700 may include obtaining three-

dimensional data. This may be the same data acquired in step 704, or different data, or some 

combination of these. 

[0069] As shown in step 714, one or more coffesponding voxels may be identified 

in the spatial matrix 710. In this step, the location may be used to retrieve a processing 

indicator such as a 'permitted' or 'forbidden' flag for voxels from the spatial matrix 710. This 

information may in tum be used to apply differential processing as described below. 

[0070] As shown in step 716, the process 700 may include processing a portion of 

the three-dimensional data that is not in the prohibited volume - or alternatively stated, three­

dimensional data that is in the permitted volume of the scan space -- according to an 

unmodified or normal processing. This may include any processing associated with the 

acquisition of three-dimensional data such as derivation of a camera path for a scanner, 

feature-based or other derivation of individual three-dimensional data points from frames of 

video or image data, registration of three-dimensional surfaces and so forth. In general, it is 

contemplated that any three-dimensional process that does not use space carving or the like 

may be performed in an 'unmodified' processing step as that term is used herein, including 

without limitation acquisition, display, and refinement (for example, optimization, effor 

minimization, etc.) of a three-dimensional surface representation based on, for example, a 

sequence of frames of image data or the like from a three-dimensional scanner. 
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[0071] As shown in step 718, the process 700 may include processing a portion of 

the three-dimensional data that is in the prohibited volume according to the modified 

processing. Modified processing may include any processing suitable for data in the 

'prohibited' volume. 

[0072] Modified processing may, for example, include selective use ofthree-

dimensional data points in a three-dimensional reconstruction according to whether they are 

in prohibited or permitted volumes of the scan space. For example, a reconstruction process 

may treat data within the prohibited volume as outliers that are excluded from processing. Or 

data in the prohibited volume may be de-weighted or otherwise de-emphasized in the 

reconstruction process. This data exclusion or de-weighting may be performed in a real time 

reconstruction process while three-dimensional data is being displayed, or in a post­

processing refinement step, or some combination of these. Thus in one aspect, modified 

processing includes omitting any points in the prohibited volume from a high-accuracy 

refinement of the three-dimensional data. 

[0073] In another aspect, modified processing may include controlling how data in 

the prohibited volume is displayed. For example, data within the prohibited volume may be 

excluded from display, or may be displayed temporarily using a brief decay time such as 0.5 

seconds or any other sh01i interval. 

[0074] In another aspect, modified processing may include controlling how data in 

the prohibited volume is used in a surface mesh of the three-dimensional data. For example, 

points in the prohibited volume may be excluded from a surface mesh of the scanned object 

created from the three-dimensional (point) data using a marching cubes grid or other surface 

mesh algorithm. In another aspect, where a processing grid for the surface mesh is identical 

( or substantially identical) to the mesh of the spatial matiix, voxels from the prohibited 

volume may be excluded entirely from the surface mesh. Surface mesh generation is a known 

technique for representing a three-dimensional shape as a collection ofve1iices, edges and 

faces that form polygons (for example, ti·iangles, quad1ilaterals). In one aspect, the processing 

mesh for generating such a surface from the three-dimensional data may be co-extensive and 

equally dimensioned with the mesh used for the spatial matrix, although this is not strictly 

required. Thus in one aspect the mesh of the scan space used for the spatial matrix may divide 

the scan space into a spatial grid that is substantially identical to a second spatial grid used to 

create a surface mesh from the three-dimensional data. In another aspect, the meshes may 

provide different processing resolutions and/or be unaligned spatially. 

[0075] After modified and/or unmodified processing has been performed on three-

dimensional data, the process 700 may return to step 712 where additional three-dimensional 

data is acquired. This process 700 may continue until a scan is manually or automatically 

stopped, or otherwise terminated. 
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[0076] As such there is generally disclosed herein methods and systems for 

differential processing of data in a three-dimensional data acquisition process according to 

where the data occurs in a scan space. It will be appreciated that, while the process 700 of Fig. 

7 is representative, numerous vaiiations may be made without departing from the scope of the 

invention. For example space carving and data processing (for example, of steps 716, 718) 

may be performed independently, or within a single repeating sequential process, or some 

combination of these. In addition, identifying the prohibited volume, or portions thereof, may 

be performed before, during, or after the data processing of steps 716 and 718, or some 

combination of these. Still more generally, any order and combination of steps that might be 

recognized as useful for identifying forbidden/permitted voxels in a scan space on one hand, 

and acquiring data for a three-dimensional reconstruction on the other, may be adapted to use 

with the methods and systems described herein without departing from the scope of this 

disclosure. 

[0077] It will be appreciated that the processes and methods disclosed above may 

be realized in hardware, software, or any combination of these suitable for the three­

dimensional imaging and modeling techniques described herein. It will also be appreciated 

that the user interfaces, user interface controls, and methods of using same, as well as the 

visualizations, digital model processing and analysis, and rendering as described herein may 

similarly be expressed as methods or processes embodied in hardware, software, and various 

combinations thereof. Thus in one aspect there is disclosed herein a computer program 

product comprising computer executable code stored in a transitory or non-transitory medium 

that, when executing on one or more computers, performs any one or more of the steps 

described above. 

[0078] This also includes realization in one or more microprocessors, 

microcontrollers, embedded microcontrollers, programmable digital signal processors or other 

programmable devices, along with internal andior external memory. The hardware may also, 

or instead, include one or more application specific integrated circuits, programmable gate 

arrays, programmable array logic components, or any other device or devices that may be 

configured to process electronic signals. It will further be appreciated that a realization may 

include computer executable code created using a structured programming language such as 

C, an object oriented programming language such as C++, or any other high-level or low­

level programming language (including assembly languages, hardware description languages, 

and database programming languages and technologies) that may be stored, compiled or 

interpreted to run on one of the above devices, as well as heterogeneous combinations of 

processors, processor architectures, or combinations of different hardware and software. At 

the same time, processing may be distributed across devices such as a camera andior 

computer in a number of ways or all of the functionality may be integrated into a dedicated, 
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standalone image capture device. All such permutations and combinations are intended to fall 

within the scope of the present disclosure. 

[0079] It will also be appreciated that means for performing the steps associated 

with the processes described above may include any suitable components of the image 

capture system 100 described above with reference to Fig. 1, along with any software and/or 

hardware suitable for controlling operation of same. The user interfaces described herein may, 

for example, be rendered within the display 110 of the image capture system 100 of Fig. 1. 

All such realizations and means for performing the processes disclosed herein are intended to 

fall within the scope of this disclosure. 

[0080] While the invention has been disclosed in connection with certain preferred 

embodiments, other embodiments will be recognized by those of ordinary skill in the art, and 

all such variations, modifications, and substitutions are intended to fall within the scope of 

this disclosure. Thus, the invention is to be understood with reference to the following claims, 

which are to be interpreted in the broadest sense allowable by law. 
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