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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

| APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.
14/000,442 11/17/2015 9191648 67245US004 8005
32692 7590 10/28/2015
3M INNOVATIVE PROPERTIES COMPANY
PO BOX 33427

ST. PAUL, MN 55133-3427

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 323 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):

Ilya A. Kriveshko, Littleton, MA;
Benjamin Frantzdale, Shrewsbury, 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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PART B - FEE(S) TRANSMITTAL

Complete and send this form, fogether with apphicable fee(s), tor Mail  Mail Stop ISSUE FEE
Commissigner for Patests
PO Box 1458
Alexandria, Virginia 223313-3456

or Fax {§71)-273-288%
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Electronic Patent Application Fee Transmittal

Application Number: 14000442

Filing Date: 20-Aug-2013

Title of Invention: HYBRID STITCHING

First Named Inventor/Applicant Name: Ilya A. Kriveshko

Filer: Lance L. Vietzke/Paula Bick
Attorney Docket Number: 67245U5004

Filed as Large Entity

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

Description Fee Code Quantity Amount Sullaj-s'l's(tsa)l in

Basic Filing:
Pages:
Claims:
Miscellaneous-Filing:
Petition:
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:

Utility Appl Issue Fee 1501 1 960 960




Description Fee Code Quantity Amount SU{JJ-STS::; in
Extension-of-Time:
Miscellaneous:
Total in USD ($) 960




Electronic Acknowledgement Receipt

EFSID: 23780434
Application Number: 14000442
International Application Number:
Confirmation Number: 8005

Title of Invention:

HYBRID STITCHING

First Named Inventor/Applicant Name:

Ilya A. Kriveshko

Customer Number:

32692

Filer:

Lance L. Vietzke/Paula Bick

Filer Authorized By:

Lance L. Vietzke

Attorney Docket Number: 67245U5004
Receipt Date: 14-0CT-2015
Filing Date: 20-AUG-2013

Time Stamp: 13:59:34

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 108

Deposit Account 133723
Authorized User 3M COMPANY

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 197 (Patent application and reexamination processing fees)




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 L. . File Size(Bytes Multi Pages
Document Description File Name ( y V . . 9
Number Message Digest | Part/.zip| (ifappl.)
| F T 67245US004 412376
1 Issue Fee Payment (PTO-85B) ssue_ree_ ranjf_ ’ no 1
p 1d5d58f5fc3687e9a454b1f4d6d2fc9elecd
351a
Warnings:
Information:
30620
2 Fee Worksheet (SB06) fee-info.pdf no 2
998ff46c83e2b30f1316391bd3b6b84e5fd 1
96eb
Warnings:
Information:
Total Files Size (in bytes); 442996

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 Applications 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 Application 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 Application 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 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) 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.




UNITED STATES PATENT 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

| EXAMINER |
32692 7590 09/10/2015
3M INNOVATIVE PROPERTIES COMPANY WONG, ALLEN C
PO BOX 33427
ST. PAUL, MN 55133-3427 | ART UNIT PAPER NUMBER |
2488
DATE MAILED: 09/10/2015
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.
14/000,442 08/20/2013 Ilya A. Kriveshko 67245US004 8005

TITLE OF INVENTION: HYBRID STITCHING

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 12/10/2015

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.

II. 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 bof 3
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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

Commlssmner for Patents

P.O.Box 1

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

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where
ppropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as

1cated unless corrected below or directed otherwise in Block 1, by
malntenance fee notifications.

(a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

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

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address) Eapers. Each additional paper, such as an assignment or formal drawing, must

32692 7590 09/10/2015
3M INNOVATIVE PROPERTIES COMPANY
PO BOX 33427
ST. PAUL, MN 55133-3427

ave its own certificate of mailing or transmission.

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)
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. | CONFIRMATION NO.
14/000,442 08/20/2013 Ilya A. Kriveshko 67245US004 8005
TITLE OF INVENTION: HYBRID STITCHING
| 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 12/10/2015
| EXAMINER | ART UNIT | CLASS-SUBCLASS |
WONG, ALLEN C 2488 348-050000

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

| Chan%e of correspondence address (or Change of Correspondence
Address form PTO/SB/122) attached.

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

2. For printing on the patent front page, list
1

(1) 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 2

registered attorney or agent) and the names of up to
2 registered patent attorneys or agents. If no name is 3
listed, no name will be printed.

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

Please check the appropriate assignee category or categories (will not be

(B) RESIDENCE: (CITY and STATE OR COUNTRY)

printed on the patent) : [ ndividuat Corporation or other private group entity [ Government

4a. The following fee(s) are submitted:
[ Issue Fee
[ Publication Fee (No small entity discount permitted)
[ Advance Order - # of Copies

4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)
[ A check is enclosed.
| Payment by credit card. Form PTO-2038 is attached.

(1 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).

5. Change in Entity Status (from status indicated above)
| Applicant certifying micro entity status. See 37 CFR 1.29

| Applicant asserting small entity status. See 37 CFR 1.27

| Applicant changing to regular undiscounted fee status.

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 CEFR 1.31 and 1.

33. See 37 CFR 1.4 for signature requirements and certifications.

Authorized Signature

Date

Typed or printed name

Registration No.

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

Page ] 6£3
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UNITED STATES PATENT 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

| APPLICATION NO. | FILING DATE | FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO. |
14/000,442 08/20/2013 Ilya A. Kriveshko 67245US004 8005
32692 7590 09/10/2015 | EXAMINER |
3M INNOVATIVE PROPERTIES COMPANY WONG, ALLEN C
PO BOX 33427
ST. PAUL, MN 55133-3427 | ART UNIT PAPER NUMBER |

2488

DATE MAILED: 09/10/2015

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 1(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 CFR 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 1310f 3
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OMB 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 OMB approves an agency
request to collect information from the public, OMB (i) provides a valid OMB 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 OMB 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 OMB 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
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 disclosure of these records is required
by the Freedom of Information Act.

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
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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 pursuant 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
inspection 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 aware1 af a violation or potential violation of law or regulation.
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DETAILED ACTION
The present application is being examined under the pre-AlA first to invent provisions.
Information Disclosure Statement

The information disclosure statement (IDS) submitted on 3/14/14 and 4/15/15 is in compliance
with the provisions of 37 CFR 1.97. Accordingly, the information disclosure statement has been
considered by the examiner.

Allowable Subject Matter

Claims 1-24 are allowed.

The following is an examiner’s statement of reasons for allowance: the instant invention pertains
to generation of three-dimensional surface imaging.

Hausler (US 2010/0303341) discloses a method comprising: obtaining a first three-dimensional
model including a first plurality of sets of three-dimensional points spatially related to one another by a
first camera path (paragraph 74 and 95, claim 2, note first and second set of 3D data is obtained);
obtaining a second three-dimensional model including a second plurality of sets of three-dimensional
points spatially related to one another by a second camera path (paragraph 74 and 95, claim 2, note first
and second set of 3D data is obtained); registering one of the first plurality of sets of three-dimensional
points to one of the second plurality of sets of three-dimensional points to place the first three-
dimensional model and the second three-dimensional model in a shared coordinate system (paragraph
96).

Lopes (US 2010/0194863) discloses a method comprising: obtaining a first three-dimensional
model including a first plurality of sets of three-dimensional points spatially related to one another by a
first camera path (paragraph 104, note virtual 3D modeling is obtained of the scene, wherein a camera
viewpoint can be obtained to obtain a first set of 3D data); obtaining a second three-dimensional model
including a second plurality of sets of three-dimensional points spatially related to one another by a
second camera path (paragraph 104, note virtual 3D modeling is obtained, and multiple camera
viewpoints are obtained in including first and second sets of 3D data); registering one of the first plurality

of sets of three-dimensional points to one of the second plurality of sets of three-dimensional points to
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place the first three-dimensional model and the second three-dimensional model in a shared coordinate
system (paragraph 5).

The prior art, either singularly or in combination, does not disclose the limitations “to create a
virtual stitch graph that spatially relates the first plurality of sets and the second plurality of sets, thereby
providing a combined model that includes the first plurality of sets and the second plurality of sets all
spatially related by the virtual stitch graph”, “to refine the combined model with a global motion
optimization of the virtual stitch graph” and “a display configured to render the combined model”. Thus,
the prior art does not disclose the aforementioned limitations used in combination with all of the other
limitations of claim 23. Claims 1, 12 and 24 are patentable for at least similar reasons as claim 23.

Any comments considered necessary by applicant must be submitted no later than the payment
of the issue fee and, to avoid processing delays, should preferably accompany the issue fee. Such

submissions should be clearly labeled “Comments on Statement of Reasons for Allowance.”

Contact Information

Any inquiry concerning this communication or earlier communications from the examiner should
be directed to ALLEN WONG whose telephone number is (571)272-7341. The examiner can normally be
reached on Flex Monday to Thursday 8am-6pm.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s supervisor,
SATH PERUNGAVOOR can be reached on (571) 272-7455. The fax phone number for the organization
where this application or proceeding is assigned is 571-273-8300.

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
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or access to the automated information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-
1000.

/ALLEN WONG/
Primary Examiner, Art Unit 2488
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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
January 20, 2006.

BACKGROUND

1. Field of the Invention.

[0002} The invention relates to three-dimensional scanning, and more
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
from a subject. These techniques range from techniques using structured laser
illumination or other controlled stimulus (such as x-rays, ultrasound, or magnetic
reéonance) 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
data is acquired and assembled into a full three-dimensional model.

[0004] Im 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
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. While this permits relatively
exhaustive processing, it poses a significant disadvantage because accuracy and
completeness of the overall scan cannot be evaluated until after the scan has been
terminated. Unrecoverable errors or gaps in incremental daia 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
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.

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

[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 newly acquired data to
previously acquired data. The system may be used to aid in error-free completion of
three-dimensional scans. The methods and systems described herein may also usefully be
employec‘i 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
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-
dimensional 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.
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
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
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
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
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
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 sbatial 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
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-

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
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
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
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 surface data based on the
reference image’s suitability for test fitting. Suitability for testing may be based on any
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
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.

[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 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 scanning device
may include an acquisition mode in which one or more additional three-dimensional
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 test 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.

[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 heréin 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
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
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.

{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
three-dimensional data from the second subject. Alternatively, the location on the surface
of the second sﬁbject 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-
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 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
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
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
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
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. Altematively, 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 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
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
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
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

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 éplurality 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 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.

[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 data, and upon a successful fit,
adding the one or more additional three-dimensional images to the set of three-
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 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. The three-dimensional data may include
three-dimensional surface data. Alteratively, 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
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
images to the set of three dimensional 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 another 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
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
fitted to at least one previous one of the sequence of three-dimensional images.

[0026] 1In 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
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.

[06027] The computer program §roduct may further include 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,
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

" 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.

[0029] 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-
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. When 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
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 include 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
subject as a sequence of three-dimensional images, each one of the sequence of three-
dimensionﬁl images fitted to at least one previous one of the sequence of three-
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
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 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 computing means may include means
for, 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 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
three-dimensional images fitted to at least one previous one of the sequence of three-
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
execufing 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, 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
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
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 data.
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-
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.

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] Fig. 1 shows an image capture system.

[0037] Fig. 2 shows a process for operating an image capture system.

[0038] Fig. 3 shows a process for operating an image capture sysiem.

[0039] 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 of a 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
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.

[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 of a second component of a scanning

subject.

DETAILED DESCRIPTION

[0048] Described below is a technique for providing real time visual feedback to
a user operating an incremental three-dimensional scanning device. However, it will be
appreciated that the inventive concepts disclosed 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
another example, the systems described herein may be usefiilly employed in 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 where 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
within the scope of this disclosure.

[0049] 1In 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
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 combined into
an aggregate point cloud const:\'ucted from images captured by 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 clear
from the context.

{6050] Fig. 1 shows an image capture system. In general, the system 100 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
more user input devices such as a mouse 112 or a keyboard 114.

[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
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
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
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
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 énhanced 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.

[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 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. In certain instances, an optical or textured imaging agent may 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 is desired 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
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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
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,
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 for image acquisition within the image plane 106 determined by
the physical construction of the scanner 102 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
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
desired spatial resolution of three~-dimensional points. The computer 108 may also inciude
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
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
as focus or zoom.

[0057] In an example of general operation of a three-dimensional image capture
system 100, the scanner 102 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 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 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.

[00S8] 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
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 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.

[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 embodihaents, the view will continuously shift as the user moves the scanner 102
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
candidate frame. Stated alternatively, the two-dimensional data, such as an image set, may
be converted into three-dimensional data 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
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
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 camera systems. It
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 image set). This arrangement may be
particularly suitable for accelerating processing in real time imaging applications. The
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-
processing step, which might yield greater accuracy and density.

[0062] It will be appreciated that three-dimensional surface data 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
may include, for example, three-dimensional surface data consisting of a three-
dimensional map of interconnected polygons, such as triangleé 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
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
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),
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
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

18

73



10

15

20

25

30

WO 2007/084589 PCT/US2007/001287

may be employed, and in various embodiments, numerical thresholds may be user-
specified according to a desired accuracy of the resulting three-dimensional model. Ifitis
determined that the two-dimensional data (or other sensor data, as discussed generally
above) has been successfully converted into three-dimensional data, then the process 200
may proceed to step 210. If it is determined that the two-dimensional data has not been
suécessfully converted into three-dimensional data, then the process may proceed to step
224.

[0064] In step 210, 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-
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
reference frame, not the quality of the 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 modeél. In one embodiment, this
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
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
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 ﬁtﬁng. 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,
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
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
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.
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
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 of incremental
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.
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-
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-
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.

[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
scan is finished. This may include, for example, user input received through the input
device 116 on the scanner 102, 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
and end. If it is determined that the scan is not finished, the process may return to step 204
where a new candidate frame may be acquired from the scanner 102. 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
hnsuccessful (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. Ifa
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
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 assembling 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
may be immediately registered to the original three-dimensional model. Although not
explicitly depicted, it will be appreéiated 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
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
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
through the monitor 110 with respect to whether the image capture system 100 isina
recover mode or a normal acquisition mode. For example, in the normal acquisition mode,
the display 110 may show a video image of the 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 104, superimposed on the
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
108 may remove or stop rendering the three-dimensional model. This may provide
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
102, 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 superifnposed
video image from the previous location may be rendered in a different color, or with
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
assist the user in re-centering the scanner 102 at the desired position on the subject 104.
Thus the user may be provided with visual cues as to the acquisition mode and the recover
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 direcfiqnal arrows or
verbal cues, to coach a user back to an appropriate location relative to the subject 104.
Using the computer 108 described above, the visual cues or indicators may be rendered at
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
above with reference té 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-
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
according to a particular imaging technology and/or techniques used to fit incremental
data.

{00806] 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
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
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.

[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 shown 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
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
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
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
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
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
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
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
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++, 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
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. All 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
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
capture system 100 of Fig. 1.

[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
404, such as the subject 104 of Fig. 1 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
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
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
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 the 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
interpret the three-dimensional sliape 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
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
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
data or a failure to fit a new three-dimensional image to a three-dimensional mbdel. 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
may be rendered in a different color or opacity to indicate its nature. Navigation
information is provided in this 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 ﬁrevious video
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.

[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
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
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
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
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
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.
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 single 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
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, a2 user may reorient the scan, including one or
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
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
accessible using a mouse, keyboard, input device on the scanner, or through a touch screen
display, may be provided to select a poiht or area for 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
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 of three-
dimensional images. An application of this is illustrated below with reference to a pair of
articulated dental arches.

[00102] Fig. 10 is a three-dimensional view of a first component of a scanning
subject. The first component 1002 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.
The objective of a scan may be to acquire a surface map of lower and upper arches of
dentition in occlusion. A scan of the arch using the image 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
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
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
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
recover mode.

' [00104] Fig. 12 is a three-dimensional view of a second component of a 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
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
may be obtained for the upper arch and lower arch in occlusion may be obtained from a
series of intraoral 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 environmenis. For example, this technique may be applied to obtain a
full three-dimensional surface scan of the interior and exterior of a 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 takes
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.
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
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.

[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:

1. A method comprising:
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;
acquiring an image set for a next three-dimensional image;
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
the next three-dimensional image cannot be fitted to the three-dimensional surface data,
entering a recover 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 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 at 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.

2. 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-

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

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.

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.

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

the sequence of three-dimensional images.

10. The method of claim 1 wherein the recover mode includes the step of test fitting
the at least one subsequent three-dimensional image 1o one or more additional images
acquired during the recover mode and test fitting includes selecting a reference image

from the sequence of three-dimensional images based on a suitability for test fitting.

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 furthér 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

selecting one or more of the sequence of three-dimensional images.

17. 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 subject;
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 image;
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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-

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.

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 of three-

dimensional data in the previous three-dimensional image.

26. The method of claim 23 wherein the suitability is based on a placement of three-

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

the three-dimensional surface data.

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

. 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 device
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

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:

performiﬁg 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 g portion of the second

subject.

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

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.

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
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 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.

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 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.

46. A system comprising:

acquisition means for performing a first acquisition of a first set of three-
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

and including at least a portion of the second subject.

47. The system of claim 46 wherein each of the first subject and the second subjectis a
rigid body.
43. 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

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

used to derive the three-dimensional data from the second subject.

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
subject and a first portion of the second subject;

acquiring a second set of three-dimensional data 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 three-

dimensional data.

- 58 The method of claim 57 wherein each of the first subject and the second subject is
arigid body.
59. The method of claim 57 wherein the location on the surface of the first subject

includes a plurality of spétially 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
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 of 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 second subject; and

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 proximaté 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.

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
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.

67. The method of claim 66 further comprising 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 data.

68. The method of claim 66 wherein the three-dimensional data includes three-

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.
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
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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
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
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.

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 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.

76. 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;
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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

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,

adding the second set of three-dimensional data to 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.

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
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.

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
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 claim 81 wherein the three-dimensional data includes three-

dimensional surface data.

86. The method of claim 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-
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.

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

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 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 data.

92. - The system of claim 88 wherein the three-dimensional data includes three-

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.

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.

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 acqm;re 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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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 images on a video image of the subject when a test fit is

successful.

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 of, 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 of three-

dimensional data to the first set of three-dimensional data.

99. The comf)uter 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
three-dimensional images include surface data derived from two-dimensional image sets

of the subject.

101. 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
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.

47

-102-



PCT/US2007/001287

WO 2007/084589

7

1/

0l

-103-



WO 2007/084589 PCT/US2007/001287

217

200 (BEGIN SCAN ~\ 202

- Y
ACQUIRE CANDIDATE Ny,
FRAME FROM SENSOR
1
DERIVE 3D DATA FROM
CANDIDATE SENSED DATA| 206

NO

224

HAVE A
REFERENCE HAVE A
FRAME REFERENCE
212 ) FRAME
\ YES ?
CORRELATE CANDIDATE TO YES,.
REFERENCE AND DERIVE | !
INCREMENTAL CAMERA TRANSFORM STITOH
514 RECOVERY
NO MODE
- RN
YES [~ 296
APPEND INCREMENTAL CAMERA MOTION
TO TOTAL CAMERA MOTION 216
12
TRANSFORM CANDIDATE 3D DATA |~ _
BY TOTAL CAMERA MOTION 218
"y '
RECORD CANDIDATE 3D DATA AND  [™\_o0y
SET CANDIDATE AS NEW REFERENCE
l

222

NO

SCAN FINISHED ?

228
END SCAN

Fig. 2

-104-



WO 2007/084589

300

317

¢ ENTER STITCH

RECOVERY MODE /302

A 4
LOCATE A SUITABLE
RECENT REFERENCE
FRAME

\-304

>

ASSIGN IMAGE FROM
NEW REFERENCE
FRAME TO BE
DISPLAYED ON SCREEN

308

P,
Pt et

] ¥
ACQUIRE CANDIDATE
FRAME FROM SENSOR

h J

DISPLAY IMAGE FROM
CANDIDATE ON SCREEN
COMBINED WITH
REFERENCE IMAGE

DERIVE 3D DATA FROM
CANDIDATE SENSED DATA

314

—

YES

CORRELATE CANDIDATE
TO REFERENGCE AND
DERIVE INCREMENTAL
CAMERA TRANSFORM

\316

LEAVE STITCH
RECOVERY MODE

-105-

320

PCT/US2007/001287

Fig. 3



WO 2007/084589 PCT/US2007/001287

417

400
(402

404"

406

Fig. 4

400
/

_—406

-106-



WO 2007/084589 PCT/US2007/001287

577

406

400
P,/

-107-



WO 2007/084589 PCT/US2007/001287

e/7

_-406

400
402 —
404
902
406
© il © 58 4 Off

Fig. 9

-108-



WO 2007/084589 PCT/US2007/001287

-109-



NTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOQPERATION TREATY {FCT)

{11!5} World Intellectual Froperty Ny . o ; XE
Orgaaization i (URERRRE R RO CREE O BB
ﬁ {18} Internafional Publicadion Number

barnations! Burean
WO 2012/115862 A2

I\

{433 Infernational Publication Daie
30 August 282 {(30.08.2012) Wiro lroy

{511 Interastional Patens Classificution: {81)
AGIR & U600 ASTET B804 0 01

d' Jar every
/ A, AL y
RH HR H\\: ‘xi\'

' B, n'r"
{21 Interastional Appdicstion Number: " i}

R, AL 1, 1, ;\:
1 February 2002 (17.02.2012) KE. LA, LC, LK, n i
BAGL MK, M Mw \. MY, 2 N{, NO,
Q84 PR, PG, PH, PL. PT, QA, RO, RS, Ri RW, ST, 8D,
| SK, 8L, , CTH, TLOTML TN, TR,
TETE, GAL UG, UGS, 07, VO VN, ZA, 2M, 1.

223 Interastional Fillag Date:

{25 Filing Langnage:

{26y Publicatiom Language Enphish

(34} Prierity Data: , N

L39S 22 Pebruary 201 12202301 1} Disignatud States funloss
&imd of regionad protection v
081, KE, LR, L8, MW,
LG, 28, 2%, Bursstan £

deated, for overy

i ARIPCH (BW, G,
A, RW, ST, N1, SZ Y
OHY, KRG B2 ME R
BG, UH, OV, 74, DE.
S S ERIN S LT DR B 0 Y N
', ‘wt’) f’i !‘l, R, RE, BE, 81, 8K,
, OF, OG, OL OM, GA, OGN, GQ,
Ty, Ty

(G

Appiicﬁnt f‘;’i'i.-" i e,

Sau f’ml

72 Baventors: awd
{75 heventers’Applicents g LY osdve MUQUESTON,

-wl U‘w!.}. DAL
GW, ML, MR, NE, §

James B [USUSE 36 Squire Road, Winchester, Sass
0 (U5 BREVESHKG, Hva A, JUSAUSE  Published:

s, Massachusetts GEA0 {15

\\\\\ withow! inlersoticnad searel repovd ong fe be sy
{743 Ageats: VIETZKE, Lance L.owt all 30 Contee, Gitice of spem cecolpet o hot vepest (Rule 48
Buellectual Peoperty Cosnsel, Post Offiee Hox 33437,

Samint Fanl, Minsesots S5 1333427 (USL

£54) Titler SPACE CARVING BN 3D DATA ALQUIES

| A ARG R

STUHE BPATIAURATRIN
L.
e N Y“q‘,,f
— i
) N
o § p.
2 |
%
G0
FIG. 7
G

{87 Abstract: Theee-d nad scanpiag ks tmproved with e use of spree cavving b exclude cortsin sow rosabts Pom provessing
snd display. Using space carving seehaiques, 8 spmiial matrin fs maintained toostors dala o0 vohsmeric segions {or vonels} knowa fu
he ety sxciuding or mo ¢ processiog of cuther date from within these anocoupied v i thie wl recen-
sruction ;ma,\ 5 o achioys concurrent i grovemems B scourscy smd spred o alditon, o redd thee disphyy of soan reaulis can be
papreoved By nwdifying bk such outhon sre wmerdered.

‘W() 2*-‘31 2/115:

-110-



WO 2012/113862 PCT/USIHI2/A2554R

SPACE CARVE

G OIN3ID BATA ACQUISITION

BACKGROUND

1. Field of the Invention.

o] The lnvention refates to the use of space carving o inprove three-
dimensional data acquisition.

2. Deseription of the Related Ant

190021 A wide range of techniques exist for acquiring three-dimensional data from
a subjeet. Ooe broad category of technigues emaploys continpons seapming i which

incremental three-dimensional data is acguired and sssembied into a full three-dimensionad

model. In this latter categtry, regardless of the particular scanning techuology, the calenlation

nid cisplay of three-dimensiongd data can become encmnbered by ansient obstroctions
within 2 scanning volume. For example, in g dentad scan, a patient’s tongue or other sofi
tissue may femporarily obstruet or move adjaca to a seamned surfice. A technician may
similarly obsirnet a scanner's view ofthe scanned surface with a finger, tongue depresser, or
other mstrument. There remains a need for teehniques to exclude sueh outliers from a theee-

dimensional scanaing process,

SUMMARY

{96031 Threo-dbuensional scanning {5 dmproved with the use of space carving o
exclode certain sean resulis from processing and display, Using space canving technigues, &
spatial mairix is maintained o store daty on volumetric regions (or voxels) known o be
emply. By excluding or wodifving processing of subseguent swilier data rom within these
proccupied voxels, a three-dimensional reconsimiction process can achieve concurrend
improvemas i accumey and speed In addition, a real time display of scan results can be
mmproved by modifyiag how such outliers are rendered.

004 I one aspect, a method disclosed herein inchudes slc}ring @ spatial matng

in a mernory, the spatial matrix incloding information for a plurality of voxels in a mesh ofa
SO Spaes; ohiaising three-dimenstonal data from an ohiset within the scan space

3

using @ scanner;  idemiifving 3 one of the plurality of voxels in the mesh that 15 paoccupied:
storing an indication i the spatial matix for o modified processing of dats from the one of
the plurality of voxels, theveby identifving & prohibited velume within the scan spaes; and
processing @ portion of the three-dimensional data that isnot in the prohibited voheme
according to an unmaodiiied processing and processing a second portion of the {hree-

dimensionsd data that is in the prohubited volume according o the modified provessing,
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{005]  {dewtifving the one ofthe plurality of voxels ny intlude identitving a
phurality of points o 2 ray between the scaoner and the object that are wanceupied. The
method may inclode providing o spaiial margin of one or more voxels adiscent to & surfaee of
the object for which provessing cannot be prohibited. The spatiad margin may be a multiple of
a standerd dovigiion of a z-axiy messuroment for e scanner. The madified provessing may
nolode detecting o point o the prohibited vohene and displaying the potnt with @ decay time.
The modified processing may include onutting any points i the prohibited volume from a
surfpes mesh of the object created with e three<dboensional data, The mesttay divids the
sean space info @ spatid grid substantially identival to 3 seoond spatial grid used fo create the
surface mosh. The modified processing may inclnde omitting any polats in the prohibited
volume from a high-accaraey refinement of the three-dimensionsl dwa. The mesh of the scan
space may be subdivided nfo vonels having 8 substantially cubie shape. The substantiatly

cubic shape may measure shout 256 microns on cach edge. The probibited volune miay
include more than one of the plarality of voxels, The spatial mairix may inclode a binavy flag
firr each one ofthe ploelity of voxels that indivates whether processing s penudtted or
forbidden for a cormasponding volume of the scan spa

[606]  In another aspect, a compufer program prodect disclosed herein includes
computey execuiable eode embodied on 3 nonsiransiiory compuier readable medium that,
when exccpting on one OF more computing devices, performs the steps of! storing 8 spatiad
matrix in g mensory, the spatial matrix storing informeadion for o plurality of voxels in o mesh
of a scan space; obtaining three-dimensional data Som an object within the scan space using a
scammer: identifyving one of the plurality of voxels o the mesh of the sean space that is
pnoccupied; storing an indication in the spatial matrix for & modified processing of data from
the one of the plerality of voxels thal contaivs the poiut, thereby identifying a prohibited
vohune within the scan space; and processing a portion of the threo-dimensional date m the
prohibited vobinae according to the nwdified processing and processing a second portion of

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

00T In another aspect, a system disclosed herein nchades @ soamner configured
to obtin three~dimensional data fom an object within a scen space; a memory configured fo
store @ spatial matrix that scludes Information for a phuality of voxels in a mesh of a scan
space; and 3 processor eondigured to identify a point In the sean space that is unocenpied, to
store an indication in the spatial matrix for 3 modified processing of daiz from 2 one of the
plurality of voxels that contains the point, thereby identifving a prohibiied volume within the
sean space, 1o pracess a portion of the three~dimensional data that 15 not i the probibited
volume according 1o an snmodifid processing, and to process a seeond portion of the three-

demensional dafa that {5 i e prohibited volme secording to the modified processing.
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[B008]  in another aspect, a system disclosed heren inchades stoving means for
stoving a spatish rastox fhat inchades informetion for a plivality of voxeds in aomesh of s scan
space; scaming means for obiaining three-dimensional data from an obdect within the scan

space; and processing means for identifving a point in the scan space that s unoccupied,

staring an ndication i storiag means for o rapdified poocessing of dsta from a one of the

phuality of voxels that contains the point, thereby identifying a prohibited volume within the
SCAN space, processing a portion ofthe three-dimensional data that 19not in the probibited
volome aceonding to 2a nemodified processing and provessing a seeond portion of the three-

dimensional data that s i the probibited volnme socording o the modified processing.

BRIEF DESCRIFTION OF THE FIGURES
09 The invention and the following detaited deseriptivn of voxtiin
enthodiments theroof mupy be understead by reference 1o the following Rpures,
faein}  Fig 1 shows a dental tage capture system,

§011 Fig. 2 depic
{8811} p

o

e

s aview of g user terface for an hnage caplure system,
LY Fig 3 deptets soview of 3 user ingerface for an image capture system,
B3] Flg 4 dopicts a view of auser interface for an image caphure systom during
an acguisition of thyee-dimensional data,
814 Fig. §ilbestrates aspatial mairix for pse in space carving,
{015)  Fig O dlustrates a ray trace ssed to ideniify unovcupied space.
Wote) P 7 iva flow chat of a process for displaying data based on a spatiad

fatrix.

DETAILED DESCRIFTION

61T The foliowing description relades to pse ot space carving tochmigues
fmprove processing of three-dimensional date acquired from 3 threecdimensional scatiner
While the deseription emphasizes contingious scanning and dental applications, it wili be
appracisted that the nventive concepts disolesed herein are not fmited 1o the specific
smbodiments disclosed. For exaraple, the space carving lechnigues desortbed herein may be
used to improve any three-dimanmsional soguisition or processing inwhich the captare of
three~dimensional data ceours over a pertod of'time such as struchured Hight projection, x-ray
compuied fomography, optical coberence tomography, interforometey, and the lke, The
technigues deseribed herein mwwy simifarly be omploved in any three-dimensional provessing
gnvironment where gecuracy or time of computation can benefit from the exclusion of outher
data. Similarly, while the following deseription cmphasis use of space carving 1o avotd

processing known outhiers, the approach may be readily gencralized by, for example, by

wlentifying muitiple objecis i a scan volume and excluding objects that are not rigidly
3
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assoctafed with a soan subject. Al such variations that would be apparent 1o one of ordinary
skill i the art ape infended to Bl within the scope ofthis disclosure.
BOIST  In the following desoription, the torm Mimage” gonerally refors to a twao-
dimenstonad sef of pixels forming a two-dimensional view of @ subsees within an image plane.
The feon Mmage set” generally refers to a set ofrehited two dinensional images that avight be

resofved into three-dimensiond dat. The term "point cloud” geoerally refers (o a three-

demensional set of points forming @ three-dinmensional view of the subject, such as might be

recanstenctad from soeunber of twi-dimensions] views, Ina three-dimensional image capture

rn, a munber of such poird clouds may slso be repisierad and combinad mio an aggregate
poind cloud constracted from images captured by, for examiple, & moving camera. Thus it will
be pnderstood that pixels generally refer to two-dimenstonad dats and points generally refer to
three-dimensional datz, valess another meantng is speoifically imdicated or otherwise clear
fram the sonfext

o

{0019F The terms "three-dimensional surface representation”, "digitad surface
representanon”, “three-dimensiony] sorface rmap®, and the hke, @8 osed herein, e intended o

refer to any three-dimensional surfsce map of an object, such as & paint cloud of suclce data,

a sat of two-dinsensionad polyvgons, a parficle system, or any other renderable primitives or

ofhwr data representing sl or some of the sorface of ap objegs, a5 might be obtared through
the capiure anddor processing of three-dimensional scan data, pndess a different roeaning &
expliciily provided or otherwise clear from the comtext.

{0020 A Tthree-dimensional representafion” may mclude any of the three-
dimensionad surface representations deseribed above, as well as vohnmetrie, vector, andior
other representations, unless a differerd meaning is explicitly provided or otherwise clear
from the context.

{0031 in goneral, the foons Mrender” of “rondering” refor to a twoadimensional
vistalization ofa three-dimensional object, such as for disphyy on 3 moniftor. However, #t will
be understood e sterenscopit, three-dimensional, and other rendering teehnologies exist,
and may be wefully emploved with the systems and methods disclosed horein to render
objgcts in three dimensions. As such, rendering shopld be interproted broadly unfess a
narrosver meaning is exphicitly provided or otherwise elear from the context.

{0022 The toms "dental object™, as psed heren, is intended to refor broadly to
subjeut matier specific fo deptistry, This may inclode traoral stnactures suck as dentiiton,
and more tvpically human deatition, such as individual teeth, gnadrants, full arches, pairs of
arches which way be separate or in vartous types of soclusion, soft tissue, and the like, ag
well bones and any other supporting or surrounding steuctures. As used heorein, the term
“fotraoral stroctures™ refors to both natural struchures within & mouth as described above and

antificial structuves such as any of the dental objects deseribed below that might be present in
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the mwouth. Dentad ohjects mey inclnde "restorations”, which may be genersliy understood to
mclude components that restore the structure or Runciion of existing dentitfon, suweh as crowns,
bridges, voneers, indays, ondays, amalgams, composites, and vartous substruciures such as
copings and the tike, as well as tomporary resiorations for use while a pormanent restorstion
is being fabricaied. Dental objects may also nclude a “prosthesi” that repluces dentition with
removable of pormanent structures, such ws dendures, pariiad dentures, implants, refained

dendures, and the like, Dental objects may also inchude "appliances

5" used {0 corvect, align, or
offerwise ovaporasiy or permasenthy adjiust dentition, such as removable pethodontic
apphiances, surgical stents, bruism applinoces, snore guards, indivect hracket placemont
apphiances, sad the like. Denial objeets may also include “hardware” affixed to dentition for
an extended period, such as implant fixtures, implant abutments, onthedontic brackets, and

ather orthodontic components, Dental obje

1 may alse wclude Mmevhn components” of
demtal manufacture which may not be nfraoral structures as deseribed above, sueh as dendal
models {full andior partial), wak-ups, Imvestment wefds, and the hike, as well as tays, bases,
dies, and other components emploved in the fabrication of restorstions, prostheses, and the

fike. Dental ohjects may be categonzed i a number of wigys, For example, dental objeets may

be categorized as natural dental objerts such as the oeth, bone, and other intracral soructures

deseribed above snd artifickd dendal objetts such as the restorattons, prostheses, appliances,

hardware, and iuerbn components of denial manufacture as desertbed above, Similady,

dental objeets may be categorized intraoral dentad objects {which meay be naural or artificiad)

3

and extraoral dental objeces Owhich are generally but not exclusively artificial).

3w

{023 Torms such as "digital destal model”, “digiial dental apression” and the

fike, are intended 1o refer to three-dimonsional representasions of dental objocts that may be
used in various aspecis of acquisition, snadysis, proscripiion, and manufhoture, widess a

different meaning s otherwise provided or elear from the context. Temms sach ag "denal

maodel” or “dental Impression” are infenmded to refer o a physicsl model, such ag a cast,

printed, or otherwizse fabricated physical instance of a dental objoct. Unless specitied or
atherwise clear from the comtext, the term Mmoded”, when nsed alone, may refer to either or
bath of a physical model and a digital madel.

a24 Figo | shows an image capture systom, In geneml, the sysiom 100 nwy

imchude @ scanner 102 fhat captuves fmages of 8 subject 104 within an lmage pline 106, and
forwards the mages to ¢ corapuier FO8, which may include adisplay 110 and one or mone
psey fnpat dovices such s a monse 112 or s kevboard 114,

28] The scanper 102 may include any camery or camers systom suitable oy

apinring bueges from wiich a three-dimensional point eloud may be recovered, For

e;\ampic, the scanner 102 may cmploy a pwdti-aperiure system as disclosed. for example,
LS, Pat. Pub. No. 20040 tor Hart et b While Hart discloses one nwlti-aperiure
5
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watem, it will be appreciated that any melti-aperture system suifable for reconstructing a

three-thmensional point cloud from a number of two-dimensinaal images oy stavdarty be
emploved, mchuding systems with moving speriures, fixed apertures, andior electro-
raechanically shutiored apertures. In one mulib-aperture cvbodimend, the scanner 102 may
mrcdude o plovality of aperhures inchuding @ ceater aperire positoned albag a cenier aptivst
axis of & kens and any assoviated imegiog bardware, The scanner 102 may alse, o instead,
inchude « stereoscopic, riscopic or ofher mult-canera or other configuration in which a
wwnber o camerss or ophwal paflis ave maintained 8 fived oo woving relanon 1o one annther
1o obizin two-dimensional images of an object from a number of stightly difforent

perspectives, The scarmer H2 may include suitable processing for deriving a three-

demensional point cloud from en image sel or 3 number of limage seis, or cach two-
dimensinog bosge set may be transmifted fo s exteroal processor such as contaiaed v the
compuier 108 described below, In other enbodiments, the scanner 162 may employ
structured Hght, laser scanning, direct ranging {for example, time of Qight in a known
direcuon), or any aher echnelogy spisble for acguiring fheee-diuensional data, o hvo-
diroensiomd data that can be resodved into three-dimensional dais,

826]  In one embodiment, the scanner 2 s @ handbeld, freely positionable
probe baving at teast one nser inpot device, such as o button, lever, dial, thumb wheel, switeh,
or the ke, for user condrol of the image capture system 106 such as stariing and stopping
scans. b oan embodiment, the scanner 102 may be shaped and sized for dentd scanning. Mo
partrenlarty, the scanner may be shaped and sized for intranral scanning and data captare,
such a3 by oseriion into @muth of an tmaging suhjeua‘. ancd passing the imaging plane 106
over ong or more intraoral strpctures at a seitable distanee to acquire surface daty from feeth,
gums, snd 50 forth, The scanner 102 may, through such a continous acguisiiion process,
capsireee @ poiy cloud of surface data having safficiont spatial resolatinn and accuracy W
prepare dental objects such as prosthetics, hardware, appliances, and the like therefrom, gither
directly or through a variety of Inmternwediate processing sfeps. In other embodiments, surface
data may be soquired from & desgal model such as a dental prosthetic, 1o ensure proper fitting
psing a previows scan of comesponding dentition. such as @ tonth surface proparsd for the
prosthetic.

96271 Although not shown In Fig. it will be apprecisied that a number of
supplemental Hghting systoms may be usefully omploved during inage captwe. For examplie

envirommental Hominstion may be enhanced with one oy more spothghis dlnminating the
subject 104 1o speed bmage acquistion and improve depth of Seld {or spatial reschution
depthy. The scanner 102 may also, or ostead, include & strobe, Bash, or other Jight searce to

supplement illumination of the subject 108 during image aoguisition, In other structured Hghy

J‘;

systems, the ilumination may be w the form of so areay of taser beams that form a pattern o
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& surfzee, which patiorn may be smploved o recover thiee-dimensional data from the surface.

{rher systeans omploy a single laser beam wlony with directinnal Informstion 1o gather point-
by-point divection and range information. Al such tmaging svstems may be usefully
employed 1o soguire three-dimaensional data as deseribed heretn,

{00287 The subject 104 sy be any object, collection of ohijcts, portion of an
object, or ather subject matier, Wiile iflnsteated in Fig. Las a simple geometric form, the
subject 104 may include much more complex surfaces, and any number of sepavaie clements.
For example, i a dental imaging appBcation, the subject 104 may nchade o tooth, & quadon
ofteoth, or ¢ full collection o testh invhuding two opposing arches frowa which & vintual
dental improssion is desired. The subject 104 may alse, or instead. include a dental prosthesis
such 3% an imlay, @ crown, or any other deniad prosthesis, implant, or the like. The subject 102
my inchede 3 dental maodel, sunh @3 3 plaster cust, wak-up, Enpression, or negathie
impression of 3 woth, feoth, soff tssne, or some combination of these, An optical or textured
tmaging agent mayv optionally be applied 1o surdaces of the subject MM 1o improve capture of
three dimensionad paduts, Ju other embodinents, the sabject 104 may be 2 bnman head, ora
portion thereof, from which a theee-dimensional model may be sequired for sustom fitting of
& hoaring aid, eveglasses, goggles, or the lke. In othor avbodiments, the subject 104 mayv be s

iead moded

physical woded of an object foruse in digital animation, such ag a mintature, ph

for pse in a three~dimensional digital animation process. From the preceding examples, itwill

be apparent that a system using the technigues described herein may be switably adapied to
wide vange of applicaiions for relatively short range, kigh vesolution three-divensional image
acquisttion, However, one skilled in the art will appreciate that suitable adepiations to the
mage capture system 100 may be made for 2 varteny of other three-dimensions) maging
spplicaitons based upon multi-aperture or muli-camera systems, as well as other thee-
dimensional imaging systems and technologies, and ol such varlations are Intended 1o fall
within the scope of this disclosure.

8291 The image plane 16 may include atwo-dimensional field of view of'the

scanper 102, B will be sppreciated that the teon “image plane” as used in this patagraph,
refers to a plane in the imaging enviromvent rather than 3 plane within an optical sensor (such
as filn or sensory) where an mage s captured. Though flustrated as o rectangle the mapge

plane 106 may, for example, form o square, 3 circle, or any other geometry provided by the

scamner 102, In general, the scammer 102 will bave 2 depth of field or range of depth resolution

that, topether with the fiold ofview 106, specifics 3 measurcment volume of the scanner 102,

The depth of fleld may vary with environmental conditons such as lghting (ambient or
ariificial}, the toxtnee or opiical properties of the tmaging subject, and so forth, Bwill facher
b understood that the torm “field of view”, as used horeln may refor fo 3 two-dimensional

field such as an interoal plne within the optics ot an imaging system, wn external plane such

>

.l
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as a field in an bmaging environment, of 3 mepion in a display, or may refer o a three-

divaensional region such as a euvrent measprenent vohane {6 an imaging envinonmexd. Thus,

LT

"fredd of view" us nsed herein should be inderpreted in the broadest sense possible, unless a
more specific meaning is explichtly provided, or otherwise clear from the context.
{86391 The computer HR may e, for sxmuple, a pesonal compuier o othee

ProvE:

’sg dovice, In one embodiment, the computer 108 melodes 2 personal conputer with a
dual 28GHy Opteron contral provessing unit, 2 gigabyvies of random access memaory, 3
TYAN Thunder K8WE motherbourd, and a 250 gigabyie, 10,000 rpm hard drive, This system
mey be oporaid to capture approximately 1,300 points pey tmage sot in real thag using the
techniques desortbed herein, sod siore an aggregated point cloud of over one millon points.

Asused herein, the ferm "real fme” means gererally with ne observable latency between

processing and display. Inoa video-based scanuing systere, read time ranee specibeally refirs

Lo processing within the thue between frames of video data, which wwy vary according to

specific video fechnologies, but may gencrally be considered to fall benween shout ton frames
per second amd aboat tirty frames per second for many of the applications described herein.
More poperally, procossing capabilities of the compruter 108 raay wary sccording to the sk of
the subject 104, the speed of image sequisition, and the desired spatisl resolution of three-

dirviensional points. The computer 108 may also include peripheral devices such asa

kevboard 114, display 11, and reouse 112 for wser interaction with the camera system 18,

The display 116 may be a touch soreen display capable of recetving nser inpot through di
physical interaction with the display 1o

06311 Compmunications between the computer {8 and the scaaner 102 may nse
any suitsbie communications link weluding, for example, & wired connection or @ wircless

conneefion based ppon, for example, (REE 302,11 {alse known as wireless Ethernet),

BlueTooth, or any ather sulteble wireless standard using, for oxamuple, a radic freguoney,
infrared, ulrasound or other wireless communication medien, In medical imaging or other
sensitive applications, wirsless image transmission from the scaaner 102 o the computer 108
wmay be secuved. The computer 108 may gencrate controd signals to the scanner 12 which, in
addition to image aequisition commands, may nchade conventional camera conirols such as
fovus or zoom,

[B032]  inan example of general operation of @ three-dimensional  hmage capture
systent 100, the scemer 102 may acguire two-dimensional. image sets at avideo rate while the
amner 102 s passed over a surface of the subject. The tve-dimensional Brwge sets may be
forwarded fo the computer FOR for derbvation of three-dimensional point ¢lowds. The three-

dimensiomyd dats for each newly acquired two-dimensions]l Bnage sel may be devived and
fitted or "stitched” to exigting three-dbuensional dats using a mamber of different techuigues.

Ome useful example of such a technique s deseribed o cormoniy-owned B

App. No.

-118-



WO 2002/ 115862 POEUSIOIZ/N2R548

270,133, filed on November 9, 200, However, 8 will be appreciated that this example is
ot Hmitisg, and that the principles descrtbed herein may be applisd 1o 8 wide runge of three-
dimensional image ceplure systems. I will alse be understood that feros sueh as "video™ or
"video rate” imply 2 wide range of possible frame rates assockated with such video, While
mwst moden video formists employ o frame rate of 23 to 30 frames par second, sarly vides
emploved frame rates as low as § fiwmes por second, and movies of the early 1900 varied
from 12 to 18 frames pey second. In addition, #t s common for speeialized imaging equipment
o employ o raie adapted to the computational demands of pasticotar imaging and rendediog
technigues, and some video systoms operate with framne rates anvwhere from 4 frames per
sevond {for computationalby exfensive imaging sysiems) 1o 10 fames per second or higher
or highespeed video systems) As used horedn, the terms video rate and frame rate should be
int&rpreit{i hroadly. Notwithstanding this broad meaning, i is noted that usefud and visuadly

pleasing three-dimensionad imaging systems bave been construsied socording to the forcgoing

with frame rates of af least ton frameg per second, frame of a1 least twenty frames per

sepomd, and frame rates between 235 and 30 frames per second.

{0633 It owill be appreciated that the abilily of certain systems, sueh as
multiaperture camera systems, fo derive three-dimensions] data from pwo-dimensionad video
tmage sels may dcpend i part on an ability to establish corespondence of surfice poinix
between imege pairs (or triplets, and 5o o). The process of establishing peint
correspondences may he improved by identifving, swithin the processing swstem, unigue
features of the wudace upon which corespondonce may be based. In cortain aspeots,
distinguishing features of wath @ varving lovels of detwl may be emploved 1o sobanoe this
process, Howover, this process depends on an ability 3o locate such distinguishable foutures,
The process of establishing poind correspordences may also, or tnsioad, be enhanced by the
addiion of optically detectable Teatures sthereto, which may be as simple as aetificial black
dots distributed over 3 white or relatively Hght surface. In 3 dental contexy, this may he
achieved with a spray, powder, mouth rinse, or the Hke that distributes optically detectable
mattey across the dentiion or other dental object o be scanoed. By randomly distribating such
smuall, distingushable dois avross the sudface, the Bhelihood of locuding distinguishable
features in 2 pavticular tmage set may be significantly improved, thus improving the speed
and accursoy of the overall three-dimensiomad dwta sequisition process,

034] From time o tme it contismous oF ncremenial deia sogquisition systems

the fitting or stitch between two frames may il for rea

oms deseribed in preater detadl below,
in such situations, a user may be notified thmugh vigaa] feedback that @ recover mode hag
been catered. In the recover mode, the syaiora 108 may seck to reacquire the previous scan by

test fitting now scan dita to previonsty acquired date, and providing visual Seedback o 2 user

to assist I navigating back o @ sean location on the subject where the re-acquisition is being

9
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attempled. Io a related landing mode, o user may atiempt fo nitiate 3 new scan registered or

cimaeoted o on existing three-dimensiosal model, Simtbar visual foodback tools may be

provided to guide a wsor (0 8n appropriate scan focation, and nodtdy 2 wser when the scan has
been roaeguived, These technigues are described in greator detail in commondy-owned ULS

App. No. 119 23, fied on May 16, 206, Gther suwitable techmigoes may be emploved for

ravigation, controling scan quality, analyzing scannad subject master, and manipulating
scanned models, various sbodiments of which are deseribed i groater detad] below.,
P3SE The display 139 many inclede any display suiiable for viden or othar rate
rendering at a fevel of detail corresponding fo fhe acguired data or a rendered version ofthe
acqguired data. Suilable displays inchude cathode vay wbe displays, Bauid ervsiat displays,
Hght cmaitting diode displays, plasma displays, and the like. In some awhoditents, the display
may nclude a touch soreen interface using, for example papacitive, resistive, or surface
acoustic wive {also referred to ws dispersive signal} toueh sercen technologies, or any other
suitable fechnology for sensing phoesical bteraction with the displey 1100 Iy addition, where
threa-dimensiopal visuadization (s destred, the display 110 muy inclode a theee-dimeasionst
display nsing a wide variety of techaiques including sterco pair tmaging, bodographis

ing, and muliiplanar or volumewic maging, cach with a number of rendering modalitios

that may be usefuliy emploved with the systems deseribed berein,

He36]  Figo 2 depiots 3 view of g user interface for an mage caphure systom, The
wser imterface 200 may chode @ window 202 rendered on 3 montior such s the display 110
of Fig. L Within the window 302, a video image may be displayed inchuding 3 measuremeni
volume of a scanner, such as the buage plane 106 of the scarmer W32 of Fig. | Within the
field of view or messurement volum, d video or oiher mage of a subject such as the sulject
104 of Fig. {may be displaved. However, us depicted In Flg, 2, no Image acguisition steps
have beon fnitiated, so the window 202 vemaing blank except for vartous controls which will
be deseribed below,

837 Scarnming cordrols may inclady, for exaraple, g searcconmital 304, a pause
control 206, a stop controd 208, & clear control 21, a save condrel 212, and a retrieve control
214 The sean comirel 204 may initiate 3 threo-dimensional sean. The pawse coutrol 206 may
temporarily discontinue @ scan in 2 manner that penmits subsequent rescquisition of a
contfinnons 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 3 point cloud or other scan duta rematns frozen, or the scresn may go

entirely blank, or some combinution of these, all according to nser preforences or a particolar
haplementaiion. In general, d passed scan may romatn active so that @ user may resume the
soan. By contrast, i a user activates the stop control 208, the sean way be terminated, such

that & user would have to retricve the scan, such as using the retrieve controd 214 in order fo
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continue adding dats thereto, The save control 213 may store & scan and any related dota for
subsegoent use. These controls may operate as buttons that o user setivates 1o periomn the
indicaiad paotion, such as theough 2 monse olick or, where the display 118 s a touchscreen,
by direct plivsical interaction with the displine 1100 B will be appreciated that activation of'the
control may crese g pop-ap window, or provide drop down Hsts, radio butions, text input
ficlds, and any other controls sniable for perameterizing the pardealar selection, Thus for
example, where 3 user activates the save cordrol 212, @ jext box may appear for a usey to enter
a flesame, dissctory or path infonuation, and the like for saving any relsted dsta. Numercons
techniques for organizing wser ierhces and providing comrols within g user interface are
known in the ari, and may be suitably adapied 1o the interthoe 208 described herein.

[B038] A number of navigation controls may be provided, such as 3 xoom ot

220, @ rodate control 332, @ pag control

contral 216, o 2oont i control 218, a zoom ndicator
224, and 3 reset contrat 226, These conirols may be used 1o view an soquired three-
dimensional represeniation after a scan has been complefed or, where a pauseiresume feature
s provided, dering @ scan, The reset controd 226 may, for example, restore a view of @ three-
dimensional represeniation (o a global coordinge system, or i a most recent view from

which dela was seguired during a scan.

50 be inchaded that provide

f39] A number ofpnge Hading visualizaiions may
visusd cues related to one or more scapning parameters of an mage capture systom. These
visuatizations may berendersd in real tine, for example, at the video rate of the image
capture sysiem, to provide real Gme user feedback and guidance with respect to proper
orientation and positioning of 3 scanner during & scan. The user feedback may aprove the
quality and speed of data soguisition, pargcudarhy during conlintous scanning operutions tha
acguire 3 full three-dimensionad representation of a subjeot as o sequence of fifted three-

dimensional surfaos mmpl . These visual cues may be particalardy wsefal in contimons

techaiques, In such fechniques, "cqucntiai mves of data e registered to one another using
arious processing techniques such as those described in commonly owned ULE, App. No

FE370, 135, filed on November 9, 2005, This works well provided three~dimensional data can

be sucesssiully resobved from cach sequenital frame of vage data, and there s sufficiontly

smell displacement of the scanper tha the data from sequential Humes overlaps in three-

dimensional space. However, when this "stitching” of sequential frames 33 {ost, such as due 1o

an operator moving outside the proper scanning distance, it can be very difficudt fo reeover

the continpous seguisition, YVisualizetion tools that guide o user toward maintaining proper

seanting distunce advantageously promote s condinuons, uninterropted acquisit

dimensional dats for an ontire surfsce of inforest,
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{90481 For example, within a window 230 that shows & cument video iimage from
the ivrage plane 106 of the scauner 102 {which is dank in Fig. 2, as the syston has not stavted
# scant}, 2 volume 232 of space, such as the box depivied in Fig. 2, forwhich quabity scan data

¥

can be capiured may be depicted in perspective. This volume 232 rondered within the imaging

space yaay a3l @ wser i posioning subjedt matter within the video tmage appropriately for

duta acquisition. o addition, shiders 234 may be animated along z-axis edges of the volume

232 to indicate a distance of points of three-dimensional dats acmally being acquired. This
may be based on, for example, 8 mean distance of some or 2l of the points, a distance of a
cenptral poind, a range of distances for all or some of the points, or & distanee of a peint & each
respective corner of the volnme 232, such that the sliders 233 may move independently from
ong another during 8 scan, Distance calowlations may be hased on a cwrent frame of imape
data, that s, the most recemly acquired data sel or as average of a predetermioed ammber of
imnnediately prior data seix, or upon all three-dirnensional poins ot the three~dimonsional
surfiace representation filing within the vohume 432 sithout regand 1o when they were
asquired.

6411 As anpther oxample, 1 dysamic objoct 236 such as a sphere or buflsey
myay be rendered in the conrer of the window 2345 The dynamic object 236 may alse, of
instead, be posidoned st another location within the windew; however positioning the
dynamic object 236 within the conter of the window 230 advamtageously permits v user to

receive visual feedback from the dynamic object 238 withont loeking sway from curvent

video of the subject betng scansed,

{06431 A numbor of uselnl andmations may be provided by the dynamic objoet 236
1o give aser feedback o an opersior ofthe image capture system 10, In one hnplemeniation,
the dynamis oldect 236 may be an anbmated bullseye that is colorcoded 1o provide distance
imfonvation. The bellseve may, for example berendered as conveniviv rings of ditferent
colors, such as red, white, and blue, with the contral color filling the entire bullseye when a
subject is propedy distanced from the scanner, When the scanner moves wo far from the
subject, g red ring may form sround the white cirele flling a grester portion of the bullseye as
the scanner moves further from a subject until the ontire bullseve Is completely red,
Conversely, whan the scanner moves oo close to a subject, a blue cirele may appear within
the cender of the while cirele and grow in g2e as the scaaner moves farther from ihe subject
wiit! the entive circle is bue, In this manner, a user may raceive continuous foedbuck with

respeet (o sean distance ~ a growing blue contral circle as the scanner moves oo close, and an

AT 1) ; TUERAR A

engulfing red ring when ax the scanner moves too far away ~ so that the

a proper distance from the subject for continyons aequisition ot three-dimensional data in a
three-divnensional reprosentaion of the subject. One usefld model for rendering such g

dynande bullseve employs three eo-autal cones of different colors, where the bullseve renders
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a planar cross-section ofthe three co-wital comes porpendionky o the common axds, and at a
poied adong e conunon s selecisd according 1o refaiive raage from the sulfgect.

{0431 In anothor example of antmation, three concantiie rings nay be
continupusty displaved within the bullseye, with the radius of each ring independently
controlied i proportion 1o the munber of points that are oo close, propesly distanced, and o
far. In ancther possible andation, the center ring {a oircle} may move withio the ndlseyve
with an oifset corresponding to an x-v displacement i the Reld of view or measurenment
vidlunmwe of 8 risgion of the suvface haviog the greatest density of poilnds al & tacget, or desirable,
scanning distence. Qf course, it will be apprecisted that the selection of colors for such
antmations s somewhat arbitrary, slthough significant contrast in hue or intensity may assist
3 user i recopnizing devigions from an optinsd scan distance.

joad]  Gither visual cues andfor metaphors may al

. or mstead, be emploved, such
as a visualization of a plane passing through a sphere, active distance bars, andmated toxi, ot

Y

aither visuadizations, any of which may provide anbwied, visual |

edback based on, for
example, wiean distance, center distance, or some other meiric that can be derived from
scanner ontput, More generally, visual cues may provide feadback concerning any scanning
paramefer such as depth of opiimal data acquisition, widih of field ofview, rate of travel or
vaw of the scanner 102, density of data acquisition, and so forth, as well as vartous
combinations of these, These visuad vues may provide graduated foedback 1o assist 3 user in
maintaining proper scan distance, and to inform o user when @ scan hag been lost

[845]  Fig. 3 depiots a view of a nser inferface for an image caplure systern, This

abstracted drawing shows o window 302 ofthe user interface 3068, which may be, for

3y

example, the window 230 of Fig, 2, without the visual cues described thorein. The window
362 may nchude a video irmage from a potnd of view of 2 scanner such as the image plane 108
ofthe scanner 102 deseribed above with refbrence to Fig, L Within the window 332, the
video image may inclade 2 subject 304, As depleted in Fig. 3 (amd not by way of Hmitation),
the subject 3 is & slender cvlinder extended from a near end 306 relaively close to the
scanner to g distant end 308 relatively far from the scanner, During a continuous surflice scan
ofthe sebject 304, three-dimensionag surface date may bave been acguived, as indicated
generaliy by x's, o's, and cucireled Vs Within the window 302, the theee-dumensional
surfave scan may be rendered from the poist of view of the scenner, along with shading or
other visual effects 1o indicate shape and surface coptours, The rendered three-dimensional
surfage scan may be superimposed in & registered fashion direetly over the video smage (or
conversely, the video image may be superimmposed on the rendered theee-dimensional

formation, such as what susface

surface). This superposition alone provides significant user in

regions of the subject 304 have been scanned. In addition, the rendercd three-dimensional
surface scan may he colorcoded or otharedse rendered 1o provide color information
13
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concarning, for example, what region is currently baing scanned in the continuous daty

avguisition provess, what pegions are oo close 1o acguire scan dats from, what regions are at 2

proper distanee for acquisition of surfee data, snd what rogions are too far for surfuee duta,
For gxaraple, if polnts on or near the near end 306 ofthe subject 304 are too close to acquire
sean dada - these points sre indivated m Fig. 3 asx's - they may be rendered i a first colon
Points ol an opthnal scanting distance - indicated in Fig 3 as o'y - may be rondeored i a

5

second color. Points foo distunce for scquisition of three-dinensional data - inds

sad i Fig.
3 s encirchad s - may be rendered tn 2 third color. Of course, this distance mformation. may
not be divectly relevant because the rendered points have already been acquired i three-
divensionad space. However, thig color coding ofthe surfce of the subjeet 304, as rendered
throogh the acquired dwee-dimensional digital surfee reprosentation, may provide wsefyd
informetion fo 8 user ponnersiay the distanue of the subjeat 304, particubady with respect
regions of the subject 304 that have not vet been scanned,

faed6} It will be appreciated that, while only & dozen or so points have hoen drawn
ha Fig. 3. a pracocal age capluee sysfem for use o duntistey and simiker applivetions yoay
resguire spatial resobtion on the order of 100 microns o less for sufficient detad] to fabricate
property fitting dental objects. A< such, the sctual poird ¢loud acquired by the tmage captare
system for a subject such ag o deatal arch may contatn thousands, tens of thowsands, hundreds
of thousands, or millions of individusd three-dimensional poiis, or more, While the small
nunther of points Hiustrated in Fig. 3 is Intended to assist in explaining the nature of a point

clowd distribuiion and various rendering techniques applicable therete with reference to the

specific poiats shown fihe s, o', and encircled ¥'3). the lnrger number of poinis available in
a tepival sean can provide significanty improved visnalization of swrfiee contours and the
Hie, H should also be appreciated that the points naed o render the digial surface
representation for displey may inclode 2 sobsct ofponts in g fall point ddosd ofacguired
three-dimensional data, with the density of points selected according fo any suitable desigm
parasneters nchuding processing/rendering speed. need for contour vivualization, and the like,
i will alse be understoad that the data w the three-dimensional scan sy be internally

reprosented as points, particle systorms, vectors, or any other sultable representation, Thus,

while the data may be rendered as & point cloud of any desired donsity, this may or may not
corpespond 1o the intemal representation of scan data. Further, the rendering may employ
techeigues other than point rendering, soech a3 a polyponal mesh or the Hike, with seitable
adapiations to the technigues desertbed above for visnalizing rangg, scun quality, and the ke
{047 B will be appreciated that the capability of capturing highly defatied models
of dentad obijects, and o particudar, the capability of capiuriag bighly detatled digital suridee

represeniations of dentition dirsctly from an intracrad scan, enables an array of subsequent
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dental lsboratory technicians, oval surgeons,

processing steps that may be uselul 1o dentisis, ¢
angd the Hke, A number of such applications are now desertbed in greater detail,

048] The cmbodiments deseribed inreforence to Pig 2 and Fig. 3 empbasize the
wse of an interface that displays 3 subject from a point of view of the scanner, Howaver it will
be anderstood tht alfertive models may be osed, such as sn interface that renders acguired
dafa from a fixed potst oD view within a global coordinaie sysiem. Io an approach emploviag

a fixed point of view, the generally visualization straiegy may change, such as by providing

continaes feedback as o e position of the seanper relative 1o the subject. However, the
visual oues desceribed above may generally be adapted to such an enviromment, or other
srvironments, in & number of ways as will be readily appreciated by one of skill in the art

048] In general, @ system as deseribed herein may bave a number of operating
modes, such s file mansgement wods, & model edithng mode, & mods] evalnaton andior
analysis mode, a scanning wmode, and so forth, Two such modes are deseribed with respect o
Figs. 4 and 5 below, which show @ scanning mode and an evalustion mode respectively.

{90581 Fig. 4 depicts a view of 8 user interfice for an age caphwre system during
an acguisition of three-dimensional deta, The wer interface 400 may fnclude & windome 402
mmchaling range-finding visual cues 404, 406, sl as generslly descnbed sbove, Within the
window 402, & video ymage may be displayed, such as a video tnage from a current point of
view of g scanner, such as the scanner 162 dosoribed sbove, As depleted, the video image
may inchulke g phwa_{ii}: of teath 410 and other intraoral stroctores visible doring an intraoral
scan, It wilf be noted that three-dinwnsional points soquired fron the surface. thad s, the
current digital surfee reprosentation, may be renderad within the user interface 400, and
more particularly, may be rendered from the polat of view of the scanuer and superimposed
on the onrrent video image. Although not depicted, it will be understood that in other
cmbodiments, the curexd digital swriboe representation may be rendered fron a Bxed point of
view,

{051} In addifion to pormiting visusl enhancements such as contowr shading and
feature cmphasis, the rendering may provide specific feedback io a user concerning the
cwrvent scan. For example, regions too close for caplure of scan duta may include previously
acguired porsts, which may be rendered o the window 402 with a style or color that indicates
their relative proximity to the scanper, Comversely, regions of the intmoral stractures foo far
for capiure may also, or instead, inchude previoushy scquired points, which may be rendercd
in the window 402 with a style or 8 eolor that Indicates their relsdive distance from the
scannet, Asnew surface data s aoquired and added {o the digiial surface epresendation, the
new poind data may conourmently, or in real time or sear real dme, be added to the rendered
view of the digital surface representation. In this manser, 2 9ser may recedve immediate vissd

Frodback, such as the density of rendered poinds or relative fineness/coursenass of'a polygonal

i)
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mesh, with respect fo whether dafa is being successful sequired from suafa le within
the windeow 402, This inforuation may mdicale gaps o sucfoe dota so it 2 eser can back
pp and roscan surfaces of the subject for which data has not been caplured, or for whish
inadequate or defective data has been caplured. This foedback may W part flow directly from
the process of redering an increasing number of poinis within the window as new sarface
data is acquired. The visual feedback may alse, or nstead, be supplomeniad by rendering
points with a densily i the window 402 specifically selected fo communicate o a user
whether sdequate duafa bas bean acgnired from within the current view, While specific
feedback examples are noted above, 1t will be undersivod that more generally, numersus and
vartous nses of brightness, fexhure, shading, color, andfor yendered point oloud density, or the
Hke may be emploved 1o provide visual feedback 1o a user concerning scan quality, detafl, and
the hike

0521 The vissal metaphor may beone of spray painting the video inage with a
shaded surface map 85 points are acquired. The point cloud of the digital surface

eprusentation (e sther represeaiation} mey be readered as a growiag enastellation of potais
that forms over the video subject matter as data is acguired, Reglons forwhich a target point
density has boen achieved may, for cxample appear as continuons sirfaces, while regions
with madequate surfuce data may be rendered as diserete points having vistble gups

erebebwean, which gaps may be varied in gize according fo, for example, the demsity of
poind data i the anderlyving digiial surface represeniation. Ax another example, points may be
rendered as uniformly spaced surface points, which may be color coded acecording to density
of point daia in the snderbyving digital serfaee representation,

W83 In cortain embodiments, the acquired digital model may be compared 1o a
statistical, spattal, or other moded of expected shapes relevant to denfistry {or other objects,
for non-dental applications), wsing kaow machine vision and other fochnigues. This may
nclude relatively subile variations such as unexpected tooth contours, thicknesses, or the ke,
aswell as gross deviations that are likely a result of user or equipment malfonction or oss of
scan daia, Where devintions from expectations are dotected, these may be visually iderdifted
within the window 402 theough use of color, shading, and other copes and anaotadions
described generally sbove, Thus, slporithmically uneapested sean rasulis may be immediately
flagged durmg a scan for any subtable honwn intervention {which may, of comse, be none
where the anexpecied featnre 15 known by the aperstor o actually be presen),

9654} Having discnssed varions aspects of @ three-dimenstonal scanning systom,
the description now turns i use of space carving 1o mprove processing and display ofthree-
dimensional data.

H54F  Fig 5 illusivates a spatiel matrix for use in space carving, In general, the

spatial nuairks 560 may inclnde 3 aumber of cells 362, each stoning information related to a
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vonel i a sean volume. In one aspect, sach celf 303 may store a binary {lag that indicates
whether the comesponding voxel s pesraitied or forbidden i processing. This appeoach
advantageonsly provides a compact memory representation of carved space, however it will
be readily appreciated that other representations of this infonuation may abso or instead be
cmploved, snd that sdditionsl informatioe may be nchaded o the spatial matrty such s angy
fformation that might be usefully stored on g voxel-bv~voxel basis for the volume in which
an object is being scanned, 10wl also be appreciated shat, while the spatial matrix 300 is
deptoted as g three-dimenstonal stoncture that maps to the vohime of a sean space, no such
physical structure is required.

{056F  The spatial nurix 300 may include any memory o combination of
memories capable of storing and retrieving information according fo voxels within the scan
spaee, and all such vasixtions that wondd be apparent to one of ordinary skill o the ac are
mtended fo B within the scope of this ovestion. The spadial matrix 300 may define a mesh
of voxels thal together form the sean volume or scan space i which date i processed as

generally described below, In this respect, # will be readily appreciated that while the spatial

’)t

mattix SO0 depicted in Fig. 3 corresponds 1o a cubie volume, sy shape ot size of vobuae mwy
be suitably emploved avgording to the shape mndior stze of an object that is being scanned, &
processing mesh used for three-dimensional reconstruction, or any other factors, Thus in one
aspect, the mesh of the scan space s subdivided inte voxels having a substantially cubic
shape, The substantially cubic shape may measure abous 230 microns on each odge (thatis, a
250 x 230 x 250 micron cobe for each voxel} or any other suiable size according to desired

sofution, processing capabilities, and so forth, In one aspect, the spatial matrix 300 may
mmehude @ binary Hag for cach one of'the plurality of voxels that indicsics whether processing
is permtted (for example. unmodified) or forbidden (for example. modified) for a volume of
the scat space.

Hitr: Fig. 6 dlustraies & ray trace used o idenitfy unovcupied space. During a
soan such as any of the scans deseribed above, @ scanner 602 such as any of the scanners
described above may be passed over an ohjeol #04 within a scan space 606 10 aequire three-
dimensional dets, While depictad pwo-dimensionally, # will be undersiood that the scan space
606 would geperally be g three-dimensions] volume. (Given g position of the scanner 602 and
the object 604, one or more rays - straight lines passing through the scan space 806 « may be
detersined such as a fustray 608 that nterscets o surfhee of the objoet 604 and a second ray
510 that does ot intersect 3 surfdee ofthe obicet 604, With the suan space 606 divided o «
volumefric mesh socording 1o the spatial matrin described above, sl of the voxels that each
ray 6%, 618 passes through can be defernined, and more particularly, sach uneccupied one
of the voxels in the mesh can be identified. Each uaoccuplad one of the vosels may be

flaggad in the spatial matrix as prohubited using, for example, a binary flag o any sther

~
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suttable identifter. In this muemner, voxels that are known 0 be onccoupled at some ime
duekng the somt o be purked for modified processing and differestially processed during a
sean, all as generally contemplated below,
[0SR B will be appreciated that numerous variations are possibie. For example, &
margin around the surface of the object may be provided fn which voxels cannot be flageed

for differential processing. This nay be based on distauce from the surface, or on 3 number of

surronnding voxels that are marked for differential processing, or on the acial nomber of

points of three-dimensiongd dats acquired within 2 voxel of the mesh, and so forth, as well as
combingtions ofihe foregoing, o another aspest, a threshold may be provided for a mintmam
mamber of rays passing through a voxel before @t can be marked for modified processing,
Space carving is geverally kuown in the ant as o fechnigee for identtiving unocenpied volame,
and any corresponding techaigues or tools may be adapied fo identily ‘probibited’ voxels s
conderaplated hevein. For example. cormmercially available sofiware tools such as Voxel
Space (Novalogic) andior 3D-DIA support ray tracing through voxel spaces and may be wsed
with space carving as deseribed hereln. As such, agorithms and seftware tools for space
carving are ot discussed here in detatl, with emphasis being o use of space carviag
technigues to support differential processing of three dimensional data.

{06891 Fig Tisa Now chart of a process for displayving duia based on a spadal
matvix, As gonerally described below, 2 spatial mamin such s the matrix described sbove
with reference 1o Fig. 5 may be uved to store information about what type of processing s
permitted or forbidden for date within voxels of the scan space. While the Torbidder® voxels

may be generalfy understood gz voxels that are unoccupied, it will be approviated that this is

noi aniversally froe and that voxels in which points ave detected may be forbidden {such as
where s surface tenporarily moves into a scan space) andd voxels that are empty may be
pernutted {such as where a voned is mmedinely adjau:.m 1o an ovcsupted vonel, Thus while
terras such as ocoupled or unoceypied are used in this deseription, these termws shoudd not be
understood as a divect proxy for whether data poinis e or can be oblained from a voxel, or

whether @ vonel is permitted (that is, receiving unmodified processing) or forbidden {ihat i,
receiving modified processing).

g08;  As shown i step 702, the process TOU may hegin with storing « spatial
mairix i 2 memory, such as the sputial matrix deseribed above that includes information for a
phuratity of voxels in a mesh of a soan space,

061} As shown fo step 704, three-dimensional data may be obtained from an
ohieol within & scan space using, for example, sty otthe scanners desoribed shove.

88621 As shown fn step 706, the process 700 may inchade idestifving at least one
of the plarsdity ofvoxels in the scan space that §s anoceupied. This may be accomplished, for

sxample, using any sulteble ray tracing software or algorithm. A vartety of commerciatly

1%
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available software fools {for example 3D-DIAY snd peseral algorithms {for example,
Bresenhany's fing algodthu} see known o the aet for aversing voxels inoa spaes and
wdentifying what voxels contain a ray, any of which may be useidly adapted to identifiving
unoccnpied voxels i3 @ scan space as contenaphied herein, In a ray tracing embodinent,
proccupted space may, for example, include voxels behind or bevond a known surface of an
objeet, or voxels bebween a scanner snd the sudiee, as well as combinations of these, In
another aspect, other information may also or instead be msed to deternting whether 3 voxel
should be forbidden or permitied. For example, for o voxel to be forbidden, the process 70
muty provide a threshold for & minimum sumber of adiacent voxels that wre already identified
as forbidden. In another spect, the number of rays passing through a voxe! may be counted
and used, for example. as a nanimuom threshold for identtfving a voxel as forbidden, For
oochuded sorfaces of the seunned object, the process 700 may provide an offset or step wway
from the border ofthe ecclusion i a field of view, More generally, sny suiiable techniques
for chavacterizing @ voxel as containing or not containing the surface of interest may be
suttably employed to identify prohibited space us contemplated herein,

063]  Inoone aspect, voxels i a spatial puegin of one o wore voxels adfacent 1o a
surface of an object being scanned may beprevented frons being lagged as prohibited. That
is, w0 order 1o ensure accuracy ofthe model, anedisfely adiscont date may be inchded
regavdiess of whether su assvciated voxel is behieved to be unoveupied, The spatial margin

maay, for example, be a single layer of voxels, or a number or depth of voxels as determined,

for example, with reference to g standard deviation of z-axis measurements of @ scanner, Thus
for exanmple, w voxel may be trested as ‘penmitied” regardless of whether i is cecnpiod by

threg-dimensional data points f the voned {s within a distunce rom the surisee of 2 sean
subject that is less than one standard deviadion, two standard deviaiions, or sone other
mukiple of the standard deviation of z-axis messuraments of the scanser. By contrglling this
metric, & seanning process may include more or less marginal duia that 18 adjucent w bt not
on an inferred surface of the olyge
faad]  Asshown in step TO8, the proceks 700 may iclude storing an ndicaiion for

modified processing of the one ofthe plarality ofvoxels in the spattel matrix 710, After
completing this step for one or more of the pluradity of voxels, the spatial mabvix identifies «
prohibifed volume that includes one or more voxels within the scan space. It will be
understood that identifving the prohibited volome may be a cumudative process that s

repeated as cach new frame of three-dimensional date is repeated for a scan such ag the
seguenital swwans deseribed above, Thus for example, each frame of dala may provide different
inforuation on surfaces of the object that are cccloded, that have changed, o that have
disappearsd, and this information may be generatly used fo update the spatia] mutnix & any

suitable wav. In general, it 1s comternplated that every voxel of the maitix is a permitied voxel

A3y
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untif a reliable inforence can be made that the voxel should be prohibited. However, this 1s not
strictly requiesd, and vavintions to this nittad conditivn may be made withont depadiog from
the scope of this disclusre,

063 Asnofed sbove, a voxel in the prohibited volume - that {5, 8 voxel that

recedves modified proce ssariy a voxed that

ing - 15 not nece is unocenpied. Por example, ifa

mew frame of data provides a fiest instanee of a point, surface, or object that (s nol in a voxel
in previous frames of data, then the voxel is occupied oven though nominally ‘prohibited”.
Comversely, an uwnoccupied voxgl may be nominally ‘permitfed,” such as & nwrgin of voxels
around g surface of an obgect, or 3 voxed forwhich sefficient data bas not vet heen scgpired o
onclude that the voxel should recpive modified processing {that is, that the voxel is
‘prohibited). The prohibited vobwme may generally include more than one of the voxels in
the mesh or spatisl mais,

{066 The process 700 may then return 1o siep 704 where additional three-
dimensionad date is obtained.

8667 Concwrreatly with or subsequent fo e iderp heation 0f 3 prohibited
vidume, the process 700 may oogage in o three-dimensional scanning progess o obain 3
three-dimensional surface represontation o other digial model of's scan subject

{068 Axshown in step 712, the process 700 may include obiaining three-
dimensional dets, This ray be the same dala acguired in step 704, or different data. o somge
consbination of these.

168649 As shown in siep 714, one or mure cormesponding voxels may be identified
i the spatial manix THE Inthis sep, the Tocation roay be psed to refrieve & processing
mdicator such asa permitted’ or "Rerbidden’ fag for voxels from the spoifal matix 710, This
miprmation nsay i e be used 1o apply differential processing us deseribed below,

0781 As shown e step 716, the process TOG may inchade processing a portien of
the three-dimensional data thit s not i the prohibited volume - or alternatively stated, three-
demensional data that {5 in fhe permitied volume of the sean space —acconding to an

unnndified or normal pmc:c:ssing This may melude any pm‘cassing assocdnd with the

feature-based or other derfvation of individwal three-dimensional data points fom frames of

raton of three-dimensions] surfices and so forth, In general, # is

video or image diats, regist
contemplated that any three-dimenstonagd process that doos not use space carving or the ke
miay be porformed in an ‘snmodified’ processing step as that remm is used hereln, mchding
without mitation scquisition, disphoe, and refinement {for example, optimization, aor

mininvization, et} of 8 three-dimensional surface represeniation based on, for @

uple, o

seguence of frames of image dafa or the ke from o three-dimenstonal scanser,
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{0711 As shown in step 714, the process TOO may inclade processing @ portion of

14
the three-dimensional data that Is in the prohibited volome according to the modified
processing, Modified processing may include any processing suitabde for date in the
‘probibited” volume.

96727 Muodihed processing sy, for examphs, inchude selective use of thive-
dimensional data points in a three-dimensional  reconsirpetion actording 1o whether they arg
in prohibited or permitied voluraes ofthe scan space. For example, areconstruction process
may freat data within the prohibited volume as outlers that are excluded fom processing, Or
date it the prohibited volwee may be de-weighted or otherwise de-cmphasized i the

reconstuciion process. This duta exclusion or de-welghting may be perfonmed in & real thae

reconsimction progess while three-dimensional duta is being displeved, or in 3 post-

provessing refluement step, or some combinstion of these, Thas i one aspeat, modified
processing ncluedes omitting any points 1o the probibited volume from a high-acouraey
rfinement of the three-dimenstonal duta.

{90731 In another aspect, modiBied provessing may nclude controiling how data in
the prohibited volome bs displayed, For example, datg within the probibited volwme may he
excluded from display, or may be displaved temporurily using « brief decay time such sy L3
seconds ar any other short interval,

sing may inclode controliing how data tu

B874]  In another aspect, modified prog
the prohibited volume s used i 4 surface mesh of the three-dimensional data. For example,
points i the prohibited volume may be excluded from 2 surface mesh ofthe scanned ohject
crepted from the three-dimensionad {poind) daia using @ marching oubes grid or other surfice
miesh algorithm, In another sspect, wheye a processing grid for the surfiee mesh is identical
{or substantally identical} to the muesh of the spatial matrix, voxels fhom the prohibiied
volume may be oxcluded entirely from the surfhce mesh, Surfuce mesh generation i 8 kaowe
techmique for representing a three-dimensional shape as a collection of verices, edges and

faces thal form pelvgons (for exaraple, triangles, quadvilaterals), In one aspect, the processing

mesh for generating such a surface from the three-dimensionsl data may be co-extensive and
equally dimensioned with the mesh peed for the spatial matrix, although this s not sirieily
reguired. Thus in one aspect the mesh of the scan space used for the spautind matix may divide
the scan space o a spatial grid fhat is substantially identical to a second spatial grid used o
create a sweface mesh from the ihvee-dimensional data. In snother aspect, the meshes may

provide different provcessing reselutions andfor be unaligned spatially,

&

’.f

{75 After modified andfor unmodified processing has been performed on thyge-
i 33 3
e

T where additional three-diraensional

dimensional deta, the process THO mey return @ sep
data iz acgnired. This process 704 may continne wotd! & scan is manpally or avtomateatiy

stopped, or otherwise tenminated,

21

U 8
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96781 As such there is generally disclosed herem methods and svaie
differetial processing of daia in o tree-dimensionad dats acipadsition process asceoeling fo
where the data occurs in 8 sesn spaee. 1t will be appreciated that, while the process 700 of Fig,

.
!

7 is reprosemdative, munerous variations may be made withowt departing fromm the scope of the
ik k s & it

pveniion. For example space carving and date processing {for example, of steps 718, 718
may be performed independently, or within a single ropeating segpentfad process, or some
combination of these. In addition, identifying the prohibited volume, or portions thereot], may
be perfonued before, during, or after the data processing of steps 716 and 718, or some
combination of these, Sull more generally, any order and corshination of sieps thet might be
recognized as useful for identifying fubiddern/penuitied voxels in g scan space ot one hand,
and acquiring data for o 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.

{077 I will be appreciated that the processes and methods disclosed shove may
be realized in havdware, sofhware, or any cowbination of these suitable for the three-
dimeastonad imaging and modeling techniques described hovein. 1 will slso be appreciated
that the user interfices, pser interface controls, and methods of using same, as well asthe
visuallzations, digital model provessing snd anadysis, and rendering a5 deseribed herein may

simifarfy be exprossed as methods or processes ambuodied in hardware, software, and various
combinations thereof. Thus in one aspect there is disclosed hereire a computer program
prixioet comprising computer execotable code stored i a fransdiory or pontransiory mediom
that, when executing on ong or more eompaiers, performs sny one o more of the steps
described above.

{078)  This also includes realization (0 gne or more MICIOPIOCTSSONS,

ital

s o other

nmicrpcontroliens, cmbedded microconirollers, programmmable dighial signal proce
progranuable devices, along with internal andfor external memory, The hardware may alko,
or insiead, include one or more application gpecific indograted oirowits. progrmmable gaie
arvays, programmable array logic components, or any other deviee or devices thet may be
configured to process clectronie sigaals. | will fimther be appreciated that o realization may
fnclude computer excontible code crosied using a structured programming language such as
{7, an object ortented progremming fanguage such as U+, or any other high-tevel or low-
fevel progremaning lenguage (inchuding sssembly lunpuages, hardhware deseription languapes,
and database programuming languages and technologies) that may be stored, conpiled or
interpreted o num on one of the above dovices, as well as helerogeneouy combinations of
processors, processor archiisctres, or combingtions of difforent hardware and software, At

8

the same time, progessing may be disivibuied across dovices such as a camera andior

compoter in a noober of ways or all ofthe functionadity may be integrated o 5 dedicated,
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standalone imags capture device, Al such peranations and combinations are intended fo il
within the scope of the present diselosure,

0781 It will alse be spprecisted thal mueans for performing the steps sssoeiated
with the processes desceribed above may include any suitable components of the image
capinre svatem 10 deseribed above with reference 1o Flg, 1 along with any software anddor
hardware suitable for controlling operation of same. The user interfaces deseribed horein may,
for example, be rendered within the display 116 of the image capiure system J08 of Fig. 1.
All such realizations and meuns for performing the processes disclosed hereln are intended to
fell within the scope of this disclosure.

feeR0) Wihile fhe mvention has been disclosed It connection with certatn prefered
emhodiments, other smbodiments will be recognized by those of ordinary skill i the art, and
all such variations, modifications, and substitutions are intended to falwithin the scope of
this discloswre. Thus, the mvention is to bo understood with reference to the following claims,

\

which are to be interpreted e the broadest sense allowable by law.
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What s claimed s

i A roethod compriging:

storbeg 8 spatial maink i 3 menory; the spatiab seatrix tncheding tnforaation for a
plurality of voxels in a mesh of & scan space;

obfairong thres-dimensionad data fror an object within the scan space using a scanaer;

identifying a one of the phuality of voxels In the mesh that 1s snoccupied;

storing an indication n the spatial matrix for & modified processing of data from the one
of the plurality of vouels, thereby identifving a prohibited volume withan the scan space: and

processing @ portion of the three~dimensional data that is not i the prohibited volome
according to an ummodified provessing and processing a second portion of the three-dimensional

data thad is i the prohibited volume according to the maodified processing.

2. The method of clabm | whereln identifving the one of the plarality of voxels includes

tdentifving & plurality of poists o8 axay between the soasner and the object that are unocenpiesd

3. The method of clabm | further conaprising providing a spatial roargin of ose or more

voxels adjscent to & surface of the objest for which processing canaot be protnbied.

. The neethed of claim 3 whereto the spatis! margin s 2 maltiple of & standind deviation of

A z-axis measurement for the scenner,

3. The method of clatm | wherein the modifled processing includes detecting 4 potat i the

prohibiied volume and displaving the point with a detay thoe.

S The method of claim Dwherein the medified processing mcludes omitting any points in

the probibited volume from a surface mesh of the object crented with the three-dimensional data,

-

7. The method of claim & wheretn the mesh divides the scan space Info a spatial god

substantially identical 1o a sevond spatial gnid used to oreate the surfacs mesh,
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R, The method of clatm L wherein the moodified processing includes onmiiting any poinds n

the prohibited volume from a high-acouracy refinement of the theee-dimensivoal data,

&, The method of claim @ wherein the mesh of the scan spaee is subdivided fnto voxels

hawinge a substandially cubie shape,

1w The method of claim Swherein the substantially cubie shape measures about 230 microns

ont cach edge.

11 The method of olaim 1 wherein the prohibited volume includes more than one of the

plurality of voxels,

12 The method of claim | wherein the spatisl madrix includes a by flag for cach one of
the plurality of voxels that indicaies whether procossing is ponmitted or forbidden fora

corresponding vohume of the scan space.

i3 A computer progran produet compprisitg coniputer exscutable cote embodied on & no
transtiory compuics readable mediin that, whes excoting on oe o more compating devices,
performs the steps off

storing @ spatied mateix v a meroary, the spatial matax storing informatton for o plurality
of voxels m a mesh of 8 scan space;

obtsining three-imensions! daty froon an objec within the sean space sing a scanner;

dentifving one of the plarality of voxels i the mesh of the sean space that is wovcpied;

storing an bahication n the spatlel matriy for a modi fed processing of data fromy e one
of the plurelity of voxels that condains the poing, thereby identifving a probibited volume within
the scan space; and

processing a pottion of the three-dimensional data in the prolibited vohume sccording o
the modified processing and processing s second portion of the throe-dimensional data that isnot

i the probibiied volume sceording to s unmodified processing.

14, The computer program product of clain 13 wherein weotifving the one of the plurality of
vasels moludes identifving a plurality of points co a may botween the scanner and the object that

are unoccupied.

b
e
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{5, The computer program produet of ol 13 fughor coniprising code for providing a
spediad margin of ome o 1nore voxels adjacent 1o o sueface of the pbieot for which processing

vannet be prohibited

16 The compuier program product of clairn 15 wheretn the spattal mavein s a meliple of 2
g ¥ el e i

standard deviating of @ z-axis neasurement fHr the scannar.

17. The computer prograns prodod of claim 13 wheren the modified provessing inwludes

detecting a poind m the prohibiled volume and displaying the point with a decay time,

1% The computer program product of clalim 13 wherstn the modified processing nwlades
oymitting any points i the prohibited volume from a swrface mesh of the objeet created with the

three-dimensional data,

19, The corgputer program product of elaint 18 wherein the mesh divides the scwn space into

a spattal prd substantially identical to 2 second spatial grid used to oreate the swrfuce mesh.

pits The computer program presfuct of claim 13 wherein the modified processing inchudes
aritting any points in the probibited volume from a high-acouwracy refinement of the tree-

dimensional data.

21 The vemputer program product of slaim thwherein the mesh of the scun space s
subdivided into voxels having a substantisdly cubic shape.

22 The computer program product of claim 2 1 wherelt the substandially cubie shape

-

meastires about 23 mivrons on cach edge.

o2

23. The computer program product of olaim 13 wherein the probibifed volume mokdes more

than one of the plurality of voxels.
24, The compter program product of claim 13 wherein the spatial matery includes a binary

flag for each one of the plagality of voxels that indicates whether processing is porputied o

forbidden for 3 comesponding volume of the scan space.
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A sysiont comprising
3 seamer configured to oldain tree-dimensional dats from o objeet within a scan space;
a memory configured to store a spatial matrix that inchudes information for s phurality of
vonels o2 mesh of 3 sean space; and

aprocessor sonfigured to fdentity a point in the scan space that is wnoscepied, fostore an
ptioation w the spatial roatrix for o modified processing of datg frdm zoue of the phueainty of
voxels that contwins the point, thereby identifving a prohibited volume withinc the scan space, 10
process a portion of the three-dimensional data that is not @ the prohibited volume socording to
an nnmodified processing, and to process a second portion of the three-dimensional data that s in

the prohibifed volume aceording to the modified processing.

26 A systam comprising

storing means for storing @ spatial ety that inchades information for @ pluradity of
voxcls w a mesh of @ scan space;

seanning means for oblaining three-dinmensional duta from s objeet within the sean
space] and

provessing means for Wdentifving a point 1o the scan space that is nooeccuptad, storing e
mdicating in stoving means for s modified processing of data from a one of the plurality of voxels

a1 SPACE, PrOvessing

that containg the poini, thereby identifving a prohibited volame within the s¢
a portton of the theee-dimensional data that is not it the probubiied vohame according to an

iy 2 second portion of the three-dimenstonal data that is i

unmodified processing and proce

the prohibiied vohume according to the modified provessing,

t4
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Patent
32692 Case No.: 67245US004

Customer Number

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named Inventor: KRIVESHKO, ILYA A

Application No.: 14/000442 Confirmation No.: 8005
Filed: 17-FEB-2012
Title HYBRID STITCHING

INFORMATION DISCLOSURE STATEMENT

CERTIFICATE OF MAILING OR TRANSMISSION [37 CFR § 1.8(a)]

Mail StOp: Amendment I hereby certify that this correspondence is being:
Cornrnissioner fOI' Patents X transmitted to United States Patent and Trademark Office on the date shown below

via the Office electronic filing system.
P.O. Box 1450 e | |
eposited with the United States Postal Service on the date shown below with
Alexandria, VA 22313-1450 sufficient postage as first class mail in an envelope addressed to: Commissioner for
Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

[ 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

Dear Sir:

Pursuant to 37 CFR §§ 1.56, 1.97, and 1.98, enclosed is a completed Form PTO-1449,
citing references submitted for consideration by the Examiner. It is respectfully requested that
the Examiner initial and return the enclosed Form PTO-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

Xl 1tis believed that no fee is due; however, in the event a fee is required, please charge the fee
to Deposit Account No. 13-3723.

[] The fee required under 37 CFR § 1.17(p) will be paid at the time of EFS-Web submission. In
the event fees are not or cannot be paid at the time of EFS-Web submission, please charge
any fees under 37 CFR § 1.17 which may be required to Deposit Account No. 13-3723,

[ Please charge the fee provided in 37 CFR § 1.17(p) to Deposit Account No. 13-3723.
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Application No.: 14/000442 Case No.: 6724505004

Copies of Documents

Copies of any cited foreign patents, foreign publications, non-patent literature
documents, and any pending U.S. applications filed before June 30, 2003, are enclosed. Copies
of any pending U.S. applications filed after June 30, 2003 that can be accessed on the USPTO's
IFW system are not enclosed as per USPTO Waiver dated September 21, 2004. Copies of any
U.S. patents and published U.S. patent applications are not enclosed.

Respectfully submitted,
March 13, 2014 By: /Lance Vietzke/
Date Lance L. Vietzke, Reg. No.: 36,708

Telephone No.: 651-737-2180

Office of Intellectual Property Counsel
3M Innovative Properties Company
Facsimile No.: 651-736-3833
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UNITED STATES PATENT AND TRADEMARK OFFICE

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

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
14/000,442 08/20/2013 Ilya A. Kriveshko 6724505004
CONFIRMATION NO. 8005
32692 PUBLICATION NOTICE
3M INNOVATIVE PROPERTIES COMPANY
PO BOX 33427 ORI TR

ST. PAUL, MN 55133-3427

Title:HYBRID STITCHING

Publication No.US-2013-0329020-A1
Publication Date:12/12/2013

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

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

Address: COMMISSIONER FOR PATENTS
PO. Box 1450

Alexandria, Virginia 22313-1450
WWW.uspto.gov

| U.S. APPLICATION NUMBER NO. FIRST NAMED APPLICANT ATTY. DOCKET NO.
14/000,442 Ilya A. Kriveshko 6724505004
32692 | INTERNATIONAL APPLICATION NO. |
3M INNOVATIVE PROPERTIES COMPANY PCT/US12/25554
PO BOX 33427 LA. FILING DATE PRIORITY DATE
ST. PAUL, MN 55133-3427 02/17/2012 02/22/2011

CONFIRMATION NO. 8005
371 ACCEPTANCE LETTER

R

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 08/22/2013
DATE OF RECEIPT OF 35 U.S.C. 371(c)(1), DATE OF COMPLETION OF ALL
(c)(2) and (c)(4) REQUIREMENTS 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), (¢)(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

+ Authorization to Permit Access filed on 08/20/2013

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)

KAREN M WILLIAMS

Telephone: (571) 272-9075

page 1 of 1
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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 14/000,442
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
(37 OFR 1.16(a), (5), or (6)) N/A N/A N/A N/A 280
SEARCH FEE
(37 CFR 1.16(K), (), or (m)) N/A N/A N/A N/A 480
EXAMINATION FEE
(37 CFR 1.16(0), (p), or (a)) N/A N/A N/A N/A 720
TOTAL CLAIMS ] *
(37 CFR 1.16(i)) 24 minus 20= 4 OR |« 80 - 320
INDEPENDENT CLAIMS ] *
(37 CFR 1.16(h)) 4 minus 3 = 1 x 420 - 420
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 0.00
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* |f the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 2220
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
| Total . i - =
s (37 CF% ?.16(i)) Minus = OR |« =
a Independent * Minus | *** =
E (37 CFR 1.16(h)) = OR |« =
<§( Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
{Column 1) {Column 2) {Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
1N} Total * Minus * = =
= (37 CF% ?.16(i)) OR |x =
% Independent * Minus | *** = = OR |x =
L (37 CFR 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.
** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".
*** |f 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
FEE CALCULATION SHEET

Substitute for Form PTO-1360

Application Number

14000442

Filing Date

(For use with Form PTO/SB/06)

Applicant(s) IIya Kriveshko

* May be used for additional claims or amendments

CLAIMS AS FILED AFTER FIRST AFTER SECOND * * *
AMENDMENT AMENDMENT
Indep I Depend Indep I Depend Indep I Depend Indep I Depend Indep I Depend Indep 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 75
26 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 Indep 4 0 0

Total 20 ‘J 0 ‘J 0 ‘J
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UNITED STATES PATENT AND TRADEMARK OFFICE

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

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION FILING or GRP ART
NUMBER 371(c) DATE UNIT FIL FEE RECD ATTY.DOCKET.NO TOT CLAIMS|IND CLAIMS
14/000,442 08/20/2013 2220 67245US004 24 4
CONFIRMATION NO. 8005
32692 FILING RECEIPT
3M INNOVATIVE PROPERTIES COMPANY
PO BOX 33427 R0 AR
000000063524503

ST. PAUL, MN 55133-3427
Date Mailed: 09/04/2013

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

Inventor(s)
llya A. Kriveshko, Littleton, MA;
Benjamin Frantzdale, Shrewsbury, MA;
Applicant(s)
llya A. Kriveshko, Littleton, MA;
Benjamin Frantzdale, Shrewsbury, 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/US12/25554 02/17/2012
which claims benefit of 61/445,464 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: 08/29/2013
The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 14/000,442

page 1 of 3
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Projected Publication Date: 12/12/2013
Non-Publication Request: No

Early Publication Request: No
Title

HYBRID STITCHING

Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for AlA (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 USPTO 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-HALT (1-866-999-4258).

page 2 of 3
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LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

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).

SelectUSA

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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FORM PTO-1390
(REV 09-2007)

U.S. DEPARTMENT OF COMMERCE PATENT AND TRADEMARK OFFICE DATE:
TRANSMITTAL LETTER TO THE UNITED STATES August 20, 2013
DESIGNATED/ELECTED OFFICE (DO/EO/US) ATTORNEY DOCKET NUMBER
CONCERNING A FILING UNDER 35 USC § 371 6724505004

U.S. APPLICATION NO.
(if known, see 37 CFR § 1.5)

INTERNATIONAL APPLICATION NO. | INTERNATIONAL FILING DATE | PRIORITY DATE CLAIMED
PCT/US2012/025554 February 17, 2012 February 22, 2011

TITLE OF INVENTION
Hybrid Stitching

APPLICANT(S) FOR DO/EO/US
llya Kriveshko, Benjamin Frantzdale

Applicant herewith submits to the United States Designated/Elected Office (DO/EO/US) the following items and other

information:
1.

2.
3.

OXOcoocoNRoodeoes O OOK

10.

Items 11 to

This is a FIRST submission of items concerning a filing under 35 USC § 371.
This is a SECOND or SUBSEQUENT submission of items concerning a filing under 35 USC § 371.

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.

The US has been elected (Article 31).

A copy of the International Application as filed (35 USC § 371(c)(2)).

[ is attached hereto (required only if not communicated by the International Bureau).

[ has been communicated by the International Bureau.

X is not required, as the application was filed in the United States Receiving Office (RO/US)

An English language translation of the International Application as filed (35 USC § 371(c)(2)).

[ is attached hereto

[0 has been previously submitted under 35 USC § 154(d)(4)

Amendments to the claims of the International Application under PCT Article 19 (35 USC § 371(c)(3
[ are attached hereto (required only if not communicated by the International Bureau).

[0 have been communicated by the International Bureau

[ have not been made; however, the time limit for making such amendments has NOT expired
X have not been made and will not be made.

An English language translation of the amendments to the claims under PCT Article 19 (35 USC § 371(c)(3)).
An oath or declaration of the inventor(s) (35 USC § 371 (c)(4)).

An English language translation of the annexes to the International Preliminary Examination Report under PCT
Article 36 (35 USC §§ 371(c)(5)).

20 below concern document(s) or information included:

11. [ AnInformation Disclosure Statement under 37 CFR §§ 1.97 and 1.98

12. [ An executed Assignment to 3M Innovative Properties Company will follow.

13. [ A Preliminary Amendment.

14. [X] An Application Data Sheet under 37 CFR § 1.76.

15. [ A substitute specification.

16. [ A power of attorney and/or change of address letter.

17. [0 A computer-readable form of the sequence listing in accordance with PCT Rule 13fer.2 and 37 CFR §§ 1.821 —
1.825.

18. [ A second copy of the published international application under 35 USC § 154(d)(4).

19. [ A second copy of the English language translation of the international application under 35 USC § 154(d)(4).

20. [0 Otheritems or information:

Customer Number for
Correspondence Address: _153_2692




INTERNATIONAL APPN. NO.:
PCT/US2012/025554

U.S. APPLN. NO. (if known, see 37 CFR § 1.5):

ATTORNEY'S DOCKET NO.:

67245US004

The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use
Only
21. Xl Basic national fee (37 CFR 1.492(8))........ccoeeeeeeeeeieeeeeeeeeee e, $280 280
22. X Examination fee (37 CFR 1.492(c))
If the written opinion prepared by ISA/US or the international preliminary examination report
prepared by IPEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4)................. $0
P oY T T (0= T $720 720
23. XI Search fee (37 CFR 1.492(b)(1))
If the written opinion prepared by ISA/US or the international preliminary examination report
prepared by IPEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4).....c............ 0
Search fee (37 CFR 1.492(b)(2)) has been paid on the international application to the
USPTO as an International Searching AUthOrity..........oiieiiiiii e e $120
International Search Report prepared by an ISA other than the US and provided to the 4380
Office or previously communicated to the US by the IB........cooiiiiiiiiiii e $480
F N oY T T 0 =i o PP $600
l TOTAL OF 21,22 and 23= $1,480.00
Additional fee for specification and drawings filed in paper over 100 sheets (excluding
I:I sequence orcomputer program listing fied in an electronic medium). The fee is $400 for each
additional 50 sheets of paper or fraction thereof.
Fee Calc Number Filed Minus 100 Divide by 50 Calc.E xtra Rate (for Fees
ea.add'l 50)
Application
Sie Fee 43 100 50 0 $400.00 $0.00
Surcharge of $140.00 for furnishing the oath ordeclaration later than 30 months from $0.00
the earliest claimed priority date (37 CFR § 1.492(e)).
CLAIMS NUMBER FILED EXTRA RATE Fees
T otal claim s 24 -20 = 4 x $80.00 320.00
Independentclaims 4 - 3 = 1 x $420.00 420.00
Add'l fee forone or more multiple dependent claims $780.00 $0.00
Total Amount Due $2,220.00
I:I Applicant claims small entity status. See 37 CFR § 1.27. $0.00
The fees indicated above are reduced by 1/2.
SUBTOTAL = $2,220.00
Processing fee of $140.00 for furnishing the English translation laterthan 30 months $0.00
from the earliest priority date (37 CFR § 1.492(f)).
TOTAL NATIONAL FEE = $2,220.00
Fee for recording the enclosed assignment (37 CFR § 1.21(h)). The assignment must be $0.00
accompanied by an appropriate cover sheet (37 CFR §§ 3.28, 3.31). $40.00 per property
TOTAL FEES ENCLOSED = $2,220.00
Amountto be|$
refunded:
Amount to be $2,220.00
charged

deposit account.

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

hereby requested. Please credit any overpayment to the same deposit account.

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

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: Registration Number:
Lance L. Vietzke 36,708

Address: Office of Intellectual Property Counsel P.O. Box 33427

3M Innovative Properties Company

St. Paul, Minnesota 55133-3427

Customer Number for
Correspondence Address:

1632692




FORM PTO-1390
(REV 09-2007)

U.S. DEPARTMENT OF COMMERCE PATENT AND TRADEMARK OFFICE DATE:
TRANSMITTAL LETTER TO THE UNITED STATES August 20, 2013
DESIGNATED/ELECTED OFFICE (DO/EO/US) ATTORNEY DOCKET NUMBER
CONCERNING A FILING UNDER 35 USC § 371 6724505004

U.S. APPLICATION NO.
(if known, see 37 CFR § 1.5)

INTERNATIONAL APPLICATION NO. | INTERNATIONAL FILING DATE | PRIORITY DATE CLAIMED
PCT/US2012/025554 February 17, 2012 February 22, 2011

TITLE OF INVENTION
Hybrid Stitching

APPLICANT(S) FOR DO/EO/US
llya Kriveshko, Benjamin Frantzdale

Applicant herewith submits to the United States Designated/Elected Office (DO/EO/US) the following items and other

information:
1.

2.
3.

OXOcoocoNRoodeoes O OOK

10.

Items 11 to

This is a FIRST submission of items concerning a filing under 35 USC § 371.
This is a SECOND or SUBSEQUENT submission of items concerning a filing under 35 USC § 371.

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.

The US has been elected (Article 31).

A copy of the International Application as filed (35 USC § 371(c)(2)).

[ is attached hereto (required only if not communicated by the International Bureau).

[ has been communicated by the International Bureau.

X is not required, as the application was filed in the United States Receiving Office (RO/US)

An English language translation of the International Application as filed (35 USC § 371(c)(2)).

[ is attached hereto

[0 has been previously submitted under 35 USC § 154(d)(4)

Amendments to the claims of the International Application under PCT Article 19 (35 USC § 371(c)(3
[ are attached hereto (required only if not communicated by the International Bureau).

[0 have been communicated by the International Bureau

[ have not been made; however, the time limit for making such amendments has NOT expired
X have not been made and will not be made.

An English language translation of the amendments to the claims under PCT Article 19 (35 USC § 371(c)(3)).
An oath or declaration of the inventor(s) (35 USC § 371 (c)(4)).

An English language translation of the annexes to the International Preliminary Examination Report under PCT
Article 36 (35 USC §§ 371(c)(5)).

20 below concern document(s) or information included:

11. [ AnInformation Disclosure Statement under 37 CFR §§ 1.97 and 1.98

12. [ An executed Assignment to 3M Innovative Properties Company will follow.

13. [ A Preliminary Amendment.

14. [X] An Application Data Sheet under 37 CFR § 1.76.

15. [ A substitute specification.

16. [ A power of attorney and/or change of address letter.

17. [0 A computer-readable form of the sequence listing in accordance with PCT Rule 13fer.2 and 37 CFR §§ 1.821 —
1.825.

18. [ A second copy of the published international application under 35 USC § 154(d)(4).

19. [ A second copy of the English language translation of the international application under 35 USC § 154(d)(4).

20. [0 Otheritems or information:

Customer Number for
Correspondence Address: -16‘3-2692




INTERNATIONAL APPN. NO.:
PCT/US2012/025554

U.S. APPLN. NO. (if known, see 37 CFR § 1.5):

ATTORNEY'S DOCKET NO.:

67245US004

The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use
Only
21. Xl Basic national fee (37 CFR 1.492(8))........ccoeeeeeeeeeieeeeeeeeeee e, $280 280
22. X Examination fee (37 CFR 1.492(c))
If the written opinion prepared by ISA/US or the international preliminary examination report
prepared by IPEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4)................. $0
P oY T T (0= T $720 720
23. XI Search fee (37 CFR 1.492(b)(1))
If the written opinion prepared by ISA/US or the international preliminary examination report
prepared by IPEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4).....c............ 0
Search fee (37 CFR 1.492(b)(2)) has been paid on the international application to the
USPTO as an International Searching AUthOrity..........oiieiiiiii e e $120
International Search Report prepared by an ISA other than the US and provided to the 4380
Office or previously communicated to the US by the IB........cooiiiiiiiiiii e $480
F N oY T T 0 =i o PP $600
l TOTAL OF 21,22 and 23= $1,480.00
Additional fee for specification and drawings filed in paper over 100 sheets (excluding
I:I sequence orcomputer program listing fied in an electronic medium). The fee is $400 for each
additional 50 sheets of paper or fraction thereof.
Fee Calc Number Filed Minus 100 Divide by 50 Calc.E xtra Rate (for Fees
ea.add'l 50)
Application
Sie Fee 43 100 50 0 $400.00 $0.00
Surcharge of $140.00 for furnishing the oath ordeclaration later than 30 months from $0.00
the earliest claimed priority date (37 CFR § 1.492(e)).
CLAIMS NUMBER FILED EXTRA RATE Fees
T otal claim s 24 -20 = 4 x $80.00 320.00
Independentclaims 4 - 3 = 1 x $420.00 420.00
Add'l fee forone or more multiple dependent claims $780.00 $0.00
Total Amount Due $2,220.00
I:I Applicant claims small entity status. See 37 CFR § 1.27. $0.00
The fees indicated above are reduced by 1/2.
SUBTOTAL = $2,220.00
Processing fee of $140.00 for furnishing the English translation laterthan 30 months $0.00
from the earliest priority date (37 CFR § 1.492(f)).
TOTAL NATIONAL FEE = $2,220.00
Fee for recording the enclosed assignment (37 CFR § 1.21(h)). The assignment must be $0.00
accompanied by an appropriate cover sheet (37 CFR §§ 3.28, 3.31). $40.00 per property
TOTAL FEES ENCLOSED = $2,220.00
Amountto be|$
refunded:
Amount to be $2,220.00
charged

deposit account.

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

hereby requested. Please credit any overpayment to the same deposit account.

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

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: Registration Number:
Lance L. Vietzke 36,708

Address: Office of Intellectual Property Counsel P.O. Box 33427

3M Innovative Properties Company

St. Paul, Minnesota 55133-3427

Customer Number for
Correspondence Address:

1692692




PTO/AIA/14 (03-13)
Approved for use through 01/31/2014. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persoens are required to respond to a collection of information unless it contains a valid CMB control number.

) ) Attorney Docket Number | 67245U3004
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention HYBRID STITCHING

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
[] 37CFR5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.}

Inventor Information:
Inventor 1

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
ILYA A KRIVESHKO

Residence Information (Select One) (¢ US Residency () NonUS Residency () Active US Military Service

City | LITTLETON State/Province | MA Country of Residence i | US

Mailing Address of Inventor:

Address 1 P.O. Box 33427

Address 2

City St. Paul | State/Province | MN
Postal Code 55133-3427 | Country i us

Inventor 2

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
BENJAMIN FRANTZDALE

Residence Information (Select One) (¢ US Residency () Non US Residency () Active US Military Service

City | SHREWSBURY State/Province | MA Country of Residence i | US

Mailing Address of Inventor:

Address 1 P.0. BOX 33427

Address 2

City SAINT PAUL | State/Province | MN
Postal Code | 551333427 | Country i | us

All Inventors Must Be Listed - Additional Inventor Information blocks may be

generated within this form by selecting the Add button. Add

Correspondence Information:

Enter either Customer Number or complete the Correspondence Information section below.
For further information see 37 CFR 1.33(a).
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PTO/AIA/14 (03-13)

Approved for use through 01/31/2014. OMB 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 OMB control number.

Attorney Docket Number | 67245U3004

Application Data Sheet 37 CFR 1.76 —
Application Number

Title of Invention HYBRID STITCHING

[ ] An Address is being provided for the correspondence Information of this application.

Customer Number 32692

Email Address | AddEmail |  [Remove Email

Application Information:

Title of the Invention HYBRID STITCHING

Attorney Docket Number| 67245US004 Small Entity Status Claimed [ |
Application Type Nonprovisional

Subject Matter Utility

Total Number of Drawing Sheets (if any) Suggested Figure for Publication (if any)

Publication Information:
[ ] Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Req uest Not to Publish. I hereby request that the attached application not be published under

[] 35U.5.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 (O US Patent Practitioner | (O 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.5.C. 119(e) or 120, and 37 CFR 1.78.

Prior Application Status | Pending
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD)
a 371 of international PCT/US2012/025554 2012-02-17
Prior Application Status | Expired
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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 OMB control number.

Attorney Docket Number | 67245U3004

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention HYBRID STITCHING

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD)
PCT/US2012/025554 non provisional of 61/445464 2011-02-22

Additional Domestic Benefit/National Stage Data may be generated within this form =3
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 (PDX) lthe information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(h}{1) and {2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received hy the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(1).

[ Remove |
Application Number Country | Filing Date (YYYY-MM-DD) Access Code' (if applicable)
Additional Foreign Priority Data may be generated within this form by selecting the
Add button. Add

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition
Applications

This applicaticn (1} claims priority to or the benefit of an application filed before March 16, 2013 and (2) also

[ ] 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
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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 OMB control number.

Attorney Docket Number | 67245U3004

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention HYBRID STITCHING

If checked, the undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO),

the Japan Patent Office (JPQ), the Korean Intellectual Froperty Office {(KIPQO), the World Intellectual Froperty 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 EPQO, 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.8.C. 119(a)-{d) if a copy of the foreign application that satisfies the cettified 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 of filing 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

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 he

identified in this section.

(&) Assignee (O Legal Representative under 35 U.S.C. 117 (O Joint Inventor

O Person to whom the inventor is obligated to assign. O Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

Name of the Deceased or Legally Incapacitated Inventaor :

If the Applicant is an Organization check here.

Organization Name

3M INNOVATIVE PROPERTIES COMPANY

Mailing Address Information:

Address 1 P.C. BOX 33427

Address 2

City St. Paul State/Province MN
Country 1| US Postal Code 55133-3427
Phone Number Fax Number
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Attorney Docket Number | 67245U3004

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention HYBRID STITCHING

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 Title 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).

Remove

If the Assignee is an Organization check here. []

Prefix Given Name Middle Name Family Name Suffix

Mailing Address Information:

Address 1

Address 2

City State/Province
Country i Postal Code
Phone Number Fax Number

Email Address

Additional Assignee Data may be generated within this form by selecting the Add button.

Signature:

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 Last Name | VIETZKE Registration Number | 36708
Additional Sighature may be generated within this form by selecting the Add button. Add
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Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | 67245U3004

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention HYBRID STITCHING

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 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 OCffice, 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.5.C. 2(b)(2); (2) furnishing of the information sclicited 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.S5.C. 552)
and the Privacy Act (& 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.

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.

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.

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).

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.

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)).

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.5.C. 2904 and 2906. Such disclosure shall be made in accordance with the
GS8A 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.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant
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.

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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Case Na! 6‘?2.45USB{}4
DECLARATION AND POWER OF ATTORNEY, TR, S
FOR UTILITY OR DESIGN First Named Inventor: | fiya A Kriveshka
PATENT APPLICATION (37 CFR § 1.63) COMPLETE IF KNOWN

Application No.:

£ pedaration Subimifted E} Uechdiation Submitted alied Filing Bate:
with Initial Filing Initial Filing {surcharge 37 CFR
8 ‘?-W{eif required)

Confirmation No..

Ag @ below named inventor, | hereby declate that my residence, mailing address, and cilizenship are as staled below next 0 7y
name, and that ! belleve ! am an original, first. and sole inventor {if only one name 15 listed below} or an origingl, first, and jeint
invantar (it plural names are listed below) of the suBject malter which is claimed and for which a patent is sought on the invention
entilled:

| ] , HYBRID STITCHING

The specification of which

1 is attached hersto;

[ was filed on i ' ‘ |
as United States Application No. i ]
4 is identified as PCT intemational Application No. '[ POTIIS201 205858 !
filed on February 17, 2012 |
and was amended on | ] | (it applicable).

I hergby slate that | have raviewed and understand the conlents of the above-identified specification, including the claims, as
amended by any amendment specifically referred to above:

{ acknowledge the duly o disclose all information known 1o me o be matenal to patentability as defined in 37-CFR § 158, including
for continuation-in-part applications, malerial information which became available between the filing date of the pdor appiication and
the national ar PCY internalionat filing date of the continuation-in-part application.

{ hereby claim foreign priority benefits under 35 USC 88 118{aj-{d) or {f). or 385{b) of any foreign application{s} for palent, invenier's
or plant breeder’s rights cedificate(s), or 365{a) of any PCT international application which designated at least one country oifiés than
the United Siates of Americs, listed below and have aisc idepiified below, by checking the box, any foreign application for gatent;
inventors or plant breeder's rights cerificate{s), or any PCT international application having & filing date befere that of fhe application
on witich priority is clainied.

Friat Foreign Forelys Filing Date Priarity NGY Uit Copy Attached |
Application No. Country ‘ MMIDDAYYYY) Claimed YEX LONO
N : . ST
| L L
S 1{ h '}
L E ek e

¥ hereby appoint Practiioners at Cuslomer Namber 32692 a5 my allorneys andior agents wilh full powers {including the powers of
appuintment, subslution, and revocalion) to prosecute this application and any division, continuation, Continualion-in-pard,
reexamination, or reissus thereof, and to transact all business in the U5, Patent and Trademark Office connected therewith.

Customer Number for ,
Practitioner of Record: 32692

! also appoint the following Practitioners as my altorneys andior agents with full powers {including the powers of appointinent,
substitulion, and ravocation) {o. prosecute this application and any division, continuafion, conlinuation-in-part, reexaminalion. of
reissue heredf, and lo fransact all buginess in the U.G. Patent and Trademark Office connected therewith; None

Dleclaration aml Power of Altorney Page 1 af2 Case Mo 87745US004
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The mailing address and the telephong number of the above-identified aliorneys andfor agents ave that of Customer No, 32882,
Inquiries segarding this application can be made to

Atention: Lance L. Vietrke

Office of Inteliectual Property Counsel
b novative Poperies Gampany
Telephione No. 851-737-2180

| hereby declare thatl alt statements made herein of my own knowledge are trug and thal alf stalements made on information and
belief are belleved 10 be true; and further thal these statements were made with the knowledge that willful false siatements and the
like so made are punishable by fine or imprisonment, or beoll, under 18 USC § 1001 and that such willful false statements may
jeopardize the walidity of the application or any patent issued thereon,

NAME OF SCHEOR BIRET WVENTOR: {1 Apetition has-been filed for this unsigned inventor.

§ Svan Nam (s 0 mndy Family Nama o Burname! ;
i Hhya A, Kriveshko
§ invest ' Raje: !
3 ,.\“"" ¥ = ; k : - LI @ /2fé@ /"S
Fevidenks F—— Country: R '

Littleton, Massachusetis LISA United States of Amerca

‘Mailing Address:

PO Box 33427, Si. Paul, Minnesota 55133-3427, USA

[3 A petition has been filed for this unsigned inventor.

Farnily Name or Sumame;

Henjamin ’ Frantzdale
1 nventass Signaiune Daia:
. Residence B Country: | Chizenship:

Shrewsbury, Massachusells LiSA United States of America
CRRNg AddrEss. e —m

0. Box 33427, St Paul, Minnesata 55133-3427, USA

Declaration and Power of Altorpey Page 2ol 2 Case No.: 67245U5004
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| Case No 572455004
First MNamned inventor. | liva & Kriveshko

] . COMPLETE IF KNOWN
Application No.:

X1 Dedaration Submitted D Declaration Subrmittad after Fiding Date:
with Initial Filing Initiat Fling (surcharge 37 CFR
5§ 1.16{e} required)

DECLARATION AND POWER OF ATTORNEY,
FOR UTILITY OR DESIGN
BATENT APPLICATION (37 CFR § 1.63)

. Confimnation Mo

Ag a below narnad inventor, | hereby deckare that my residence, malling address, and citizenship are as stated below next o my
name, and that | believe | am an osiginal, first, and sole inventor {if only one name 8 listed below) or an original, first; and joint
inventor (f piural names are listed below!} of the subject matter which is claimet and for which a patent 15 sought on the invention
entitled:

HYBRIDSTITCHING
The specificaion of which

{1 is attsched hereto;
[T was fied o . —

as tnited States Appiination No. i T 5
is identified as PCY interaational Application No. ] PCTIUS2012075554

filed on February 17, 2012 i
and was amended on rwv_““ﬂ____—m—} {if applicabie).

{ hereby sfate thai | have reviewed and understand the contedls of the above-identified specification, indluding the claims, as
amended by any amendment specifically referred 1 abave.

i acknowledge the duly to disgipse. a¥t iformation known o me o be malsral to patentabilty as defined in 37 CFR § 1.58, incltding
Jor continuation-in-part applicetions, materigl information which becams available between fhe Rling date of the prior application and
the national or PCT intgrnational fitng date of the sontinuation-in-part application.

i hersby claim foreign priarity banafits under 35 USC 8§ 118¢a)-id) or (f), vr 365{b} of any foreign application{s} for patent, invenior's
or plant breeders rights canificatels), 'or 3t5{a) of any PCT international application which designated at least one countey other thas
the Uniled States-of America, fisted balow and have alse identified balow, by checking the box, -any forelgn. application for patent,
nventnd’s or Hlant breeder's rights cerlificate(s), of any PCT international application having-a fillng date before thai of the applicatios
ot which priortty is Qaimed.. '

Prior Foreign ' Faoreign Fiting Date Priority NOT T Ceriied Gopy Atlared
Application Mo, Country (MDD YYY) Claimed YES NG
. - AR NEN e " T _
— — T I — A
. e U | W

t heraby appoint Praclitioners at Qustomer Mumber 32692 as my atiomeys andior agents with full powers (inchiding the powess. of
appointment, substitution, and revocation) o prosecute this application and any division, continuation, continuaicn-in-patt,
feaxamination, of reissue thereof, and fo transact all business s the U S, Patent and Trademsrk Office connedad therewith.

Customer Number for ’
Practitioner of Record: 32682

I alse appoint the following Practlioners as my atforneys andior agents with full powers {including the powers of appointrisn,
substitution, and revocation} to prosecute this application and any division, continpation, saniinuation-{n-part, regxamination, or
reissue thereof, and {0 transact all business in the U.S. Pateni and Trademark Office connacied therewith: Nong

Decaation and Puwer of Attoroey Page 1of 2 Case Noo 8974505004
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The mailing address and the telephiane number of the ahove-identified attovneys andfor agents dre that of Customer No. 32882,

Inquiries egarding this application can be made to:

Attention: Lance L. Vicizrks

Office of inteliectual Propesty Counsel
3k Innavative Properties Company
Telephone No.: 581-737-2180

{‘hereby declare that all statements made herein of My own knowledge are frue and that alf statements made on informsaticn and
belief are belisved to betme; and futher that these staterments were made with the knowledge that witfil false staterments and the
ke so.made are punishable by fine or imprisonment, o both, under 18 USC § 1001 ard that such willlu! false statements may
jeopardize the validity of the application or any patent issued thereon.

NAME OF 80&.{5 OR FIRST lNVEP&TGR

 Given Name (rst and faddie [Fanyl

1 Apetition bas been filed for this trsi gnFﬂ inventor:

Family Name or SUTame;

fya A, Kriveshko
inventors Signature. Diate:
 Residaocer Countyy: Citwenship:
Littleton, Massachusetis usa | Umited States of America

Mailing Address.
P Box 33427, St Paul, Misnesota 55133-3427, USA

NARE OF JOIMY INVENTOR, F anv:

[} A pstiion has been filed for this unsigned inventar.

Given Name {first and mwidie I anyly

} Famity Name or Sumams:

Benjamin Frantzdale

tnventar's &agnam:e B f,év_:ti.,] Dater ~ L
N N A O Ay 20

2, [T s Ay

Residence ] Country: Cilizership: R

Shrewsbury, Massachiuselis USA | Lirited Siates of America

Raiiing Address

P.O. Box 3342? St. Pau Minnesota 65133-3427, USA

Dectaration ard Power of Atfomey Page2of 2 Case Mo, 8724808004
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Electronic Patent Application Fee Transmittal

Application Number:

Filing Date:

Title of Invention:

HYBRID STITCHING

First Named Inventor/Applicant Name:

ILYA KRIVESHKO

Filer:

Robert V. Heiti/ANGELA ZONTELLI

Attorney Docket Number:

67245U5004

Filed as Large Entity

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

Description Fee Code Quantity Amount Sullaj-s'l's(tsa)l in
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 4 80 320
Independent claims in excess of 3 1614 1 420 420

Miscellaneous-Filing:
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Description Fee Code Quantity Amount Sullaj-s'l's(tsa)l in
Petition:
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:
Extension-of-Time:
Miscellaneous:
Total in USD ($) 2220
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Electronic Acknowledgement Receipt

EFSID: 16631359
Application Number: 14000442
International Application Number: PCT/US12/25554
Confirmation Number: 8005

Title of Invention:

HYBRID STITCHING

First Named Inventor/Applicant Name:

ILYA KRIVESHKO

Customer Number:

32692

Filer:

Robert V. Heiti/ANGELA ZONTELLI

Filer Authorized By:

Robert V. Heiti

Attorney Docket Number: 67245U5004
Receipt Date: 20-AUG-2013
Filing Date:
Time Stamp: 12:02:02

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 $2220

RAM confirmation Number 9355

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 1.76(Patent application and reexamination processing fees)




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 —r . File Size(Bytes Multi Pages
Document Description File Name ( y V . . 9
Number Message Digest | Part/.zip| (ifappl.)
109888
1 Transmittal of New Application Transmittal_67245US004.PDF no 2
5353a770989949d6d006bb99117b6fbbc3
4f75af
Warnings:
Information:
1503473
2 Application Data Sheet ADS_67245US004.PDF no 7
2345bae90ec4163bla4c0a3d05a427f16e2
7fe5a
Warnings:
Information:
DeclarationSi d_67245US00 986599
3 Oath or Declaration filed eclaration Lg:;F— no 4
’ 9ch2b45ed4a3c06a5477e250a73f707263a2
b8e70
Warnings:
Information:
38021
4 Fee Worksheet (SB06) fee-info.pdf no 2
6f77b1b2e51e7b98b1b4e3f8380a2d87ad?2)]
5928a
Warnings:
Information:
Total Files Size (in bytes); 2637981

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 Applications 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 Application 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 Application 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 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) 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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PCT/US12/25554

8724500003

PLT REQUEST

144

Chriginal {for SUBMISSION )

) For receiving DHice use only —
81 international Apglication No. PCT/US12/25554
-2 iternational Filing Date )
(17.02.12) 17 FEB 2012
6.3 Nams of receiving Olffice and "PCT '
intermnational Application” PCT INTERNATIONALAPPLICATION RO/US
63 Form PG TROMU4 POT Roquest
0-4-1  iFrepared Using PCT~-3AFE [RASY mode]
Version 3.51.053.22% MT/FOP
7 2&120101{0‘23v5i19
0.5 Petitlon
The undersigned requests that the
pregent international application be
processed acording to the Patsnt
) Cooperation Trealy 7 ]
05 [Recelving Office {specified bythe  Injiced States Patent and Trademark
aoplicany Office (USPTO) (RO/US)
8.7 Applicant’s or agent's fite reference S7245WO003
- Titte of Invention |MYBRID STITCHING
i lAppiicant )
{1 This personis h?pl igant iny
b-2 Applicant far All designated States sxcept US
Hed Nams 3M INNQOVATIVE PROPERTIES COMPANY
15 Address 3M Center
Post COffice Box 33427
Saint Paul, Minnesota 55133-~-3427
United States of Amevica
i-6 State of nationality R
n-7 State of residence us
M-8 Totephone Ne. (651} 733-1500
-2 Faesimile No, {651) 736-7586
-1 Applicant andlor inventor )
Hi-1-1 {This person s applicant and inventor
12 jApplcent for Us only
HE1-4  Name (LAST, First) KRIVESHKO, Ilva A.,
M35 Address 86 Foster Street
Littleton, Massachusetts 01460
United States of America
18 {Btate ot rigtinnality us
1-1-7  |Siate of residence us
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PCT/US12/25554

8724

A5WO003

PCT REQUEST

2i4

Criginal {for SUBMISSBION )

-2 Applicant and/or inventor
H-2-1 [This person is Applicant and inventor
HE-2-2  {Applicent for Us only
W2-4  IMame (LAST, First) FRANTZDALE, Benj amin
H-2-3  Address 21 Wormwood Street
WNo. 420
Bogton, Masasachusetis 02421
United States of America
H-2-6 Siate of nationality g
W27 {State of residence IS
-1 Agent br COmMMon Yepresemntalive; oF
adidress for correspondensge
The parson dentified below s hereby
has been appointed 10 act on behalf of Agent
the applicant(s) before the compatant
international Authorities as:
W1t e {LAST, First) VIETZKE, Lance L.,
12 iAddress 3M Center Office of Intellectual
Property Counsel Post Office Box 334237
Saint Paul, Minnesota 535133-3427
United States of America
.13 (Telaphons No. (651} 737-2180
814 [Facsimile No. {651) 738-7S86
Wet-6  Agents reqistration No. 36708
Wz |Additional agentis) additional agent(s) with same address as
first named agsant
1:2-1  iName(s) REODES, Kevin H., {42102} ; BLANK, Colens
H., (41086} ; FLORCZAK. Yen Tong, {45163} ;
HARTS, Dean M. ,(47634); LITTLE, Douglas
B., {28435} ; MAXYI, Eloise J., {33418);
MILLER, William D., {37988} ; QLSON, Petervr
Ti. . {35308) ; RINGERED, Ted K., (35658);
SRKOLNICK, Steven E., {(33783); SPRAGUE,
Roberkt W., (30487)
Y DESIGNATIONS '
Vi The fifiny of this reguest constitutes
undar Role 4.8{a}, the designation of
2it Contracting States hound by the
PCT an the intermnations! filing date,
for the grant of svery kind of
protection gvaitable and, where
applicable, for the gram of both
regional and national patents.
Vist [Priotity clainy of sarlier national
application
Vi1t (Riling datg 22 February 2011 {22.02.23011)
V12 [Number 51/445,464
Vi-13  iCountty ug
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PCT/US12/25554

B7245W0003

PCT REQUEST

5/4

Qriginal {for SUBMISSION }

Vi-g

Priority docuraent reguest B

The receiving Office is reqguested o
prepars and teansmit 10 the Intemational
Buregu a cartifted copy of the earier
application(s) identified above as
ilemis)

Vi-1

Vi3

Incorporation by reference :

whers an alament of the imarnational
application réferred to in Arlicle
PHOVHHIN A or {o) or a pan of the
description, taims or drawings referred
toin Hule 20,581 is nof otherwise
oantained ia this intermatitnal applcation

application whose priosity is claimed on
the dale on which one ormore elaments

ireferred oin Arficle 11T RED were first

received by s receiving Office, that
stement or part s, subiectto coufi-
mation under Rule 2008, incorporatad by
reference in this Internationat application

for the purposes of Rule 20 6

ot s completely containad i an earlisr |

WiH-1

international Searching Auéhavﬁty
Chogen

Korean Intellectual Property Office

{ISA/KR)

Vi
Wikt

VHE2

VHER

Yk

ViR

Declarations

Murmber of declarations

Bectaration as (o the identity 'of the
inverdor

Decloration as tothe applicant's
etilamant, as et the inferoptiona filng
date, to apply fov and be granted 2
patent

Ducizration as to the applicant’s
entilement, as ai the international {iling
date, 10 clain the priotty of the sardier
applicatiors

Declaration of inventorship (only for the
purpnses of the designation afthe
United Stales of America)

Deoiaration as to nen-prejudicial
disclosures or exceptions 1o fack of
novely

X

84
1R-2
X-3
X-4
IX-5
X7

Cheek list

Fumihaer of shoats

Electronic file{s) sttached

Request (incuding declaration shests] 4 7

Tescription ' 2% -

kAl 5 -

Abstract 1 o )

TIrawings Q -
TOTAL 48
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PCT/US12/25554

474
PCT REQUEST
riginat for SUBMISSION )

~A666mpanying ems ] Papéf ‘Soc'umen%{s} atached Elactronic fie(s} atiached
-8 Fee naloulation shest ) 7 -
{X-18 PCT-SAFE physical media - Vg

X8 (Other Record of Action

taken by Divectors
of 3M Innovative
Propexties

X-18  {Other Transmittal Letterx

iX-20  (Figure of the drawings which sheuld |77 )

accompany the absirast )

IX-21  |Language of filing of the lnternational IRpnglish
application -

X~ iSignature of applicant, agent or

comynen represedtative

X-1-1  Name 3M INNOVATIVE PROPERTIES COMPANY
X-1-2.  |Name of signatory RINGSRED, Ted X.

X-13  [Capacity {§ suchycapacily v oot obvicus Asgistant Chief Intellectuzsl Proper ty
from reading the reguasl) Counsel ’

FOR RECEIVING OFFICE USE ONLY

063 Date of avtual receipt of the

purported international application 17 FEB 2012 ( 17.02.1 2)

10-2 Drawings:

13-2-1  [Reosived

10-2-2 [Not received

303 Correcied date of actual recsipt dus
to jater but timely received papers or
drawings completing the purported
international applicatios

10-4 Date of timely receipt of the required
vorractions under PFCT Articie 11{2)

18-3  |international Ssarching Authority ISA/XE

06 Transmittal of search copy delayed
untl} search fee is paid

FOR INTERNATIONAL BUREAU USE ONLY

EXK Dats of receipt of the record copy by
the {nternational Buraay
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UNITED STATES DEPARTMENT OF COMMERCE

tiaited States Patent and Trademark (ffies

February 24, 2012

THIS IS TO CERTIFY THAT ANNEXED HERETO IS A TRUE COPY FROM
THE RECORDS OF THE UNITED STATES PATENT AND TRADEMARK
OFFICE OF THOSE PAPERS OF THE BELOW IDENTIFIED PATENT
APPLICATION THAT MET THE REQUIREMENTS TO BE GRANTED A
FILING DATE.

;%

APPLICATION NUMBER: 61/445,464
FILING DATE: February 22, 2011

RELATED PCT APPLICATION NUMBER: PCT/US12/25554

e o LA

THE COUNTRY CODE AND NUMBER OF YOUR PRIORITY
APPLICATION, TO BE USED FOR FILING ABROAD UNDER THE PARIS
CONVENTION, IS US61/445,464

Certifted by

Under Secretary of Comnrerce
for Inteilectaad Preperty
apd Drector of the Linited Sistes

Patent and Tradensirk Office




PTC/SBH14 (07-07)
Approved for use through 06/30/2010. OMB 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 OMB control number.

Attorney Docket Number 87245US002

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention HYBRID STITCHING

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 Cffice as oullined 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 fail under a Secrecy Order pursuant to
37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.}

Applicant Information:

Applicant 1 Remove

Applicant Authority (® Inventor ! (OLegal Representative under 35 U.S.C. 117 [OPar’[y of Interest under 35 U.S.C. 118

Prefix| Given Name Middle Name Family Name Suffix
liya A Kriveshko

Residence Information (Select One) (¢) US Residency (O Non US Residency () Active US Military Service

City Littleton State/Province | MA l Country of Residence i l us

Citizenship under 37 CFR 1.41{b} | uUs
Mailing Address of Applicant:

Address 1 86 Foster Street

Address 2

City Littleton 1 State/Province 1 MA

Postal Code 1 01460 ‘ Countryi ' us

Applicant 2 Remove

Applicant Authority (® Inventor l (OlLegal Representative under 35 U.S.C. 117 [OParty of Interest under 35 U.S.C. 118

Prefix| Given Name Middle Name Family Name Suffix
Benjamin FrantzDale

Residence Information {Select One) (8) US Residency () Non US Residency () Active US Military Service

City Mansfield State/Province | MA | Country of Residence i ] us

Citizenship under 37 CFR 1.41{b) i us
Mailing Address of Applicant:

Address 1 115 Twin Oaks Village

Address 2

City Mansfield 1 State/Province MA

Postal Code ! 02048 l Countryi l us

All Inventors Must Be Listed - Additional Inventor Information blocks may be

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).
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PTC/SB/14 (07-07)

Approved for use through 06/30/2010. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required o respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number 67245U8002

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention HYBRID STITCHING

[[] An Address is being provided for the correspondence Information of this application.

Customer Number 43520

Email Address patents@strategic-patents.com I | AddEmail | |Remove Email

Application Information:

Title of the Invention HYBRID STITCHING

Attorney Docket Number| 67245US002 Small Entity Status Claimed [ ]
Application Type Provisional

Subject Matter Utility

Suggested Class (if any) Sub Class {(if any)

Suggested Technology Center (if any}

Total Number of Drawing Sheets {if any) 11 Suggested Figure for Publication {if any)

Publication Information:
[] Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Request Not to Publish. | hereby request that the attached application not be published under 35

[[1 U.S.C.122(k) 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).
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HYBRID STITCHING

FIELD OF INVENTION
[0001] This invention relates generally to three-dimensional imaging and more
specifically techniques for combining disparate scans of a common three-dimensional

surface.

BACKGROUND

[0002] In one technique for three-dimensional image reconstruction, a number
of images or image sets of an object are captured with a camera that travels in a path over
the surface of the object. A three-dimensional model of the object can then be obtained
from a description of the camera path and individual three-dimensional measurements
captured along the camera path. In certain applications, data from a surface of an object is
available in multiple, disparate data sets, such as where a scan is interrupted prior to
completion or where additional scans are performed to augment an initial scan. The
resulting multiple modcls can be registered to onc another to obtain a combined modcl.
While conventional registration techniques can minimize an error in alignment between
two such resulting models, this approach does not afford an opportunity to refine the
individual models in view of the combined data.

[0003] There remains a need for improved techniques to combine disparate
three-dimensional data sets, particularly disparate data sets based upon a path of poses of

a three-dimensional scanner.

SUMMARY

[0004] In a system or method where three-dimensional data is acquired as a
sequence of frames of data along a camera path, disparate sequences are related to one
another through a number of geometric stitches obtained by direct registration of three-
dimensional data between frames in the disparate sequences. These geometric stitches are
then used in addition to or in place of other camera path relationships to form a single
virtual stitch graph for the combined model, upon which an integrated global path

optimization can be performed.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The invention and the following detailed description of certain
embodiments thereof may be understood by reference to the following figures.

[0006] Fig. 1 shows a three-dimensional scanning system.

[0007] Fig. 2 shows a schematic diagram of an optical system for a three-
dimensional scanner.

[0008] Fig. 3 shows a processing pipeline for obtaining three-dimensional data
from a video scanner.

[0009] Fig. 4A and 4B illustrate camera paths for a three-dimensional scanner.

[0010] Fig. 5 shows a user interface image where additional data is requested by
a software tool.

[0011] Fig. 6A and 6B illustrate accumulated error in camera paths.

[0012] Fig. 7 is a flow chart of a three-dimensional reconstruction process
including global path optimization for improved accuracy.

[0013] Fig. 8 is a flow chart of a dental object reconstruction process using
numerical optimization.

[0014] Fig. 9 is a flow chart of a hybrid stitching process for combining
disparate three-dimensional scans of a common surface.

[0015] Fig. 10 is a flow chart of a process for creating of a virtual stitch graph.

DETAILED DESCRIPTION

[0016] In the following text, references to items in the singular should be
understood to include items in the plural, and vice versa, unless explicitly stated
otherwise or clear from the text. Grammatical conjunctions are intended to express any
and all disjunctive and conjunctive combinations of conjoined clauses, sentences, words,
and the like, unless otherwise stated or clear from the context.

[0017] In the systems and methods described herein, a number of techniques
for global motion optimization are employed to improve accuracy of three-dimensional

reconstructions based upon camera path.
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[0018] The following description details specific scanning technologies and
focuses on dental applications of three-dimensional imaging; however, it will be
appreciated that variations, adaptations, and combinations of the methods and systems
below will be apparent to one of ordinary skill in the art. For example, while an image-
based system is described, non-image based scanning techniques such as infrared time-
of-flight techniques or structured light techniques using patterned projections may
similarly employ reconstruction based on camera path that may benefit from the
improvements described herein. As another example, while digital dentistry is one useful
application of the improved accuracy that results from the techniques described herein,
global path optimization may also usefully be employed to refine three-dimensional
animation models or three-dimensional scans for machine vision applications or for
mapping applications. All such variations, adaptations, and combinations are intended to
fall within the scope of this disclosure.

[0019] 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
imagc planc. The term “image sct” gencrally refers to a sct 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 reconstructed from a number of two-dimensional images. In a three-
dimensional image capture system, a number of such point clouds may also be registered
and combined 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 refer to three-dimensional data, unless another meaning is
specifically indicated or clear from the context.

[0020] The terms “three-dimensional model”, “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, or any
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. A “three-dimensional
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representation” may include any of the three-dimensional surface representations
described above, as well as volumetric and 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 a variety of three-dimensional rendering technologies
exist, and may be usefully employed with the systems and methods disclosed herein. For
example, the system and methods described herein may usefully employ a holographic
display, an autostereoscopic display, an anaglyph display, a head-mounted stereo display,
or any other two-dimensional and/or three-dimensional display. As such, rendering as
described herein 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 related 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 scparatc or in occlusion of various typcs), soft tissuc, 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,
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
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other orthodontic components. Dental objects may also include “interim components” of
dental manufacture 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 also be
categorized as natural dental objects such as the tecth, bone, and other intraoral structures
described above or as artificial dental objects such as the restorations, prostheses,
appliances, hardware, and interim components of dental manufacture as described above.

[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, the term “model”, when used alone, may refer to either or both of a physical
model and a digital model.

[0024] It will further be understood that tecrms such as “tool” or “control”, when
used to describe aspects of a user interface, are intended to refer generally to a variety of
techniques that may be employed within a graphical user interface or other user interface
to receive user input that stimulates or controls processing including without limitation
drop-down lists, radio buttons, cursor and/or mouse actions (selections by point,
selections by area, drag-and-drop operations, and so forth), check boxes, command lines,
text input fields, messages and alerts, progress bars, and so forth. A tool or control may
also include any physical hardware relating to the user input, such as a mouse, keyboard,
display, keypad, track ball, and/or any other device that receives physical input from a
user and converts the physical input into an input for use in a computerized system. Thus
in the following description the terms “tool”, “control” and the like should be broadly
construed unless a more specific meaning is otherwise provided or clear from the context.

[0025] Fig. 1 depicts a three-dimensional scanning system that may be used
with the systems and methods described herein. In general, the system 100 may include a
scanner 102 that captures images from a surface 106 of an object 104, such as a dental

patient, and forwards the images to a computer 108, which may include a display 110 and
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one or more user-input devices 112, 114 such as a mouse 112 or a keyboard 114. The
scanner 102 may also include an integrated input or output device 116 such as a control
input (e.g., button, touchpad, thumbwheel, etc.) or a display (e.g., LCD or LED display)
to provide status information.

[0026] The scanner 102 may include any camera or camera system suitable for
capturing images from which a three-dimensional point cloud or other three-dimensional
data may be recovered. For example, the scanner 102 may employ a multi-aperture
system as disclosed in U.S. Pat. No. 7,372,642 to Rohaly et al., the entire content of
which is incorporated herein by reference. While Rohdly 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
that provides a center channel for the scanner 102, along with any associated imaging
hardware. In such embodiments, the center channel may provide a conventional video
imagc of the scanncd subjcct matter, while a number of axially offsct channcls yicld
image sets containing disparity information that can be employed in three-dimensional
reconstruction of a surface. In other embodiments, a separate video camera and/or
channel may be provided to achieve the same result, i.e., a video of an object
corresponding temporally to a three-dimensional scan of the object, preferably from the
same perspective, or from a perspective having a fixed, known relationship to the
perspective of the scanner 102. 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-
dimensional images of an object from a number of 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, or any other technology suitable for acquiring three-dimensional

data, or two-dimensional data that can be resolved into three-dimensional data. While the
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techniques described below can usefully employ video data acquired by a video-based
three-dimensional scanning system, it will be understood that any other three-
dimensional scanning system may be supplemented with a video acquisition system that
captures suitable video data contemporaneously with, or otherwise synchronized with, the
acquisition of three-dimensional data.

[0027] In one embodiment, the scanner 102 is a handheld, freely-positionable
probe having at least one user-input device 116, 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 over an intraoral surface 106 at a suitable distance to acquire surface data from
teeth, gums, and so forth. The scanner 102 may, through such a continuous data
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, cither dircctly or through a varicty of intcrmediate
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.

[0028] 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 object 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 object 104 during image acquisition.

[0029] The object 104 may be any object, collection of objects, portion of an
object, or other subject matter. More particularly with respect to the dental techniques
discussed herein, the object 104 may include human dentition captured intraorally from a
dental patient’s mouth. A scan may capture a three-dimensional representation of some or
all of the dentition according to particular purpose of the scan. Thus the scan may capture

a digital model of a tooth, a quadrant of teeth, or a full collection of teeth including two
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opposing arches, as well as soft tissue or any other relevant intraoral structures. The scan
may capture multiple representations, such as a tooth surface before and after preparation
for a restoration. As will be noted below, this data may be employed for subsequent
modeling such as designing a restoration or determining a margin line for same. During
the scan, a center channel of the scanner 102 or a separate video system may capture
video of the dentition from the point of view of the scanner 102. In other embodiments
where, for example, a completed fabrication is being virtually test fitted to a surface
preparation, the scan may include a dental prosthesis such as an inlay, a crown, or any
other dental prosthesis, dental hardware, dental appliance, or the like. The object 104 may
also, or instead, 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.

[0030] The computer 108 may include, for example, a personal computer or
other processing device. In one embodiment, the computer 108 includes a personal
computer with a dual 2.8 GHz Opteron central processing unit, 2 gigabytes of random
access memory, a TYAN Thunder KSWE motherboard, and a 250 gigabyte, 10,000 rpm
hard drive. In onc current cmbodiment, the system can be operated to capturc morc than
five thousand points per image set in real time using the techniques described herein, and
store an aggregated point cloud of several million points. Of course, this point cloud may
further processed to accommodate subsequent data handling, such as by decimating the
point cloud data or generating a corresponding mesh of surface data. 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 between about fifteen frames per second and about thirty
frames per second. More generally, processing capabilities of the computer 108 may vary
according to the size of the object 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.
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In another aspect, the display may include an autostercoscopic display capable of
displaying sterco images.

[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, e.g., a radio
frequency, infrared, 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 cach newly acquired two-dimensional image sct
may be derived and fitted or “‘stitched” to existing three-dimensional data using a number
of different techniques. Such a system employs camera motion estimation to avoid the
need for independent tracking of the position of the scanner 102. 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 content of which is incorporated herein by reference.
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.

[0033] The display 110 may include any display suitable for video or other rate
rendering at a level of detail corresponding to the acquired data. Suitable displays include
cathode ray tube displays, liquid crystal displays, light emitting diode displays and the
like. In general, the display 110 may be operatively coupled to, and capable of receiving
display signals from, the computer 108. This display may include a CRT or flat panel
monitor, a three-dimensional display (such as an anaglyph display), an autostercoscopic

three-dimensional display or any other suitable two-dimensional or three-dimensional
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rendering hardware. 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.

[0034] The system 100 may include a computer-usable or computer-readable
medium. The computer-usable medium 118 may include one or more memory chips (or
other chips, such as a processor, that include memory), optical disks, magnetic disks or
other magnetic media, and so forth. The computer-usable medium 118 may in various
embodiments include removable memory (such as a USB device, tape drive, external
hard drive, and so forth), remote storage (such as network attached storage), volatile or
non-volatile computer memory, and so forth. The computer-usable medium 118 may
contain computer-readable instructions for execution by the computer 108 to perform the
processes described herein such as the process described in detail with reference to Fig. 3.
The computer-usable medium 118 may also, or instead, store data received from the
scanner 102, store a three-dimensional model of the object 104, store computer code for
rendering and display, and so forth.

[0035] Fig. 2 depicts an optical system 200 for a three-dimensional scanner that
may be used with the systems and methods described herein, such as for the scanner 102
described above with reference to Fig. 1.

[0036] The optical system 200 may include a primary optical facility 202,
which may be employed in any kind of image processing system. In general, a primary
optical facility refers herein to an optical system having one optical channel. Typically,
this optical channel shares at least one lens, and has a shared image plane within the
optical system, although in the following description, variations to this may be explicitly
described or otherwise clear from the context. The optical system 200 may include a
single primary lens, a group of lenses, an object lens, mirror systems (including
traditional mirrors, digital mirror systems, digital light processors, or the like), confocal
mirrors, and any other optical facilities suitable for use with the systems described herein.
The optical system 200 may be used, for example in a stereoscopic or other multiple
image camera system. Other optical facilities may include holographic optical elements

or the like. In various configurations, the primary optical facility 202 may include one or
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more lenses, such as an object lens (or group of lenses) 202b, a ficld lens 2024, a relay
lens 202f, and so forth. The object lens 202b may be located at or near an entrance pupil
202a of the optical system 200. The field lens 202d may be located at or near a first
image plane 202c¢ of the optical system 200. The relay lens 202f may relay bundles of
light rays within the optical system 200. The optical system 200 may further include
components such as aperture elements 208 with one or more apertures 212, a refocusing
facility 210 with one or more refocusing elements 204, one or more sampling facilities
218, and/or a number of sensors 214a, 214b, 214c.

[0037] The optical system 200 may be designed for active wavefront sampling,
which should be understood to encompass any technique used to sample a series or
collection of optical data from an object 220 or objects, including optical data used to
help detect two- or three-dimensional characteristics of the object 220, using optical data
to detect motion, using optical data for velocimetry or object tracking, or the like. Further
details of an optical system that may be employed as the optical system 200 of Fig. 2 are
provided in U.S. Pat. No. 7,372,642, the entire content of which is incorporated herein by
rcference. Morc gencerally, it will be understood that, while Fig. 2 depicts onc
embodiment of an optical system 200, numerous variations are possible. On salient
feature of the optical system related to the discussion below is the use of a center optical
channel that captures conventional video or still images at one of the sensors 214b
concurrent with various offset data (at, e.g., 214a and 214c¢) used to capture three-
dimensional measurements. This center channel image may be presented in a user
interface to permit inspection, marking, and other manipulation by a user during a user
session as describe below.

[0038] Fig. 3 shows a three-dimensional reconstruction system 300 employing a
high-speed pipeline and a high-accuracy pipeline. In general, the high-speed processing
pipeline 330 aims to provide three-dimensional data in real time, such as at a video frame
rate used by an associated display, while the high-accuracy processing pipeline 350 aims
to provide the highest accuracy possible from scanner measurements, subject to any
external computation or time constraints imposed by system hardware or an intended use
of the results. A data source 310 such as the scanner 102 described above provides image

data or the like to the system 300. The data source 310 may for example include
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hardware such as LED ring lights, wand sensors, a frame grabber, a computer, an
operating system and any other suitable hardware and/or software for obtaining data used
in a three-dimensional reconstruction. Images from the data source 310, such as center
channel images containing conventional video images and side channels containing
disparity data used to recover depth information may be passed to the real-time
processing controller 316. The real-time processing controller 316 may also provide
camera control information or other feedback to the data source 310 to be used in
subsequent data acquisition or for specifying data already obtained in the data source 310
that is needed by the real-time processing controller 316. Full resolution images and
related image data may be retained in a full resolution image store 322. The stored
images may, for example, be provided to the high-accuracy processing controller 324
during processing, or be retained for image review by a human user during subsequent
processing steps.

[0039] The real-time processing controller 316 may provide images or frames
to the high-speed (video rate) processing pipeline 330 for reconstruction of three-
dimensional surfaces from the two-dimensional source data in rcal time. In an cxemplary
embodiment, two-dimensional images from an image set such as side channel images,
may be registered by a two-dimensional image registration module 332. Based on the
results of the two-dimensional image registration, a three-dimensional point cloud
generation module 334 may create a three-dimensional point cloud or other three-
dimensional representation. The three-dimensional point clouds from individual image
sets may be combined by a three-dimensional stitching module 336. Finally, the stitched
measurements may be combined into an integrated three-dimensional model by a three-
dimensional model creation module 338. The resulting model may be stored as a high-
speed three-dimensional model 340.

[0040] The high-accuracy processing controller 324 may provide images or
frames to the high-accuracy processing pipeline 350. Separate image sets may have two-
dimensional image registration performed by a two-dimensional image registration
module 352. Based on the results of the two-dimensional image registration a three-
dimensional point cloud or other three-dimensional representation may be generated by a

three-dimensional point cloud generation module 354. The three-dimensional point
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clouds from individual image sets may be connected using a three-dimensional stitching
module 356. Global motion optimization, also referred to herein as global path
optimization or global camera path optimization, may be performed by a global motion
optimization module 357 in order to reduce errors in the resulting three-dimensional
model 358. In general, the path of the camera as it obtains the image frames may be
calculated as a part of the three-dimensional reconstruction process. In a post-processing
refinement procedure, the calculation of camera path may be optimized — that is, the
accumulation of errors along the length of the camera path may be minimized by
supplemental frame-to-frame motion estimation with some or all of the global path
information. Based on global information such as individual frames of data in the image
store 322, the high-speed three-dimensional model 340, and intermediate results in the
high-accuracy processing pipeline 350, the high-accuracy model 370 may be processed to
reduce errors in the camera path and resulting artifacts in the reconstructed model. As a
further refinement, a mesh may be projected onto the high-speed model by a mesh
projection module 360. The resulting images may be warped or deformed by a warping
modulc 362. Warpcd imagces may be utilized to casc alignment and stitching between
images, such as by reducing the initial error in a motion estimation. The warped images
may be provided to the two-dimensional image registration module 352. The feedback of
the high-accuracy three-dimensional model 370 into the pipeline may be repeated until
some metric is obtained, such as a stitching accuracy or a minimum error threshold.

[0041] Various aspects of the system 300 of Fig. 3 are described in greater
detail below. It should be understood that various processing modules, or the steps
implied by the modules, shown in this figure are exemplary in nature and that the order of
processing, or the steps of the processing sequence, may be modified, omitted, repeated,
re-ordered, or supplemented, without departing from the scope of this disclosure.

[0042] Fig. 4A shows an object 410 for imaging, along with a path 415 that a
camera may follow while obtaining a three-dimensional scan of a surface of the object
410. The direction of the path 415 is indicated generally by an arrow 416. The object 410
may be an upper dental impression (as shown) or any other object from which three-
dimensional surface data is sought. Starting the camera at a starting point 420, the camera

may follow an arc 430 to a second point 422. The camera may then follow a segment 432
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to a third point 424. The camera may then follow a second arc 434 to a fourth point 426.
The camera may then follow a second segment 436 to return approximately to the starting
point 420. It should be noted that the path 415 followed by the camera may be irregular
rather than smooth, and that while a particular path 415 is depicted, more generally any
path may be taken by the camera including paths that double back upon themselves, cross
over identical regions two or more times, and/or entirely skip various surfaces of the
object 410. It should also be noted that the camera path 415 may usefully return to the
starting point 420, but this is not strictly required for three-dimensional reconstruction as
described herein. The camera may take hundreds or thousands of images or more as the
camera traverses the path around such a dental object 410.

[0043] Fig. 4B shows locations where additional scan data might usefully be
acquired to improve the accuracy of a three-dimensional reconstruction. For example,
arcs 440, 442, 444, and 446 may be scanned (e.g., traversed by the camera path) to
provide cross linking between various lengths of the camera path. Data might usefully be
acquired, for example, from any area that can improve computational accuracy of a three-
dimensional rcconstruction such as regions wherce the length of a camcra path between
two measurements of the surface (e.g., image sets or image data) is significantly greater
than the distance between the two corresponding surface locations in the world
coordinate system for the camera path. It will be appreciated that this may be a Euclidean
distance or any suitable proxy for distance. For example, the length of the camera path
may be measured in terms of the number of camera path segments, or the number of
camera path segments from key frame to key frame, between two camera poses in
Euclidean space. As another example, this may include regions where separate three-
dimensional measurements for a general region of the reconstructed three-dimensional
model fail to register to one another, or other indicia of accumulated error in the global
camera path might be present.

[0044] Fig. 5 shows a user interface depicting a graphical request for additional
scan data. After the camera follows the path 415 illustrated above, a software tool may be
utilized to identify various locations where additional data might usefully be acquired to
reduce accumulated error in a global camera path, such as two frames of image data that

represent a candidate for an accumulated error in camera path relative to one another
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using, for example, any of the techniques described above. A monitor 510 may display an
image 520 such as a three-dimensional reconstruction of scanned subject matter, and an
arrow 530 may be displayed on the monitor 510 indicating where additional scanning is
recommended. The user may then proceed to use a scanner, such as the scanner 102 from
Fig. 1, to scan the area indicated by the arrow 530. More generally, areas for additional
scanning may be identified to a user in a graphical user interface that displays a
reconstructed three-dimensional model from the camera path, along with arrows or other
identifiers or graphical annotations that illustrate a recommended scan path. After a user
augments a camera path with additional scans, the resulting data can be employed to
resolve differences (i.e., errors) in the global camera path, as described generally
throughout this disclosure.

[0045] Fig. 6A illustrates a simple camera path in a world coordinate system.
The camera starts at a starting point 610 and follows a path 620 in a counterclockwise
direction as indicated by an arrow 625, returning to an ending point coincident with the
starting point 610 in a fixed coordinate system, such as an arbitrarily selected world
coordinatc systcm.

[0046] Fig. 6B shows a simple camera path in a camera coordinate system.
When a camera traverses the path 620 in the world coordinate system, errors may
accumulate in a calculated camera path 635 so that a measured ending point 640 appears
to be located away from the measured starting point 630 in the camera coordinate system,
even though these points are identical in the world coordinate system. In one aspect, one
or more cross links such as those described above with reference to Fig. 4 may be
employed to mitigate accumulated errors in the calculated camera path 635.

[0047] Fig. 7 is a flow chart of a three-dimensional reconstruction process
including global path optimization for improved accuracy.

[0048] The process 700 may begin with preprocessing as shown in step 710. It
will be understood that preprocessing as described herein presupposes the availability of
a number of frames of image data from which a camera path and three-dimensional
model can be reconstructed. The information for the three-dimensional reconstruction
may be generated in numerous ways including coming from structured light projection,

shading based three-dimensional reconstruction, or disparity data. Disparity data may be

Page 15 of 40
-212-



EFS Web PATENTS
67245US002

generated by a conventional image plus one or more other channels or side channels. The
preprocessing may include determining the number of available frames, the time duration
over which all the frames were taken, the amount of overlap between neighboring frames,
identification and elimination of frames with blurred or badly distorted images, and any
other suitable preprocessing steps. An estimate of the number of desired key frames may
be initially determined during the preprocessing step.

[0049] As shown in step 712, key frames may be selected from among all of the
frames of data acquired from a scanner along a camera path. In general, computational
costs can be reduced by storing certain data and performing certain calculations and
processing steps exclusively with reference to key frames. In principle, these key frames
should be related to one another in a manner that permits characterization of a camera
path, typically through the registration of overlapping three-dimensional data in
respective key frames. Various methods are known in the art for selecting a subset of
frames of data as key frames, including techniques based on image overlap, camera path
distance, the number of intervening non-key frames and so forth. For example, key
framcs may be sclected basced on time duration from an immediatcly preceding key
frame. Key frames may also or instead be selected based upon an amount of image
overlap from the preceding key frame and/or a candidate for a following key frame (if
available). Too little overlap makes frame-to-frame registration difficult. Too much
overlap drives larger numbers of key frames and therefore larger amounts of data to
analyze. Key frames may be selected based on spatial displacement, meaning that an
upper limit may be placed on the amount of overlap from one key frame to the next. Key
frames may also be selected based on sequential displacement. This type of sequential
displacement could mean that every tenth frame is determined to be a key frame, for
example. In one aspect, key frames may be selected as data is acquired based on any
number of suitable criteria. In another aspect, key frame pairs may be determined post
hoc by examining all possible candidate key frames. All possible key frame pairs may be
examined and candidates may be removed, for example, where there is insufficient
overlap to form a stitch. Still more generally, any technique suitable for selecting a subset
of frames in a data set may be usefully employed to select key frames for processing in

order to reduce computational complexity.
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[0050] Once key frames have been selected, additional processing may be
performed. For example, full image data (e.g., full resolution center and side channel
images) may be stored for each key frame, along with image signature data, point cloud
centroid calculations, and any other measured or calculated data to support use of the key
frames in a three-dimensional reconstruction process as described herein.

[0051] As shown in step 714, candidate stitches may be identified. In general, a
stitch is a relationship between two separate three-dimensional measurements from two
different camera positions. Once a stitch is established, a rotation and a translation may
be determined for the path of a camera between the two different camera positions. In a
complementary fashion, the three-dimensional measurements from the two different
camera positions may be combined into a portion of a three-dimensional model.
Candidate stitches may be analyzed around each key frame, such as from the key frame
to some or all of the frames of data between the key frame and neighboring key frames.
Stitches may be based on the originally imaged frames. It may also be useful to deform or
warp two-dimensional images during registration and other steps in a stitching process in
order to improve accuracy and/or spced cach stitch calculation. Stitches may also or
instead be based on other observed epipolar relationships in source data.

[0052] As shown in step 716, stitches may be selected for the complete camera
path from the universe of candidate stitches. The selection of stitches may be made based
upon, e.g., the lowest calculated error in resulting portions of the three-dimensional
model.

[0053] As shown in step 718, a graph analysis may be performed using the key
frames and the associated stitching to calculate a global path for the camera used to
obtain a three-dimensional model. The graph analysis may consider each key frame as a
node or vertex and each stitch as an edge between a pair of nodes. A key frame is
selected as a starting point. A breadth- or depth-first search may be performed through
the graph to identify stitches which may connect the current key frame to another key
frame. Each key frame is marked as the graph is proceeded through. A check may be
performed to see if all key frames have been reached within the graph. If all key frames

have not been reached through traversing stitches in the graph analysis, the largest sub-
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graph is identified. This sub-graph may be examined to see if the entire three-dimensional
image may be modeled.

[0054] It may be that certain sub-graphs are not required to complete the three-
dimensional imaging. If the camera lingered over a particular region of a surface of an
object, or if the camera looped on a region multiple times, the associated sub-graph(s)
may not be needed. If a separate sub-graph is identified, which is needed to complete the
three-dimensional imaging, an optional branch back to step 712 may be performed. For
example, a set of key frames may have been selected which did not have sufficient
stitching from one key frame to the next key frame. By choosing a different set of key
frames, sufficient stitching may be obtained in order to obtain a complete graph of all
needed aspects of the three-dimensional imaging. A key frame which is too sparse,
meaning it has insufficient stitches to aid in building a graph, may indicate that a different
set of key frames should be selected. Based on the graph analysis, a global path may be
selected, and the graph may then be analyzed to optimize the path calculation.

[0055] As shown in step 720, a numerical optimization may be performed to
rcducc crrors in the calculated camcera path bascd upon available data for the complcte
camera path such as, for example, cross links that interrelate temporally distant
measurements. In general, the objective of numerical optimization is to minimize a
calculated error based upon an error function for the camera path and/or reconstructed
three-dimensional model. A useful formulation of the error minimization problem for a
global camera path is presented below.

[0056] There may be a set of candidate camera positions and orientations
referenced to a world coordinate system. A camera position and orientation collectively
may be referred to as a camera pose. There may be a set of measured frame-to-frame
camera motions. A camera translation and rotation collectively may be referred to as a
camera motion. A measured camera motion may be referenced in the coordinate system
of one camera pose. An example set of three key frames may be obtained from three
camera positions, 4, B, and C, each of which may be referenced to an origin, O, of a
world coordinate system in three-dimensional space. In addition to the position of these
points, a camera at cach of these points may have a different orientation. A combination

of the position and orientation is generally referred to as a camera pose. Between each of

Page 18 of 40
-215-



EFS Web PATENTS
67245US002

these points are motion parameters including a translation (a change in position) and a
rotation (a change in orientation). The relationship between a point, X, expressed in the
world coordinate system as X and the same point expressed in the .4 coordinate system,
X4 may be given by equation (1):

D X, =Rp, X +Ty,

Rou is the rotation, taking points from the world to the 4 coordinate system. 74
is the translation of the world coordinate system as represented in the 4 coordinate
system. It should be understood that symbols X and 7 may represent a vector, rather than
a scalar, e.g. where X includes x, y, and z coordinate values. Further, it should be
understood that symbol R may represent a matrix. Equations (2) and (3) may similarly
represent a transform transformation between the world and the 8 and C coordinate
systems respectively:

2) Xy =RopXp+Tpp

(3) Xe =RpoeXp +Tpe

[0057] By rearranging, equation (1) and equation (2) may be represented as
shown in equation (4):

C)) Xo:R(;,;(XA_TOA):RSB(XB_TOB)

[0058] The representation of a point in one camera’s coordinate system may be
related to the same point in another coordinate system. For example, as in equations 1-3,
coordinates of a point, X, may be transformed from the 4 coordinate system to the B
coordinate system as follows:

&) Xy =R X, +T,;

[0059] The rotation R,z rotates points from the 4 to the B coordinate system
and 74p is the position translation of the origin of the 4 coordinate system in the B
coordinate system.

[0060] In an optimization, the pose of every camera may be optimized based on
measured transforms between camera poses. That is, a number of camera-to-world or
world-to-camera rotations and translations, e.g., Ro, and 7, may be performed. It will be

appreciated that the world coordinate system is arbitrary, and one of these transforms

Page 19 of 40
-216-



EFS Web PATENTS
67245US002

may conveniently be an identity rotation with zero translation, or a constant motion

transfer can be applied to all camera poses without altering the underlying optimization.
[0061] The rotations and translations may be measured for many pairs of

cameras. For the 7/th such measured frame-to-frame motion, let one of the cameras of the

pair be camera 4 and the other be camera B. This may also be considered the 7th stitch

that relates the camera poses for 4 and B. Let R, be the measured rotation taking points

in the 4 system to the B system and 7, be the coordinates of the A position expressed in
the B system, as in equation (5).

[0062] The rotations and translations for all cameras, Rg, and 7, may be
optimized. It will be appreciated that, while these expressions and the following
discussion arc cast in tcrms of rotations and translations from thc individual camecra
coordinate systems to a single world coordinate system, this characterization is not
intended to limit the generality of this disclosure. A similar or complementary analysis
may be performed using the reverse of these transforms, or any other transform or
collection of transforms (typically, although not necessarily rigid transforms) capable of
describing a camera path across multiple poses. The constraints on camera motion from
one pose, 4, to another pose, B, for an " stitch or relationship may be expressed relative

. . i i . i
to a world coordinate system as rotations, R ,, and R ,,, and translations, 7. ,, and

Té,og- This relationship is further constrained by the camera path from 4 to B, which may

be expressed as a rotation and a translation as follows:
i i i ~1

(6) RC,AB = RC,OB (RC,OA)

(D Tcl*,/zg = TCI,OB - R:C,A.BTCI,OA

[0063] Note that with sufficient stitches, these relationships may form an
overdetermined systcm of motion constraint cquations. Using these cquations as a
starting point, numerical optimization may be performed on the rotational and
translational components of each camera pose based on the measured stitches.

[0064] 1In a decoupled optimization, the rotational and translational

components may be independently optimized. This approach may generally be used

where there are constraints on one component (e.g., rotation) that do not depend on the
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other component. Given a candidate set of camera rotations, R/, the corresponding
candidate camera-to-camera rotations, R, ,,.may be computed that correspond to each

of the measured camera-to-camera rotations, R’ . The corresponding residual rotations,
which should be identity in an error free camera path, are given by

R}, i = Ri s (Rl Ascalar-valued rotational cost function, e,, may be computed

that depends on the candidate camera rotations:

#stitches
® €. (Reo,) = Z ror, wherer, =108 R, e an
i=1
[0065] In equation (8), logso)(R) returns an axis-angle vector, v, that
corresponds to the rotation R. In other words, logsos)(R) returns the vector, v, that has a
cross-product matrix, [v]_, that is the matrix logarithm of R.

[0066] Next, a similar scalar-valued cost function may be computed for

translation that depends on the candidate rotations and translations.

#stitches

O @RepnTeo)= 2 iy wherer =10, ~T,,

[0067] In one conventional, decoupled approach to solving these simultaneous
systems of equations, the rotational error function may be converted into a quaternion
expression in order to translate the numerical problem into a linear system of equations
for solution, as described for example in Combining two-view constraints for motion
estimation, Govindu V., Proc. of the Int. Conf. on Computer Vision and Pattern
Recognition, vol. 2, pp. 218-225 (July 2001). While this approach may be numerically
convenient, it does not enforce the unit norm constraint for the quaternion solution, which
may result in inaccuracy. Thus in one aspect, a path optimization technique may be
improved by minimizing equation (8) for rotation as a nonlinear optimization and
minimizing equation (9) for translation as a linear optimization. In another aspect, the
more computationally efficient linear system of equations may be used to generate an
initial estimate for an iterative optimization that uses non-linear optimization.

[0068] More generally, the decoupled approach described above may fail to
provided a truly optimal result, in a maximum-likelihood sense, where it cannot use

information from the translation portion of the stitches in determining rotation.
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Nonetheless, a substantial amount of work in this field aims to overcome the
disadvantages of decoupled optimization, as described for example in 4 solution for the
registration of multiple 3D point sets using unit quaternions, Benjemaa R. and F. Shmitt,
Proc. ECCV °98, pp. 34-50 (June 1998); Global registration of multiple 3D point sets via
optimization-on-a-manifold, Krishnan S., Lee P.Y ., Moore J B., Venkatasubramanian S.,
Eurographics Symp. Geometry Processing (2005); and Simudltaneous registration of
multiple corresponding point sets, Williams J., Bennamoun M., Computer Vision and
Image Understanding, vol. 81, no. 1, pp. 117-142 (2001).

[0069] In one aspect disclosed herein, a coupled approach to optimization may
instead be used to minimize overall error in a camera path. In order to achieve a coupled
optimization a weighting may be used to balance the contributions of rotational and
translational components to a combined cost function:

#stitches rf T ) ;,." 3
(10) ec(RC,On’TC,On): Z 1,' w. ;;J

i1 F. r

Multiple approaches may be used to weight the relative contribution of
translations and rotations. In one embodiment the weights may be expressed as matrices,
with different stitches receiving different weightings based upon any of a number of
factors. For example, the weights may be based on the number of points in a stitch (e.g.,
the shared content), the quality of a particular three-dimensional measurement, and/or
any other factors impacting the known reliability of a stitch. In one approach, the weight
matrices may also account for anisotropic error in the individual points collected, such as
due to acquisition of depth information from disparity measurements, which results in
measurement precision that varies with distance from the camera.

[0070] In some cases, equation (10) may be reformulated so that the rotation
and translation weights are decoupled for each stitch (i.c., W is a block diagonal). In
particular, this may occur in the case that the motion stitches are recovered from three-

dimensional point correspondences with isotropic point error. In that case, for a given

stitch 7, between poses 4 and B, the optimal solution may bring the point cloud as seen

from pose A4 into correspondence with that seen from pose B. If X, and X, are the

positions of the center of the point cloud in the 4 and B systems respectively, then if r/ is
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replaced in equation (10) with the residual displacement between the point-cloud centers
based on the candidate camera pose. This latter residual displacement may be expressed

as:

(11) rtictr = y;? _(RZ‘,ABYZ +TC{,AB)
Equation (10) may then be reformulated as:

. T S T P
i i " i
, Urr +’r I;ri’r)

#stitches
t,ctr t.etr

(12) e.(ReopsTeon) = 21

[0071] In general, by minimizing equation (10), both rotational errors and
translational errors may be minimized simultaneously. The weight matrices can be
chosen for example according to “First Order Error Propagation of the Procrustes Method
for 3D Attitude Estimation” by Leo Dorst, IEEE Transactions on Pattern Analysis and
Machine Intelligence, Vol. 27, No. 2, pp. 221-9 (Feb. 2005) which is incorporated in its
entirety by reference. Once a more consistent set of motion parameters has been
generated the three-dimensional model may be updated.

[0072] When total error or some portion of error has been minimized, the
resulting value may be evaluated. The calibration state of the scanner and associated
equipment may be evaluated based on the minimized error values. If a minimized error
falls beyond a certain threshold then calibration for the scanner and associated hardware
may be recommended. The threshold value may be empirically determined based on the
specific scanner hardware equipment or it may be learned experientially over time for a
given system. When a system is new or has been freshly aligned, expected minimized
error values may be obtained. When minimized error values deviate from these expected
values, a calibration state evaluation flag may be set indicating that the tool should be
calibrated. Thus in one aspect, a coupled (or uncoupled) error function may be employed
to validate calibration and determine when re-calibration of a device is appropriate.

[0073] As shown in step 722, upsampling may be performed to augment a
three-dimensional modcl with data from non-kcy frames. In genceral, upsampling may
include any technique for addition of data to a result. For example, while the global
optimization described above generally refers to optimization among key frames in a
contiguous camera path, the resulting optimized three-dimensional model may be

supplemented by registering non-key frames to one or more nearby key frames in a
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manner that creates small, local reconstruction patches that include additional three-
dimensional detail available from non-key frames. Or upsampling may be performed by
correcting the corresponding camera path for non-key frames according to a globally
optimized path for the key frames. Thus in one aspect, upsampling may more generally
be understood as any use of optimized data to incorporate related, non-optimized data
into a camera path or three-dimensional model.

[0074] Fig. 8 shows a reconstruction process 800 using numerical optimization
as described above. In one aspect, this optimization technique may be usefully applied to
minimize errors in a camera path where spatial links between non-sequential camera
poses (or corresponding data sets used to recover three-dimensional surface data) can be
identified. For example, where a scan path covers a buccal surface followed by an
occlusal or lingual surface, many spatial links might be identified between non-
continguous camera path segments associated with each surface. Under these conditions,
a global optimization may significantly improve the accuracy of a three-dimensional
reconstruction by reducing errors in the motion estimation parameters for the camera
path. It will bc undcerstood that the discloscd mcthod may also or instcad be ecmbodicd in
a computer program, a computer program product, or an apparatus embodying any of the
foregoing.

[0075] As shown in step 802, the process may begin with acquiring data sets
such as a data set from a surface of a dental object with a hand-held scanner from each
one of a sequence of poses along a camera path, thereby providing a plurality of data sets.
The hand-held scanner may, for example, be the video-based scanner described above.
The hand-held scanner may instead include any other type of hand-held scanner suitable
for intraoral dental scanning, such as a time-of-flight scanner, a structured light scanner,
and so forth. The data sets may be any corresponding data acquired for each camera pose
that is used to recover three-dimensional data.

[0076] It should be understood that in this context, the camera path may
correspond to a physical camera path that describes the path actually taken by a scanner
during a scan, or the camera path may also or instead include a virtual camera path
formed from a plurality of different physical camera paths or other virtual camera paths

that intersect with one another. Such a virtual camera path may be created wherever
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poses from two or more physical paths can be interrelated in a global coordinate system,
as established for example by three-dimensionally registering two different scans of the
same physical subject matter. The use of virtual camera paths may be particularly useful,
for example, where a large scan such as a full arch scan is created from data acquired
during two or more discontinuous scanning sessions. Under these conditions, global
optimization of a virtual camera path can be used to improve consistency of the combined
data in a global coordinate system.

[0077] As shown in step 804 each one of the poses in the sequence of poses
may be associated with a previous pose and a next pose by a spatial link such as motion
estimation parameters or other camera path information. It should also be understood that
while a system may infer camera path from the resulting three-dimensional
measurements at each camera position and orientation, the camera path may also, or
instead be obtained using a hardware-based positioning system based upon, e.g.,
accelerometers, a geopositioning system, external position sensors, transducers in an
articulating arm or any other combination of sensors and techniques suitable for detecting
camcra position and/or oricntation with sufficient accuracy for the intended three-
dimensional reconstruction.

[0078] This spatial link data reflects the physical camera path in the order in
which data was acquired, thus providing a plurality of spatial links that characterize the
camera path during a data acquisition process. The sequence of poses may, for example,
be made up of key frames (or sequential pairs of key frames) as generally described
above, where additional data sets are acquired from one or more additional poses between
each sequential pair of key frames. Key frames may be usefully employed, e.g., to reduce
the computational complexity of path optimization while retaining a contiguous camera
path of sequential poses. After path optimization is complete, additional three-
dimensional data may be added based upon the one or more additional data sets and the
one or more additional poses from between key frames. As described above, key frames
may be selected from a larger set of poses using a metric to evaluate a quality of a
resulting three-dimensional reconstruction, a quality of the estimated motion parameters
between poses, a degree of overlap in scanned subject matter, a graph analysis or any

other useful technique or metric.
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[0079] As shown in step 806, at least one non-sequential spatial link may be
identified between two non-sequential ones of the poses based upon the data set for each
of the two non-sequential ones of the poses. Thus for example two data sets from a
buccal and lingual scan segment may be related to one another based upon camera
position, the three-dimensional data recovered from the respective data sets, or any other
data acquired during a scanning process. In one aspect, a metric may be employed to
identify candidates for non-sequential spatial links, such as a ratio of spatial distance
between two data sets to the length of an intervening camera path. Thus the non-
sequential spatial link(s) may associate two of the sequence of poses that are separated by
a substantially greater distance along the camera path than along the surface of the dental
object. This may be based on the data sct for each of the two non-sequential ones of the
poses, such as by using camera pose data to determine a surface position or by identifying
an overlap in the reconstructed three-dimensional data obtained using the data set for two
non-sequential poses. This may also inlcude displaying a region for one or more
candidate links in a user interface and receiving a supplemental scan of the region, as
described above for cxample with reference to Fig. 5.

[0080] As shown in step 808, a global motion optimization may be performed
on the camera path to minimize an error among the plurality of spatial links and the at
least one non-sequential spatial link, thereby providing an optimized camera path. This
may employ, for example, any of the optimization techniques described above. More
generally, this may include any technique for minimizing errors in motion estimation
parameters expressed as a function of one or more of rotation, translation, coupled
rotation and translation, and decoupled rotation and translation, and/or any technique for
aligning the three-dimensional data reconstructed from the data sets in a global
coordinate system or improving a consistency of the sequence of poses along the camera
path in the global coordinate system.

[0081] As shown in step 810, a three-dimensional model of the dental object
may be reconstructed using known techniques based upon the optimized camera path and
the plurality of data sets.

[0082] Thus by observing the actual camera paths typical of intra-oral dental

scanning, the applicants have devised improved techniques for error minimization when
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camera path is used for three-dimensional reconstruction. More specifically, by observing
that intra-oral scanning often employs a number of adjacent, relatively straight global
paths such as for lingual, occlusal, and buccal surfaces (as dictated in part by the
relatively restricted oral access to the relatively large surfaces of dentition) , and by
observing that intra-oral scanning regularly returns to earlier scan positions, the
applicants have devised an optimization technique that takes advantage of the spatial
relationship between certain non-sequential frames of data. The approach described
above solves the problem of conflicting data for local measurements by using an error
minimization technique that globally addresses the camera path, including the
interrelationship of non-sequential frames of data. This may be particularly useful, for
example for scans covering gums, soft tissue, full arches, orthodontic components and the
like where scanning a large arca typically entails multiple passes over various regions of
the scanned surface.

[0083] Fig. 9 is a flow chart of a hybrid stitching process for combining
disparate three-dimensional scans of a common surface. In scanning techniques that use a
camcra path for rcconstruction, the full scan data for an objcct may include any number
of disparate scans with camera paths, or more generally stitch graphs, that are not directly
spatially related to one another. The following process 900 provides a technique for
establishing spatial relationships between such stitch graphs through a series of local
geometry-based registrations. The resulting, combined model may then be subjected to
any of the optimization techniques described above as though it had been obtained from a
single, continuous scan.

[0084] As shown in step 902, the process 900 may begin with obtaining a first
three-dimensional model including a first plurality of frames of data, each including sets
of three-dimensional points spatially related to one another by a first camera path. It will
be understood that a ‘camera path’ generally refers to a sequential series of poses
connected by a number of transforms from one to the next. However, the camera path of
the model may more generally include any number of interrelationships or ‘stitches’
between non-sequential poses that can be inferred from other spatial information such as
overlapping regions of an object surface in the accompanying sets of three-dimensional

points. In the foregoing description, terms such as camera path and stitch graph should be
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broadly interpreted to include any rigid transformations and/or other descriptive data that
characterizes camera motion (and reliability thereof) in a manner that permits path-based
reconstruction of a three-dimensional surface. Step 902 may also include obtaining a
second three-dimensional model including a second plurality of frames of data, each
including sets of three-dimensional points spatially related one another by a second
camera path. The second model may, for example, be obtained after a first scan is
automatically or manually interrupted, or after a first scan is completed and additional
data is required or desired, either by a user or in response to prompting from a scanning
system as contemplated above. More generally, the second three-dimensional model may
be any disparate data set that is not directly spatially related to the first three-dimensional
model through a single scan or camera path.

[0085] As shown in step 904 one of the first plurality of sets of three-
dimensional points may be registered to one of the second plurality of sets of three-
dimensional points. This registration may use an iterative closest point algorithm, image-
based registration or any suitable technique for three-dimensional registration of points
and/or surfaccs. In onc aspcect, a surfacc mcsh may be obtained for usc in the registration
process. Thus a surface mesh of the first and second plurality of sets of three-dimensional
points may be generated with a mesh generation algorithm to obtain polygonal surface
representations of each model (or portions thereof). This may generally include
generating a surface mesh of the entire first and second models, or a known overlapping
surface of the first and second data sets, or a neighborhood surrounding a known
commeon surface, or each of the entire first and second models. The resulting first surface
mesh and second surface mesh may then be registered to one another using any suitable
techniques, resulting in a known, rigid transformation between the first model and the
second model (or between the first surface mesh from the first model and the second
surface mesh from the second model). As a result of this spatial relationship, the first
three-dimensional model and the second three-dimensional model can be placed in a
shared coordinate system that permits subsequent processing using data from both
models as a combined surface.

[0086] As shown in step 906, the process 900 may include creating a virtual
stitch graph that spatially relates individual ones of the first plurality of sets and the
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second plurality of sets using virtual stitches between the data sets, thereby providing a
combined model that includes the first plurality of sets and the second plurality of sets all
spatially related by the virtual stitch graph. Numerous techniques may be employed for
synthesizing a virtual stitch graph to inter-relate the models. The details of one particular
approach are provided below with reference to Fig. 10. It will be appreciated that the
term ‘virtual” as used in this context is intended to distinguish models using data from
multiple disparate scans. Thus while the source of data (multiple camera paths) used to
calculate ‘virtual stitches’ and/or virtual stitch graphs may be different from the data
(single camera paths) used to calculate other stitches and graphs, the resulting data can
advantageously be provided in a form for use interchangeably with and undistinguishable
from data derived from a single scan. As such, in a preferred embodiment, there may be
little to distinguish a “virtual’ stitch or a virtual stitch graph from those that are not
virtual, except perhaps for their absence from the two or more disparate models from
which they were derived.

[0087] As shown in step 908, the process 900 may include refining the
combincd modcl with a global motion optimization of thc virtual stitch graph. With a
single virtual stitch graph that inter-relates all of the data from each of the disparate sets
(acquired from different scans), any of the global motion optimization techniques
described above may be suitable employed to minimize errors on a stitch-by-stitch basis
among the combined data sets. In one aspect, this optimization includes a deformable
registration where, as distinguished from calculating error-minimized rigid
transformations, each stitch or step of the camera path can be moved spatially to
minimize global error. Thus in one aspect, the process 900 includes refining the
combined model with a deformable registration.

[0088] As shown in step 910, the combined model may be stored and/or
displayed. This may include, for example, displaying the combined model at a chairside
scanning location or a dental laboratory. The combined model may also be stored locally
at a scanner site, or transmitted to a central repository for project management including,
without limitation, billing, quality assurance, and scheduling fabrication of a dental object
at a dental laboratory. The original source data from the disparate scans (e.g., disparate

camera paths, frames of image data, etc.) may be retained for further processing or for
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evaluation of the combined model, or the source data may be deleted once the combined
model is obtained.

[0089] Fig. 10 is a flow chart of a process for creating of a virtual stitch graph.
In the following description, it is assume that two disparate three-dimensional models are
provided, each obtained from a sequence of frames of data spatially related by a camera
path as generally described above, and that the two models have been registered to
establish an initial rigid transformation between them. It will be appreciated that
modifications or adaptations of the foregoing may be appropriate where other three-
dimensional scanning techniques are employed, or where three or more disparate data
sets are concurrently reconciled, all of which is intended to fall within the scope of this
disclosure.

[0090] As shown in step 1002, the process 1000 may include selecting
overlapping data sets. This may, for example, include selecting a first selected one of the
first plurality of sets and a second selected one of the second plurality of sets that overlap
on the combined surface obtained from the coarse registration described above with
rcference to Fig. 9. An initial sclection of onc of the first or sccond plurality of scts may
be, for example, a random selection or a parameterized selection based on, e.g., location
within the first or second meshes or proximity to a centroid or other feature of interest in
the combined or separate surfaces.

[0091] All of the frames or sets of data from the first plurality of sets (e.g., the
first model) in a neighborhood about the first selected one may then also be selected for
use as a local processing neighborhood. This may, for example, be all sets of data within
a certain number of stitches away, such as all sets within five stitches, or a certain number
of steps along a camera path. In order to reduce redundant processing, the sets within this
local processing neighborhood may optionally be marked or otherwise identified as
unavailable for future processing after the local hybrid stitching operations of the process
1000 are completed. Using the coarse registration of surface meshes, one of the second
plurality of sets (e.g., a frame from the second model) may be selected that is near (or
nearest) to the local processing neighborhood. All of the frames or sets of data from the
second plurality of sets in a neighborhood about the second selected one of the second

plurality of sets may then be identified in a similar manner to the selection of the local
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processing neighborhood, e.g., by selecting frames or sets of data in the second plurality
of sets of data that are within a certain number of stitches or sequential camera poses
from the second selected one. It will be appreciated in this context that the use of a stitch
graph (of stitches, which may extend in numerous directions from a single camera pose)
can provide a significant processing advantage over a camera path (of individual
transforms from one camera pose to the next) by affording more options for coverage of
relevant regions of a surface of an object.

[0092] The selection of local processing neighborhoods for frames from the
first and second plurality of data sets may be further refined, such as by restricting or
prohibiting use of data sets outside a surface or region common to the two
neighborhoods.

[0093] As shown in step 1004, data may be optimized in the local processing
neighborhoods. For example, where each data set is represented by a camera path or
stitch graph that inter-relates sets of three-dimensional points through a sequence of
camera poses or the like, a sub-graph of the camera path or stitch graph may be selected
for cach of thec modcls that only contains data (framcs or scts of three-dimensional data
points, along with stitches or camera path information) from within the local processing
neighborhoods. This approach advantageously removes the influence of data external to
the local processing neighborhoods. At this point in the processing, the data still
generally comprises two disparate models — in this case, sub-graphs of the full data set —
that are associated by a single rigid transform obtained from the coarse registration of
surface meshes. This data may be further optimized prior to hybrid stitching by, ¢.g.,
performing a global motion optimization (as described above) on each of the extracted
sub-graphs. With the sub-graphs so optimized, the registration between the two sub-
graphs may be refined by repeating an iterative closest point algorithm or other suitable
registration process for the two point clouds represented by the optimized sub-graphs.
While this approach to optimization is effective in a three-dimensional surface
reconstruction based upon camera paths, it will be appreciated that a variety of other
optimizations are known in the art for three-dimensional reconstructions, any of which
may be adapted to optimization of the local processing neighborhoods contemplated

herein.
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[0094] As shown in step 1006, links for a virtual stitch graph (also referred to as
‘hybrid’ or ‘virtual” stitches) may be created. This may include finding a frame from each
of the two sub-graphs closest to a centroid of the overlapping region between the two
sub-graphs. These two frames may then be directly spatially related to one another by a
rigid transformation, which may be a newly calculated rigid transformation or a
refinement of the rigid transformation obtained in the optimization steps described above.
Using this transformation, data from the two sub-graphs may be transposed into a
common coordinate system, such as the original coordinate system of one of the sub-
graphs. This may be repeated for one or more other frames of data in the two sub-graphs
to provide a number of direct spatial relationships or ‘virtual stitches” between frames in
the first sub-graph and frames in the second sub-graph. These relationships may be used
directly as stitches in a combined, virtual stitch graph, or further processed as appropriate
to express these new relationships in the same form as existing stitches in the stitch
graphs or camera paths of the initial models.

[0095] In order to facilitate concurrent processing of the actual stitches in the
original modcls and the virtual stitches created for the virtual stitch graph that combincs
the models, additional characterizing data may be included in each virtual link. For
example, a covariance matrix that weights confidence in each link according to multiple
degrees of freedom (e.g., six degrees of freedom for full translation and rotation) may be
provided. While such a covariance matrix results from, for example, the iterative closest
point registration process, the use of a particular form is less significant than sufficient
commonality between the expression of actual stitches and the virtual stitches for
undifferentiated processing of data from both sources in a combined model.

[0096] As shown in step 1008, if there are additional neighborhoods of
overlapping data to be locally optimized, the process may return to step 1002 where
additional overlapping data sets can be selected to create additional virtual links. This
may be repeated as often as necessary or desired. If there are no further local
neighborhoods for processing, or if some other termination condition such as a threshold
number of virtual links or percentage coverage of the full surface arca of the combined

model has been reached, then the process 1000 may proceed to step 1010.
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[0097] As shown in step 1010, a combined model may be created that combines
the actual stitch graphs from the two original models and the virtual stitches established
between the two models as described above. In addition, any number of additional virtual
stitches may be added based upon other data in the global models (as distinguished from
the local processing neighborhoods), such as nearly identical and/or substantially co-
located data sets in the first and second models. In addition, the combined model may be
analyzed for completeness and to identify further opportunities for establishing additional
stitches between data sets either with or without regard for whether the data sets are from
the first model or the second model.

[0098] As shown in step 1012, the combined model may be optimized using,
c.g., global motion optimization as described above to minimize errors in the
transformations between related camera poses of the combined model (as distinguished
from either of the original stitch graphs or camera paths).

[0099] As shown in step 1014, a point cloud may be generated for the combined
maodel that places all of the three-dimensional points of the combined model into a single,
common coordinatc systcm.

[00100] As shown in step 1016, a surface mesh may be generated for the point
cloud using any suitable surface meshing techniques. The model may also be stored,
displayed, transmitted or otherwise processed or handled as generally contemplated by
the foregoing description.

[00101] It will be appreciated that any of the above system and/or methods
may be realized in hardware, software, or any combination of these suitable for the data
acquisition and modeling technologies described herein. This 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 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
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(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. Thus in one
aspect there is disclosed herein a computer program product comprising computer
executable code that, when executing on one or more computing devices, performs any
and/or all of the steps described above.

[00102] At the same time, processing may be distributed across devices such as
a camera and/or computer and/or fabrication facility and/or dental laboratory and/or
server in a number of ways or all of the functionality may be integrated into a dedicated,
standalone device.

[00103] In another aspect, a system disclosed herein includes means such as
any of the structures described above for performing the functions expressed or implied
in the flow charts and other portions of the above description.

[00104] A1l such permutations and combinations that would be apparent to one
of ordinary skill in the art arc intcnded to fall within the scope of the present disclosure,
which along with the claims is intended to be interpreted in the broadest sense allowable

by law.
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CLAIMS
What is claimed is:

1. A method comprising:

obtaining a first three-dimensional model including a first plurality of sets of
three-dimensional points spatially related to one another by a first camera path;

obtaining a second three-dimensional model including a second plurality of sets
of three-dimensional points spatially related to one another by a second camera path;

registering one of the first plurality of sets of three-dimensional points to one of
the second plurality of sets of three-dimensional points to place the first three-
dimensional model and the second three-dimensional model in a shared coordinate
system,;

creating a virtual stitch graph that spatially relates the first plurality of sets and the
second plurality of sets, thereby providing a combined model that includes the first
plurality of scts and the sccond plurality of scts all spatially rclated by the virtual stitch
graph; and

refining the combined model with a global motion optimization of the virtual

stitch graph.

2. The method of claim 1 further comprising generating a first surface mesh of the
first three-dimensional model and a second surface mesh of the second three-dimensional
model.

3. The method of claim 2 wherein registering includes registering the first surface

mesh to the second surface mesh, thereby providing a combined surface.

4. The method of claim 3 wherein registering includes registering with an iterative

closest point algorithm.
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5. The method of claim 3 further comprising selecting a first selected one of the first
plurality of sets and a second selected one of the second plurality of sets that overlap on

the combined surface.

6. The method of claim 5 wherein at least one of the first selected one and the
second selected one is a set of three-dimensional data closest to a centroid of the

combined surface.

7. The method of claim 5 further comprising calculating a rigid transformation and a

mean error between the first selected one and the second selected one.

8. The method of claim 7 further comprising selecting a first neighborhood of the
first plurality of sets from about the one of the first plurality of sets and a second
neighborhood of the second plurality of sets from about the one of the second plurality of

sets.

9. The method of claim 8 further comprising:
extracting a sub-region of the combined surface;
spatially relating two or more of the first plurality of sets to two or more of the
second plurality of sets within the sub-region to provide a virtual stitch graph; and
minimizing an error among spatial relationships in the virtual stitch graph, thereby

providing a combined data set for the sub-region.

10. The method of claim 9 further comprising creating at least one virtual stitch

between two unstitched ones of the first plurality of sets.

11. The method of claim 1 further comprising refining the combined model with a

deformable registration.
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12. 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:

obtaining a first three-dimensional model including a first plurality of sets of
three-dimensional points spatially related to one another by a first camera path;

obtaining a second three-dimensional model including a second plurality of sets
of three-dimensional points spatially related to one another by a second camera path;

registering one of the first plurality of sets of three-dimensional points to one of
the second plurality of sets of three-dimensional points to place the first three-
dimensional model and the second three-dimensional model in a shared coordinate
system;

creating a virtual stitch graph that spatially relates the first plurality of sets and the
second plurality of sets, thereby providing a combined model that includes the first
plurality of sets and the second plurality of sets all spatially related by the virtual stitch
graph; and

rcfining the combined modcl with a global motion optimization of the virtual

stitch graph.

13. The computer program product of claim 12 further comprising code that performs
the step of generating a first surface mesh of the first three-dimensional model and a

second surface mesh of the second three-dimensional model.
14. The computer program product of claim 13 wherein registering includes
registering the first surface mesh to the second surface mesh, thereby providing a

combined surface.

15. The computer program product of claim 14 wherein registering includes

registering with an iterative closest point algorithm.
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16. The computer program product of claim 14 further comprising code that performs
the step of selecting a first selected one of the first plurality of sets and a second selected

one of the second plurality of sets that overlap on the combined surface.

17. The computer program product of claim 16 wherein at least one of the first
sclected one and the second selected one is a set of three-dimensional data closest to a

centroid of the combined surface.

18. The computer program product of claim 16 further comprising code that performs
the step of calculating a rigid transformation and a mean error between the first selected

one and the second selected one.

19. The computer program product of claim 18 further comprising code that performs
the step of selecting a first neighborhood of the first plurality of sets from about the one
of the first plurality of sets and a second neighborhood of the second plurality of sets

from about the onc of the sccond plurality of scts.

20. The computer program product of claim 19 further comprising code that performs
the steps of:

extracting a sub-region of the combined surface;

spatially relating two or more of the first plurality of sets to two or more of the
second plurality of sets within the sub-region to provide a virtual stitch graph; and

minimizing an error among spatial relationships in the virtual stitch graph, thereby

providing a combined data set for the sub-region.
21. The computer program product of claim 20 further comprising code that performs
the step of creating at least one virtual stitch between two unstitched ones of the first

plurality of sets.

22. The computer program product of claim 12 further comprising code that performs

the step of refining the combined model with a deformable registration.
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23. A system comprising:

a scanner configured to obtain a first three-dimensional model including a first
plurality of sets of three-dimensional points spatially related to one another by a first
camera path and a second three-dimensional model including a second plurality of sets of
three-dimensional points spatially related with one another by a second camera path;

a processor and memory configured to register one of the first plurality of sets of
three-dimensional points to one of the second plurality of sets of three-dimensional points
to place the first three-dimensional model and the second three-dimensional model in a
shared coordinate system, to create a virtual stitch graph that spatially relates the first
plurality of sets and the second plurality of sets, thereby providing a combined model that
includes the first plurality of sets and the second plurality of sets all spatially related by
the virtual stitch graph, and to refine the combined model with a global motion
optimization of the virtual stitch graph; and

a display configured to render the combined model.

24, A system comprising;:

scanning means for obtaining a first three-dimensional model including a first
plurality of sets of three-dimensional points spatially related to one another by a first
camera path and a second three-dimensional model including a second plurality of sets of
three-dimensional points spatially related with one another by a second camera path; and

processing means for registering one of the first plurality of sets of three-
dimensional points to one of the second plurality of sets of three-dimensional points to
place the first three-dimensional model and the second three-dimensional model in a
shared coordinate system, creating a virtual stitch graph that spatially relates the first
plurality of sets and the second plurality of sets, thereby providing a combined model that
includes the first plurality of sets and the second plurality of sets all spatially related by
the virtual stitch graph, and refining the combined model with a global motion

optimization of the virtual stitch graph.
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ABSTRACT

[00105] In a system or method where three-dimensional data is acquired as a
sequence of frames of data along a camera path, disparate sequences are related to one
another through a number of geometric stitches obtained by direct registration of three-
dimensional data between frames in the disparate sequences. These geometric stitches are
then used in addition to or in place of other camera path relationships to form a single
virtual stitch graph for the combined model, upon which an integrated global path

optimization can be performed.
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HYBRID STITCHING

FIELD OF INVENTION
[0001]  This invention relates generally to three-dimensional imaging and more

specifically techniques for combining disparate scans of a common three-dimensional surface.

BACKGROUND

[0002] In one technique for three-dimensional image reconstruction, a number of
images or image sets of an object are captured with a camera that travels in a path over the
surface of the object. A three-dimensional model of the object can then be obtained from a
description of the camera path and individual three-dimensional measurements captured along the
camera path. In certain applications, data from a surface of an object is available in multiple,
disparate data sets, such as where a scan is interrupted prior to completion or where additional
scans are performed to augment an initial scan. The resulting multiple models can be registered to
one another to obtain a combined model. While conventional registration techniques can
minimize an error in alignment between two such resulting models, this approach does not afford
an opportunity to refine the individual models in view of the combined data.

[0003]  There remains a need for improved techniques to combine disparate three-
dimensional data sets, particularly disparate data sets based upon a path of poses of a three-

dimensional scanner.

SUMMARY

[0004] In a system or method where three-dimensional data is acquired as a sequence
of frames of data along a camera path, disparate sequences are related to one another through a
number of geometric stitches obtained by direct registration of three-dimensional data between
frames in the disparate sequences. These geometric stitches are then used in addition to or in
place of other camera path relationships to form a single virtual stitch graph for the combined

model, upon which an integrated global path optimization can be performed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] The invention and the following detailed description of certain embodiments
thereof may be understood by reference to the following figures.

[0006] Fig. 1 shows a three-dimensional scanning system.

-246-



WO 2012/115863 PCT/US2012/025554

[0007] Fig. 2 shows a schematic diagram of an optical system for a three-dimensional
scanner.
[0008] Fig. 3 shows a processing pipeline for obtaining three-dimensional data from a

video scanner.

°]

[0009] Fig. 4A and 4B illustrate camera paths for a three-dimensional scanner.

[0010] Fig. 5 shows a user interface image where additional data is requested by a
software tool.

[0011] Fig. 6A and 6B illustrate accumulated error in camera paths.

[0012] Fig. 7 is a flow chart of a three-dimensional reconstruction process including
global path optimization for improved accuracy.

[0013] Fig. 8 is a flow chart of a dental object reconstruction process using numerical
optimization.

[0014] Fig. 9 is a flow chart of a hybrid stitching process for combining disparate
three-dimensional scans of a common surface.

[0015] Fig. 10 is a flow chart of a process for creating of a virtual stitch graph.

DETAILED DESCRIPTION

[0016] In the following text, references to items in the singular should be understood
to include items in the plural, and vice versa, unless explicitly stated otherwise or clear from the
text. Grammatical conjunctions are intended to express any and all disjunctive and conjunctive
combinations of conjoined clauses, sentences, words, and the like, unless otherwise stated or clear
from the context.

[0017] In the systems and methods described herein, a number of techniques for
global motion optimization are employed to improve accuracy of three-dimensional
reconstructions based upon camera path.

[0018] The following description details specific scanning technologies and focuses
on dental applications of three-dimensional imaging; however, it will be appreciated that
variations, adaptations, and combinations of the methods and systems below will be apparent to
one of ordinary skill in the art. For example, while an image-based system is described, non-
image based scanning techniques such as infrared time-of-flight techniques or structured light
techniques using patterned projections may similarly employ reconstruction based on camera path
that may benefit from the improvements described herein. As another example, while digital
dentistry is one useful application of the improved accuracy that results from the techniques

described herein, global path optimization may also usefully be employed to refine three-
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dimensional animation models or three-dimensional scans for machine vision applications or for
mapping applications. All such variations, adaptations, and combinations are intended to fall
within the scope of this disclosure.

[0019] 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 reconstructed from a
number of two-dimensional images. In a three-dimensional image capture system, a number of
such point clouds may also be registered and combined 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 refer to three-dimensional data, unless another
meaning is specifically indicated or clear from the context.

[0020] The terms “three-dimensional model”, “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, or any 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. A “three-dimensional representation” may include any of the three-dimensional
surface representations described above, as well as volumetric and 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 a variety of three-dimensional rendering technologies exist, and may be usefully
employed with the systems and methods disclosed herein. For example, the system and methods
described herein may usefully employ a holographic display, an autostereoscopic display, an
anaglyph display, a head-mounted stereo display, or any other two-dimensional and/or three-
dimensional display. As such, rendering as described herein 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 related 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 occlusion of various types), soft tissue, and the like, as well bones
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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, 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
include “interim components” of dental manufacture 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 also be
categorized as natural dental objects such as the teeth, bone, and other intraoral structures
described above or as artificial dental objects such as the restorations, prostheses, appliances,
hardware, and interim components of dental manufacture as described above.

[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, the term “model”, when used
alone, may refer to either or both of a physical model and a digital model.

[0024] It will further be understood that terms such as “tool” or “control”, when used
to describe aspects of a user interface, are intended to refer generally to a variety of techniques
that may be employed within a graphical user interface or other user interface to receive user
input that stimulates or controls processing including without limitation drop-down lists, radio
buttons, cursor and/or mouse actions (selections by point, selections by area, drag-and-drop
operations, and so forth), check boxes, command lines, text input fields, messages and alerts,

progress bars, and so forth. A tool or control may also include any physical hardware relating to
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the user input, such as a mouse, keyboard, display, keypad, track ball, and/or any other device
that receives physical input from a user and converts the physical input into an input for use in a
computerized system. Thus in the following description the terms “tool”, “control” and the like
should be broadly construed unless a more specific meaning is otherwise provided or clear from
the context.

[0025] Fig. 1 depicts a three-dimensional scanning system that may be used with the
systems and methods described herein. In general, the system 100 may include a scanner 102 that
captures images from a surface 106 of an object 104, such as a dental patient, and forwards the
images to a computer 108, which may include a display 110 and one or more user-input devices
112, 114 such as a mouse 112 or a keyboard 114. The scanner 102 may also include an integrated
input or output device 116 such as a control input (for example, button, touchpad, thumbwheel,
etc.) or a display (for example, LCD or LED display) to provide status information.

[0026] The scanner 102 may include any camera or camera system suitable for
capturing images from which a three-dimensional point cloud or other three-dimensional data
may be recovered. For example, the scanner 102 may employ a multi-aperture system as
disclosed in U.S. Pat. No. 7,372,642 to Rohaly et al. While Rohaly 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 that provides a center channel for
the scanner 102, along with any associated imaging hardware. In such embodiments, the center
channel may provide a conventional video image of the scanned subject matter, while a number
of axially offset channels yield image sets containing disparity information that can be employed
in three-dimensional reconstruction of a surface. In other embodiments, a separate video camera
and/or channel may be provided to achieve the same result, that is, a video of an object
corresponding temporally to a three-dimensional scan of the object, preferably from the same
perspective, or from a perspective having a fixed, known relationship to the perspective of the
scanner 102. 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-dimensional images of an object from a number of
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
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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. While the techniques
described below can usefully employ video data acquired by a video-based three-dimensional
scanning system, it will be understood that any other three-dimensional scanning system may be
supplemented with a video acquisition system that captures suitable video data
contemporaneously with, or otherwise synchronized with, the acquisition of three-dimensional
data.

[0027] In one embodiment, the scanner 102 is a handheld, freely-positionable probe
having at least one user-input device 116, 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 over an intraoral surface 106 at a suitable distance
to acquire surface data from teeth, gums, and so forth. The scanner 102 may, through such a
continuous data 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.

[0028] 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 object
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 object 104 during image acquisition.

[0029] The object 104 may be any object, collection of objects, portion of an object, or
other subject matter. More particularly with respect to the dental techniques discussed herein, the
object 104 may include human dentition captured intraorally from a dental patient’s mouth. A
scan may capture a three-dimensional representation of some or all of the dentition according to
particular purpose of the scan. Thus the scan may capture a digital model of a tooth, a quadrant of
teeth, or a full collection of teeth including two opposing arches, as well as soft tissue or any
other relevant intraoral structures. The scan may capture multiple representations, such as a tooth

surface before and after preparation for a restoration. As will be noted below, this data may be
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employed for subsequent modeling such as designing a restoration or determining a margin line
for same. During the scan, a center channel of the scanner 102 or a separate video system may
capture video of the dentition from the point of view of the scanner 102. In other embodiments
where, for example, a completed fabrication is being virtually test fitted to a surface preparation,
the scan may include a dental prosthesis such as an inlay, a crown, or any other dental prosthesis,
dental hardware, dental appliance, or the like. The object 104 may also, or instead, 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.

[0030] The computer 108 may include, 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 KEWE motherboard, and a 250 gigabyte, 10,000 rpm hard drive. In one current
embodiment, the system can be operated to capture more than five thousand points per image set
in real time using the techniques described herein, and store an aggregated point cloud of several
million points. Of course, this point cloud may further processed to accommodate subsequent
data handling, such as by decimating the point cloud data or generating a corresponding mesh of
surface data. 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 between about fifteen frames per second and about thirty frames per
second. More generally, processing capabilities of the computer 108 may vary according to the
size of the object 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. In another aspect, the display may include an autostereoscopic
display capable of displaying stereo images.

[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, 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
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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. Such a
system employs camera motion estimation to avoid the need for independent tracking of the
position of the scanner 102. One useful example of such a technique is described in commonly-
owned U.S. App. No. 11/270,135, filed on November 9, 2005. 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.

[0033] The display 110 may include any display suitable for video or other rate
rendering at a level of detail corresponding to the acquired data. Suitable displays include cathode
ray tube displays, liquid crystal displays, light emitting diode displays and the like. In general, the
display 110 may be operatively coupled to, and capable of receiving display signals from, the
computer 108. This display may include a CRT or flat panel monitor, a three-dimensional display
(such as an anaglyph display), an autostereoscopic three-dimensional display or any other suitable
two-dimensional or three-dimensional rendering hardware. 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.

[0034] The system 100 may include a computer-usable or computer-readable medium.
The computer-usable medium 118 may include one or more memory chips (or other chips, such
as a processor, that include memory), optical disks, magnetic disks or other magnetic media, and
so forth. The computer-usable medium 118 may in various embodiments include removable
memory (such as a USB device, tape drive, external hard drive, and so forth), remote storage
(such as network attached storage), volatile or non-volatile computer memory, and so forth. The
computer-usable medium 118 may contain computer-readable instructions for execution by the
computer 108 to perform the processes described herein such as the process described in detail
with reference to Fig. 3. The computer-usable medium 118 may also, or instead, store data
received from the scanner 102, store a three-dimensional model of the object 104, store computer

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
be used with the systems and methods described herein, such as for the scanner 102 described
above with reference to Fig. 1.

[0036] The optical system 200 may include a primary optical facility 202, which may
be employed in any kind of image processing system. In general, a primary optical facility refers
herein to an optical system having one optical channel. Typically, this optical channel shares at
least one lens, and has a shared image plane within the optical system, although in the following
description, variations to this may be explicitly described or otherwise clear from the context. The
optical system 200 may include a single primary lens, a group of lenses, an object lens, mirror
systems (including traditional mirrors, digital mirror systems, digital light processors, or the like),
confocal mirrors, and any other optical facilities suitable for use with the systems described
herein. The optical system 200 may be used, for example in a stereoscopic or other multiple
image camera system. Other optical facilities may include holographic optical elements or the
like. In various configurations, the primary optical facility 202 may include one or more lenses,
such as an object lens (or group of lenses) 202b, a field lens 202d, a relay lens 202f, and so forth.
The object lens 202b may be located at or near an entrance pupil 202a of the optical system 200.
The field lens 202d may be located at or near a first image plane 202c of the optical system 200.
The relay lens 202f may relay bundles of light rays within the optical system 200. The optical
system 200 may further include components such as aperture elements 208 with one or more
apertures 212, a refocusing facility 210 with one or more refocusing elements 204, one or more
sampling facilities 218, and/or a number of sensors 214a, 214b, 214c.

[0037] The optical system 200 may be designed for active wavefront sampling, which
should be understood to encompass any technique used to sample a series or collection of optical
data from an object 220 or objects, including optical data used to help detect two- or three-
dimensional characteristics of the object 220, using optical data to detect motion, using optical
data for velocimetry or object tracking, or the like. Further details of an optical system that may
be employed as the optical system 200 of Fig. 2 are provided in U.S. Pat. No. 7,372,642. More
generally, it will be understood that, while Fig. 2 depicts one embodiment of an optical system
200, numerous variations are possible. On salient feature of the optical system related to the
discussion below is the use of a center optical channel that captures conventional video or still
images at one of the sensors 214b concurrent with various offset data (at, for example, 214a and
214c) used to capture three-dimensional measurements. This center channel image may be
presented in a user interface to permit inspection, marking, and other manipulation by a user

during a user session as describe below.
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[0038] Fig. 3 shows a three-dimensional reconstruction system 300 employing a high-
speed pipeline and a high-accuracy pipeline. In general, the high-speed processing pipeline 330
aims to provide three-dimensional data in real time, such as at a video frame rate used by an
associated display, while the high-accuracy processing pipeline 350 aims to provide the highest
accuracy possible from scanner measurements, subject to any external computation or time
constraints imposed by system hardware or an intended use of the results. A data source 310 such
as the scanner 102 described above provides image data or the like to the system 300. The data
source 310 may for example include hardware such as LED ring lights, wand sensors, a frame
grabber, a computer, an operating system and any other suitable hardware and/or software for
obtaining data used in a three-dimensional reconstruction. Images from the data source 310, such
as center channel images containing conventional video images and side channels containing
disparity data used to recover depth information may be passed to the real-time processing
controller 316. The real-time processing controller 316 may also provide camera control
information or other feedback to the data source 310 to be used in subsequent data acquisition or
for specifying data already obtained in the data source 310 that is needed by the real-time
processing controller 316. Full resolution images and related image data may be retained in a full
resolution image store 322. The stored images may, for example, be provided to the high-
accuracy processing controller 324 during processing, or be retained for image review by a
human user during subsequent processing steps.

[0039] The real-time processing controller 316 may provide images or frames to the
high-speed (video rate) processing pipeline 330 for reconstruction of three-dimensional surfaces
from the two-dimensional source data in real time. In an exemplary embodiment, two-
dimensional images from an image set such as side channel images, may be registered by a two-
dimensional image registration module 332. Based on the results of the two-dimensional image
registration, a three-dimensional point cloud generation module 334 may create a three-
dimensional point cloud or other three-dimensional representation. The three-dimensional point
clouds from individual image sets may be combined by a three-dimensional stitching module 336.
Finally, the stitched measurements may be combined into an integrated three-dimensional model
by a three-dimensional model creation module 338. The resulting model may be stored as a high-
speed three-dimensional model 340.

[0040] The high-accuracy processing controller 324 may provide images or frames to
the high-accuracy processing pipeline 350. Separate image sets may have two-dimensional image
registration performed by a two-dimensional image registration module 352. Based on the results

of the two-dimensional image registration a three-dimensional point cloud or other three-
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dimensional representation may be generated by a three-dimensional point cloud generation
module 354. The three-dimensional point clouds from individual image sets may be connected
using a three-dimensional stitching module 356. Global motion optimization, also referred to
herein as global path optimization or global camera path optimization, may be performed by a
global motion optimization module 357 in order to reduce errors in the resulting three-
dimensional model 358. In general, the path of the camera as it obtains the image frames may be
calculated as a part of the three-dimensional reconstruction process. In a post-processing
refinement procedure, the calculation of camera path may be optimized — that is, the
accumulation of errors along the length of the camera path may be minimized by supplemental
frame-to-frame motion estimation with some or all of the global path information. Based on
global information such as individual frames of data in the image store 322, the high-speed three-
dimensional model 340, and intermediate results in the high-accuracy processing pipeline 350,
the high-accuracy model 370 may be processed to reduce errors in the camera path and resulting
artifacts in the reconstructed model. As a further refinement, a mesh may be projected onto the
high-speed model by a mesh projection module 360. The resulting images may be warped or
deformed by a warping module 362. Warped images may be utilized to ease alignment and
stitching between images, such as by reducing the initial error in a motion estimation. The warped
images may be provided to the two-dimensional image registration module 352. The feedback of
the high-accuracy three-dimensional model 370 into the pipeline may be repeated until some
metric is obtained, such as a stitching accuracy or a minimum error threshold.

[0041] Various aspects of the system 300 of Fig. 3 are described in greater detail
below. It should be understood that various processing modules, or the steps implied by the
modules, shown in this figure are exemplary in nature and that the order of processing, or the
steps of the processing sequence, may be modified, omitted, repeated, re-ordered, or
supplemented, without departing from the scope of this disclosure.

[0042] Fig. 4A shows an object 410 for imaging, along with a path 415 that a camera
may follow while obtaining a three-dimensional scan of a surface of the object 410. The direction
of the path 415 is indicated generally by an arrow 416. The object 410 may be an upper dental
impression (as shown) or any other object from which three-dimensional surface data is sought.
Starting the camera at a starting point 420, the camera may follow an arc 430 to a second point
422. The camera may then follow a segment 432 to a third point 424. The camera may then
follow a second arc 434 to a fourth point 426. The camera may then follow a second segment 436
to return approximately to the starting point 420. It should be noted that the path 415 followed by

the camera may be irregular rather than smooth, and that while a particular path 415 is depicted,
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more generally any path may be taken by the camera including paths that double back upon
themselves, cross over identical regions two or more times, and/or entirely skip various surfaces
of the object 410. It should also be noted that the camera path 415 may usefully return to the
starting point 420, but this is not strictly required for three-dimensional reconstruction as
described herein. The camera may take hundreds or thousands of images or more as the camera
traverses the path around such a dental object 410.

[0043] Fig. 4B shows locations where additional scan data might usefully be acquired
to improve the accuracy of a three-dimensional reconstruction. For example, arcs 440, 442, 444,
and 446 may be scanned (for example, traversed by the camera path) to provide cross linking
between various lengths of the camera path. Data might usefully be acquired, for example, from
any area that can improve computational accuracy of a three-dimensional reconstruction such as
regions where the length of a camera path between two measurements of the surface (for
example, image sets or image data) is significantly greater than the distance between the two
corresponding surface locations in the world coordinate system for the camera path. It will be
appreciated that this may be a Euclidean distance or any suitable proxy for distance. For example,
the length of the camera path may be measured in terms of the number of camera path segments,
or the number of camera path segments from key frame to key frame, between two camera poses
in Euclidean space. As another example, this may include regions where separate three-
dimensional measurements for a general region of the reconstructed three-dimensional model fail
to register to one another, or other indicia of accumulated error in the global camera path might
be present.

[0044] Fig. 5 shows a user interface depicting a graphical request for additional scan
data. After the camera follows the path 415 illustrated above, a software tool may be utilized to
identify various locations where additional data might usefully be acquired to reduce accumulated
error in a global camera path, such as two frames of image data that represent a candidate for an
accumulated error in camera path relative to one another using, for example, any of the
techniques described above. A monitor 510 may display an image 520 such as a three-
dimensional reconstruction of scanned subject matter, and an arrow 530 may be displayed on the
monitor 510 indicating where additional scanning is recommended. The user may then proceed to
use a scanner, such as the scanner 102 from Fig. 1, to scan the area indicated by the arrow 530.
More generally, areas for additional scanning may be identified to a user in a graphical user
interface that displays a reconstructed three-dimensional model from the camera path, along with
arrows or other identifiers or graphical annotations that illustrate a recommended scan path. After

a user augments a camera path with additional scans, the resulting data can be employed to
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resolve differences (that is, errors) in the global camera path, as described generally throughout
this disclosure.

[0045] Fig. 6A illustrates a simple camera path in a world coordinate system. The
camera starts at a starting point 610 and follows a path 620 in a counterclockwise direction as
indicated by an arrow 625, returning to an ending point coincident with the starting point 610 in a
fixed coordinate system, such as an arbitrarily selected world coordinate system.

[0046] Fig. 6B shows a simple camera path in a camera coordinate system. When a
camera traverses the path 620 in the world coordinate system, errors may accumulate in a
calculated camera path 635 so that a measured ending point 640 appears to be located away from
the measured starting point 630 in the camera coordinate system, even though these points are
identical in the world coordinate system. In one aspect, one or more cross links such as those
described above with reference to Fig. 4 may be employed to mitigate accumulated errors in the
calculated camera path 635.

[0047] Fig. 7 is a flow chart of a three-dimensional reconstruction process including
global path optimization for improved accuracy.

[0048] The process 700 may begin with preprocessing as shown in step 710. It will be
understood that preprocessing as described herein presupposes the availability of a number of
frames of image data from which a camera path and three-dimensional model can be
reconstructed. The information for the three-dimensional reconstruction may be generated in
numerous ways including coming from structured light projection, shading based three-
dimensional reconstruction, or disparity data. Disparity data may be generated by a conventional
image plus one or more other channels or side channels. The preprocessing may include
determining the number of available frames, the time duration over which all the frames were
taken, the amount of overlap between neighboring frames, identification and elimination of
frames with blurred or badly distorted images, and any other suitable preprocessing steps. An
estimate of the number of desired key frames may be initially determined during the
preprocessing step.

[0049] As shown in step 712, key frames may be selected from among all of the
frames of data acquired from a scanner along a camera path. In general, computational costs can
be reduced by storing certain data and performing certain calculations and processing steps
exclusively with reference to key frames. In principle, these key frames should be related to one
another in a manner that permits characterization of a camera path, typically through the
registration of overlapping three-dimensional data in respective key frames. Various methods are

known in the art for selecting a subset of frames of data as key frames, including techniques
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based on image overlap, camera path distance, the number of intervening non-key frames and so
forth. For example, key frames may be selected based on time duration from an immediately
preceding key frame. Key frames may also or instead be selected based upon an amount of image
overlap from the preceding key frame and/or a candidate for a following key frame (if available).
Too little overlap makes frame-to-frame registration difficult. Too much overlap drives larger
numbers of key frames and therefore larger amounts of data to analyze. Key frames may be
selected based on spatial displacement, meaning that an upper limit may be placed on the amount
of overlap from one key frame to the next. Key frames may also be selected based on sequential
displacement. This type of sequential displacement could mean that every tenth frame is
determined to be a key frame, for example. In one aspect, key frames may be selected as data is
acquired based on any number of suitable criteria. In another aspect, key frame pairs may be
determined post hoc by examining all possible candidate key frames. All possible key frame pairs
may be examined and candidates may be removed, for example, where there is insufficient
overlap to form a stitch. Still more generally, any technique suitable for selecting a subset of
frames in a data set may be usefully employed to select key frames for processing in order to
reduce computational complexity.

[0050] Once key frames have been selected, additional processing may be performed.
For example, full image data (for example, full resolution center and side channel images) may be
stored for each key frame, along with image signature data, point cloud centroid calculations, and
any other measured or calculated data to support use of the key frames in a three-dimensional
reconstruction process as described herein.

[0051] As shown in step 714, candidate stitches may be identified. In general, a stitch
is a relationship between two separate three-dimensional measurements from two different
camera positions. Once a stitch is established, a rotation and a translation may be determined for
the path of a camera between the two different camera positions. In a complementary fashion, the
three-dimensional measurements from the two different camera positions may be combined into a
portion of a three-dimensional model. Candidate stitches may be analyzed around each key
frame, such as from the key frame to some or all of the frames of data between the key frame and
neighboring key frames. Stitches may be based on the originally imaged frames. It may also be
useful to deform or warp two-dimensional images during registration and other steps in a
stitching process in order to improve accuracy and/or speed each stitch calculation. Stitches may

also or instead be based on other observed epipolar relationships in source data.
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[0052] As shown in step 716, stitches may be selected for the complete camera path
from the universe of candidate stitches. The selection of stitches may be made based upon, for
example, the lowest calculated error in resulting portions of the three-dimensional model.

[0053] As shown in step 718, a graph analysis may be performed using the key frames
and the associated stitching to calculate a global path for the camera used to obtain a three-
dimensional model. The graph analysis may consider each key frame as a node or vertex and each
stitch as an edge between a pair of nodes. A key frame is selected as a starting point. A breadth-
or depth-first search may be performed through the graph to identify stitches which may connect
the current key frame to another key frame. Each key frame is marked as the graph is proceeded
through. A check may be performed to see if all key frames have been reached within the graph.
If all key frames have not been reached through traversing stitches in the graph analysis, the
largest sub-graph is identified. This sub-graph may be examined to see if the entire three-
dimensional image may be modeled.

[0054] It may be that certain sub-graphs are not required to complete the three-
dimensional imaging. If the camera lingered over a particular region of a surface of an object, or
if the camera looped on a region multiple times, the associated sub-graph(s) may not be needed. If
a separate sub-graph is identified, which is needed to complete the three-dimensional imaging, an
optional branch back to step 712 may be performed. For example, a set of key frames may have
been selected which did not have sufficient stitching from one key frame to the next key frame.
By choosing a different set of key frames, sufficient stitching may be obtained in order to obtain a
complete graph of all needed aspects of the three-dimensional imaging. A key frame which is too
sparse, meaning it has insufficient stitches to aid in building a graph, may indicate that a different
set of key frames should be selected. Based on the graph analysis, a global path may be selected,
and the graph may then be analyzed to optimize the path calculation.

[0055] As shown in step 720, a numerical optimization may be performed to reduce
errors in the calculated camera path based upon available data for the complete camera path such
as, for example, cross links that interrelate temporally distant measurements. In general, the
objective of numerical optimization is to minimize a calculated error based upon an error function
for the camera path and/or reconstructed three-dimensional model. A useful formulation of the
error minimization problem for a global camera path is presented below.

[0056] There may be a set of candidate camera positions and orientations referenced to
a world coordinate system. A camera position and orientation collectively may be referred to as a
camera pose. There may be a set of measured frame-to-frame camera motions. A camera

translation and rotation collectively may be referred to as a camera motion. A measured camera
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motion may be referenced in the coordinate system of one camera pose. An example set of three
key frames may be obtained from three camera positions, 4, B, and C, each of which may be
referenced to an origin, O, of a world coordinate system in three-dimensional space. In addition to
the position of these points, a camera at each of these points may have a different orientation. A
combination of the position and orientation is generally referred to as a camera pose. Between
each of these points are motion parameters including a translation (a change in position) and a
rotation (a change in orientation). The relationship between a point, X, expressed in the world
coordinate system as X and the same point expressed in the A coordinate system, X; may be
given by equation (1):

(D X, =RpXo +To,

R, 1s the rotation, taking points from the world to the 4 coordinate system. 74 is the
translation of the world coordinate system as represented in the 4 coordinate system. It should be
understood that symbols X and 7 may represent a vector, rather than a scalar, for example where
X includes x, y, and z coordinate values. Further, it should be understood that symbol R may
represent a matrix. Equations (2) and (3) may similarly represent a transform transformation
between the world and the B and C coordinate systems respectively:

(2) Xp =RopXo +Top

(3) Xe=RocXp +Tyc

|0057] By rearranging, equation (1) and equation (2) may be represented as shown in
equation (4):

4) XO:Rc;l(XA_TOA):R(;;(XB_TOB)

|0058] The representation of a point in one camera’s coordinate system may be related
to the same point in another coordinate system. For example, as in equations 1-3, coordinates of a
point, X, may be transformed from the A4 coordinate system to the B coordinate system as follows:

(5) Xp =RpX, +T

[0059] The rotation R rotates points from the 4 to the B coordinate system and 75 is
the position translation of the origin of the A coordinate system in the B coordinate system.

[0060] In an optimization, the pose of every camera may be optimized based on
measured transforms between camera poses. That is, a number of camera-to-world or world-to-
camera rotations and translations, for example, Ry, and 7, may be performed. It will be
appreciated that the world coordinate system is arbitrary, and one of these transforms may
conveniently be an identity rotation with zero translation, or a constant motion transfer can be

applied to all camera poses without altering the underlying optimization.
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[0061] The rotations and translations may be measured for many pairs of cameras. For
the ith such measured frame-to-frame motion, let one of the cameras of the pair be camera 4 and
the other be camera B. This may also be considered the ith stitch that relates the camera poses for
Aand B. Let R; » be the measured rotation taking points in the 4 system to the B system and T; B
be the coordinates of the 4 position expressed in the B system, as in equation (5).

[0062] The rotations and translations for all cameras, Rp, and 7, may be optimized. It
will be appreciated that, while these expressions and the following discussion are cast in terms of
rotations and translations from the individual camera coordinate systems to a single world
coordinate system, this characterization is not intended to limit the generality of this disclosure. A
similar or complementary analysis may be performed using the reverse of these transforms, or
any other transform or collection of transforms (typically, although not necessarily rigid
transforms) capable of describing a camera path across multiple poses. The constraints on camera

motion from one pose, 4, to another pose, B, for an " stitch or relationship may be expressed
relative to a world coordinate system as rotations, R ,, and R ,,. and translations, 7,/ ,, and

T, Ci‘,OB . This relationship is further constrained by the camera path from 4 to B, which may be

expressed as a rotation and a translation as follows:
: . . 4

(6) Ré‘,AB = RIQOB (Rlcsoa )

(N Te ss =Teos =ReusTeoa

[0063] Note that with sufficient stitches, these relationships may form an
overdetermined system of motion constraint equations. Using these equations as a starting point,
numerical optimization may be performed on the rotational and translational components of each
camera pose based on the measured stitches.

[0064] In a decoupled optimization, the rotational and translational components may

be independently optimized. This approach may generally be used where there are constraints on

one component (for example, rotation) that do not depend on the other component. Given a

candidate set of camera rotations, Ré , the corresponding candidate camera-to-camera rotations,
Ré} g » may be computed that correspond to each of the measured camera-to-camera rotations,
R’ . The corresponding residual rotations, which should be identity in an error free camera path,
are given by R:esidua;’ =R 5 (R, ») . A scalar-valued rotational cost function, e,, may be

computed that depends on the candidate camera rotations:
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[0065] In equation (8), logso(R) returns an axis-angle vector, v, that corresponds to

the rotation R. In other words, logsoay(R) returns the vector, v, that has a cross-product matrix,
[v],, that is the matrix logarithm of R.

[0066] Next, a similar scalar-valued cost function may be computed for translation

that depends on the candidate rotations and translations.

#tstitches

T, . . .
%) € (RC,On’TC,On) = Z r v, wherer = TCJ’,AB — Ty
P

[0067] In one conventional, decoupled approach to solving these simultaneous
systems of equations, the rotational error function may be converted into a quaternion expression
in order to translate the numerical problem into a linear system of equations for solution, as
described for example in Combining two-view constraints for motion estimation, Govindu V.,
Proc. of the Int. Conf. on Computer Vision and Pattern Recognition, vol. 2, pp. 218-225 (July
2001). While this approach may be numerically convenient, it does not enforce the unit norm
constraint for the quaternion solution, which may result in inaccuracy. Thus in one aspect, a path
optimization technique may be improved by minimizing equation (8) for rotation as a nonlinear
optimization and minimizing equation (9) for translation as a linear optimization. In another
aspect, the more computationally efficient linear system of equations may be used to generate an
initial estimate for an iterative optimization that uses non-linear optimization.

[0068] More generally, the decoupled approach described above may fail to provided
a truly optimal result, in a maximum-likelihood sense, where it cannot use information from the
translation portion of the stitches in determining rotation. Nonetheless, a substantial amount of
work in this field aims to overcome the disadvantages of decoupled optimization, as described for
example in 4 solution for the registration of multiple 3D point sets using unit quaternions,
Benjemaa R. and F. Shmitt, Proc. ECCV 98, pp. 3450 (June 1998); Global registration of
multiple 3D point sets via optimization-on-a-manifold, Krishnan S., Lee P.Y., Moore J.B.,
Venkatasubramanian S., Eurographics Symp. Geometry Processing (2005); and Simultaneous
registration of multiple corresponding point sets, Williams J., Bennamoun M., Computer Vision
and Image Understanding, vol. 81, no. 1, pp. 117-142 (2001).

[0069] In one aspect disclosed herein, a coupled approach to optimization may instead
be used to minimize overall error in a camera path. In order to achieve a coupled optimization a
weighting may be used to balance the contributions of rotational and translational components to

a combined cost function:

18
-263-



WO 2012/115863 PCT/US2012/025554

#stitches i"i r . ri
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Multiple approaches may be used to weight the relative contribution of translations and
rotations. In one embodiment the weights may be expressed as matrices, with different stitches
receiving different weightings based upon any of a number of factors. For example, the weights
may be based on the number of points in a stitch (for example, the shared content), the quality of
a particular three-dimensional measurement, and/or any other factors impacting the known
reliability of a stitch. In one approach, the weight matrices may also account for anisotropic error
in the individual points collected, such as due to acquisition of depth information from disparity
measurements, which results in measurement precision that varies with distance from the camera.

[0070] In some cases, equation (10) may be reformulated so that the rotation and
translation weights are decoupled for each stitch (that is, PV; is a block diagonal). In particular,

this may occur in the case that the motion stitches are recovered from three-dimensional point
correspondences with isotropic point error. In that case, for a given stitch 7, between poses 4 and

B, the optimal solution may bring the point cloud as seen from pose A4 into correspondence with

that seen from pose B. If X ! and X » are the positions of the center of the point cloud in the 4

and B systems respectively, then if rf is replaced in equation (10) with the residual displacement

between the point-cloud centers based on the candidate camera pose. This latter residual

displacement may be expressed as:

(11) rtfctr = Xj? - (‘R(if,ABX; + TL{,AB)

Equation (10) may then be reformulated as:

i‘i !
t,ctr

(12) €, (RC,On T on )=

itstitches |
otr

Wi+ W)
i=1

[0071] In general, by minimizing equation (10), both rotational errors and
translational errors may be minimized simultaneously. The weight matrices can be chosen for
example according to “First Order Error Propagation of the Procrustes Method for 3D Attitude
Estimation” by Leo Dorst, IEEE Transactions on Pattern Analysis and Machine Intelligence, Vol.
27, No. 2, pp. 221-9 (Feb. 2005). Once a more consistent set of motion parameters has been
generated the three-dimensional model may be updated.

[0072] When total error or some portion of error has been minimized, the resulting
value may be evaluated. The calibration state of the scanner and associated equipment may be

evaluated based on the minimized error values. If a minimized error falls beyond a certain
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threshold then calibration for the scanner and associated hardware may be recommended. The
threshold value may be empirically determined based on the specific scanner hardware equipment
or it may be learned experientially over time for a given system. When a system is new or has
been freshly aligned, expected minimized error values may be obtained. When minimized error
values deviate from these expected values, a calibration state evaluation flag may be set
indicating that the tool should be calibrated. Thus in one aspect, a coupled (or uncoupled) error
function may be employed to validate calibration and determine when re-calibration of a device is
appropriate.

[0073] As shown in step 722, upsampling may be performed to augment a three-
dimensional model with data from non-key frames. In general, upsampling may include any
technique for addition of data to a result. For example, while the global optimization described
above generally refers to optimization among key frames in a contiguous camera path, the
resulting optimized three-dimensional model may be supplemented by registering non-key frames
to one or more nearby key frames in a manner that creates small, local reconstruction patches that
include additional three-dimensional detail available from non-key frames. Or upsampling may
be performed by correcting the corresponding camera path for non-key frames according to a
globally optimized path for the key frames. Thus in one aspect, upsampling may more generally
be understood as any use of optimized data to incorporate related, non-optimized data into a
camera path or three-dimensional model.

[0074] Fig. 8 shows a reconstruction process 800 using numerical optimization as
described above. In one aspect, this optimization technique may be usefully applied to minimize
errors in a camera path where spatial links between non-sequential camera poses (or
corresponding data sets used to recover three-dimensional surface data) can be identified. For
example, where a scan path covers a buccal surface followed by an occlusal or lingual surface,
many spatial links might be identified between non-continguous camera path segments associated
with each surface. Under these conditions, a global optimization may significantly improve the
accuracy of a three-dimensional reconstruction by reducing errors in the motion estimation
parameters for the camera path. It will be understood that the disclosed method may also or
instead be embodied in a computer program, a computer program product, or an apparatus
embodying any of the foregoing.

[00675] As shown in step 802, the process may begin with acquiring data sets such as a
data set from a surface of a dental object with a hand-held scanner from each one of a sequence of
poses along a camera path, thereby providing a plurality of data sets. The hand-held scanner may,

for example, be the video-based scanner described above. The hand-held scanner may instead
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include any other type of hand-held scanner suitable for intraoral dental scanning, such as a time-
of-flight scanner, a structured light scanner, and so forth. The data sets may be any corresponding
data acquired for each camera pose that is used to recover three-dimensional data.

[0076] It should be understood that in this context, the camera path may correspond to
a physical camera path that describes the path actually taken by a scanner during a scan, or the
camera path may also or instead include a virtual camera path formed from a plurality of different
physical camera paths or other virtual camera paths that intersect with one another. Such a virtual
camera path may be created wherever poses from two or more physical paths can be interrelated
in a global coordinate system, as established for example by three-dimensionally registering two
different scans of the same physical subject matter. The use of virtual camera paths may be
particularly useful, for example, where a large scan such as a full arch scan is created from data
acquired during two or more discontinuous scanning sessions. Under these conditions, global
optimization of a virtual camera path can be used to improve consistency of the combined data in
a global coordinate system.

[0077] As shown in step 804 each one of the poses in the sequence of poses may be
associated with a previous pose and a next pose by a spatial link such as motion estimation
parameters or other camera path information. It should also be understood that while a system
may infer camera path from the resulting three-dimensional measurements at each camera
position and orientation, the camera path may also, or instead be obtained using a hardware-based
positioning system based upon, for example, accelerometers, a geopositioning system, external
position sensors, transducers in an articulating arm or any other combination of sensors and
techniques suitable for detecting camera position and/or orientation with sufficient accuracy for
the intended three-dimensional reconstruction.

[0078] This spatial link data reflects the physical camera path in the order in which
data was acquired, thus providing a plurality of spatial links that characterize the camera path
during a data acquisition process. The sequence of poses may, for example, be made up of key
frames (or sequential pairs of key frames) as generally described above, where additional data
sets are acquired from one or more additional poses between each sequential pair of key frames.
Key frames may be usefully employed, for example, to reduce the computational complexity of
path optimization while retaining a contiguous camera path of sequential poses. After path
optimization is complete, additional three-dimensional data may be added based upon the one or
more additional data sets and the one or more additional poses from between key frames. As
described above, key frames may be selected from a larger set of poses using a metric to evaluate

a quality of a resulting three-dimensional reconstruction, a quality of the estimated motion
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parameters between poses, a degree of overlap in scanned subject matter, a graph analysis or any
other useful technique or metric.

[0079] As shown in step 806, at least one non-sequential spatial link may be identified
between two non-sequential ones of the poses based upon the data set for each of the two non-
sequential ones of the poses. Thus for example two data sets from a buccal and lingual scan
segment may be related to one another based upon camera position, the three-dimensional data
recovered from the respective data sets, or any other data acquired during a scanning process. In
one aspect, a metric may be employed to identify candidates for non-sequential spatial links, such
as a ratio of spatial distance between two data sets to the length of an intervening camera path.
Thus the non-sequential spatial link(s) may associate two of the sequence of poses that are
separated by a substantially greater distance along the camera path than along the surface of the
dental object. This may be based on the data set for each of the two non-sequential ones of the
poses, such as by using camera pose data to determine a surface position or by identifying an
overlap in the reconstructed three-dimensional data obtained using the data set for two non-
sequential poses. This may also inlcude displaying a region for one or more candidate links in a
user interface and receiving a supplemental scan of the region, as described above for example
with reference to Fig. 5.

[0080] As shown in step 808, a global motion optimization may be performed on the
camera path to minimize an error among the plurality of spatial links and the at least one non-
sequential spatial link, thereby providing an optimized camera path. This may employ, for
example, any of the optimization techniques described above. More generally, this may include
any technique for minimizing errors in motion estimation parameters expressed as a function of
one or more of rotation, translation, coupled rotation and translation, and decoupled rotation and
translation, and/or any technique for aligning the three-dimensional data reconstructed from the
data sets in a global coordinate system or improving a consistency of the sequence of poses along
the camera path in the global coordinate system.

[0081] As shown in step 810, a three-dimensional model of the dental object may be
reconstructed using known techniques based upon the optimized camera path and the plurality of
data sets.

[0082] Thus by observing the actual camera paths typical of intra-oral dental scanning,
the applicants have devised improved techniques for error minimization when camera path is
used for three-dimensional reconstruction. More specifically, by observing that intra-oral
scanning often employs a number of adjacent, relatively straight global paths such as for lingual,

occlusal, and buccal surfaces (as dictated in part by the relatively restricted oral access to the

22
-267-



WO 2012/115863 PCT/US2012/025554

relatively large surfaces of dentition) , and by observing that intra-oral scanning regularly returns
to earlier scan positions, the applicants have devised an optimization technique that takes
advantage of the spatial relationship between certain non-sequential frames of data. The approach
described above solves the problem of conflicting data for local measurements by using an error
minimization technique that globally addresses the camera path, including the interrelationship of
non-sequential frames of data. This may be particularly useful, for example for scans covering
gums, soft tissue, full arches, orthodontic components and the like where scanning a large area
typically entails multiple passes over various regions of the scanned surface.

[0083] Fig. 9 is a flow chart of a hybrid stitching process for combining disparate
three-dimensional scans of a common surface. In scanning techniques that use a camera path for
reconstruction, the full scan data for an object may include any number of disparate scans with
camera paths, or more generally stitch graphs, that are not directly spatially related to one
another. The following process 900 provides a technique for establishing spatial relationships
between such stitch graphs through a series of local geometry-based registrations. The resulting,
combined model may then be subjected to any of the optimization techniques described above as
though it had been obtained from a single, continuous scan.

[0084] As shown in step 902, the process 900 may begin with obtaining a first three-
dimensional model including a first plurality of frames of data, each including sets of three-
dimensional points spatially related to one another by a first camera path. It will be understood
that a “‘camera path’ generally refers to a sequential series of poses connected by a number of
transforms from one to the next. However, the camera path of the model may more generally
include any number of interrelationships or ‘stitches’ between non-sequential poses that can be
inferred from other spatial information such as overlapping regions of an object surface in the
accompanying sets of three-dimensional points. In the foregoing description, terms such as
camera path and stitch graph should be broadly interpreted to include any rigid transformations
and/or other descriptive data that characterizes camera motion (and reliability thereof) in a
manner that permits path-based reconstruction of a three-dimensional surface. Step 902 may also
include obtaining a second three-dimensional model including a second plurality of frames of
data, each including sets of three-dimensional points spatially related one another by a second
camera path. The second model may, for example, be obtained after a first scan is automatically
or manually interrupted, or after a first scan is completed and additional data is required or
desired, either by a user or in response to prompting from a scanning system as contemplated

above. More generally, the second three-dimensional model may be any disparate data set that is
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not directly spatially related to the first three-dimensional model through a single scan or camera
path.

|0085] As shown in step 904 one of the first plurality of sets of three-dimensional
points may be registered to one of the second plurality of sets of three-dimensional points. This
registration may use an iterative closest point algorithm, image-based registration or any suitable
technique for three-dimensional registration of points and/or surfaces. In one aspect, a surface
mesh may be obtained for use in the registration process. Thus a surface mesh of the first and
second plurality of sets of three-dimensional points may be generated with a mesh generation
algorithm to obtain polygonal surface representations of each model (or portions thereof). This
may generally include generating a surface mesh of the entire first and second models, or a
known overlapping surface of the first and second data sets, or a neighborhood surrounding a
known common surface, or each of the entire first and second models. The resulting first surface
mesh and second surface mesh may then be registered to one another using any suitable
techniques, resulting in a known, rigid transformation between the first model and the second
model (or between the first surface mesh from the first model and the second surface mesh from
the second model). As a result of this spatial relationship, the first three-dimensional model and
the second three-dimensional model can be placed in a shared coordinate system that permits
subsequent processing using data from both models as a combined surface.

[0086] As shown in step 906, the process 900 may include creating a virtual stitch
graph that spatially relates individual ones of the first plurality of sets and the second plurality of
sets using virtual stitches between the data sets, thereby providing a combined model that
includes the first plurality of sets and the second plurality of sets all spatially related by the virtual
stitch graph. Numerous techniques may be employed for synthesizing a virtual stitch graph to
inter-relate the models. The details of one particular approach are provided below with reference
to Fig. 10. It will be appreciated that the term “virtual® as used in this context is intended to
distinguish models using data from multiple disparate scans. Thus while the source of data
(multiple camera paths) used to calculate “virtual stitches’ and/or virtual stitch graphs may be
different from the data (single camera paths) used to calculate other stitches and graphs, the
resulting data can advantageously be provided in a form for use interchangeably with and
undistinguishable from data derived from a single scan. As such, in a preferred embodiment,
there may be little to distinguish a ‘virtual’ stitch or a virtual stitch graph from those that are not
virtual, except perhaps for their absence from the two or more disparate models from which they

were derived.
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[0087] As shown in step 908, the process 900 may include refining the combined
model with a global motion optimization of the virtual stitch graph. With a single virtual stitch
graph that inter-relates all of the data from each of the disparate sets (acquired from different
scans), any of the global motion optimization techniques described above may be suitable
employed to minimize errors on a stitch-by-stitch basis among the combined data sets. In one
aspect, this optimization includes a deformable registration where, as distinguished from
calculating error-minimized rigid transformations, each stitch or step of the camera path can be
moved spatially to minimize global error. Thus in one aspect, the process 900 includes refining
the combined model with a deformable registration.

[0088] As shown in step 910, the combined model may be stored and/or displayed.
This may include, for example, displaying the combined model at a chairside scanning location or
a dental laboratory. The combined model may also be stored locally at a scanner site, or
transmitted to a central repository for project management including, without limitation, billing,
quality assurance, and scheduling fabrication of a dental object at a dental laboratory. The
original source data from the disparate scans (for example, disparate camera paths, frames of
image data, etc.) may be retained for further processing or for evaluation of the combined model,
or the source data may be deleted once the combined model is obtained.

[0089] Fig. 10 is a flow chart of a process for creating of a virtual stitch graph. In the
following description, it is assume that two disparate three-dimensional models are provided,
each obtained from a sequence of frames of data spatially related by a camera path as generally
described above, and that the two models have been registered to establish an initial rigid
transformation between them. It will be appreciated that modifications or adaptations of the
foregoing may be appropriate where other three-dimensional scanning techniques are employed,
or where three or more disparate data sets are concurrently reconciled, all of which is intended to
fall within the scope of this disclosure.

[0090] As shown in step 1002, the process 1000 may include selecting overlapping
data sets. This may, for example, include selecting a first selected one of the first plurality of sets
and a second selected one of the second plurality of sets that overlap on the combined surface
obtained from the coarse registration described above with reference to Fig. 9. An initial selection
of one of the first or second plurality of sets may be, for example, a random selection or a
parameterized selection based on, for example, location within the first or second meshes or
proximity to a centroid or other feature of interest in the combined or separate surfaces.

[0091] All of the frames or sets of data from the first plurality of sets (for example, the

first model) in a neighborhood about the first selected one may then also be selected for use as a
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local processing neighborhood. This may, for example, be all sets of data within a certain number
of stitches away, such as all sets within five stitches, or a certain number of steps along a camera
path. In order to reduce redundant processing, the sets within this local processing neighborhood
may optionally be marked or otherwise identified as unavailable for future processing after the
local hybrid stitching operations of the process 1000 are completed. Using the coarse registration
of surface meshes, one of the second plurality of sets (for example, a frame from the second
model) may be selected that is near (or nearest) to the local processing neighborhood. All of the
frames or sets of data from the second plurality of sets in a neighborhood about the second
selected one of the second plurality of sets may then be identified in a similar manner to the
selection of the local processing neighborhood, for example, by selecting frames or sets of data in
the second plurality of sets of data that are within a certain number of stitches or sequential
camera poses from the second selected one. It will be appreciated in this context that the use of a
stitch graph (of stitches, which may extend in numerous directions from a single camera pose)
can provide a significant processing advantage over a camera path (of individual transforms from
one camera pose to the next) by affording more options for coverage of relevant regions of a
surface of an object.

[0092] The selection of local processing neighborhoods for frames from the first and
second plurality of data sets may be further refined, such as by restricting or prohibiting use of
data sets outside a surface or region common to the two neighborhoods.

[0093] As shown in step 1004, data may be optimized in the local processing
neighborhoods. For example, where each data set is represented by a camera path or stitch graph
that inter-relates sets of three-dimensional points through a sequence of camera poses or the like,
a sub-graph of the camera path or stitch graph may be selected for each of the models that only
contains data (frames or sets of three-dimensional data points, along with stitches or camera path
information) from within the local processing neighborhoods. This approach advantageously
removes the influence of data external to the local processing neighborhoods. At this point in the
processing, the data still generally comprises two disparate models — in this case, sub-graphs of
the full data set — that are associated by a single rigid transform obtained from the coarse
registration of surface meshes. This data may be further optimized prior to hybrid stitching by, for
example, performing a global motion optimization (as described above) on each of the extracted
sub-graphs. With the sub-graphs so optimized, the registration between the two sub-graphs may
be refined by repeating an iterative closest point algorithm or other suitable registration process
for the two point clouds represented by the optimized sub-graphs. While this approach to

optimization is effective in a three-dimensional surface reconstruction based upon camera paths,
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it will be appreciated that a variety of other optimizations are known in the art for three-
dimensional reconstructions, any of which may be adapted to optimization of the local processing
neighborhoods contemplated herein.

[0094] As shown in step 1006, links for a virtual stitch graph (also referred to as
‘hybrid’ or “virtual” stitches) may be created. This may include finding a frame from each of the
two sub-graphs closest to a centroid of the overlapping region between the two sub-graphs. These
two frames may then be directly spatially related to one another by a rigid transformation, which
may be a newly calculated rigid transformation or a refinement of the rigid transformation
obtained in the optimization steps described above. Using this transformation, data from the two
sub-graphs may be transposed into a common coordinate system, such as the original coordinate
system of one of the sub-graphs. This may be repeated for one or more other frames of data in the
two sub-graphs to provide a number of direct spatial relationships or “virtual stitches’ between
frames in the first sub-graph and frames in the second sub-graph. These relationships may be used
directly as stitches in a combined, virtual stitch graph, or further processed as appropriate to
express these new relationships in the same form as existing stitches in the stitch graphs or
camera paths of the initial models.

[0095] In order to facilitate concurrent processing of the actual stitches in the original
models and the virtual stitches created for the virtual stitch graph that combines the models,
additional characterizing data may be included in each virtual link. For example, a covariance
matrix that weights confidence in each link according to multiple degrees of freedom (for
example, six degrees of freedom for full translation and rotation) may be provided. While such a
covariance matrix results from, for example, the iterative closest point registration process, the
use of a particular form is less significant than sufficient commonality between the expression of
actual stitches and the virtual stitches for undifferentiated processing of data from both sources in
a combined model.

[0096] As shown in step 1008, if there are additional neighborhoods of overlapping
data to be locally optimized, the process may return to step 1002 where additional overlapping
data sets can be selected to create additional virtual links. This may be repeated as often as
necessary or desired. If there are no further local neighborhoods for processing, or if some other
termination condition such as a threshold number of virtual links or percentage coverage of the
full surface area of the combined model has been reached, then the process 1000 may proceed to
step 1010.

[0097] As shown in step 1010, a combined model may be created that combines the

actual stitch graphs from the two original models and the virtual stitches established between the
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two models as described above. In addition, any number of additional virtual stitches may be
added based upon other data in the global models (as distinguished from the local processing
neighborhoods), such as nearly identical and/or substantially co-located data sets in the first and
second models. In addition, the combined model may be analyzed for completeness and to
identify further opportunities for establishing additional stitches between data sets either with or
without regard for whether the data sets are from the first model or the second model.

[0098] As shown in step 1012, the combined model may be optimized using, for
example, global motion optimization as described above to minimize errors in the transformations
between related camera poses of the combined model (as distinguished from either of the original
stitch graphs or camera paths).

[0099] As shown in step 1014, a point cloud may be generated for the combined
model that places all of the three-dimensional points of the combined model into a single,
common coordinate system.

[00100] As shown in step 1016, a surface mesh may be generated for the point cloud
using any suitable surface meshing techniques. The model may also be stored, displayed,
transmitted or otherwise processed or handled as generally contemplated by the foregoing
description.

[00101] It will be appreciated that any of the above system and/or methods may be
realized in hardware, software, or any combination of these suitable for the data acquisition and
modeling technologies described herein. This 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 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. Thus in one aspect there is
disclosed herein a computer program product comprising computer executable code that, when
executing on one or more computing devices, performs any and/or all of the steps described

above.
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[00102] At the same time, processing may be distributed across devices such as a
camera and/or computer and/or fabrication facility and/or dental laboratory and/or server in a
number of ways or all of the functionality may be integrated into a dedicated, standalone device.

[00103] In another aspect, a system disclosed herein includes means such as any of the
structures described above for performing the functions expressed or implied in the flow charts
and other portions of the above description.

[00104] All such permutations and combinations that would be apparent to one of
ordinary skill in the art are intended to fall within the scope of the present disclosure, which along

with the claims is intended to be interpreted in the broadest sense allowable by law.
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CLAIMS

‘What is claimed is:

1. A method comprising:

obtaining a first three-dimensional model including a first plurality of sets of three-
dimensional points spatially related to one another by a first camera path;

obtaining a second three-dimensional model including a second plurality of sets of three-
dimensional points spatially related to one another by a second camera path;

registering one of the first plurality of sets of three-dimensional points to one of the
second plurality of sets of three-dimensional points to place the first three-dimensional model and
the second three-dimensional model in a shared coordinate system;

creating a virtual stitch graph that spatially relates the first plurality of sets and the second
plurality of sets, thereby providing a combined model that includes the first plurality of sets and
the second plurality of sets all spatially related by the virtual stitch graph; and

refining the combined model with a global motion optimization of the virtual stitch

graph.

2. The method of claim 1 further comprising generating a first surface mesh of the first

three-dimensional model and a second surface mesh of the second three-dimensional model.

3. The method of claim 2 wherein registering includes registering the first surface mesh to

the second surface mesh, thereby providing a combined surface.

4. The method of claim 3 wherein registering includes registering with an iterative closest

point algorithm.

5. The method of claim 3 further comprising selecting a first selected one of the first
plurality of sets and a second selected one of the second plurality of sets that overlap on the

combined surface.

6. The method of claim 5 wherein at least one of the first selected one and the second

selected one is a set of three-dimensional data closest to a centroid of the combined surface.
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7. The method of claim 5 further comprising calculating a rigid transformation and a mean

error between the first selected one and the second selected one.

8. The method of claim 7 further comprising selecting a first neighborhood of the first
plurality of sets from about the one of the first plurality of sets and a second neighborhood of the

second plurality of sets from about the one of the second plurality of sets.

9. The method of claim 8 further comprising:

extracting a sub-region of the combined surface;

spatially relating two or more of the first plurality of sets to two or more of the second
plurality of sets within the sub-region to provide a virtual stitch graph; and

minimizing an error among spatial relationships in the virtual stitch graph, thereby

providing a combined data set for the sub-region.

10. The method of claim 9 further comprising creating at least one virtual stitch between two

unstitched ones of the first plurality of sets.

11. The method of claim 1 further comprising refining the combined model with a

deformable registration.

12. 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:

obtaining a first three-dimensional model including a first plurality of sets of three-
dimensional points spatially related to one another by a first camera path;

obtaining a second three-dimensional model including a second plurality of sets of three-
dimensional points spatially related to one another by a second camera path;

registering one of the first plurality of sets of three-dimensional points to one of the
second plurality of sets of three-dimensional points to place the first three-dimensional model and
the second three-dimensional model in a shared coordinate system;

creating a virtual stitch graph that spatially relates the first plurality of sets and the second
plurality of sets, thereby providing a combined model that includes the first plurality of sets and

the second plurality of sets all spatially related by the virtual stitch graph; and
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refining the combined model with a global motion optimization of the virtual stitch

graph.

13. The computer program product of claim 12 further comprising code that performs the
step of generating a first surface mesh of the first three-dimensional model and a second surface

mesh of the second three-dimensional model.

14. The computer program product of claim 13 wherein registering includes registering the

first surface mesh to the second surface mesh, thereby providing a combined surface.

15. The computer program product of claim 14 wherein registering includes registering with

an iterative closest point algorithm.

l6. The computer program product of claim 14 further comprising code that performs the
step of selecting a first selected one of the first plurality of sets and a second selected one of the

second plurality of sets that overlap on the combined surface.

17. The computer program product of claim 16 wherein at least one of the first selected one
and the second selected one is a set of three-dimensional data closest to a centroid of the

combined surface.

18. The computer program product of claim 16 further comprising code that performs the
step of calculating a rigid transformation and a mean error between the first selected one and the

second selected one.

19. The computer program product of claim 18 further comprising code that performs the
step of selecting a first neighborhood of the first plurality of sets from about the one of the first
plurality of sets and a second neighborhood of the second plurality of sets from about the one of

the second plurality of sets.

20. The computer program product of claim 19 further comprising code that performs the
steps of:

extracting a sub-region of the combined surface;
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spatially relating two or more of the first plurality of sets to two or more of the second
plurality of sets within the sub-region to provide a virtual stitch graph; and
minimizing an error among spatial relationships in the virtual stitch graph, thereby

providing a combined data set for the sub-region.

21. The computer program product of claim 20 further comprising code that performs the

step of creating at least one virtual stitch between two unstitched ones of the first plurality of sets.

22. The computer program product of claim 12 further comprising code that performs the

step of refining the combined model with a deformable registration.

23. A system comprising:

a scanner configured to obtain a first three-dimensional model including a first plurality
of sets of three-dimensional points spatially related to one another by a first camera path and a
second three-dimensional model including a second plurality of sets of three-dimensional points
spatially related with one another by a second camera path;

a processor and memory configured to register one of the first plurality of sets of three-
dimensional points to one of the second plurality of sets of three-dimensional points to place the
first three-dimensional model and the second three-dimensional model in a shared coordinate
system, to create a virtual stitch graph that spatially relates the first plurality of sets and the
second plurality of sets, thereby providing a combined model that includes the first plurality of
sets and the second plurality of sets all spatially related by the virtual stitch graph, and to refine
the combined model with a global motion optimization of the virtual stitch graph; and

a display configured to render the combined model.

24. A system comprising:

scanning means for obtaining a first three-dimensional model including a first plurality of
sets of three-dimensional points spatially related to one another by a first camera path and a
second three-dimensional model including a second plurality of sets of three-dimensional points
spatially related with one another by a second camera path; and

processing means for registering one of the first plurality of sets of three-dimensional
points to one of the second plurality of sets of three-dimensional points to place the first three-
dimensional model and the second three-dimensional model in a shared coordinate system,

creating a virtual stitch graph that spatially relates the first plurality of sets and the second
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plurality of sets, thereby providing a combined model that includes the first plurality of sets and
the second plurality of sets all spatially related by the virtual stitch graph, and refining the

combined model with a global motion optimization of the virtual stitch graph.
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